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Gutachter aufzutreten. This is greatly appreciated.
My sincere thanks go to all my former colleagues from the CM&E Department and the faculty of Engineering Technology, where I worked until May 1, 2009 on this Thesis. In particular
I would like to mention Dr. A. Hartmann for his friendship and help when I was coming to (and
again when I was leaving) the Netherlands, dr. H. ter Huerne and G. Snellink for giving me
strength in the first year whenever it was required, dr. W. Chen for being a close friend and good
colleague during the first half of my stay (Wenbin and Wei, I always appreciated your warmth
and hospitality), J. Avendano Castillo, who (literally) took Wei’s place when he left, for being
a very good friend (Melissa, Zinah and Jimmy, I wish you all the best), S. Miller and J. Boes
(from the office upstairs. . . ) for all the laughs, good moments (and biertjes), Y. Bosch for always
knowing of what was missing, dr. L. Warnet for his creativity and infecting Götz and me with the
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Chapter

1

Introduction
1.1

A new type of concrete with teething troubles

In the late 1980s, first in Japan, a new kind of concrete was introduced. As a result of its superior ability to fill all cavities of a formwork without defects only under the influence of gravitation (own weight), without any compaction process, and the ability to self-ventilate (de-air)
nearly completely it was referred to as Self-Compacting Concrete (SCC). Its ability to flow inside of a formwork, partly to a degree of complete leveling, resulted in the alternative term
Self-Consolidating Concrete, and more seldom Self-Leveling Concrete, which both are more
common in North America.
Often described as “the most revolutionary development in concrete construction for several
decades” (Calmon et al., 2005; EFNARC, 2002), SCC was subject of a number of pioneering
studies in Japan in the late 1980s. They where followed by several spectacular uses such as
the casting of 290,000 m3 SCC for two anchorage bodies of the Akashi-Kaikyo Bridge in Japan
(Nagataki, 1998). After those demonstrations SCC spread rapidly into many other countries in
Asia and Europe, and in the late 1990s to North America.
Shortly after the turn of the millennium, Bartos et al. (2002) still expected that SCC will
replace gradually almost all traditional vibrated concrete. The past years have proven the opposite. Against the background of the total volume of annually produced concrete, SCC still
experiences a niche existence, even though it has become accepted, and is locally dominating the
precast concrete products industry. The use of SCC in absolute figures has surely grown tremendously since its introduction but in relation to the total world concrete production it remains a
small share only. However, this does not mean that this technology failed – not at all. It just says
that the concrete producing industry including the research labs were not sufficiently prepared.
The superior workability of SCC came along with a number of challenges, such as the absence
of robust test methods, which possibly had been underestimated at that time.
Now, about 20 years after its first introduction, the “concrete world” has changed. Suitable
test methods for the fresh properties of SCC, which were long overdue, become standardized.
Besides the testing, general specifications on SCC (composition, production, transport etc.) are
now, or will soon be founded on a legal base. Furthermore, design concepts have been developed,
which made the earlier “trial-and-error approaches” obsolete. The here presented work should
add to the ever increasing experience on successfully making stable and durable SCC to make it
truly to “the most revolutionary development in concrete construction for several decades.”

1.2

A general classification

SCC is, per definition, a “concrete that is able to flow and compact under its own weight, completely fill the formwork with its reinforcement, ducts, boxouts etc., whilst maintaining homogeneity and without the need for any additional compaction” (prEN 206-9 (2007)).
The characteristic key properties of SCC in fresh state are (i) its superior flowability, (ii) the
self-de-airing ability, (iii) its passing ability and (iv) a sufficient resistance to segregation. As a
result of the combined high flowability and stability, SCC encapsulates steel reinforcement without blocking of aggregates, fills all cavity of the formwork and gives a smooth surface finish.
1
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This makes SCC an ideal type of concrete for congested reinforcement and geometrically demanding structures, or, in more general, for all applications where sufficient compaction requires
higher efforts.
1.2.1

What makes SCC flowing

The excellent workability of SCC is greatly influenced by its high powder content and the use
of high-range water-reducing admixtures, and if required, the use of Viscosity Modifying Admixtures (VMA). The latter allows manufacturing SCC with a reduced volume of fine materials.
Accordingly SCC can be classified in three types (Holschemacher and Klug, 2002):
1. Powder type (increase of fines ≤ 125 µm)
2. Viscosity-Agent type (use of viscosity modifying additives)
3. Combination type (combination of Powder type and Viscosity-Agent type).
The present work will only address SCC of the powder type. As will be shown later on, the use
of optimized continuous gradings, including the powder range, results in sufficient segregation
resistance and low yield stress, required for a good filling ability. This makes VMAs redundant
and eliminates a source of uncertainty given the VMAs’ time depending performance, their impact on the yield stress of mixes, and their unpredictable interaction with the superplasticizer
(SP). Secondly, as mentioned before, high powder contents are needed in SCC to increase the
cohesiveness. That mostly results in elevated cement contents of SCCs compared to Conventionally Vibrated Concretes (CVCs), which is disadvantageous for environmental reasons, economic
reasons, and because of after-effects of high cement loads such as thermal cracking and increased
drying shrinkage. For these reasons it is a common practice to use substantial amounts of mineral
admixtures (Supplementary Cementitious Materials, SCM), such as fly ash, ground granulated
blast-furnace slag or limestone powder in addition. Such an increased use of powder materials
demands the exact knowledge of their properties. Moreover, it is desirable to use waste materials
for such mass applications.
1.2.2

An abstract of the history of SCC

Developments in Japan, beginning in 1983, had been focused on the elimination of poor compaction which was identified as a major cause of poor durability of concrete structures (Ouchi,
1998). Motivated by a lack of skilled workers and a substantial number of durability damages
due to insufficient compaction, Okamura announced in 1986 the necessity to employ a selfcompacting concrete, which can be compacted into every corner of a formwork, purely by means
of its own weight and without the need for vibrating compaction (Okamura and Ozawa, 1995).
In opposition to the common standard literature on SCC, Nagataki (1998) refers to the superplasticized, anti-washout, underwater concrete mixtures, which were first developed during
the 1970s in Germany, as an impetus for the development of SCC. Independent from that, both
concrete types, underwater concrete and SCC, have a high segregation resistance and high fluidity in common. In this context it is referred to Collepardi (2001), who gives an interesting
overview about flowing and unsegregable superplasticized concrete mixes of the “pre-SCC-era”
in the period from the 1970s until the first prototype of SCC was cast in 1988 in Japan (Ouchi,
1998). This, again points out that the development of SCC and its precursors were not possible
until effective SPs were available.
During its early days, SCC was named “High Performance Concrete” by its developers, viz.
Okamura and Ouchi. The use of this specific term was based on the three requirements in the
different stages of concrete:
• In fresh state: self-compactable
• During early age: avoidance of initial defects
• In hardened state: protection against external factors.
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However, about the same time Aı̈tcin (1988) developed what today is known as High Performance Concrete (HPC), a concrete with high durability caused by a low water-cement ratio
(Ouchi, 1998). This made it necessary to choose an alternative name, which, considering its
most important feature, suggested itself: Self-Compacting Concrete. It still took some time till
the term ‘self-compacting’ was established in literature. One of the first papers using this expression was published in Japan in 1995 (Goodier, 2003).
1.2.3

Advances in concrete technology

During the first years of SCC application it was quickly recognized that SCC has a number of
other special features which made it superior over CVC. Due to the self-compaction, manpower
at the building site is reduced as no compaction processes is required. This also leads to a shorter
construction period and the saving of electric power. Moreover, disturbing effects on the direct
surroundings are reduced, as the compaction work and the required labor commonly produced
a high noise level. With the disappearance of compaction the risk for Vibration White Finger, a
typical occupational disease of construction workers handling vibrating devices (such as concrete
vibrators), is minimized.
The absence of a compaction process was a major reason for many precast companies to
change to SCC. Besides noise reduction and labor savings, a longer life of steel molds has been
observed as well. In addition, a decrease of the dust level (quartz) in precast production sites
has been reported (Walraven, 2002). The precast concrete products industry has notably changed
since that time.
Furthermore, the good filling ability results in a high-quality concrete surface as well as an
almost entirely enclosed reinforcement structure. Inhomogeneity in structure as a result of incorrect compaction was henceforward not possible anymore, provided that the mixture satisfied
the four key properties mentioned earlier. In this way the quality of concrete was improved, its
surface finish as well as its durability. Structures could now be cast, which were not possible with
CVC before. More freedom in structural design is created this way. Thinner concrete sections,
due to better filling of the formwork, were possible as well. The over all construction productivity was enhanced to a great extent and the possibly higher production costs (higher cement
amount, more admixtures) were compensated by a more effective construction process. Many
comparative cases were reported in literature at that time documenting the supremacy of SCC.
A popular example was the erection of two identical apartment buildings in Nanterre, France,
one built with CVC and the other one accordingly using SCC. In the end the SCC building was
completed 2.5 month prior to the conventionally constructed building and with overall project
cost savings of 21.4% (Goodier, 2003).
1.2.4

Absence of acceptance

Despite the above mentioned advantages and a number of spectacular and successful applications, SCC was only hesitantly accepted by the industry. This has a number of reasons which can
be summarized as follows:
• Because of the exceptional material performance in its fresh state, the existing testing
methods for conventional concrete were no longer suitable for SCC. Moreover, in the absence of experience, the already existing specific measures like funnel time and slump flow
could not be related to characteristics actually needed at the building site (Walraven, 2002).
This caused intensive preparation efforts in the lab. The before mentioned tests were new
to the construction industry and delivered parameters with which most practitioners were
not yet familiar.
• Similar to the previous point, standards did not sufficiently classify SCC. EN 206 stipulates
six flow classes (F1 – F6) whereof SCC, because of its good filling ability, belongs to class
F6 (slump flow > 630 mm). However, there are so obvious differences in the rheology of
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Figure 1.1: Differences in robustness in dependence of the concrete type (adapted from Stark (2004)).

SCC mixes that the existing standards cannot be used to specify SCC.
• Until March 2007, SCC was not mentioned in any CEN standard. This lack of standardization made it very difficult to smoothly put SCC into practice. One example was the
absence of acceptance tests on the building site, which made it difficult between the contract parties to agree on a certain quality and in the next instance to control it on site. In
Germany, for example, until 2004 SCC required special technical approval before it could
be used on site. Since the consistency and the powder content of SCC do not comply
with the national standard, the German Institute of Technical Approvals in Berlin (DIBt)
had to issue an official approval on request, which was a time consuming and expensive
procedure for the contractors.
• The original design concept, henceforth referred to as Japanese method, is very time and
labor intensive. More than a few companies followed a purely trial and error based approach only.
• A last strong point, to be mentioned in this row, is the increased sensitivity of SCC mixes
to changes of the mix proportions (especially the water content such as in Figure 1.1), or
to changes of the environment such as temperature variations. This increased sensitivity
formed an additional obstacle to the wider use of SCC as it demands an optimized recipe
and precise working at the production site.
The sum of the above mentioned points slowed the broad acceptance of SCC notably.

1.3

SCC from 1988 until today

Before the scope of research will be developed from the above stated shortcomings, first a brief
overview should be given on the latest developments in standardization and practical application.
This will show that a lot has been done during the past years and that SCC, now equipped with
better preconditions, can indeed change the construction world in a sustained way. It is however,
not within the scope of this thesis to give an exact picture of the developments, both in research
and practical applications, during the years. Therefore, it is referred to Goodier (2003) who gives
a detailed review on the progress of SCC in different countries and the individual research and
standardization attempts carried out during the first decade of SCC use.
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Table 1.1: Overview of the SCC share on total and premixed concrete production of European countries in
the year 2001 (data taken from Härdtl et al. (2003)).
Countries

Austria
Belgium
Czech Republic
Denmark
France
Germany
Italy
The Netherlands
Norway
Poland
Sweden
Switzerland
Turkey
United Kingdom

1.3.1

Concrete production 2001
Total
ReadyPrefab
mixed
×106 m3
×106 m3
×106 m3
13.8
21.4
7.5
6.8
73.4
99.2
145.2
15.2
3.7
10.0
4.6
15.1
27.6
39.0

7.3
10.9
4.9
2.1
34.5
51.1
66.8
8.5
2.2
9.0
2.6
10.9
26.4
23.0

2.8
5.3
0.3
2.9
13.2
25.8
19.2
4.7
1.1
0.5
1.4
1.3
1.2
10.5

%

SCC
Readymixed
%

<1
<1
1–2
>2
<1
<1
<1
>2
1–2
<1
>2
<1
<1
<1

<1
<1
1–2
>2
<1

Total

Prefab
%
<1
>2
>2
>2
<1

Production figures

The successful and increasing application of SCC during recent years has, in the mean-time,
widely superseded the initial skepticism for an expensive and hard-to-handle material. SCC is
now produced in considerable amounts in prefab industry. Many prefab companies have even,
for the reasons mentioned in Section 1.2.3, completely changed their production process to SCC.
Figures collected for the use of SCC in ready-mixed concrete similarly confirm an increased
production. Table 1.1 gives an overview about the share of SCC on the total concrete production
of some European countries for the year 2001. Based on these early figures it can be said that the
Scandinavian countries (without Finland) as well as the Netherlands lead the way of a broader
SCC acceptance. Some more recent data is given in Table 1.21 . It underlines the leading role
of the Scandinavian countries but also shows in general an increased use of SCC in all other
countries. In part the large differences can be explained by the way or approach of producing
and defining SCC. This can be quite different in the various countries depending on traditions,
materials available and the national standards and specifications in preparation. Note that Table
1.2 refers to SCC shares of the total ready-mixed concrete production.
1.3.2

Legal status - Standardization

The first and probably most influential research work on an European-wide level was the Brite
EuRam project completed in June 20002 . It was a major project, started in 1997, carried out
by a consortium of eight partners. Its aim was to demonstrate that environmentally-friendly
SCC could be produced and used, with benefits to the construction process, to the workers,
and to people living near construction sites. One of the major findings was that the current
standard tests for workability of CVC were entirely inappropriate for fresh SCC and hence one
of the fundamental obstacle to the material’s wider use in Europe. It also revealed that the more
common new workability tests for SCC used in practice at that time were not entirely satisfactory.
1 European Ready Mixed Concrete Industry Statistics based on the year 2004 - 2007 production data, European Ready
Mixed Concrete Organization (ERMCO), Brussels, Belgium.
2 All final reports are available on www.civeng.ucl.ac.uk/research/concrete/sccBE.asp
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Table 1.2: Share of SCC [%] on the total amount of Ready Mixed Concrete (ERMCO 2004 – 2007).
Countries

2004

2005

2006

2007

Austria
Belgium
Czech Republic
Denmark
Finland
France
Germany
Ireland
Italy
The Netherlands
Poland
Portugal
Slovakia
Spain
Sweden
United Kingdom
Total/Average EU
Israel
Norway
Turkey
Russia
USA

0.5
25.0
0.0
0.0
0.0
0.0
1.0
5.0
0.0
0.5
5.0
0.6
0.0
0.0
0.5
2.0
-

1.0
0.5
0.0
25.0
1.0
0.6
0.0
0.5
5.0
0.0
0.4
0.0
5.0
2.0
0.8
0.0
2.0
0.5
1.0
< 1.0

1.0
0.5
0.2
28.0
1.0
2.0
1.1
1.0
0.0
1.0
5.0
0.0
0.4
0.0
5.0
1.0
0.7
0.0
2.0
2.0
-

2.0
0.5
0.2
30.0
1.0
3.0
1.3
1.0
0.0
1.0
5.0
0.0
1.0
0.0
7.0
2.0
1.3
0.0
4.0
2.0
3.0
2.0

In addition a RILEM committee was formed in 1997 (TC 174-SCC) with the objective of giving
a review of the technology of SCC. Several new technical commissions of RILEM, such as TC
145-WSM (Workability of Special Concrete) or TC 205-DSC (Durability of SCC), followed later
to intensify the research on SCC. All these research initiatives were expected to contribute to a
standardization of SCC in one or the other way.
The first European-wide guidance document on the design and use of SCC was issued by EFNARC (European Federation of Producers and Contractors of Specialist Products for Structures)
in February 2002 (EFNARC, 2002). It gives a comprehensive overview covering all aspects of
SCC. Therefore it was, besides the individual national guidelines and recommendations (mainly
issued between 2000 2003), the most influential guideline. Four standard test methods for the
characterization of the fresh properties of SCC are defined in this guideline. These are the L-box
test, the slump flow test, the V-funnel test, and the sieve segregation resistance test. In 2005 it
became updated3 . In the absence of European specifications it served as a quasi-standard.
1.3.3

A new European standard

In Europe, for years, intensive work was done on an implementation of the SCC guideline into
the European concrete standard EN 206. The European Committee for Standardization (CEN)
formed a technical committee TC 104 / SC1 / TG16 “Provisions for SCC”, which submitted a
draft standard prEN 206-9 (Concrete part 9: Additional Rules for SCC) in 2007. In addition
the four tests on the workability of SCC, defined by the European SCC guideline (EFNARC,
2002) are also considered with draft standards as an extension of the standard series EN 12350
(Testing fresh concrete). These standards presumably will become officially available in near
future (2010). Table 1.3 gives an overview of the current CEN standards regarding SCC, which
are at present all under approval. With their coming into effect in 2010, SCC is placed on a
3 The

recent document can be downloaded at http://www.efnarc.org/publications.html
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Table 1.3: Overview of the currently processed CEN draft standards on SCC, which are expected to be
issued soon (Information retrieved from: http://www.cen.eu).
Project
reference

Title

Status

Date of
availability

prEN 12350-8

Testing fresh concrete - Part 8: Selfcompacting concrete - Slump-flow test
Testing fresh concrete - Part 9: Selfcompacting concrete - V-funnel test
Testing fresh concrete - Part 10: Selfcompacting concrete - L box test
Testing fresh concrete - Part 11: Selfcompacting concrete - Sieve segregation test
Testing fresh concrete - Part 12: Selfcompacting concrete - J-ring test
Concrete - Part 9: Additional Rules for Selfcompacting Concrete (SCC)

Under Approval

2010-03

Under Approval

2010-03

Under Approval

2010-03

Under Approval

2010-03

Under Approval

2010-03

Under Approval

2010-07

prEN 12350-9
prEN 12350-10
prEN 12350-11
prEN 12350-12
prEN 206-9

uniform legal base and one of the major obstacles in a broad use of SCC is lifted. This makes the
design of SCC, which is addressed in this thesis, now the most urgent issue to be solved.

1.4

The ecological component

Ever since the existence of mankind, man tried to master materials. This importance is reflected
in the denotation of prehistoric periods such as Stone Age, Bronze Age or Iron Age. The nowadays produced amounts of concrete would truly justify the term Concrete Age, when continuing
with this nomenclature. Concrete is the mass construction material of the present, and it seems
that there will be no alternative, at least not for the following generation.
Concrete is the second most widely produced substance on earth, after drinking water. Almost 15 billion tons p.a. of currently produced concrete, generate the largest material flow on
earth (cp. Figure 1.2). Therefore, concrete has a paramount impact on the ecological balance.
Even though concrete by itself is a very sustainable and ecologically friendly material, its tremendous application turns it to a serious problem. Hence cement and concrete producers bear heavy
social and environmental responsibility when aiming on a competitive product.
1.4.1

Reduction of cement contents

For the reason stated above it is a further concern of this thesis to address the sustainability of
concrete and the numerous possibilities to turn concrete into an even more “green” product. The
most likely effective leverage is the cement, the main binder of concrete, as its production is
heavily energy intensive and large amounts of carbon dioxide are released. The amount and
composition of cement in a specific concrete mix can vary greatly and thus give the possibility to improve the overall ecobalance of the final product. A more efficient use of cement, in
conjunction with smart concrete design concepts could greatly improve this ecobalance, given
the high amounts of cement which are per prescription (EU construction standards) contained
in concrete. Here research has shown a variety of starting points and ready solutions for the
production of cheaper and environmentally justifiable concretes.
One of these starting points is the optimization of the concrete mix design in regard to its
Particle Size Distribution (PSD). The incorporation of continuously-graded target distributions,
accounting for all sizes from the sub-micron range to the biggest aggregates has turned out to
be an efficient tool for reducing inter-particle friction and obtaining high packing densities. This
comes along with a number of benefits such as high stability, improved workability (less plasticizers and no need for viscosity-modifying agents) and, foremost, a notable reduction of the
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Figure 1.2: Indication of the global annual flows of resources based on the year 2007 (not for construction
purposes only).

cement content, while maintaining equivalent performance. The optimization of packing and
custom-tailored gradings (Particle Size Engineering) leads to strong and dense grain skeletons
which no longer require high amounts of cements for appropriate strength and durability characteristics (Hummel, 1959; Neville, 2000; Powers, 1968).
In this context it is however a pity that for a part of the concrete industry, the building regulations limit the possible and desired innovation (though standard EN 206-1 clause 5.2.5.3 contains
the Equal Concrete Performance Concept). A significant example is the definition of “cement” in
the mix, and the required minimum cement content. It is an anomaly that slags and fly ashes that
replace cement clinker (as is the case in CEM II, III and V) are counted as “cement”, whereas
when a concrete producer adds the same by-products, they are not or only partly counted as
“cement” (not in kg/m3 nor in the so-called water/cement ratio which is used as a durability
benchmark), unless an expensive and cumbersome concrete attest route is followed.
A second anomaly is the cement content as such. It is possible to make better concrete with
200 kg/m3 of higher quality cement and smarter design than with 300 kg/m3 of lower quality
cement. But standards dictate minimum cement contents which results in the fact that cements
are partly wasted as fillers. This all means that amendment of standardization and most of all
the promotion of the performance based concrete design concept can effectively enhance the
concrete performance and sustainability (Hunger and Brouwers, 2008a).
1.4.2

Substitution of cement with mineral additions

Another topic to be addressed here is the use of powder fine, inert waste materials used to increase
the powder content of SCC and partially to substitute cement, which actually is of interest for
all types of concrete. The volumes of fines which can be added to concrete are limited by the
individual design standards. This limitation arises against the background of minimizing the
negative side effect which could result from an increased water demand. These negative effects
are longer setting times or lower strength due to increased capillary porosity (Felekoǧlu, 2008;
Taylor, 1997).
A twofold benefit can be achieved when the applied powder is a “waste”4 . For instance in
quarry operations and in the natural stone processing industry (e.g. ornamental stone industry),
large amounts of mineral wastes are produced. For the most part these wastes have no further
4 Actually powder coal fly ash, a more or less reactive powder, is also “waste”, generated upon power coal combustion.
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application and are therefore disposed in landfills or open-dumped into waste pits and open areas.
Disposal of this material is a major problem, not only for the companies, here small businesses
are especially affected, but also being a social issue. Therefore the utilization of this material,
especially in SCC with its typically high powder content, could turn this material into a valuable
resource (Calmon et al., 2005; Ho et al., 2002).
Having a design concept available which uses Particle Size Engineering, i.e. in this specific
case the targeted generation of continuous gradings, those materials can be efficiently integrated,
partly in large amounts. This is not only an advancement for the environment but also an economic advantage for the industry.
1.4.3

Alternative aggregate fractions

Aggregates capture by far the largest volume in concrete, which can take more than 80% of its
volume. Therefore, they also depict a powerful variable for the modification of concrete. This
thesis addresses the use of two fractions which are not commonly used in SCC production.
Application of large 32 mm aggregate fractions
Because of its required superior flow behavior and the challenge to maintain good filling behavior
while keeping high stability, SCC producers avoid using large aggregate sizes. Commonly produced SCC contains maximum aggregate sizes around 8 mm. Another reason for this relatively
small size is the application of SCC in congested and densely reinforced structural members
which do not allow bigger aggregates to prevent blocking around the flow obstacles. However,
when SCC gets more robust and close to (or cheaper than) a price level of conventionally vibrated
concrete (CVC), it will also be applied when the above mentioned restrictions are no longer valid,
such as in large volume application of massive members. Then the application of bigger aggregates would have two advantages. First, due to the reduced crushing and screening efforts large
sized fractions such as 16-32 mm fractions will be cheaper than standard gravel fractions such as
4-16 mm. Secondly, the application of bigger aggregate sizes also means a widening of the total
particle size range which comes along with an improvement of packing. Thirdly, including large
aggregates in a mix allows a reduction of the quantity of fines (e.g. cement, filler) in such mix.
Application of fine sand fraction 0-1 mm
Besides the coarse aggregates, the finest aggregate fraction, the fine sand, is of interest to be
modified. In ordinary concretes the proportions sand to gravel usually amounts to about 40:60.
However, this is opposite to the natural distribution of aggregates, given that most deposits contain more sand than gravel. This results in massive amounts of fine sand fractions which are
dumped back in the gravel pits and thus remain unused (Weiße and Holschemacher, 2004).
In addition, the resources of pits and quarries needed for aggregate production, often located
in/near rivers, are increasingly treated with more care. That means that for environmental reasons
many concessions for quarrying will no longer be renewed or granted. In some countries there is
already a lack of appropriate gravel. This requires a thorough rethinking, away from the common
standard aggregate fractions to more sand-rich concretes. This was already pronounced in the
eighties (Ertingshausen, 1988).
In the case of the Netherlands there are large amounts of fine sand, generated by dredging
the waterways of the densely connected channel system and along the coast. For all reasons
mentioned above there is large availability of cheap sands which requires a reaction on the part
of the concrete industry.
Fine sands can be integrated in large quantities into the mix design while first decreasing the
material costs and secondly improving the overall grading as they are a perfect link between the
powder fraction and the aggregates in regard to their particle size. CVCs mostly do have a type
of (narrow) gap graded behavior in this specific particle size range (0.1 - 1 mm), which can be
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Figure 1.3: Summary of investigated factors, improving the ecological balance sheet of the construction
material concrete.

neutralized using fine aggregates in combination with the here suggested mix design (e.g. see
Brouwers and Radix (2005)).
1.4.4

Indirect contributions to an enhanced sustainability

All measures mentioned in the previous sections mark modifications of the concrete recipe which
will have a direct positive effect on its ecological balance. There are other modifications which
will influence the long term behavior of the concrete, also in a way which finally contributes
to an improved ecological balance, hence turning it into a more “green” product. A few of
these possibilities have been investigated in more detail and are going to be explained in this
thesis. They will be referred to as indirect factors for enhanced sustainability. Figure 1.3 gives
an overview of all addressed modifications for both direct and indirect factors.
Air purifying and self-cleaning concrete
Air pollution caused by road traffic and industry is one of the major problems in metropolitan
and urban areas. Despite intensifying emission control requirements (e.g. Council Directive
1999/30/EC) and the increased installation of emission reduction systems, the air pollution and
in particular the pollution by nitric oxides (NO) from diesel engines will remain a serious issue
in the near future. The by far largest emissions are generated by local traffic and industrial flue
gases. In this respect, attempts regarding the active reduction of NO can be found in forms of
filter devices for industrial stacks (denitrogenization DENOX plants) or active filter systems
for e.g. ventilation outlets of tunnels. According to Matsuda et al. (2001), a further solution is
the photocatalytic oxidation (PCO) of nitrogen oxides (NOx ) to low concentrated nitrates. Here
concrete comes into consideration to act as a suitable substrate equipped with photocatalytic
properties. Adding such a function to the material concrete makes sense for several reasons.
Concrete offers a large surface to one of the biggest sources of NOx , the traffic. Furthermore, it
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is relatively easy to make concrete surfaces capable of PCO. Also, the accruing reaction products
in form of solid nitrate compounds are water soluble and will be flushed from the active concrete
surface by rain. The nitrate compounds can be subsequently extracted from the rain water by a
standard sewage plant.
When earlier work mainly focused on the treatment of waste water, PCO has received considerable attention regarding the removal of air pollutants during recent years. Since the middle
of the 1990s efforts have been made, first in Japan, in large scale applications (pavement) of this
photocatalytic reaction for air-purifying and self-cleaning purposes. The construction industry
provides, since the middle of the 1990s, several products containing photocatalytic materials on
commercial basis. These products are for example window glass and ceramic tiles providing
self-cleaning features. The utilization of this combined air-purifying and self-cleaning abilities
of modified blends of cement were used for the first time in 1998 for the construction of the
church “Dio Padre Misericordioso” in Rome.
Despite all the scientific attention which this method received, it still lacks of fundamental
knowledge, among which the influencing factors, a precise measuring method, and the reaction
modeling are probably the most important ones.
Application of Phase Change Materials
Concrete has a high thermal storage capacity (specific heat capacity). This property is increasingly utilized in modern office and residential buildings, where massive concrete elements (walls
or ceiling panels) are used to regulate the indoor climate (Pasupathy et al., 2008). Often the
heat exchange is supported by piping systems embedded in the concrete elements to further promote the heat exchange and the thermal storage. This contributes to a reduction of the in-use
heating/cooling energy and an increase of the energy efficiency and thermal comfort.
The application of Phase Change Materials (PCM) could even increase this effect. PCMs
are materials such as paraffin or salt solutions, whose latent heat of fusion (enthalpy change
of fusion) is notably higher than their specific heat capacity. The benefit of a PCM addition
to the concrete in contrast to the above mentioned sole use of massive concrete is that in a
defined temperature range (phase transition of the PCM) a relatively large amount of energy
can be stored using only a little amount of mass. Thereby the use of the phase transition is
significantly more effective than the mere heating (specific heat capacity only) of the structural
member. Temperature peaks (above and below the transition temperature) are buffered, which
results in a more constant indoor climate.
The application of PCMs nowadays include a wide range such as thermal storage in solar
plants, waste heat recovery, cooling of electronic components, food cooling, and medical applications (transportation of blood, operating tables). During the past years these materials were
also discovered to serve some needs of the building physics such as for thermal conditioning of
buildings (passive storage in bioclimatic building). Although the results of those climatic balances are promising, the way of incorporating PCMs into building materials remains an issue to
be resolved. Mostly, PCMs are introduced in pads, cells, small containers, however in capsuled
units, or in the case of fresh concrete using porous aggregate fractions as a carrier (e.g. Bentz
and Turpin (2007); Ismail and Castro (1997); Ismail and Henrı̀ques (1997); Kuznik et al. (2008);
Tyagi and Buddhi (2007)).
However, since the emergence and improvement of micro-encapsulation techniques, the direct application of the PCM into the mixing process of fresh concrete seems to be in reach. This
would allow for the most homogenous distribution of the material in the whole construction
member (concrete) and hence for the most effective application. For this reason it is referred to
a number of experiments involving micro-encapsulated PCMs in SCC mixtures. Their thermal
behavior in hardened state shows a notable improvement in comparison to standard concrete.
The mechanical properties, however, are affected by the inadequate robustness of the microencapsulated PCM. Nevertheless, a concrete product with excellent thermal properties and suffi-
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cient strength for most of the structural needs can be made.

1.5

Outline of this thesis

The work presented in this thesis covers a very broad field, actually different but nonetheless
closely related topics, which are all connected by the idea of an improved sustainability of the
construction material concrete, the far most abundantly produced man-made material. The initial focus on the new development of a mix design concept for SCC quickly created a selfperpetuating dynamic. In this way a profound analysis of some concrete technology related
issues could be connected to the solution of practical problems. During the course of the development of the new mix design, a packing based approach, it turned out that the developed new
concrete types showed a number of benefits, such as improved density, more efficient use of the
cementitious materials, and an optimized way of using available (local) raw materials. These
observations called for a more thorough study of the applicability of alternative aggregates, such
as mineral waste materials from the natural stone processing industry. Since the greatest share
of these industrial wastes are powder or slurry, the focus was on the application of mineral waste
powders in concrete. In order to asses the advantage of these mixes compared to commonly
designed SCCs, the introduction of suitable life-cycle analysis tools was necessary.
Moreover, the air-purifying and self-cleaning ability of photocatalyst treated concrete surfaces, also turned out to be a promising application for “green” concrete. The same holds for
the addition of PCMs to concrete, which improves the thermal heat storage capacity and helps
lowering the energy consumption for the heating and cooling of buildings.
This natural development of the research interests resulted in a quasi-split thesis, whereof
the first part is focusing on the development of a new mix design for concretes (CVC), and the
second part covers the ecological benefits, derived with this new design approach.
In Figure 1.4 the framework of this thesis is presented. It is composed of nine subsequent
chapters which contents are explained in the following.
Chapter 2 of this thesis focuses on the powder fraction of SCC, the essential difference (in
volume) besides the water-reducing admixtures, compared to conventional plain concrete. One
concern of this chapter is to demonstrate the efforts put in the characterization of the powders
which determine the characteristics of the SCC. Therefore, a thorough explanation of powder
characterization methods is necessary, especially since besides common techniques also own
modifications and test procedures, away from the standardized methods, have been created. A
clear emphasis is on the determination of particle size distributions and the packing properties,
which are the cornerstones of the new mix design concept.
Chapter 3 provides deeper insight into the water demand of powders. Their water need is of
utmost importance for the whole SCC mixture as the powders contribute to more than 98% of the
total specific surface area of all solid concrete ingredients. This fact has motivated an analysis of
the common water demand determination methods. It will be shown that the classical spread flow
test according to Okamura and Ouchi (1999) can provide more information than only the water
demand. Based on the assumption of water layers with constant thickness around all solids, a
shape factor for powders can be derived and a total water amount sufficient for flowing can be
predicted.
Chapter 4 gives a brief review of classical and up-to-date packing theories. Based on this, a
new approach for a concrete mix design concept is developed. This design concept is a packing
based approach which optimizes individual particle size distributions in order to generate a continuous geometric packing for all solids of the mix, following a predetermined target function.
Furthermore, packing experiments will be presented which validate the suggested model.
Chapter 5 addresses the practical application of the theories developed in the previous chapters. Based on the theory provided, optimized dry mortar formulations are generated and in a two
step procedure water and admixture amounts are adjusted to reach the desired self-compacting
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Figure 1.4: Outline of the thesis.

properties. In so doing a number of benchmarks are established which give guidance for other
recipe developments and help to assess and predict the properties of other mixes. Finally the
theory of constant water layers is used again and extended from paste to mortar scale.
Chapter 6 of this thesis applies the developed models on full scaled concrete including aggregates up to 32 mm particle size. It will be demonstrated that with comparatively little effort,
stable and optimized SCC mixes can be produced. With the help of a thorough analysis of their
fresh and hardened properties the benefits of the presented mix design are verified. This analysis
comes along with a number of new assessment criteria which are not only of interest for SCC but
also applicable for other concrete types. In the first place this is the w/c ratio which in the entire
concrete world serves as a design and durability benchmark. It is demonstrated that instead of the
w/c ratio the water-to-powder proportion (w/p ratio) has more significance. This chapter marks
at the same time the end of the presented development steps from packing theories and powder
analysis to performance based concrete mixes such as SCCs, and hence rounds up the concrete
technological part of this thesis.
Chapter 7 investigates the tools of ecological balance assessments of concrete mixes. Having these models available, it will be shown that the presented design concept not only produces
superior SCC mixes, but also helps to increase the sustainability of the construction material concrete. Applying suitable models it is demonstrated that common methods following the trend of
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“green concrete” are in fact less green than supposed, and that the most powerful levers in turning
a concrete recipe more sustainable, are the reduction of the cement content and the application
of suitable mineral waste materials.
Chapter 8 continues the idea of more sustainable concrete while combining the established
design concept with the application of micro-encapsulated Phase Change Materials (PCMs) in
concrete. This way a new function is added to the material, namely an increased thermal heat
storage capacity which contributes to a more stable indoor climate and hence the reduction of
energy costs for the heating and cooling of buildings. By means of experimental results the
benefits of such applications are demonstrated but in addition the weak points, such as the lack
of robustness of the capsules, are discussed and solutions are offered.
Chapter 9 concludes the ecological considerations with investigations on the photo induced
air-purifying and self-cleaning ability of concrete. This marks probably the latest function added
to concrete with an enormous potential in terms of increased sustainability. Fundamental research
on the basic principles of this photocatalytic process is presented, combined with the development of a sophisticated setup for its measurement. Based on the ability to precisely measure and
the knowledge of influencing factors, the process is modeled and a reaction kinetic is suggested,
which is capable of predicting the performance of those photocatalytically active systems.
Finally, Chapter 10 summarizes the achievements of the present thesis and proposes recommendations and ideas for further research in continuation of this work.

Chapter

2

Powder analysis
2.1

Introduction

Powder analysis is considered to be an important part of industry and science. The knowledge of
powder properties is necessary to control product attributes and the way of processing powders.
This holds for all sectors of industry like for example paint, ceramic or rubber industry. In many
cases emphasis is put on the packing of different powders in each other or in coarser granular
fractions. This also holds for concrete industry.
Macroscopic properties of concrete like strength or durability are guided by the properties of
matrix, aggregates and their compound behavior. Cement, water, admixtures, air and other noncementitious powder materials are considered to form the matrix. According to a new concrete
mix design concept, recently developed by the authors’ research group (Hunger and Brouwers,
2009; Hüsken and Brouwers, 2008), the distinction between matrix and aggregates should be
put aside. Consequentially, fresh concrete is considered to be a compound of particles from
nano-scale up to the largest aggregate sizes available, whether they are reactive or not. Besides
particles, furthermore water, a minor percentage of air, and possibly admixtures are involved
in a concrete mix. However, powders hold a particular role in concrete. In the framework of
this research, powders are defined as any particles being smaller than 125 µm. This boundary
value appears to be a suitable measure at least for the metric unit system, less appropriate for the
interests of powder technology but rather important for concrete industry, since the majority of
cements are included in this size range and standard sieve lines stop at this size.
In this regard the term filler needs to be defined. Fillers are powder materials, applied in
concrete with the purpose of achieving or improving specific properties. Pursuant to the European Standard the total variety of inorganic additive materials for concrete is subdivided into two
categories:
• Inert (nearly inactive) additions (Type I)
• Reactive (pozzolanic or latent hydraulic) additions (Type II)
Stone powders according to EN 12620, pigments based on EN 12878, and the fine fractions
of aggregates are counted amongst the inert additive materials of type I. Their effect essentially
consists in filling the void volume. Voids of coarser particles are filled, depending on their
granulometry, with fine particles. This effect is straight of physical nature. However, inert fillers
of high fineness also can act as additional seed crystals. An acceleration of the starting hydration
of the cement, often reported as a shortening of the dormant phase, is effected by this.
Representatives for the reactive additive materials (Type II) are fly ash (EN 450) and silica
fume (EN 13263). Reactive fillers create structure and strength forming reaction products in
addition to their physical filler effect, regulated by their chemical and mineralogical reactivity.
In this way the porosity of the cement stone is diminished, while hydration products interfuse
the water filled pores and contain water in their structure (Taylor, 1997). Summarizing the fillers
contribution to the concrete they can be classified whether to have a (i) physical filler effect or
(ii) to exhibit chemical and mineralogical reactivity, whereby the latter also contributes to the
physical filling effect.
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Figure 2.1: Composition of the powder fraction.

Now, the powder content Vp of a concrete or mortar mix (cp. Figure 2.1) can be summarized
as the cumulated volumes of binder (typically cement) Vcem , filler materials V f il and all powders
Vp,aggr coming along with the aggregate fraction. This chapter addresses the characterization
of powder materials with respect to concrete and the aim of granular optimization. In doing so
current investigation methods are introduced and commented as well as possible modifications
are exemplified. Results obtained for a number of various powders are given and evaluated.
Furthermore, several relations are derived and implications for a subsequent optimization of
mortar and concrete mixes are given.

2.2

The relevance of fine powders

The importance of densified granular systems is known since the early days of concrete production. Not only since Fuller and Thompson (1907) this concept is applied to concrete (cp. e.g.
Féret (1892)). However, only the aggregate fractions are included in this consideration. Nowadays, ultra-fine particles like silica fume are added during the production of ultra-high performance concretes and high strength concretes since they have the ability to fill voids between the
cement grains and therefore improve packing in the micro-range. Models for paste optimization,
the packing improvement of certain powder fractions, are numerously discussed in literature.
This makes it all the more surprising that integral approaches for an optimized packing of all
solids can hardly be found in literature. For such an optimization, based on first of all granular
properties, the powder fraction plays an important role. The total powder volume of standard
SCCs with 16 mm maximum aggregate size can easily exceed a fifth of the total fresh concrete
volume. Thereby, the powders deliver the by far largest contribution to the specific surface area
of the mix. This again will influence the water demand and workability of the mixture, which in
reverse can be optimized by an improved packing.
2.2.1

Role of powders in concrete

Filler
As discussed at the beginning, powders can provide a physical filler effect as well as chemical and mineralogical reactivity to concrete mixtures. The former describes the packing of fine
particles into the voids of coarser particles. Hereby in principle the same interrelationships like
for aggregate fractions hold in regard to the void content. According to this, powder particle
size distributions (PSD) can be of continuous or discrete nature, whereas due to the origin of
the ingredients the continuous distribution prevails. Generally speaking, it is true that the void
fraction can be minimized by mixing powders of distinctly varied PSD and having a preferably
high size ratio of maximum and minimum particle size. In recent years this effect was extended
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from the micron and submicron range to nano-sized particles. Literature in this field refers to
a substantial improvement of workability for the fresh concrete, and improved durability and
physical properties in hardened state. Sobolev and Gutierrez (2005) report an increase in compressive strength of more than 100% compared to reference concrete while applying nano-silica
particles. This highly improved strength does not only result from an improvement of the powder
packing. Moreover, nano-particles also improve the contact zone between matrix and aggregates
(wall effect), which results in better bond behavior and improved durability as this porous zones
are preferred ways for the transport of dissolved harmful substances, e.g. chloride. Furthermore,
well-dispersed nano-particles can act as a center of crystallization (seed crystals) of cement hydrates, which accelerates the hydration. In the presence of pozzolanic materials nano-sized silica
particles for example participate in the pozzolanic reaction and therefore consume calcium hydroxide and produce strength forming additional calcium silicate hydrate phases (C-S-H).
Reactive powders
Depending on the mineral and chemical composition of powders, they also can show reactivity.
That means in presence of water they form on their own or with the help of accelerators like
cement clinker crystalline reaction products, which contribute to the strength development. Main
focus is thereby on amorphous substances or materials with low degree of crystallization such as
slag and fly ash. However, crystalline modifications also show reactivity with decreasing crystal
size and increasing number of lattice imperfections (Taylor, 1997). Their reaction progress is,
however, slow compared to a cement clinker hydration. Therefore, they do not contribute to the
overall strength within a technically interesting period of time.
The different reaction mechanisms can be summarized as (i) hydraulic, (ii) latent-hydraulic
and (iii) pozzolanic.
Hydration (i) is the dominant reaction type for the curing of Portland cement. In presence
of water the siliceous cement clinker phases react hereby to hydrate phases. For the strength
development, the fibrous C-S-H are in the first instance of importance. Other clinker components
like aluminate or ferrite react notably slower but influence significantly the stiffening of concrete
and partly the durability at later ages (Taylor, 1997).
Latent-hydraulic materials (ii) in principle react like cement clinker but need calcium hydroxide or sulfate, respectively both as accelerator for their hydration. The most common latenthydraulic material is ground granulated blastfurnace slag (GGBFS).
Pozzolanic materials (iii) require calcium hydroxide for their reaction. Dissolved silicates
coming along with the puzzolan react with calcium hydroxide under formation of C-S-H phases
which have less calcium compared to the Portland cement or blastfurnace slag situation. Typical
representatives of pozzolanic materials are fly ash, microsilica, trass or metakaoline (Taylor,
1997).
Reactivity of powders
With the European standard EN 206-1 (2000) reactive powder materials, i.e. type II additions,
can partly be counted as cement by means of the k-value concept. The k-value concept is first
established for fly ash and silica fume, but other type II additions can be applied by following
the equivalent concrete performance concept as given in EN 206-1 (Paragraph 5). In the k-value
concept the amount of reactive powder m p,rea is reduced by a factor k and added to the cement
content mcem to form a new equivalent water/cement ratio w/ceq , which reads as:
mw
(2.1)
w/ceq =
mcem + k · m p,rea
Minimum cement content and maximum w/c ratio are important design parameters using exposure classes following EN 206-1. This way the k-value concept can be used to achieve certain
w/c ratio limits by actually using less cement or to achieve claimed minimum cement contents
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Table 2.1: k-values for fly ash taken from different standards. For not specified (n.s.) cement types the
equivalent concrete performance concept has to be applied in order to determine a suitable factor.
Cement type

EN 206-1
(2000)

CEM I 32.5
CEM I 42.5 and higher
All CEM III A and/or B

BS EN 206-1
(2000)
0.2
0.4
n.s.

DIN EN 206-1
(2001)

NEN 5008
(2004)

0.4
0.4
0.4

n.s.
n.s.
0.2

by adding reactive powders to the cement content. The applied k-values are hereby depending
on the type of reactive powder and the cement type. Furthermore, k-values slightly vary in the
different available national versions of EN 206-1 (cp. Table 2.1).
They are also subject to limiting amounts. Thus only a certain percentage of the cement can
be accounted for using this method. Volumes exceeding these limits are treated as non-reactive
powders in concrete. With the above presented k-value concept the concrete technologist has the
possibility to make use of the reaction capability of powder materials and therewith to reduce
the cement content. In this way powder materials become valuable cement substitutions. In so
doing the product concrete becomes more competitive and environmentally friendly. This is a
motivation for the current debate to involve more powders into this k-value concept, in particular
for non-reactive powders like limestone powders of high fineness, which are found to improve
strength and to accelerate curing (e.g. Sato and Beaudoin (2006)).
2.2.2

Limits of powder application

The considerations of continuous, geometric random packing can be theoretically continued infinitely in both directions, coarse and fine. With smaller particles packing density could be
increased but there are practical obstacles when focusing on the powder range. First of all the
degree of fineness is limited. Depending on the deployed grinding technique and type of powder
there is a minimum particle size achievable. Furthermore, the energy required to mill down a
fraction to a specific fineness grows exponentially with increasing fineness. Therefore, there are
economical limits for grinding. Another way of producing fines is precipitation where solids,
the so called precipitate, are formed in a solution during a chemical reaction. This method is
particularly used for the production of calcium carbonate fines.
Besides the complex problem of grinding there is a further, purely physical aspect. Fillers
lose compactibility with increasing fineness. This can be explained by the various interactions of
interparticulate forces. These forces interfere the compaction of powders, both in dry state and
in water-powder suspensions as will be explained below.
Interparticulate forces in dry loose powder bulk materials
Interparticulate forces like van der Waals forces and electrostatic forces exhibit varying effects,
depending on the particle size. For small particles the theoretical adhesive force, as a result
of the above mentioned forces, can be much higher than the particle weight, depending on the
size. Therefore, fine powder particles adhere to another and as a result the mobility of individual
particles is restricted, i.e. with increasing fineness of powders their compactibility is reduced.
However, with appropriate surface additives (admixtures) adhesive van der Waals forces can be
effectively reduced so that electrostatic repulsive forces become relatively dominant.

2.3. Role of admixtures

19

Inter-particulate forces in powder suspensions
In presence of water, which is the case for powder suspensions, the van der Waals forces only
have significance for small particle distances. With increasing distance resulting from the position of particles within the suspension (water layer thickness), the van der Waals forces decrease
rapidly. The effect of electrostatic repulsive forces is in this case of significantly higher importance for the mobility of particles. These forces counteract the van der Waals forces and hence
prevent particles from agglomeration (Stumm, 1992). Therefore, the position of particles within
the suspension as well as the stability of the suspension itself and their rheological behavior is
depending on the relation of electrostatic to van der Waals forces.
Despite the long cognizance of electrostatic forces, their relative importance compared to
non-electrostatic forces on powder particles is still intensively discussed among today’s scientists. Feng and Hays (2003) assert that for small particles (about 10 µm), both van der Waals and
electrostatic forces may play a significant role but appropriate constraints (or conditions) have to
be set for comparative measurements. Otherwise, measurements can show either dominant van
der Waals forces or dominant electrostatic forces, which will cause contradictory conclusions.
In order to benefit from the fine particles applied to a fresh concrete it is necessary to assure a
well dispersed solid water mixture. Therefore, admixtures are involved as will be explained in
the following.

2.3

Role of admixtures

In the previous section it was concluded that, for the optimum use of powders, dispersing admixtures are an indispensable ingredient in the concrete mix design. Concrete admixtures are liquid
or powdery substances, which are added during the concrete mixing process in order to influence
the concrete properties like workability, setting, curing or durability. Thus concrete admixtures
can have an effect on concrete properties both in fresh and hardened state. Their mode of action is based on either physical or chemical effects. The European standard EN 934, which is
mandatory for all CEN member countries, is defining and classifying concrete admixtures.
Admixtures have been used, whether consciously or unconsciously, since mortars are applied.
The addition of milk, curd and blood to mortar during the Early Middle Ages is in the meantime,
albeit often disbelieved, proven (for instance at the Gatehouse of Lorsch, presumably mid-9th
century, UNESCO World Heritage Site). Already much earlier the Romans added oil to their
opus caementitium in order to force an air entrainment providing air voids of 0.1 – 1 mm size.
Vitruv, or Vitruvius, a Roman writer, architect and engineer of the 1st century BC, assigns in his
Ten Books on Architecture a higher frost resistance to this action (Stark and Wicht, 1998).
Major innovations in concrete research of the last two decades like the SCC, Ultra-High
Performance Concrete (UHPC) and High-Strength Concrete (HSC) were first possible with the
introduction of high-grade additives. These concrete types have radically changed construction
processes. Nagataki (1998) refers to the emergence of superplasticizers, being one type of admixtures, as an “epoch-making event”. In Germany for example 90% of the produced concrete
contains at least one type of admixtures. These additives altogether can be divided into 11 different classes with respect to their effect, where main emphasis is put on plasticizers. Nearly 70%
of all commonly used admixtures are plasticizers. However, the influence of admixtures on the
hydration of cement is still an issue and controversially discussed (VDZ, 2005).
Plasticizers and Superplasticizers
Concrete superplasticizers (SPs) are expected to disperse cement and other particles in a fresh
concrete or mortar mixture in order to counteract interparticulate forces, explained in Section
2.2.2. Hence, SPs are active on the surface of all powder particles. In concrete practice SP
dosage is often based on the cement content, so ignoring the other powder material involved. For
a number of concrete types this could cause problems. That applies for e.g. low cement SCCs
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Table 2.2: Major properties of the used plasticizers.
Material

Glenium 27
Glenium 51

Chemical
description

Polycarboxylic
ether complex

Specific
gravity

Maximum
Na2 O
equivalent

Maximum
Chloride
content

[g/cm3 ]

Dry
matter
content
dmSP
[%]

[%]

[%]

1.044
1.100

20
35

2.0
5.0

0.1
0.1

Dosage
[kg per 100 kg]
of cement]

1.044
0.1 – 2.0

of the powder type. SPs are added into the concrete to perform two key functions. These are (i)
to reduce the amount of water in the mix and (ii) to obtain and maintain, respectively a specified
workability in the fresh mix.
The development of modern plasticizers started with the Modified Lignin Sulfonates (MLS),
the so-called plasticizers of the first generation, which were followed by the sulfonated melamine
and naphthalene formaldehyde condensates, the so-called plasticizers of the second generation.
Today, the superplasticizers of the third generation imply a further development in the field of
plasticizers. The latter are also referred to as High-Range Water-Reducing Admixures (HRWR)
in ASTM terminology (Spiratos et al., 2003). Out of this group, polycarboxylic ether (PCE) type
superplasticizers are common representatives.
In the context of this research, two PCE type superplasticizers have been predominantly used.
These third generation plasticizers perform a much stronger effect than types of the previous generations but they have to be dosed carefully. They can possibly react very sensitive to e.g. thermal
fluctuation, changes in the cement composition (such as C3 A or sulfate content) or a substitution of the cement type. This could become apparent in a fast decrease of consistency, intensive
bleeding or segregation for instance. Previous plasticizers are more stable in this respect. It is
furthermore known that the performance of plasticizers is time-dependent. The dispersing effect
decays with time, which has to be considered designing a concrete mix. That plays an important
role for the concerns of the ready-mixed concrete industries, where the workability is only allowed to change with time in a narrow range and a constant (or minimum preserved) workability
is demanded.
Selected admixtures
Within the present research the SPs Glenium 27 and Glenium 51, both from Degussa Construction Chemicals, are primarily deployed. The two additives are new generation polycarboxylic
ether hyperplasticizers with plasticizing and high range water reducing abilities. A summary of
their properties is given with Table 2.21 .
The volume of admixtures is not always accounted in the total volume of concrete. As a result
of their low dosage admixtures are not considered in the volumetric calculations of concrete, as
long as they do not exceed a volume of 3 l per m3 fresh concrete (EN 206-1, 2000). Overstepping
this limit, the amount of water comprised in the admixture solution has to be included into the
total amount of water. The total solid volume of admixture is related to the water content of the
solution via the dry matter content dmSP and reads as:
VSP =

dmSP · mSP
ρSP

,

(2.2)

with mSP being the total mass of superplasticizer (including water) and ρSP the specific density
1 data

retrieved from www.basf-cc.com
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of the dry matter. The volume of water to account for is then derived from:
Vw =

mSP (1 − dmSP )
ρw

.

(2.3)

In practice the admixture dosage mostly does not exceed 3 l per m3 fresh concrete and therefore
SPs do not play a role in the total volume computations. The common practice of subsequent
SP dosage at the building site for ready mixed concrete hampers the consideration of final SP
amounts in the concrete designs as well.

2.4

Characterization of selected powders

In regard to the large specific surface area which is provided by small particles, characterization
of powders is essential for the ability to control physical properties, such as workability of selfcompacting concrete. Furthermore, strength development and durability of concrete is effected
by the type and amount of applied powder.
For the development of a new concrete mix design, a database was created, containing major
characteristics of aggregates and powders needed for a recipe development. Intrinsic density,
particle size distribution, specific surface area and the packing in different states of compaction
are amongst others considered to be important characteristics for concrete mix design. During
the course of optimization a software tool accesses the database in order to provide the respective
information to the optimization algorithm. This database, of which one section is dedicated to
powder materials, has grown and contains numerous materials in the meantime. It includes a
variety of cements, both OPCs and blast-furnace cements, a number of calcium sulfate binders,
reactive powders like slag and fly ash, conventional fillers like limestone powder, waste rock
powders from granite and marble e.g., different photo-reactive powders all being titanium dioxide in the crystal modification of anatase, and a number of miscellaneous powders not being
classified to one of the before mentioned categories. The following paragraph will introduce a
selected number of these powders.
2.4.1

Selected cements

Since blast-furnace cements gain importance in the construction sector (e.g. Chen (2007)) a
multitude of tests for this research has been performed using two types of a CEM III/B 42.5 N,
being a typical representative of blast-furnace cements. These cements are known, in contrast to
Ordinary Portland cements (OPC), to show a slower hydration development but to exhibit later, in
particular after 28 days, a denser microstructure, which contributes to the durability of concrete
made from these cements. Besides a low effective alkali content (LA) and low hydration heat
release (LH), the applied cements offer a high sulfate resistance as well.
Blast furnace slag is a by-product of the pig iron fabrication. Used as main constituent in
CEM III, one ton of slag can substitute 1.6 tons of lime, clay and marl, being the raw materials
for the Portland cement production. Furthermore, carbon dioxide emissions, generated during
the production process, are also reduced, compared with the production of an equal amount
of OPC. That depicts a relevant contribution to the environmental protection. A chemical and
mineralogical description of the cement can be found in Table 2.3. Furthermore, Table 2.4 is
showing the basic cement characterization according to EN 196.
Since the significance of ultra fine cements is increasingly recognized in recent years, a micro
cement based on OPC was used as well (cp. Tables 2.3 and 2.4). Ultra fine powders are of interest
for the improvement of packing. Due to their high specific surface area they are also supposed to
yield key results in respect to water demands and flow behavior of pastes.
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Table 2.3: Composition of cements (source: CEMENTA AB (Sweden), ENCI (The Netherlands) and
READYMIX Hüttenzement GMBH (Germany)).
Cement type

Portland
cement
clinker

Blast
furnace
slag

Na2 O
equivalent

Chloride
content
Cl−

Minor
constituents

≤ 0.1
0.03
-

0–5
4
0–5

[% (m/m)]
CEM I 52.5 R - micro cement
CEM III/B 42.5 N a
CEM III/B 42.5 N b

≥ 95
24
20 – 34

72
66 – 80

≤ 0.6
0.6
-

Table 2.4: Cement tests according to EN 196.
Cement type

CEM I 52.5 R - micro cement
CEM III/B 42.5 N a
CEM III/B 42.5 N b

Initial
set
[min]

Water
demand∗
[% (m/m)]

Specific
density
[g/cm3 ]

30
243
≥ 60

54.9
33.3
37.9

3.150
2.928
2.962

∗

2.4.2

Compressive strength
[N/mm2 ]
2 days
7 days
28 days
13.7
≥ 10

30.0
-

52.5
≥ 42.5

The water demand is determined according to the spread flow test

Non-reactive rock flour

Rock powders of ordinary fineness are not supposed to influence the strength development. However, it is known that fine ground limestone powders can exhibit a limited hydraulic reactivity
Reschke (2000). This predominantly improves the bond to the surrounding microstructure due to
the reaction products, formed on the surface of limestone powder particles. The limestone powder itself, however, is not having structure forming properties and is therefore not noteworthy
involved into the strength development.
Limestone powder consists for the most part of the mineral calcium carbonate (CaCO3 ). This
mineral appears widely spread throughout the nature, dissolved in rivers and oceans or solid as
stalactites and stalagmites, as rock or being major constituent of plants’ and animals’ skeletons
and shells. Because calcium carbonate occurs to a total amount of more than 4% in the earth’s
crust, its three mineral modifications calcite, aragonite and vaterite are among the most important
rock-forming minerals.
The production of limestone powder takes nowadays place in two diverse ways. Quarrying natural limestone and treating it further by means of crushing and grinding will produce
ground calcium carbonate (GCC). This depicts the traditional way in limestone powder production. Another more recent possibility is the production of synthetic calcium carbonate by means
of recarbonisation processes, which will result in precipitated calcium carbonates (PCC). Both
methods result in powders of high fineness and quality, which are not being limited to the construction industry but also used in nearly all other sectors of industry (ECCA, 2005). In Table
2.5 the deployed limestone powder is characterized in regard to its chemical composition.
Besides limestone powders, which are primary materials, special attentions is paid to stone
waste materials, generated by the natural stone producing industry. In this respect two more
powders are introduced, being a granite powder and a marble powder. The latter mineralogically
also consists to a larger part of calcium carbonate (calcite or dolomite).
In all quarry operations fines are collected during the whole process chain by particle filter
devices. Those fines are in dry state, what eases their application in concrete mixes but their
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Table 2.5: Oxide composition of powders [% (m/m)]
Elements
Oxides
SiO2
Al2 O3
Fe2 O3
CaO
CaCO3
CaCO3 + MgCO3
MgO
SO3
K2 O
Na2 O
Cl

Limestone
powder
97.84
99.27
0.05
0.02
0.01
< 0.01

Granite
Marble
powder
powder a
% (m/m)
59.5
15.8
3.6
4.6
1.7
4.3
3.2
-

0.60
0.08
0.07
30.4
21.9
< 0.01
< 0.01
-

Fly ash

47 – 53
26 – 30
5.0 – 15
2.4 – 3.9
1.9 – 2.5
0.2 – 2.0
3.0 – 4.6
0.6 – 1.1
0.01

amount is relatively small in comparison to fines produced during the washing process of broken
aggregates. Depending on the type of rock and the applied crushing units this can vary notably.
Fines are removed from the material by wet sieving and/or separation in hydrocyclones. The
outcome of this process is a slurry highly loaded with a fine fraction. This slurry is sometimes
pumped directly into settling ponds where it represents environmental impacts on water and soil.
For a better handling afterwards those slurries become often treated by means of a filter press. In
that way the water will be removed out of the material to a great extent and can be returned into
the washing process. Depending on the applied pressure during pressing, the pressing time itself
and the grading of the fine fraction, the remaining filter cake contains an amount of water from 18
- 30%. In this state the material can be transported easier by e.g. wheel loaders or band-conveyors
and gets simpler piled. Further sources of fines are all processing steps in the ornamental stone
industry. During drilling, grinding, polishing, and first of all, sawing, large volumes of fines
are produced. Calmon et al. (2005) specifies for the Brazilian situation the volume fraction of a
marble stone block which turns for 30% into sawing waste producing slabs of 1 - 3 cm thickness.
Laskaridis (2006) gives similar figures for a Greek company. Prevention of landfill and a useful
application of these rock powders would therefore constitute a great environmental benefit.
The introduced granite powder is accumulated during the washing of aggregates from a granite quarry in Glensanda, Scotland. Subsequent to the washing of aggregates, the wash water will
be treated by means of a filter press in order to re-extract the water, which again will return into
the washing process. The outcome is a filter cake with about 20% of remaining water. This
material is, so far, dumped to the most part.
The applicability of these granite fines was tested several times in regard to various uses.
Furthermore, this material is not expected to be reactive in the sense of Alkali-Silica-Reaction
(ASR) (Franke and Witt, 2004). Currently small quantities of granite powders are used in the
calcium silicate block production, as grogging agent in ceramic applications, and even the applicability as a secondary raw material for the cement clinker production was studied. However,
there is no mass application for this material, so far.
In literature the successful application of quarry waste materials for the production of SCC
is reported (cp. Calmon et al. (2005); Ho et al. (2002)). Mostly this literature refers to dried and
re-pulverized filter cake materials, which are as a matter of principle less interesting from the
economic point of view, since their drying process requires plenty of energy.
Given that a side study of this research yielded in the successful redispersion of filter cake,
and therefore in a direct reuse of filter cake materials, these waste materials attract greater interest. In this study the introduction of the wet cake will be investigated. A later chapter (cp.
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Chapter 7) explains this method in detail.
Above mentioned facts also apply for the second rock flour, a marble powder. These powders
are contained in process slurry, originated during the processing of a Greek marble type, which
is referred to as Thassos Limenas White (White Of Limenas Thassos). It is a microcrystalline,
dolomitic marble, quarried on the island Thássos, which is located in the Aegean Sea in the
northeast of Greece. The oxide-chemical description of both the granite and the marble powder
can be found in Table 2.5.
2.4.3

Reactive powders

From the variety of mineral, reactive powders for mortar and concrete production, fly ash is
attached with the greatest importance. Fly ash particles show spherical shape and therefore contribute to the workability of the fresh mix (ball bearing effect). Furthermore, fly ash is interesting
from the economical point of view, given that its specific density is lower compared to e.g. limestone powder, so that a same mass quantity can fill bigger volumes. This relatively low density
has to be considered during the mix design in order to obtain a stable, non-segregating mix.
Hard coal fly ash is a waste product, remaining from the combustion of hard coal for energy
production purposes. Yearly, about 18 million tons of hard coal fly ash are produced in Europe. Most of it is consumed by the building material industry, where it is used as raw material
component or major ingredient for the cement production or as additive material for the concrete production (Euroment, 2005). In 2002 worldwide about 700 million tons of fly ash were
produced whereby the majority was used for landfill. The production of fly ash is assumed to
increase exponentially due to the rising energy demand for industrial and domestic uses. Therefore, in 2010 a total available volume of 850 million tons is expected. The hard coal extraction,
being important for the fly ash production, amounted to 5.37 billion tons in 2006 (WCI, 2007).
For fly ash the k-value concept, as explained in Paragraph 2.2.1, is applied in order to account part of the fly ash as cementitious material. The European standard EN 450, “Fly ash for
concrete”, controls the application of fly ash.
Fly ash in general consists of alumo-silicates, having silicon oxide, aluminum oxide and
iron oxide as principal constituents. In Table 2.5 the oxide chemical composition of the fly ash,
deployed within this research can be found.
Diverse studies on the strength development of fly ash blended mortar and concrete mixes
conclude in agreement, that the strength contribution of the fly ash, besides its composition, is
mainly governed by its fineness. With increasing fineness of the fly ash, their strength contribution will rise. While the physical filler effect of a fine fly ash contributes to the overall strength
performance, the pozzolanic effect only significantly influences the strength in the later age, after
28 or 56 days. In this connection the filling ability is improved when the difference in fineness
is higher between fly ash and cement. Furthermore, independent from the characteristic of the
fly ash PSD, the percentage of fine particles ≤ 10 µm is significantly responsible for the strength
development (Mehta, 1998).

2.5

Granular properties of powders

For the interests of concrete related powder analysis, granularity describes physical properties
of the grain, such as particle size, particle shape and the distribution of the particle sizes in the
whole granular system. The particle size distribution and particle shape of all involved materials of a granular mix are having fundamental importance for the packing density of this mix
and hence for the microscopic and macroscopic behavior of concrete mixes. Since the recently
developed mix design tool is based on continuous, geometric, random packing of all particles,
granular powder properties attract special interest in this paragraph. In the following the most
common methods of particle size measurements are briefly exemplified and the selected method
is described. In a further section the term specific surface area and its derivation is presented.
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Therefore a computation model being based on a measured PSD is derived. Finally, a section is
dedicated to particle shape and texture.
2.5.1

Particle size distribution

Measurement of particle size distributions (PSD) is a major aspect of powder technology. There
are numerous methods suitable for determining PSDs. Besides sieving and microscopy-techniques,
most of the existing methods are based on either sedimentation of particles in suitable liquids or
diffraction of light. Physical models are available, which help to analyze and finally turn the measured quantities into a PSD. However, often their application appears to be problematic, which
applies especially to the assumption of spherical shapes. Sieving is only applicable for coarse
fractions down to 45 µm. In airjet sieving machines, for example the powders are blown through
the sieve mesh by means of jets in order to prevent sieves from blocking (cp. EN 933-10). Xray sedigraphs are using sedimentation effects combined with the absorption of an X-ray beam,
which is interrupted by the passing particles. With the help of Stokes’ law and the therewith
derived settling velocity, the result is calculated. The settling velocity adapted from Stokes reads
as:
2r2 g(ρ p − ρliq )
vset =
,
(2.4)
9µliq
where vset is the settling velocity, r is the Stokes radius of the particle, g is the acceleration due
to the gravity, µliq is the fluid’s dynamic viscosity and, ρ p and ρliq are the respective specific
densities of the measured particles and deployed liquids. Furthermore, the Stokes radius, StokesEinstein radius, or hydrodynamic radius is assumed to be the radius of a hypothetical, solid
sphere that diffuses at the same rate as the measured particle in the respective fluid. This equation
is true for low settling velocities with Reynolds number Re < 1, if the inertia of the fluid is
negligible. For non-spherical particles the halved equivalent diameter of a surface-equivalent
ideal sphere instead of r is suggested as a first approximation. Furthermore, errors are generated
for powder materials composed out of several phases. Given that the constituent phases are
not equally simple to grind, which especially applies for cement, different fractions can vary
in composition. This leads to varying density values in different fractions, which in Equation
2.4 is assumed to be constant. Furthermore, there are some doubts whether this law is strictly
applicable for highly concentrated suspensions (Taylor, 1997).
The Andreasen pipette, an older method is based on similar principles. Instead of using light
beams for counting purpose, samples of the powder to be measured are withdrawn from the suspension at a certain depth and after various times. Determining their solid content will also result
in a PSD. The Andreasen pipette is still used, its application is described e.g. in Andreasen and
Andersen (1930). In addition the electrical zone sensing (Coulter principle) should be mentioned
as a common practice for counting and sizing particles. Besides the above mentioned methods
there are others, less often practiced techniques like centrifugal sedimentation, microscopy and
image analysis or electro formed sieve analysis. In the following laser diffraction is described.
In a subsequent chapter sieving will be addressed separately.
The Low Angle Laser Light Scattering (LALLS), henceforth called laser diffraction, has
become the most prevalent measurement method for characterization of powders in research
and industry. Current devices allow measuring a large size range of particles. Accurate results
are possible for the range from 0.02 – 2000 µm (20 nm – 2 mm) or even smaller, depending on
the detector sensitivity, the deployed optical system and underlying computational theory. This
method is using the fact that diffraction angles of laser beams on particle surfaces are inversely
proportional to the particle size. A projection of this diffracted light wave is analyzed and the
particle size is computed. Nowadays, with special analysis software, conclusions can be drawn
even in regard to the particle shape. However, the assumption of spherical particle shape and for
certain materials (mineral mixes) unknown refractive indicis may still cause a problem.
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Figure 2.2: Particle size distribution of the selected cement types.

Depending on the different measurement principles, the powder is either dispersed in air or
in a transport liquid. Often the wet mode, using a liquid, is applied.
For the analysis of non-reactive powders, demineralized water is required as dispersion
medium. In case of reactive powders a medium has to be selected in whose presence no reaction
process takes place. For this purpose isopropyl alcohol (propan-2-ol) has become accepted as
standard substance. Furthermore, manifold additives are available in order to promote a deagglomeration of particles in the dispersing liquid. Their selection is depending on the type of
particles to be measured, but polyphosphates like e.g. sodiumpolyphosphates are often applied
additives.
All presented powder-PSDs have been measured in liquid dispersion with a Malvern Mastersizer 2000 using Mie scattering as measuring principle. For all powder types the Fraunhofer
material model has been chosen as it does not require specific refractive indices for the individual materials. This setup is having two different light sources for detecting purpose, a red
helium-neon-laser and a blue solid-state laser. The Hydro S unit was applied as wet dispersing
unit. Similar to the density measurement, described in Section 2.6.1, non-reactive powders have
been measured with demineralized water whereas propan-2-ol was deployed for reactive powders. Measurement results on the particle size distribution of the selected powders are given in
Figures 2.2 and 2.3.
2.5.2

Specific surface area

The specific surface area a, or SSA for short, is the quotient of the absolute available surface
inclusive all open inner surfaces (pore walls) divided by mass expressed in area per mass [m2 /g].
For the mix design used in this research, only the outer surface being in contact with water is
of interest. With the consideration of the specific density, the specific surface area could also
be expressed as area per volume [m2 /m3 ], which here is denoted by S. Besides mass and solid
volume, the SSA also can be related to a bulk volume (taking account for the void fraction) or a
cross-sectional area.
For the determination of SSA a direct measurement method executed on the respective sample is recommended. The standards prescribe several indirect procedures for the determination of
grinding fineness of powder materials. A first method for the determination of cements’ grinding
fines is the sieve method. However, this test is only applicable to identify coarser fractions of
powder materials. Furthermore, it will not result in a direct measure for the specific surface since
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Figure 2.3: Particle size distribution of the selected powder types (excl. cement).

the oversize material of the 90 µm sieve is the only test criterion, which gives an indication rather
about fineness than about SSA.
Another method is based on the pressure difference across a bed of dry and compacted powder, which is influenced by the flow rate and kinematic viscosity of air, the dimension of the
bed of powder and its porosity. Applying this method, in general, relative rather than absolute
fineness values are obtained. Therefore, a reference sample (e.g. calibration standard sand) with
a given specific surface is recommended to use for calibration purpose. Establishing a steady
state stream of air through the packed bed will result in the Lea and Nurse method. The more
common Blaine method which is also available as automated variant, applies a fixed volume of
air through the cell, which results in a steadily decreasing pressure rate. This can be handled
easier than a constant flow rate (Taylor, 1997). The decreasing flow rate is generated by the
movement of oil in a manometer between two markings. Both tests give closely similar results
but are not applicable to ultra-fine powders or powders with higher fineness (particles < 10 µm).
Furthermore, special attention needs to be paid preparing the bed of powders since the assumed
void fraction has to be achieved accurately. This fact demands for experienced operators. The
air-permeability test according to Blaine is, amongst others, standardized in ASTM C 204 and
EN 196-6.
Another method that has been used to determine SSA is the volumetric static multipoint
method by Brunauer, Emmett and Teller, better known as BET method (Brunauer et al., 1938).
This method is described for example in ISO 9277 and ASTM D 1993. The underlying theory is
about the determination of the amount of adsorbate or lost adsorptive medium, which is required
to cover the total accessible surface of solids with a monolayer of the adsorbate. Therefore,
the entire internal specific surface area including micro cracks, surface micro roughness and
accessible internal voids is determined. Hence, BET measurements normally result in values
being two to three times higher than the respective result executed with air permeability tests.
With the help of the BET equation (single-point method) the so-called monolayer capacity is
computed by means of adsorption isotherms. Gases like nitrogen and carbon dioxide are mostly
used as adsorbate. If argon is used as adsorbate, the accuracy can be theoretically improved
by a factor of four. This becomes relevant in cases were the specific surface area is low (< 2
m2 /g). Determining this value demands a highly device-related complexity. Fully automated gas
adsorption devices are available for this purpose (Taylor, 1997).
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SSA computation

An indirect possibility for determining the SSA can be its derivation from the particle size distribution (McCabe and Smith, 1956). Assuming all particles are ideal spheres the derivation reads
as follows. The volume V and the surface a of a sphere can be written as:
Vsph =

π · d3
6

asph = π · d 2

and

(2.5)

,

(2.6)

respectively, taking d as the diameter of the sphere. The ratio of surface to volume, from Equations 2.5 and 2.6, then reads as:
asph
6
=
.
(2.7)
Vsph
d
Assuming now a sample of particles with the uniform particle diameter d, the volume of the
particles would then be m/ρs , where m and ρs are the total mass of the sample and specific
density of the particles, respectively. Since the volume of one particle is specified with Equation
2.5, n, the total number of particles in the sample would read as:
msample
n= 3
.
(2.8)
π·d
6 · ρs
Herewith the total specific surface area (mass-based) of the monosized sample is expressed as:
a = n · asphere =

6 · msample
d · ρs

.

(2.9)

Considering the surface for a single fraction, derived via Equation 2.9, the total specific surface of
a granular material with known particle size distribution can now be computed. The particle size
analyzer Malvern 2000, deployed in this research, is giving values in the range of (theoretically)
10 nm up to 10,000 µm, using for the most part an increment factor of di+1 /di = 1.14815, which
is also called the diameter ratio u. This way a number of n = 100 fractions with i = {1, . . . ,n}
are created by n + 1 particle sizes di . The resulting diameter ratio characterizes a narrow range,
which contributes to a realistic modeling of the PSD. With the help of Equation 2.9 the surface
area of each fraction i can be calculated, using the arithmetic mean of the particle sizes di and
di + 1 of a fraction i as characteristic particle size. Hunt and Elspass (1986) is applying the
arithmetic mean as well, whereas other authors use the geometric mean (Plum, 1950; Sympatec,
2001). The arithmetic mean diameter d¯i,arith of fraction ωi is given with:
di + di+1
.
(2.10)
d¯i,arith =
2
Replacing the mass msample of the sample by the mass fraction ωi of a grain fraction i, being
the mass percentage of the fraction between di and di+1 , the total specific surface of the single
fraction i, reads as:
ωi · 6
ai = ¯
,
(2.11)
di,arith · ρs
and consequentially for the whole sample as:
n
ωi
asph = 6 ∑ ¯
i=1 di,arith · ρs

.

(2.12)
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Table 2.6: Surface area properties of the powders.
Material
Blaine
aBlaine
[cm2 /g]
CEM I 52.5 N - micro cement
CEM III/B 42.5 N a
CEM III/B 42.5 N b
Limestone powder
Granite powder
Marble powder a
Fly ash

4830
4500
4040
4580
2840

Specific surface area
Computed
Shape
sphere based
factor
aBET
Ssph
ξReschke
[m2 /kg]
[cm2 /cm3 ]
BET

2200
-

26,624
12,687
17,775
13,850
13,051
14,739
13,113

1.68
1.58
1.58
1.26
1.50
1.50
1.20

Computed
corrected
S
[cm2 /cm3 ]
44,728
20,045
28,085
17,451
19,577
22,109
15,736

Equation 2.13 can also be found in Hunt and Elspass (1986). Since asph is a mass-based measure,
like the Blaine surface aBlaine , the multiplication with the respective powder density, ρs , would
turn it into a volume-based specific area S, given in m2 /m3 . A summary of the computed specific
surface area data is given in Table 2.6.
Given that mineral powder materials only seldom show ideal spherical particle shape, with
silica fume being one of the few exceptions, a shape factor ξ has to be included in order to correct
for the non-spherical shape. The corrected surface computation then reads:
n
ωi
a = 6·ξ∑ ¯
i=1 di,arith · ρs

,

(2.13)

which can, besides McCabe and Smith (1956), analogously be found in Taylor (1997) and in the
German standard DIN 66141.
In order to achieve a reliable SSA-computation an appropriate shape factor, which is independent of the particle size and only a function of shape, has to be selected. This will be explained in
Paragraph 3.4.1. Since specific density and particle shape of the powder materials are normally
not constant for the whole range of particle sizes, this computation is approximate.

Characteristic size
In Equation 2.10 the arithmetic mean is used as characteristic size of a fraction. Often the geometric means are applied as well. Computed surfaces based on arithmetic and geometric mean
particle sizes of fractions differ depending on the size ratio of the selected fractions. The size
ratio, u, is defined as:
di+1
u=
.
(2.14)
di
Using Equation 2.14, Equation 2.10 now reads:
di (1 + u)
d¯i,arith =
.
2
Deploying Equation 2.14, the geometric mean would read:
p
√
d¯i,geo = di · di+1 = di u

(2.15)

.

(2.16)
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Ratio arithmetic / geometric mean

1.00
Eq. (2.17)

0.99
0.98
0.97
0.96
0.95
0.94
1.00

1.25

1.50
Size ratio u

1.75

2.00

Figure 2.4: Influence of an increasing size ratio, u, on the ratio between
arithmetic and geometric mean,
√
expressed as the deviation from unity. The applied size ratio is u = 2 whereas the standard sieve set has
a size ratio of u = 2.

Using Equation 2.15 and 2.16, the ratio between arithmetic and geometric mean now can be
expressed as:
d¯i,arith
1+u
= √
.
(2.17)
2 u
d¯i,geo
Equation 2.17 describes a variable factor between arithmetic and geometric mean based surface
computations. It can be noted that the difference between both surface areas is increasing
√ with
rising size ratio u. Therefore, smallest possible increment values, like in this case u = 2, are
preferable in order to keep the ratio close to unity (98%). When a size ratio of u = 2 is used,
the deviation is still small (94%). Figure 2.4 demonstrates the ratio of both sizes as expressed by
Equation 2.17. In this Thesis the arithmetic mean is taken as representative size of a fraction. If
one uses the geometric mean, the computed PSD can readily be obtained by using Equation 2.17
in Equation 2.13.
2.5.3

Particle shape

The shape of particles is a complex function of their formation conditions, the mineralogical
composition and particle size. Since most of the powder materials applied in concrete industry
are of artificial nature or at least processed by e.g. milling, the lithology, the mode and duration
of transport as well as the nature and extent of post-depositional weathering, which are important
in sedimentology, are only of minor relevance.
The particle shape factor is expressing the ratio of an effective particle surface area of an
irregularly formed particle to the surface area of an ideal sphere with equal volume. According
to this definition the ideal, smooth sphere would have a shape factor of unity. This represents a
three-dimensional approach, being based on volume considerations. In principle two approaches
are reported in literature. On the one hand two-dimensional particle shape measurements are
conducted with the help of images or projections. On the other hand three-dimensional analysis
with individual particles is possible by measuring the principal axes of an irregularly shaped
particle. Both approaches are direct measurements as specific geometrical characteristics of
a particle are considered. Besides direct measurements there are also indirect characterization
methods. Here, other, non-geometrical characteristics are assessed, which correlate with the form
related attributes. A variant of indirect measurements will be explained in a later paragraph.
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Direct measures
In the following the fundamentals of classical particle characterization are briefly explained. This
should illustrate the difficulties of assessing geometrical particle properties and combining them
to an overall shape factor.
The particle shape or grain shape is often only understood as the form of particles, evaluating
the similarity of the particle with an ideal sphere. However, in order to describe particle shape
of mineral materials in a petrographically correct way, the terms surface texture, roundness and
form have to be defined. Thus, a particle shape factor combines the shape, expressed by form
and roundness, with the surface texture. Therefore, the term shape factor is henceforth used for
a combination of the before given three measures. These measures, namely surface texture (i),
roundness (ii) and form (iii) are briefly explained in the following.
Surface texture (i) summarizes all irregularities of the particle surface up to the degree that
they do not affect the overall shape of the particle. Those irregularities can be pits, micro-pores,
flaky or scaly structures, or micro-cracks. These surface phenomena are determined by means
of image analysis, e.g. by SEM (scanning electron microscope). Surface texture can have a
considerable influence on the SSA. Sabin and Hansen (1994) found that the effect of surface
roughness on the hydraulic mean radius is even greater than that of the shape for samples made
of crusher-run quarried limestone.
Roundness (ii) depicts the averaged angularity of all corners of a particle. That is obtained
by comparing the average radius of curvature of all corners with the radius of the largest inscribing circle for each measured projection in one plane by viewing a magnified projected area of
the particle. This concept of roundness was first defined by Wentworth (1919), but only considers non-convoluted particle profiles. Other similar measurements have been executed e.g. by
Cailleux (1945); Cox (1927); Davies (1975); Tester (1931). The Wentworth approach was later
extended by Wadell (1932) but was in literature found to be criticized because it is insensitive
to certain form changes (Davies, 1975). Given that this procedure can, for a statistically relevant amount of single particles, only be achieved with highly device-related complexity, mostly
roundness is characterized by visual comparison of sample projections with charts like given in
BS 812: Part 1 (1975). This so-called Powers’ roundness scale is based on Powers (1953). Here
roundness is subdivided into six classes being angular and round, each again classified into three
subclasses.
Finally, the form (iii) of particles is evaluated considering its extent along the three axes in
3D, being a (for length), b (breadth) and c (thickness). These three measures have been used
to develop a variety of relationships. The literature, published on definition of particle form is
comprehensive and exceeding 200 references by far. On this account the following descriptions
are based on the paper of Davies (1975), who gives an excellent review of the literature published until the mid-seventies. References published later indeed introduce new, innovative digital image-based analysis systems but still revert to the established relationships developed earlier
and are therefore not additionally mentioned. Notable examples of combinations and ratios derived from triaxial measurements are given with Table 2.7. Besides the length to width ratio of
a 2D projection of a particle, the sphericity is a frequently used measure in those considerations.
Sphericity Ψ reads as:
U
.
(2.18)
Ψ= √
2 π·A
Equation 2.18 specifies the ratio of the measured perimeter, U, of a particle’s projection and the
circumference of a circle of equivalent area (Stark and Müller, 2004b), whereby A is the area of
the projected plane. In case of a spherical particle having a circle projection the dimensionless
sphericity becomes 1. Besides this method another way to quantify sphericity is given by the
Wadell Sphericity, involving the volume of a circumscribing sphere which may be taken as the

32

Chapter 2. Powder analysis

Table 2.7: Relationships of the measures a, b and c taken from triaxial dimension measurements (adapted
from Davies (1975))
Authors

Relationship

Wentworth, Cailleux

F=

Zingg, Lüttig

plots of

Krumbein

( ab )2

Corey

√c
ab

Sneed and Folk

a+b
2c

=

b
c
a and b
Ψ3
c
b

q
c2
Ψmax = 3 ab

F = flatness ratio, Ψ = sphericity, Ψmax = maximum sphericity

Dry compacted packing density [-]

0.80
0.75
0.70
0.65
0.60
0.55
0.50
1.00

Marble
Rhine gravel
Quartzite
Gabbro
Limestone
Granodiorite

1.05

1.10
1.15
Sphericity ψ

1.20

1.25

Figure 2.5: Relationship of particle form and packing density (adapted from Stark and Müller (2004a)).
The sphericity values have been determined using Equation 2.18.

volume of a sphere with a diameter equal to the longest dimension of the particle’s projection.
The influence of particle form on packing density, expressed by sphericity, is of obvious nature as can be seen from Figure 2.5. Knowing about sphericity, Sneed and Folk (1958) suggested
to plot this measure together with the ratios c/a and (a − b)/(a − c) in a triaxial contour diagram,
which indeed serves as a model to precisely express whether a particle shape changes from compact to bladed or from platy to elongated (Davies, 1975). For this graphical representation a
cube is used as a model. However, using the same data for a, b and c a sphere could have been
equally well represented. That demonstrated the weakness of this specific shape representation,
which also holds for the model of Zingg, who is plotting the ratios b/a against c/b. With these
examples the distinct need becomes apparent to differentiate between shape and form of particles. Now, combining the concept of roundness by Wadell (1932) with the form representation
of Sneed and Folk (1958), cubes and spheres could be differentiated with regard to their form.
This way roundness is plotted on the vertical axis and the triaxial contour diagram can be found
on the horizontal planes (Davies, 1975). Figure 2.6 is illustrating this combination of roundness
and form. The above given descriptions summarize briefly the key terms and relations used
in the classical literature to directly characterize particle shape. Modern measuring methods apply photo-optical and computer based analysis systems, which deliver statistically sound results,
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Figure 2.6: Combination of Wadell-Roundness and the Sneed and Folk (1958) approach.

however still being based on the same theoretical background. For details the reader is referred
to the publications of Stark and Müller (2004a) or Zlatev (2005).
Indirect measures
Besides the classical approach of directly measuring particle dimensions there are also indirect
ways to derive an overall shape factor. The above described methods provide a number of measures, which can describe particles in detail. However, their combination to an overall-shape
factor turned out to be difficult, as was shown before. Motivated by the varied usage of shape
factors, there is an interest to find suitable values with more general measurement techniques or
in other words to find correlations with values measured anyway. One approach was for example
given by Reschke (2000), who is forming a ratio of the directly measured Blaine surface aBlaine
and the computed surface area a via:
aBlaine
.
(2.19)
ξReschke =
a
The computed surface area a was thereby developed from the particle size distribution, assuming spheres with equivalent diameter, similar to the procedure described in Paragraph 2.5.2.
So, Reschke (2000) used Blaine values to calibrate and derive shape factors. Therefore, the
obtained shape factors still contain the systematical error involved with the Blaine measurement. Subsequent to the computation of the shape factors their plausibility was verified by SEMdocumentation of selected powder materials. Analyzing the results obtained, groups of similar
materials were formed when organizing the shape factors in ascending order, i.e. generalized
each material type is forming narrow ranges of shape factors. There are for example several
limestone powders (with one exception), showing shape factors in a close interval. Due to its
spherical particles, fly ash obtains the lowest shape factors. In total, Reschke determines a range
of shape factors ξReschke from 1.00 up to 3.08, which of 1.00 represents micro-glass spheres and
3.08 a kaolin type. However, the value for the micro-glass spheres was not measured but assumed
to be unity. Therefore, this model can not by considered to be aligned with the ideal model case.
Summarizing, this model gives plausible results being in line with the SEM-image analysis.
In order to compute specific surface data with the approach derived in Paragraph 2.5.2, the
particle shape data provided by Reschke (2000) was, for the time being, used to correct the
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computed surface area for the particle shape. Later on, here a model for the computation of shape
factors will be derived based on flow experiments. Then, these values based on Reschke are used
for comparative purpose. In Table 2.6 the selected shape factors are given in combination with
the sphere-based surface area, as well as with the shape corrected surface area.
2.5.4

Experimental conclusions

Since granular properties, and in particular the PSD of powders, play a major role within the
developed mix design, special attention has been paid for the determination of PSD by means
of laser diffraction. Here the sample preparation is of great importance. It has to be ensured
that particles are equally dispersed in the fluid avoiding agglomeration. Within this test series
a laser diffractometer has been applied, using wet dispersion mode. For wet dispersion, sonication is recommended for dispersing purpose. However, this has to be executed carefully, since
within this test long ultrasonic treatments led sometimes to converse results. Moreover, dispersing agents can be applied to help fine particles to disperse. Sodium polyphosphate is for
example a common reagent. During the measurement, besides the ultrasonic intensity, also the
pump speed, controlling the velocity of the test fluid with the contained particles can be adjusted.
This pump velocity has to be adapted for each powder individually. Along with particle size
measurements a strong dependence of test results from pump speed has been observed. In detail
an increase of the d90 was found for increasing pump velocities while mean size d50 and d10
quantile nearly stayed unaffected. This phenomenon is clearly illustrated in Figure 2.7. For the
readers interest, it is mentioned, that the reliability of the test method itself was proven as well.
Therefore, a powder mix was measured, containing two different powders with distinct varying
mean particles size. A notedly different PSD of the individual powders is required since a mixture of them would have the highest possible deviation from the individual powder materials.
Otherwise, comparable PSDs of powders would result in similar PSDs for their mixes. Those
comparisons would not have much significance. In this test case a titanium dioxide powder of
high fineness was mixed with a standard limestone powder, both having equal mass percentages
on the obtained mix. Based on the individual PSDs a combined PSD was computed for the powder mix. The computed PSD of the mix shows good correlation with the effectively measured
PSD of the mix. This verification is illustrated in Figure 2.8. The particles < 0.5 µm measured
for the powder mixture can be explained by a more intensive dispersion of the mixture prior
to measurement. Considering the large difference in fineness of the two selected powders and
the well corresponding measured PSD of the mix, the measurement method can be assumed to
deliver reliable results.

2.6

Physical properties

In the following the remaining physical properties with importance for concrete mix design such
as density, in loose and dense state, and the determination of the void fraction are explained.
2.6.1

Density

In the 8th Edition of the Compilation of ASTM Standard Definitions (1994) one can find more
than forty definitions which refer to a mass per volume unit. In the publications of the British
Standards Institute there are still fourteen different definitions for densities mentioned (Webb,
2001). Correspondingly, the variety of available test methods is also immense. In the following only the standard tests, according to the European Standard and one automated method for
the determination of volume and specific density, which is used in research and quality control
applications, are exemplified.
Materials for concrete production according to EN 206-1 are classified concerning their particle density into three different classes:
• Ordinary aggregates with a particle density (oven-dry) ρs > 2.0 g/cm3 and < 3.0 g/cm3
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Figure 2.7: Influence of pump velocity on the characteristic particle sizes d10 , d50 and d90 .
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Figure 2.8: Comparison of computed and measured PSD of a binary powder mix for verification purpose
of the measurement method.

• Light weight aggregates of mineral origin with a particle density (oven-dry) ρs < 2.0 g/cm3
or a loose bulk density (oven-dry) ρloose ≤ 1.2 g/cm3
• Heavy weight aggregates with a particle density (oven-dry) ρs ≥ 3.0 g/cm3 .
Here, this classification will also be applied to powder materials used in concrete technology
as there is no physical difference between powder and aggregate range regarding density. The
determination of the particle density of filler material is carried out according to EN 1097-7 with
the pycnometer method. This is briefly described in Appendix A.
Moreover, the loose bulk density according to EN 1097-3 is achieved by carefully filling
and weighing a sample into a container of a defined volume. This is an apparent density, which
always needs to be specified by the way particles have been packed. Therefore there are apparent
densities in loose and dense state and all kind of intermediate states depending on the mode of
packing.
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Table 2.8: Specific density of the powders and density properties in loose, vibrated and compacted state.
Material

CEM I 52.5 R - micro cement
CEM I 52.5 N
CEM III/B 42.5 N a
CEM III/B 42.5 N b
Limestone powder
Granite powder
Dolomitic marble powder a
Calcitic marble powder b
Dolomitic marble powder c
Fly ash a
Glass beads (fraction 0 – 50 µm)
Glass beads (fraction 50 – 105 µm)

Loose packing
density
ρloose
[g/cm3 ]

Vibrated packing
density
ρvibr
[g/cm3 ]

Compacted
packing density
ρcomp
[g/cm3 ]

Specific
density
ρs
[g/cm3 ]

0.804
0.814
0.832
0.848
0.659
1.011
0.893
0.973
0.885
1.396
1.463

1.072
1.134
1.166
1.154
0.980
1.323
1.229
1.346
1.155
1.530
1.539

1.720
1.964
1.836
1.846
1.694
1.974
1.849
1.964
1.628
-

3.150
3.064
2.928
2.962
2.713
2.724
2.801
2.744
2.828
2.211
2.421
2.457

Besides the standardized tests there are other non standardized methods, which are faster and
possibly more precise. Measurement of density is a demonstrative example that standards not
always stringently describe the most appropriate test procedures. As mentioned before also fast,
fully automatic density analyzers are available. An example is the gas pycnometer. Such devices
work by means of measuring the amount of displaced gas. The measuring principle is based on
the observation of the pressure in the sample chamber while filling. Subsequently discharging the
defined pressure into a second empty chamber of known volume allows the computation of the
sample solid phase volume. Due to the fact that the gas molecules (mostly helium) actually fill the
tiniest pores, only the true solid phase of the sample displaces the gas. The result is a true specific
density of the material. That way slurries, powders, foams and bulk solids can be measured.
Nevertheless, the accuracy of these widely-used systems is doubted by some scientists.
The specific density of all introduced powder types was determined using the above mentioned pycnometer method according to EN 1097-7 deploying demineralized and deaerated water for non-reactive powders, and propan-2-ol for reactive powders. Related results can be found
in Table 2.8.
2.6.2

Void fraction

All solid granular materials possess a certain percentage of their unit bulk volume as voids,
i.e. the void fraction is defined as the proportion of void to the total unit volume and thus is
dimensionless. This void fraction is depending on the particle size distribution, the particle
shape, the applied compaction effort and the humidity of the considered fraction. The same
holds for mixes composed of individual granular bulks. Comparing the apparent bulk density,
ρapp , of a granular bulk with its non-porous specific density, ρs , results in the respective packing
fraction, P. The void fraction, Φ, being representative for the current state of packing, reads as:
ρapp
Φ = 1−P = 1−
.
(2.20)
ρs
Thereby, the apparent density depends on the mode of packing. In powder technology it is
common to distinguish void fraction both in loose and dense state. Focusing on dense state it
still remains vague how dense packing can be applied. Within this research, dense void fraction
therefore was further distinguished into vibrated and compacted void fraction. The measurement
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of the three apparent densities will be explained subsequently.
Loose packing
The achievement of loose packing is in practice difficult, since slightest influences can already
lead to a compaction. Loose packing density, ρloose , or sometimes referred as freely settled density, describes the lowest apparent density, a bulk material can possess after being loosely piled.
Therefore, tests on loose packing do not show as high repeat accuracy as tests on dense packing. For the determination of loose density and loose packing (or the void fraction), a cylindrical
container, similar to the one given in ASTM C 1252 (2003), but with slightly different volumes
has been applied. The respective volume of the cylinder is determined with a degassed liquid
of known density. Furthermore, the wall surface area is computed in order to correct for the
wall effect. Deviating from the above mentioned ASTM standard the container is filled via a
decoupled, vibrated chute, allowing shortest height of fall for the powder, and nearly a “grain by
grain deposition”. Appropriate deposition and free flowing of the powder on the chute results in
a loose volume of powder being almost free of compaction. This approach is assumed to be an
improvement compared to the ASTM method which is applying a funnel for the powder supply.
The ASTM method is applying a funnel with an opening diameter of 12.7 mm. Opening the
outlet empties the filled powder jar at once. This results in compaction for the ASTM method.
The feeding of the cylinder has to be conducted as long as its intrinsic volume is filled. Excess
heaped fine material needs to be stricken of carefully, again in order to prevent compaction.
Vibrated packing
Vibrated packing, also reported as tapped packing is achieved by filling the container with powder
and exposing it to a specified compaction process, in this case vibration. Sufficient vibration is
achieved when no compaction takes place anymore. The remaining volume is now filled with
powder and again vibrated. This procedure is repeated until no compaction of the completely
filled container is identified anymore. Thereby the intensity, frequency and duration of vibration
are not critical (McGeary, 1961).
Compacted packing
The void fraction of dry powders in compacted state is determined with a Rigden device according to EN 1097-4 (cp. Figure 2.9). Here powder is compacted by a standardized compaction
effort using a compaction device composed of a fall-block with an integrated piston, mounted at
a guide on a support plate. The powder is filled into a cylindrical opening of the block, which
will fall a hundred times from a certain height. Thereby, the powder is loaded by a piston with
a mass of 350 ±1 g, which compacts the powder at the impact point to the lowest void fraction
possible.
The wall effect, a general problem of determining particle packing in containers does not
noticeably influence the results of the three before mentioned packing tests as the mean particle
size of the powder fractions is much smaller than the container sizes. Therefore, the disturbed
volume of the container becomes negligible. McGeary (1961) refers in this regard to a container
diameter which should be at least an order of magnitude larger than the applied particle size in
order to obtain maximum packing density.
2.6.3

Analysis of packing experiments

Besides the specific density of a particulate material, powders also possess an apparent density
depending on their state of packing. The apparent density is the mass of powder particles divided
by the volume they occupy. This volume can vary depending on the applied compaction. Based
on this the terms loose, vibrated (or tapped) and compacted packing have been introduced before.
From solid geometric considerations it is known that mono-sized, ideal spheres yield least packing if they are arranged according to the simple cubic (SC) packing, which results in a P of π/6
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Rigden device.jpg (506x632x256 jpeg)

Figure 2.9: Rigden device according to EN 1097-4 (1999) with: No. 1 being the fall-block, No. 2 being the
integrated piston, No. 3 being the support plate and No. 4 being a vent hole.

Table 2.9: Determined void fractions in randomly loose, vibrated and compacted state, computed with
Equation (2.20) based on the values given in Table 2.8.
Material

CEM I 52.5 R - micro cement
CEM I 52.5 N
CEM III/B 42.5 N b
Limestone powder
Granite powder
Dolomitic marble powder a
Calcitic marble powder b
Dolomitic marble powder c
Fly ash a
Glass beads (fraction 0 – 50 µm)
Glass beads (fraction 50 – 105 µm)

Loosely piled
void fraction
Φloose

Vibrated void
fraction
Φvibr

Compacted/dense
void fraction
Φcomp

0.74
0.73
0.72
0.69
0.76
0.64
0.67
0.66
0.60
0.42
0.40

0.66
0.63
0.61
0.57
0.64
0.53
0.55
0.52
0.48
0.37
0.37

0.45
0.36
0.38
0.32
0.38
0.30
0.33
0.31
0.26
-

(about 0.52). But SC only serves as a model and does not occur during experiments as it is unstable (McGeary, 1961). Furthermore, if spheres are assembled by placing one sphere after another
into a container, the models of regular packing cannot be applied anymore. Therefore, irregular
random packing becomes significant. For random loose packing (RLP) of uniform spheres at the
limit of zero gravitational force, Φloose = 0.455 ± 0.005 prevails (Onoda and Liniger, 1990).
The two tested micro-glass bead fractions (0 - 50 µm and 50 - 105 µm, cp. Table 2.9) achieved
void fractions in loose state of 0.42 and 0.40, respectively, which is almost the theoretical void
fraction for RLP of monosized spheres. Furthermore, it is now generally agreed that random
close packing (RCP), which represents the densest packing of uniform spheres having a random
structure, amounts to 0.635 ± 0.005 (Onoda and Liniger, 1990). This in turn corresponds to a
void fraction of Φcomp = 0.365 ± 0.005. The achieved values from the vibrated close packed
experiments show a void fraction of 0.37 for both glass bead types, which approaches the theoretical values. Note that no packing experiments for the compacted packing density have been
executed with the glass bead fractions as it was assumed that the vibrated density already delivers closest packing for this spherical material. Furthermore, deformation and partial damage was
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Figure 2.10: Particle size distribution of the micro-glass bead fraction 0 – 50 µm. The narrow graduation
allows comparative consideration with mono-sized sphere fractions.

expected for the glass beads under the impact of the piston in the Rigden device. However, both
packing tests with glass bead fractions for RLP as well as for RCP showed a high correlation
with the theoretical values and confirm the soundness of the modified test procedure introduced
in Paragraph 2.6.2. It should be noted that no uniform spheres have been applied, but narrow
sized fractions. The obtained packing fraction values indicate that the used glass bead fraction 0
– 50 is close to mono-sized. This is also confirmed by the results of a PSD measurement which
is given with Figure 2.10. All figures on the packing density and void fraction of the applied
powder materials in varying state of compaction can be found in Tables 2.8 and 2.9. The void
fraction is computed with Equation 2.20. As can be seen from Table 2.9 the void fraction is
reduced by applying vibration energy to the granular bulk and again during compaction in the
Rigden device. For both processes a relation has been found, which describes the reduction of
void fraction during compaction. In Figure 2.11 the relation between the loosely piled void fraction and the vibrated void fraction is shown. From that it appears that there is a constant ratio
between both void contents. Consequently the vibrated void fraction can be expressed by:
Φvibr = 0.842Φloose

.

(2.21)

The above given correlation was found with good accuracy regardless of the shape of the applied
particles. It can be seen that the three spherical materials, the two glass bead fractions and the fly
ash, achieved lowest void fractions, partly close to the theoretical values. Furthermore, it appears
that also very angular particles, which particularly is the case for the applied cements and granite
powder, can be reduced to the same extent in their void content like spherical ones.
Another correlation was derived comparing the vibrated void fraction with the compacted
void fraction measured by the Rigden device. In this case the accuracy of the correlation was
less since the micro cement did not compact to the same extent like the other powders involved.
It is assumed that from all the tested powders the micro cement resists most the compaction
since its particles are angular and the high fineness causes interparticulate forces, counteracting
the compaction process. From Figure 2.12 the following linear relation is derived:
Φcomp = 0.597Φvibr

.

(2.22)

Now, using Equations 2.21 and 2.22 the loosely piled void fraction can be expressed as:
Φcomp = 0.503Φloose

.

(2.23)
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Vibrated void fraction Φvibr
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Figure 2.11: Relation between the loosely piled void fraction and the vibrated void fraction.
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Figure 2.12: Relation between the vibrated void fraction and compacted void fraction.

Considering the fine micro cement, as explained above, as an outlier, the correlation coefficient
is clearly improved. Now a correlation like shown in Figure 2.13 is obtained. Thereby the factor
between Φloose and Φcomp changes slightly from 0.503 to 0.482. As a modified method for the
placing of powder particles into the container was applied, it is difficult to compare the obtained
figures with values from literature. Brouwers and Radix (2005) found a factor of 0.77 between
loosely piled void fractions and close packing which corresponds to a void reduction of 23%
during compaction. Most likely the herewith presented loose void fractions are higher than the
values of Brouwers and Radix (2005). Furthermore, they determined the packing in dense state
based on the water content of paste (water-powder mixes) at the onset of flowing, as will be
explained in the next chapter. Using this approach for the powders of this test series would result
in a factor of 0.70, i.e. a void reduction of some 30% during compaction. This linear relation,
however, only results in a low correlation coefficient of 0.49.
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Figure 2.13: Relation between the loosely piled void fraction and compacted void fraction.

2.7

Conclusion

In this chapter the basic powder terms, used in this research have been defined and explained.
Furthermore, all powder materials with major importance for this test series have been characterized. The present chapter can be concluded as follows:
• The newly developed, innovative mix design concept is mainly based on the particle size
distribution, the specific surface area, and the void fraction (with the associated water
demands) of granular ingredients.
• Therefore, the corresponding measurements have been explained in detail.
• The importance of wide size ratios and the role of fine particles for the state of packing are
explained, but at the same time, also limits for powder application are pointed out.
• In order to overcome these limitations, surface active chemicals, namely high water reducing admixtures are deployed, and also characterized in this chapter.
• The applied measurement technique for particle sizing is introduced, and also tests on its
reliability are presented by comparing computed PSDs of powder mixtures with their real
measurements.
• A computation algorithm was developed for the derivation of the specific surface area. The
algorithm determines the cumulative surface of all individual fractions of the PSD measurement. This is assumed to give more precise results compared to common techniques
like Blaine.
• The determined surface area is based on the assumption of spherical shape of all particles.
A correction factor for the real, non-spherical shape, derived from flow experiments, will
be introduced in the following chapter.
• The defined ways of determining void fraction in loose, vibrated and compacted state are
important for the later evaluation of packing in mortars and concretes. These degrees of
packing are key performance indicators for the new design concept.
• Linear relations are presented which express the different degrees of void contents into
each other.
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Water demand and workability of water-powder mixtures
3.1

Introduction

The design approach for concrete, presented with this Thesis, is mainly based on the granular
optimization of the solid content by means of the modified Andreasen and Andersen model, and
the available specific surface area of the mix. With this surface area and the respective void
fraction, resulting from the granulometric characteristics of the mix, a prediction for the water
demand can be made. This chapter addresses the theoretical background for those predictions by
studying the water demand of powders. Water demand is defined as the ratio of water and solids,
unless otherwise noted on volume base.
For dense grain packing not only an optimized granular build-up of the solids and the knowledge of interparticulate forces with respect to powder materials are necessary but also the water
content will influence the state of packing. During a stepwise saturation of a granular mixture
first of all the voids are filled with water. This process is accompanied by the generation of water
films around the particles. Having a filled void fraction, the present ratio of total specific surface area to the remaining amount of water determines significantly the workability of a mixture.
Based on this assumption a water layer thickness can be derived, as shown later on. The increasing thickness of water layers determines the location of particles in the system to each other. With
further rise of the water content particles increase their distance. Then, densest possible packing
is not given anymore. Furthermore, depending on the specific density of powders, an increasing
tendency to segregation is noticed, since the surplus water cannot be adsorbed at the particles
surface. On this account an accurate determination of the water demand is of importance for the
success of a mortar or concrete mixture, in particular if it should provide self-compactibility. In
this chapter, four different methods for the determination of water demands are presented and
compared. Based on this study one method is modified and another one is further analyzed and
new parameters are developed from it.
While basic powder characterization was discussed in the previous chapter, this chapter is focused on the powders’ water need, the respective measurements and their flow behavior. Besides
a discussion of measurement methods for the water demand of powders also modifications have
been carried out and relations between individual tests have been derived. The common spread
flow test was thoroughly analyzed and used for a derivation of optimum water layer thickness.
With the help of flow experiments relations are derived for the specific surface area, void
fraction, the water demand and related workability. The derivation of a constant water layer
thickness allows in reverse the prediction of flow behavior and workability of mixes with known
granulometric composition and water content. For a long time there is effort in relating surface
area measures like Blaine to PSD (e.g. Hunt and Elspass (1986) or Robens et al. (2002)) and in
the next step to conclude from granular composition to flow predictions. This will be derived in
the following sections. Furthermore, for the first time, a theoretical shape factor is derived based
on classical paste flow experiment.
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Table 3.1: Recommended water demands for different sieve lines, given in l of water per m3 concrete
(Eifert, 2004).
Sieve line
A32
A16
B32
B16
C32
C16

3.2

Grading coefficient k
5.48
4.61
4.20
3.66
3.30
2.75

Consistency range
stiff
plastic
flowable
130
140
150
160
170
190

150
160
170
180
190
210

170
180
190
200
210
230

Determination of water demand

The water demand of powders, the finest particles, is a significant parameter for the design of
concrete. It is composed of a layer of adsorbed water molecules around the particles and an
additional amount needed to fill the intergranular voids of the powder system. Since powders
provide by far the biggest part of the total specific surface area, they have the strongest influence
on the total water demand of a concrete mix. Consequently, they should have a preferably low
water demand. Therefore, an appropriate determination of the amount of water, needed to cover
all particles with a water layer of a certain thickness is important. The water content is, beside the
degree of hydration as well as cement type and amount, mainly responsible for the percentage
of capillary pores, which are a direct indicator for the durability of concrete and mortars. Water
demand, surface area, the resulting consistency and the void volume are all related with each
other.
There are different opinions how the water demand of a granular mixture could be defined.
Within the concrete producing industry this term is often used to characterize a certain amount
of water, necessary to obtain a specific consistency for a fresh concrete or mortar mix. Hence,
the water demand depends on the desired consistency class and the deployed aggregate mixture
considering its granular characteristics. In design codes there are tables given (cp. Table 3.1)
containing water demands for standard sieve lines. They are based on the required consistency
and the grading value k (which should not be mistaken with the k-value introduced in 2.2.1). This
value is a criteria applied to characterize the grading by concrete technologists in the Germanspeaking countries. Analogue values are the fineness modulus FM according to Abrams, the Fvalue according to Hummel and the cross-cumulative number (D-sum). The grading coefficient
k is the summation of the oversize material (in Vol.-%) of the sieves 0.25, 0.5, 1, 2, 4, 8, 16, 31.5
and 63 mm divided by 100 (Ertingshausen, 1988). This means that only the aggregate fractions
are considered.
Furthermore, the amount of water needed for complete moistening of all particle surfaces is
a possible description of the term water demand. Based on Marquardt (2002) this water is predominantly adhesively bound on the particle surface. For this declaration the target consistency
is not important, only the dimension of the piled void fraction and the specific surface area of the
particles are relevant.
In the strict soil mechanical sense the water demand or optimum water content is defined as
the percentage of water at the point of highest achievable density, which is called maximum dry
density (Lambe, 1962). This for granular mixes is only possible in a partly saturated state, the socalled dry side, applying a specified compaction effort. Since surface tensions (capillary forces)
are present, the free self-relocation of particles to the state of densest packing is hindered. This
is also referred to as apparent cohesion. Achieving the saturation point the “capillary tension”
disappears and the ternary system turns into a binary system. Now having water in excess, the
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particles will fall apart and change the mix into a suspension. A saturated and undrained granular
mix cannot be compacted since all compaction energy applied, is absorbed by the incompressible
water. These effects are used for the Proctor compaction test which is going to be explained later
on in this paragraph.
Finally, another definition is available referring to the water content (β p ) of a powder material
at the point where it starts to freely flow. This holds only for highly concentrated suspensions
having water contents above the saturation point. The associated test procedure is the so-called
spread flow test.
The processes behind a progressive addition of water to a dry powder are described by Cazacliu and Roquet (2009). This builds the physical base of all test procedures described in the
following and explains the individual phenomena measured. The states of wet particles as a
function of the amount of the moisture content can be summarized according to Cazacliu and
Roquet as: pendular state, funicular state, capillary state and solid-liquid dispersion state. At
very low moisture content clusters are built between individual particles by the creation of liquid
bridges. These clusters grow to an average critical size. This is representative for the pendular
state. With increasing liquid content the interparticle space begins to be filled in the funicular
state. Once these interparticle spaces are entirely filled, the clusters are saturated and the capillary state is obtained. From this moment any surplus water is employed in the creation of liquid
bridges. If now this intercluster porosity is completely filled with liquid an ultimate dispersion
state is obtained. Further liquid increase will only shift the shares of liquid and solid in the
dispersion.
The above incomplete list of definitions for optimum water contents or water demands of
granular mixes shows the necessity to exactly define the way water demands have been determined, in order to understand the physical backgrounds and possibly different values. Due to the
various definitions of water demand, there are also various ways to determine the related water
content with variable accuracy as well. Here, in this section, four test procedures are going to
be explained in more detail, which are of special interest for the concrete producing industry.
Subsequently, the results obtained with the powders listed in Table 2.6 will be presented.
3.2.1

The spread flow test

The spread flow test (or sometimes referred to as paste line test or mini-slump flow test) according
to Okamura and Ouchi (1999) appears to be the classical method for the determination of the
water demand for powder materials involved in SCC. Thereby suspensions are produced being
composed of the powder to be analyzed and varying quantities of water. After appropriate mixing
following a defined mix procedure, the suspension is filled in a special conical mold in the form
of a frustrum, the Hägermann cone according to EN 1015-3 (cp. Figure 3.1), which is lifted
straight upwards in order to allow free flow for the paste without any jolting. In contrast to
several literary sources (e.g. Domone and HsiWen (1997)) the obtained paste is not filled in
two layers with intermediate compaction but in one into the cone, as its flow behavior solely
due to self-weight is going to be analyzed. This therefore also holds for the compaction. The
recommended working surface for this test is a dry, clean, horizontal and non-sucking surface
(best is a glass plate). From the spread flow of the paste, two diameters perpendicular to each
other (d1 and d2 ) can be determined. Their mean is deployed to compute the relative slump (Γ p )
via:
 2
d1 + d2
d
−1
with d =
,
(3.1)
Γp =
d0
2
where d0 represents the base diameter of the used cone, 100 mm in case of the Hägermann cone.
The relative slump Γ p is a measure for the deformability of the mixture, which was originally
introduced by Okamura and Ozawa (1995) as relative flow area R. An example of an analyzed
spread flow test is given with Figure 3.2.
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60 mm

70 mm

100 mm

d2

d1

A
B
Figure 3.1: Schematic of a spread flow test. A: proportions of the Hägermann cone, B: Example of an
executed spread flow test with a marble powder, showing the Hägermann cone with filling hopper according
to EN 459-2.
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Figure 3.2: Principle of a spread flow experiment, showing varying w/p proportions as a function of the
relative slump.

Test procedure
For the production of the paste an ordinary mortar mixer for laboratory purposes with respective
mix paddle according to EN 196-1 (1994) is used. The applied mix procedure is given as follows:
•
•
•
•

Adding the weighed amount of water into the moisturized mixing bowl
Continue with adding the complete amount of powder
Start mixing for 30 seconds on speed level 1 (140 ±5 rpm)
Stopping the mix activity for 60 seconds, where the first 30 seconds are used to scratch
splashed material from the wall of the mixing bowl and the paddle
• Continue mixing for further 90 seconds on speed level 1

The paste, prepared in this way is filled in the dried and cleaned Hägermann cone using a filling
hopper. After filling, the hopper will be removed and surplus material is wiped off to ensure using
an equal volume of material every time. This is followed by straight lifting the cone whereupon
the paste spreads over the flow table. After cleaning of cone and flow table the spread flow test
is immediately repeated using the same material again in order to derive two mean diameters
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for one w/p, i.e. four individual diameters for one w/p. At least four different w/p ratios have
to be tested to obtain a statistically reliable trend line. Thereby, new w/p ratios are realized by
preparing new mixes following the above described procedure and explicitly not by adding water
to the present mix. It is furthermore recommended by DAfStb (2001) to aim on spread flows
of 140 mm up to 230 mm, which corresponds to a relative slump, Γ p , of 0.96 – 4.29 using the
Hägermann cone. Other literature refers to a range from 0.2 – 15 (Domone and HsiWen, 1997). It
is believed that any spread flow can be accepted for assessment, as long as it shows a measurable
and symmetrical spread, and possesses no signs of segregation (obvious centric pile) or bleeding
(corona of bleeding water).
Result analysis
By means of a graphical analysis (cp. Figure 3.2) all measured Γ p are plotted against their
respective w/p volume ratios (Vw /Vp ) involving the respective specific densities of the deployed
materials. A straight line is fitted through the derived data points afterwards. The intersection
of this linear function with the axis of ordinates at Γ p = 0 depicts the retained water ratio where
no slump takes place (Okamura and Ouchi, 2003). In other words, this denotes the maximum
amount of water which can be retained by the particles. Exceeding this water content will turn
the coherent bulk into a concentrated suspension. This point is referred to as water demand or
retained water ratio, which was introduced as β p in the field of concrete.
From the measurement, a linear relation can be computed for each material with the help of
linear regression. The outcome of this analysis is a function of the type:
Vw
= Ep · Γp + βp .
(3.2)
Vp
Besides the water demand β p , information is also provided by the value E p , the deformation
coefficient, which is the slope of the function. This value can be understood as a measure of
sensitivity on the water need for a specified flowability. That means materials showing a lower
E p , hence having flat slopes, respond with bigger change in deformability to a certain change
in water dosage than materials having a steeper slope. Thus small changes in the water content
have a stronger influence on the relative slump. In this way, materials can be identified that
tend to bleeding or segregation sooner than other materials in mortars and concrete mixes. The
probability of this negative behavior becomes higher with decreasing amount of cement and with
high amounts of powder materials exhibiting strong sensitivity to water changes (low E p -values).
3.2.2

The Puntke test

This test method was already developed by Puntke in the sixties of the last century for a rapid
testing of fly ash. In the meantime this method became standard test procedure of the German
fly ash suppliers and it is also used for the determination of fine materials water demand. Furthermore, this test is in preparation to be included in the German guideline for SCC (Puntke,
2002).
The execution of the Puntke test will result in the water content at the point of saturation,
which depicts the transition from a coherent packing to a suspension. Therefore, a fine, cohesionfree granular skeleton cannot be self-compacted to a specific packing density until the water content is sufficient for the saturation of the dense grain structure. For this reason the test is only
influenced by the water content and not by an accurately defined compression process. Under
the impact of water saturation, the capillary tension of the powder bulk disappears. Now a rearrangement to the densest packing in the state of saturation is possible. This results in a reduction
of the loosely piled void volume, which immediately turns the system into a supersaturated state.
In practice this would lead to segregation and bleeding of the paste. These first signs of bleeding
are a glimmering surface of the water-powder mixture, which also is the evaluation target criterion of the addressed test. The density achieved herewith is indeed not the maximum density.
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Table 3.2: Surface area characteristics of the additionally introduced powder types.
Material

Specific
density
ρs
[g/cm3 ]

CEM I 52.5 N
Fly ash b
Marble powder b
Marble powder c
α hemihydrate
β hemihydrate
Trass

3.064
2.210
2.740
2.830
2.720
2.720
2.500

Specific surface area
Computed
Shape
Computed
sphere based
factor
Non-spherical
Ssph
ξReschke
S
[cm2 /cm3 ]
[-]
[cm2 /cm3 ]
15,749
13,419
12,573
13,391
7,970
9,713
15,603

1.68
1.20
1.50
1.50
1.80
1.80
1.20

26,458
16,103
18,860
20,087
14,346
17,483
18,724

The latter can only be found on the dry side in partly saturated state applying compaction to the
system.
Test procedure
A cylindrical plastic or metal beaker with planar base and a volume of circa 100 – 300 ml is filled
with test material (50 g for powders, 100 g for sand) and weighed. With the help of a wash bottle,
water is added in very small steps. After each addition of water the mass has to be mixed by hand
with an appropriate tool, e.g. a stir spattle. Afterwards the beaker is stamped by falling down
from about 5 cm height a couple of times. Does the mass show, in doing so, a closed structure and
brilliance on top then the saturation point is achieved. The required quantity of water can now
be determined by weighing. The addition of water has to be executed carefully with a pipette or
a wash bottle, when close to the saturation point even dropwise (Puntke, 2002).
Result analysis
Puntke assumes that for the point of saturation the granular blend becomes free of air, i.e. the
void fraction is completely filled with water. Based on that, Puntke derives a relation between
the void fraction Φ and the involved volumes of water and powder represented by their masses.
This allows for the determination of the water demand and the computation of void fraction. The
corresponding equation reads as follows:
Φ=

Vw
=
Vp +Vw

mw
ρw
mp
ρp

+ mρww

(3.3)

The specific density of the water is taken to be 1.00 g/cm3 (0.9982 g/cm3 at 20 °C). In this way
the void fraction in the state of saturation can be determined. The specific density of the tested
powders can be found in Table 3.2.
3.2.3

The Vicat test

The Vicat needle test, named after the French engineer Louis J. Vicat (1786 - 1861), is known
from the cement industry. It is about the determination of setting time of cement pastes. Although this test was the first measurement on setting time in the 19th century, when concrete
became more widely introduced, it still remains the most used test by the cement manufacturing industry (Amziane, 2006). Therefore, it is subject of various standards (such as EN 196-3,
ASTM C191-04b or BS 4550-3). However, this test also gives an indication for the norm stiffness of cement paste, which depends on the water content of the paste. Besides cement pastes
this test is applicable for other powder materials and fine sand.
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Rod end for standard
stiffness test / water demand

50 ± 1

Ø 10.00 ± 0.05

Dive rod
300 ± 1 g

Conical
Vicat ring

≥ 2.5

40 ± 0.2

Glass
sheet

Ø 70 ± 5 mm
Ø 80 ± 5 mm

Figure 3.3: Schematic of the Vicat needle test device including the conical mold and dive rod for the
determination of water demand at standard stiffness (adapted from EN 196-3).

The physical background of the test is based on the resistance of a paste to the penetration
by a rod with a certain weight and shape (shear strain). It is furthermore supposed that stiffening
during the set generates a gradual increase in resistance to shear.
For the realization of the test, a paste with a certain w/p has to be prepared by following the
mix regime defined in EN 196-3. Thereby, the powder has to be added to the water in the mixing
bowl within a time frame of minimum 5 s and at most 10 s, in which the end of the powder
addition is set as the zero time. The ready mixed paste is filled in a conical mold and centered
below the dive rod of the Vicat needle device (cp. Figure 3.3). In doing so the undersurface of
the rod has to be fixed on top of the paste surface such that they touch each other. Exactly 4
minutes after starting the mix process (zero time) the rod has to be released from its anchorage
to penetrate the paste. On a scale one can read the deepness of penetration or rather the distance
from the undersurface of the rod to the base plate. This distance is the test criterion. The test
has to be repeated with diverse w/p ratios until a value of 6 mm is obtained. A paste satisfying
this criterion is supposed to have norm stiffness and at the same time to show the water demand
needed to obtain this norm stiffness. The dive rod of the Vicat device has two different ends,
of which one is a needle for the determination of the beginning solidification and the other is a
thicker end for the determination of norm stiffness. Its total mass has to be 300 ±1 g. In Figure
3.3 the dimensions of the rod as well as of the conical mold are given. There is another similar but
less commonly used method, namely the Gillmore test, which is described in ASTM C266-99.
3.2.4

The modified Marquardt test

A more recent test for the determination of water demands is described by Marquardt (2002).
This test is suitable for powder materials, mortar mixes and, adequate equipment presumed, also
for entire concrete mixes.
Marquardt characterizes the water demand as the percentage of water, adhesively bound on
the particle surface. This water fraction can be determined via the standardized power consumption of a mortar mixer during the mixing process while adding water. From literature it seems
that Leuenberger et al. (1979) was one of the first who characterized the agglomeration process
of progressively wetted powder systems by performing torque measurements.
The basic principle behind this test is the resistance of pastes with different moisture con-
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Power consumption

Maximum

Time / addition of water

Figure 3.4: General scheme of the power consumption of a mixer in function of the water addition.

tents to shear stress. A dry powder would only confront the mixing process with a low shear
resistance resulting in low power consumption. However, adding water in little amounts to the
mix (incremental or continuous), would increase the power consumption to a maximum due to
agglomeration of individual particles. This obvious maximum in the power consumption graph
reflects the water content where all particle surfaces are wetted by water films and the particles itself are connected via liquid bridges. Further addition of water leads to a liquefaction of the mix.
The power consumption of the mixer will decrease due to the increasing thickness of water layers
around the particles. Figure 3.4 is illustrating this phenomenon. The execution of this test is not
demanding for special apparatus. A standard mortar mixer and equipment displaying the power
consumption of the mixer are sufficient. Ideally, this data on the power consumption should be
digitally available to permit processing of the data. For this research a digital multimeter was
deployed to display the power consumption of the mortar mixer. Before mentioned multimeter
has a power adapter, a device to be connected between power outlet and mixer, for this purpose.
The multimeter again possesses an interface in order to collect the data with a computer.
Similar to standard mortar tests, a wall-wetted mixing bowl is used in order to prevent the
wall from adsorbing water from the mix. This bowl is filled with the material to be tested and
subsequently is fixed to the mixer. Mixing and recording are started simultaneously and after homogenization of the mixture a constant power-consumption will be obtained. Then, the addition
of water is started. According to Marquardt (2002) a constant water supply of about 1.5 ml/s has
to be dosed. The starting point of water addition has to be annotated since the effective, actual
water content is not measured but later computed by the time needed to achieve the maximum
in power consumption. Adding water to the dry granular bulk will first fill bigger cavities and
cracks in the particles, and the intergranular voids. This will not show a sharp rise of the power
consumption. However, due to increasing agglomerations of individual particles the power consumption will increase up to a maximum, which is caused by complete water layers of a certain
thickness around particles raising adhesion to a maximum. Further addition of water finally leads
to a decline of the mixer engine’s input power. This is explained by increasingly thicker water
layers around particles lowering the shear forces needed to mix particles by increasing the distance of particles. In principle, this is similar to the Puntke situation at highest density. Therefore,
the Marquardt test is expected to provide similar figures like Puntke. After liquefaction of the
mix, the procedure can be stopped. Finding the maximum power consumption will at the same
time lead to the associated water content.
Conducting this test, it was observed that the response of the power consumption to water
additions was delayed by about 10 s, which corresponds to the time, the water first needs to be
homogeneously dispersed in the mix. Hence, applying a water supply with a flow rate of 1.5 ml/s
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Figure 3.5: Development of the absolute power consumption during incremental addition of water (1 ml
each 15 sec) to a specific marble powder. The bold graph shows the smoothed measured data.

would result in water demands overrated by approximately 15 ml. This in turn corresponds to
a deviation of 1.5%, assuming an amount of 1 kg of dry material. It was therefore decided to
first use an incremental water supply instead of a continuous addition and secondly, to apply
a two-stage process having a (i) rapid, rough determination followed by a (ii) finer detailed
measurement step. For the first orienting measurement (i) an initial amount of 1 kg dry powder
is mixed with water in steps of 10 ml every 20 seconds. Now having an indication for the water
demand, the next more detailed measurement step (ii) can be started with the assumed water
demand lowered by approximately 15 ml. Then the same procedure is recommended but adding
1 ml every 15 s. In doing so, it is important to first sufficiently homogenize the mix with the
initial amount of water. The stepwise addition of water should only be started when the power
consumption has been stabilized. An example of the small step procedure is given in Figure 3.5.
3.2.5

Alternative methods

Besides the more common test procedures referred to above, there are a number of alternative test
procedures such as centrifugation and variants of the Proctor compaction test. These alternative
test methods for the determination of water demands are addressed in Appendix C. Note that this
list does not pretend to be complete.

3.3

Experimental results

The four different test methods introduced before have been applied to the selected powder types
listed in Table 2.6. A comparative description of the results is given with Table 3.3 and is illustrated in Figure 3.6. The experiments are mass based, and have been expressed in volumes by
using the specific density of water and the powder concerned (cp. Tables 2.6 and 3.2). It should
again be noted that the water demand represents w/p ratios on volume basis.
Analyzing the data, it turned out that Puntke and Marquardt always yield the lowest values,
with Puntke being slightly smaller than Marquardt. A good correlation between both measures,
having a factor of 0.96 shows, that both values can be almost directly translated into each other
(cp. Figure 3.7). Lowest water demands for the Puntke test were expected, as it is the only
test method within this series where a granular bulk is densified by applying compaction effort.

52

Chapter 3. Water demand and workability of water-powder mixtures

Table 3.3: Comparison of the volume based water/powder ratios derived by the different test methods.
Material
Key number
CEM III/B 42.5 N-a
CEM III/B 42.5 N-b
Fly ash
Limestone powder
Granite powder
Marble powder a
Marble powder b
Marble powder c

Puntke
Marquardt
Spread flow test
volume-based water/powder-ratios
0.791
0.782
0.464
0.548
0.627
0.560
0.637
0.577

0.791
0.877
0.486
0.603
0.659
0.588
0.620
0.577

0.976
1.241
0.532
0.762
1.215
0.874
1.005
0.829

Vicat
0.878
0.502
0.627
0.768
0.686
0.631
0.735

1.4

Water/powder-ratio [v/v]

Puntke test

1.2

Marquardt test
Vicat test

1.0

Spread flow test

0.8
0.6
0.4
0.2
0
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CEM III/B
42.5 N-b

Fly ash

Limestone
powder

Granite
powder

Marble
powder a

Marble
powder b

Marble
powder c

Figure 3.6: Comparison of the volume based water demands derived by the different test methods, values
taken from Table 3.3.

Furthermore, the expected small deviation between Puntke and Marquardt results was proven by
experiment.
The analysis of the Puntke method resulted in some questions, showing that this method
is besides its low comparability not completely coherent. Puntke (2002) assumes to determine
the water content for a mixture with minimum void content in complete saturated state. From
soil mechanics it is known that minimum void content which again means maximum density
can only be achieved in partially saturated mixtures being a ternary system from soil, water and
air. Therefore, the void fraction, derived by Puntke is still subject to error, since only the water
content is considered and not taking care of an air fraction being present at the point of highest
density. The practical execution of the Puntke test has shown that the applied compaction effort is
strongly influencing the obtained water demand. Instead of tapping the beaker it is recommended
to place the sample for e.g. 15 seconds on a vibration table, in order to expose it to a defined
amplitude. This makes the procedure quicker and the test is getting more reproducible since the
placed compaction energy is always the same. The fact, that sometimes a tapping of 20 times
leads to apparent saturation, whereas in other cases this point can only be obtained after 80 times
caused the search for a verification of the method in this respect. In other words the “several
shocks” mentioned by Puntke (2002) need some more explanation.
Within this analysis another correlation was found, namely between the modified Marquardt
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Figure 3.7: Correlation of volume based water demands derived by Puntke and modified Marquardt
method, values taken from Table 3.3.
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Figure 3.8: Correlation of volume based water demands derived by modified Marquardt method and Vicat
test, values taken from Table 3.3.

method and the Vicat test, known from cement characterization. Their relation is given in Figure
3.8. On average the Vicat measures turned out to be about 10% higher than the Marquardt
water demand, which corresponds to the range of 8 – 10% mentioned by Marquardt (2003).
However, the Vicat results only show low significance in the framework of these tests. As the
Vicat test does not show that high accuracy as the other three tests explained, the Vicat test is not
recommended for these kinds of experiments which demand reproducible and reliable results.
Moreover, Marquardt’s assumption that her approach delivers lower values than Puntke could
not be confirmed by experiments, as discussed above (see Figure 3.7). In later literature, besides
this assumption, no further measurement data is available to the author’s knowledge.
As expected the spread flow tests always led to the highest water demands within this investigation. In contrast to Puntke’s and Marquardt’s tests, where saturation conditions are approached,
the spread flow method namely yields a water content which characterizes the transition of a saturated granular bulk into a suspension, i.e. the onset of flowing. With the spread flow test, the
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Figure 3.9: Correlation between modified Marquardt method and spread flow experiments, values taken
from Table 3.3.

classical approach of determining the water demand for self compacting concretes is included. It
has been shown that a granular solid mix can, after exceeding the point of saturation (Puntke test)
and the state of maximum shear resistance (Marquardt test), retain water in the structure until it
starts freely flowing under only its own weight while increasing the water content.
Besides the correlation between the modified Marquardt method and Puntke, and the modified Marquardt method and Vicat test, the Marquardt results are also correlated with the spread
flow experiments. The correlation can be seen in Figure 3.9.
By Brouwers and Radix (2005) the E p and β p of the spread flow test were used to put two hypotheses forward. First a relation was derived between the amount of water that can be retained
and the void fraction of the powder (β p ) (therefore also see Palm and Wolter (2009)). Furthermore, another relation was derived between the slope of the paste line (E p ), and the internal
specific surface area of the powder. Here, E p and β p are used to validate these two hypotheses
using a specific surface area derived in a different way. Moreover, a shape factor will be derived
on this basis to correct powder particles for their non-spherical shape. This will be presented
later on.

3.4

Analysis of flow experiments

3.4.1

Derivation of a shape factor based on flow experiments

In the following, the derivation of a shape factor based on flow experiments with water-powder
mixtures is described. This procedure will indirectly provide a shape factor, not being based on
direct measurements of particle dimensions.
One of the major hypothesis put forward by Brouwers and Radix (2005) was that the relative
slump of a water-powder mixture becomes a function of the specific surface area when sufficient
water is present for flow, i.e. Vw /Vp > β p . This hypothesis was validated by relating the slope
of the spread flow function E p (cp. Eq. 3.2), the deformation coefficient, to the specific surface
area S. The specific surface area was taken from Blaine (aBlaine ) multiplied by the specific particle density ρs to obtain the specific area per volume of powder. From the observations it was
concluded that the larger the internal surface, the larger the deformation coefficient (the more
water is required to attain a certain relative slump). Accordingly, the following linear relation
was derived:
E p = δ · aBlaine · ρs = δ · S ,
(3.4)
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with δ representing the thickness of an idealized water layer surrounding the particles of a waterpowder dispersion with Vw /Vp = β p , i.e. the onset of flowing. Brouwers and Radix (2005) found
a mean δ of 41.32 nm. This range was also confirmed by Marquardt (2002), who found a layer
thickness of about 150 water molecules for the water demand of particle fractions by means of
sorption experiments. This layer thickness corresponds to approximately 45 nm given that the
size of one water molecule is about 3 Å. Geisenhanslüke (2009) also based his computations of
water layers on a constant thickness, non-depending on the size (influence on the zeta potential),
and shape or roughness of the particles. The reader is also referred to Wüstholz (2005), who
compared the water film thickness on powder particles with the paste thickness on aggregate
particles.
In this section the above approach is applied for the derivation of a shape factor, considering
a larger number of samples. A further modification is introduced by the substitution of the Blaine
surface area by the uncorrected, computed specific surface area asph , derived with Eq. 2.13 in
Section 2.5.2. This PSD-based computed surface area is a weight-based measure like the Blaine
surface too. The PSD-based surface area is chosen since the Blaine measurement holds some
uncertainty in itself, especially for powders of high fineness, since the Carman-Kozeny equation
used in air permeability method is not valid for particles smaller than 10 µm (Hunt and Elspass,
1986). In principle the computational models for laser diffraction and the measurement itself
also contain some inaccuracy, but no systematical error is additionally introduced, as it would
be the case by using Blaine measurements. Since the derived shape factor will later be applied
on the detailed PSD, containing the same systematical error, there will be no multiplied effect
on the corrected computed surface area. Furthermore, the PSD data is available and Blaine does
not need to be determined in addition. Blaine-test and computed surface area both describe the
outer surface of particles and apart from a systematic deviation due to different measurement
principles they provide basically the same information. This is also confirmed by Robens et al.
(2002).
Besides the powder materials given in Table 2.6, a number of additional powders have been
added to enlarge the range of specific surface area on the one hand and to provide, in the statistical
sense, a larger amount of data on the other hand. These materials are characterized in Table 3.2
in respect to their specific surface.
Now, plotting the computed specific surface area (Ssph ) of these powders against the deformation coefficient E p , the graph given with Figure 3.10, is obtained. Table 4 provides the necessary
results of the spread flow tests on these powder materials. Note that E p , β p and Ssph used in
this graph are all volume based, and Ssph is the specific surface if the particles would be truly
spherical. With the help of linear regression a relation was derived for these measures. Based
on the assumption that the slope of a paste line becomes a function of SSA when Vw /Vp > β p is
satisfied, the regression line has to intercept the point E p = 0. Now, assuming straight lines from
every data point through the origin would result in the lowest slopes for the two fly ash powders
involved, the two materials with the most spherical shape. Their true surface will namely be
closest to the actual one, as they are close to spherical shape. As the computation of SSA is
based on the assumption of spheres, a shape factor larger than unity (i.e. ξ > 1) is necessary to
correct for non-spherical shape, i.e. a positive displacement of all data points parallel to the axis
of abscissa (increase of SSA). Hence, the material having the lowest slope (δ) could serve as the
model particle to calibrate the others. Finding the lowest slope for the materials with the most
sphere-like shape could already serve as a simple validation of the presented approach.
In order to further validate the proposed relation between Ssph and E p , shape factors have
been selected in a next step. This selection was based on the work of Reschke (2000) and is as
a matter of fact not related to measured properties of the materials evaluated. In this way the
different cement types were assigned with same shape factors of equivalent cement types from
Reschke’s research, e.g. a limestone powder was given the averaged shape factor for limestone
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Figure 3.10: Plot of uncorrected, computed and volume based specific surface area Ssph against the respective deformation coefficient E p derived from spread flow tests, showing the two involved fly ash materials.
The dotted line represents the correlation of the fly ash, which is used for the derivation of the shape correction factor.

Table 3.4: Shape factors, ξ, based on Reschke (2000) and on the presented study.
Material

Granite powder
CEM III/B 42,5N-a
CEM III/B 42,5N-b
CEM I 52.5 R - micro cement
Fly ash b
Fly ash
Limestone powder
Dolomitc marble powder a
Calcitic marble powder b
Dolomitic marble powder c
α hemihydrate
β hemihydrate
Trass flour

Shape factor based on
Reschke (2000)
ξReschke

Shape factor
computed by present study
ξ

1.50
1.58
1.58
1.68
1.20
1.20
1.26
1.50
1.50
1.50
1.80
1.80
1.20

1.26
2.03
1.36
1.73
1.09
1.00
1.22
1.16
1.87
1.29
1.30
1.18
1.10

powders taken from Reschke (2000). These selected shape factors are given in Table 3.4.
It should be understood that they will only serve as a first comparison. However, plotting
the newly derived and now shape-corrected SSA against E p results in an improved coefficient
of determination, which is shown in Figure 3.11. Here, the single data points are already more
concentrated around the regression line. This applies both for the powder materials in common
fineness (scatter plot area) and the two materials with the high fineness of about 28,000 and
45,000 cm2 /cm3 . A further reduction of powder types to the number of powders originally introduced in Chapter 2 again resulted in improved correlation of measured data and computed
regression (R2 = 0.89). Therefore, Figure 3.12 only refers to the materials, introduced with Table
2.6. Based on these considerations a particle shape factor ξ was derived to correct all available
and only sphere-based SSA in such a way that they fit on the regression line given by the particles
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Figure 3.11: Plot of computed specific surface areas S and respective deformation coefficient. The SSA is
now being corrected with shape factors based on Reschke (2000).
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Figure 3.12: Plot of computed S and respective deformation coefficient E p of only the originally introduced
powder materials.

that come closest to spherical shape (i.e. ξ = 1), which in this case is fly ash (cp. Figure 3.10).
The regression equation associated to the fly ash reads as:
E p = δ · aBlaine · ρs = 2.49 · 10−6 · S,

with δ = 2.49 · 10−6

.

(3.5)

Now, substituting E p with the associated deformation coefficients determined by the spread flow
experiments and assuming a constant film thickness of 24.9 nm, for every material a theoretical
specific surface area S is computed. Comparing this theoretical surface with the uncorrected
surface Ssph , which follows from Eq. 2.13 with ξ set equal to unity, a new shape correction factor
ξ can be derived. This factor reads as:
ξ=

S
Ssph

.

(3.6)
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Figure 3.13: Comparison of computed shape factors with the corresponding shape factors, selected from
Reschke (2000).

Applying Eq. 3.6, shape factors have been computed for all given materials. These factors can
be found in Table 3.4. The corresponding shape factors, chosen on the basis of Reschke (2000)
are included in the same table. Comparing the data obtained, it can be noticed that derived shape
factors correlate well with the ones based on Reschke (cp. Figure 3.13). This further validates
the approach followed here. In total the shape factors range from 1.00 for the fly ash (as imposed
here) up to 2.03 for the CEM III/B 42.5 N, the latter appearing to have the biggest shape deviation
from smooth spheres. The second type of fly ash (fly ash b) yields a shape factor only slightly
higher than fly ash a. Differences in fly ash shape factors, also notably higher ones, can be
explained by the partly porous surface structure fly ash can possess. The surface structure of fly
ash is highly dependent on the formation conditions. Furthermore, fly ash also can contain other
types of ashes, unburnt coke particles, quartz particles or broken hollow balls (Reschke, 2000).
However, the assumed spherical shape, ξFA = 1, seems to be a good basis. Furthermore, if fly
ash would turn out to have a shape factor slightly larger than unity, all shape factors derived here
only need to be multiplied with this ξFA > 1.
3.4.2

SEM analysis of shape factors

In order to verify the plausibility of the derived shape factors and in particular to distinguish
between particle geometry and surface roughness, SEM micrographs have been prepared and
analyzed. Therefore, the preparation was executed by sprinkling small amounts of the dry powder
on the sample carrier in order to achieve separated particles. In addition the sputtering process
was repeated under varying angles to the vertical axis to assure full enveloping and connection
to the conductive sample carrier. The SEM images with a magnification factor of 1,000 are
exemplarily given in Figure 3.14. Thereby the order of appearance from (a) to (f) corresponds
to increasing shape factors as determined here (Table 3.4). The glass beads (a) have not been
introduced to the measurement yet but the ideal spherical shape and the smooth surface justifies
their planned application as model particles for adjusting the shape factor derivation. Next, the
fly ash (b) is for the most part composed of spherical particles but like described earlier to some
extent they show porous surfaces or contain other materials. The dolomitic marble powder (c)
is already notedly less spherical but still providing a smooth surface, which explains the only
slightly higher shape factor. A similar situation can be observed for the limestone powder (d)
but here the surface appears to be rougher, resulting in a higher shape factor. The blast-furnace
cement (e) shows highly angular shapes for the ground slag particles but having a smooth surface.
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(a) Glass beads

(b) Fly ash

(c) Dolomitic marble powder a

(d) Limestone powder

(e) CEM III/B 42.5 N-LH/HS

(f) CEM I 52.5 R, micro cement

Figure 3.14: SEM micrographs of the investigated powders, 1,000-times magnified.

Therefore, the shape factor still is comparable with for example the limestone powder. Finally,
the micro cement shows angular particles with rough surface and therefore achieves the highest
shape factor for this set of selected powders. This visual analysis strengthens the computational
model and the shape factors derived here.
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Discussion of a constant water layer thickness

From Eq. (3.5) a value of 24.9 nm was derived for δ, representing a constant water layer thickness. Note that this model is based on the computed specific surface area and calibration using
fly ash particles as spherical model particles. Although this layer thickness is in the same order
of magnitude like the one derived by Brouwers and Radix (2005) being 41.32 nm, there is still a
difference of about 40%, which is addressed here.
A plausible explanation is the difference of Blaine surface, used by Brouwers and Radix
(2005), and computed surface. In the relevant literature most authors agree on linear correlation
between Blaine fineness and the surface area calculated from PSD data. For example Robens
et al. (2002) found a constant factor of 1.3 for the ratio of computed surface area to Blaine. Applying this factor on the data presented would increase the derived δ to 32.4 nm. For the readers
interest it is noted, that this constant factor of 1.3, found by Robens et al. (2002) is based on the
automated surface computation of the deployed laser granulometer (Robens, 2007). Its computation algorithm is based on a similar principle as described in Section 2.5.2 (Sympatec, 2001).
There, the geometric mean of a class is considered as mean diameter which results in larger surface areas compared to the arithmetic mean (cp. Eq. 2.10). The difference between both surfaces
amounts to about 6% considering a size ratio of u = 2 (as being used in standard sieve sets).
Furthermore, the underlying model particles are spheres as well. Therefore the surface area difference of 1.3 is based on the assumption of spheres. The true surface of the angular materials,
which were actually cements in the example of Robens et al. (2002), would turn the deviation
even bigger. Therefore, applying a shape factor in addition to the systematic deviation of Blaine
surface and computed surface would result in an increased water layer thickness derived with
the presented approach. Depending on the shape factors selected, it is a range of 42 – 48 nm
when deploying the derived shape factors for blast furnace cements. This correlates with the
film thickness found by Brouwers and Radix (2005) who used Blaine values, and by Marquardt
(2002). High correlation between computed surface area and Blaine fineness was also found by
Hunt and Elspass (1986), who derived a factor of 0.97. However, the two correlation factors
from Robens et al. (2002) and Hunt and Elspass (1986) cannot directly be compared since the
latter based the surface area computation on cumulative mass distribution curves derived by sedimentation method. Furthermore, the addressed specific surface area calculation method is based
on the assumption of spheres and deploys the arithmetic mean of di and di+1 as characteristic
diameter (see Eq. 2.10). However, a linear relation of computed specific surface area and measured Blaine surface is confirmed in literature. Varying measurement techniques and different
theoretical models however, make their comparison difficult.
An analysis in this respect for the here involved powders did indeed result in a linear correlation, but with a higher factor. For a number of powders the Blaine value was determined
and multiplied with the respective specific density. These values have been plotted versus the
computed SSA, now shape-corrected by the addressed model. By means of linear regression a
correlation factor of 1.67 was found (cp. Figure 3.15) via:
S = 1.67 · aBlaine · ρs

.

(3.7)

This increased ratio is explained by the shape correction, which is now included in this consideration. Now correcting the water layer thickness δ = 41.32 nm from Brouwers and Radix
(2005), which is based on Blaine, using the derived factor results in δ = 24.7 nm. This should
be understood as a correction of the systematic error of Blaine and the sphere assumption of
the surface computation models. Hence, both derived water films, δ = 24.7 nm in Brouwers and
Radix (2005) as well as δ = 24.9 nm with the presented study, are in agreement with each other.
Furthermore, it is assumed that film thickness shows a linear relation with the shape factor.
However, given that both measures are dependent variables within the presented approach, the
assumption cannot be validated. It is suggested to deploy specific surface areas determined by

Computed specific surface [cm2/cm3]
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Figure 3.15: Comparison of Blaine surface area and computed SSA. Both measures consider the true
surface and are volume-based. Values are taken from Table 2.6.

sorption test for this purpose.
3.4.4

Conclusion

It has been shown, that besides the classical way of particle geometry analysis, there is a way to
derive shape factors based on simple flow experiments. Their execution is normally necessary
to determine the water need of mortars and concrete mixtures. This way more use can be made
of this information. Furthermore, this model also yields a constant water layer thickness for the
state Vw /Vp = β p . The derived value correlates with other methods from literature. It became
apparent that the underlying surface area derivation is of major importance for the interpretation
of the results. Therefore, this issue needs to be adequately commented in order to enable a
comparative investigation. Since the presented approach is now aligned with fly ash serving as
spherical model particle, the inclusion of a more spherical material, e.g. micro glass beads is
planned for further validation. In the next chapter the concept of constant layer thickness will be
extended to mixes containing sand (mortar) and aggregate (concrete).

3.5

Integration in existing theories

The present chapter addresses the comparison of four different test methods for the determination
of water demands of powders (i.e. particles < 125 µm, namely spread flow test, Puntke test, Vicat
test and modified Marquardt test. Different correlations have been derived which express these
values relative to each other. Some of them are confirmed by literature, others are new. This
applies to the recent modified Marquardt test in comparison with the standard SCC spread flow
test.
From the present chapter the following can be concluded:
• There is a general trend between the several measurement methods in the order Puntke
test, modified Marquardt method, Vicat test, and spread flow test, from lowest to highest
figures.
• In general the modified Marquardt test is assessed to be a good technique for the determination of water contents. High precision of results even qualifies this technique for quality
monitoring purposes of fineness or PSD changes of powder materials (in case no laser
diffraction or similar technique is available).
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• The importance of the spread flow test as one of the major test methods for SCC design is
confirmed. New figures are derived from it, which allow for the computation of water film
thicknesses.
• The presented results show that the Puntke method and modified Marquardt method provide results in the same magnitude, with Marquardt values being 1.04 times higher than
Puntke values. Therefore, in the further course of these experiments the Marquardt method
is chosen since it has been the more precise method, resulting in reproducible measures,
independent from an operator.
• The importance of the spread flow tests is pointed out again. This test directly results in
water demands being suitable for the design and production of self-compacting mixes.
• The modified Marquardt method is also expected to deliver information on the deformability of mixes. Since, similar to the spread flow test, a granular mix is investigated in
the state of flux, there should be equal information available. While having a free spread
flow of a water-powder mixture using the spread flow test, for the addressed method, the
water-powder mixture is kept in motion by exposing it to a constant shear rate. Therefore, the change in power consumption, should also give an indication to the sensitivity of
the flow behavior to a certain dosage of water. This is understood as an equivalent to the
deformation coefficient E p of the spread flow test.
• Moreover, in the presented research it is also demonstrated that, based on simple flow
experiments, a shape factor can be derived, which is needed to correct a computed specific surface area, derived from PSD data. This approach is new and shows an interesting
alternative to the existing, extensively device-related direct measurement principles. Besides the approach introduced by Reschke (2000), this is to the author’s knowledge the
first technique using sound standard measurements for the derivation of a shape factor,
which considers form, angularity and surface structure of powder materials. Furthermore,
it gives new significance to the spread flow test. In this regard the hypothesis proposed by
Brouwers and Radix (2005) is confirmed. According to them the relative slump of a paste
becomes a function of the SSA when sufficient water is present for flow.
• A water layer thickness of about 25 nm was found for flowing mixtures at the onset of
flowing, i.e. having water contents of Vw /Vp = β p . This obtained value corresponds with
the figure found by Brouwers and Radix (2005).
• Different correlations of e.g. Blaine surface and computed SSA have been found in literature, and also proven by own experiments (Eq. (3.7)). Since the Blaine test is a simple and
widely-used measurement, the derived correlation can be used to translate Blaine figures
into computed figures based on PSDs (or backwards) which appears to result in information of equivalent or better accuracy. Furthermore, the SSA of fine particles, not being
suitable for Blaine measurement, can be expressed in “Blaine values”.

The above findings are subject to further analysis and verification in order to find a place in a
new concrete mix design concept, which is mainly based on particle size distribution, packing
and specific surface area considerations. Also the hypothesis of constant water layers will be
extended to mortars, and presents a new concept for the water demand of mortars and concrete
in the framework of mix design. In the introduction a new perspective on mortar and cement was
addressed. In contrast to the Excess-Paste Theory the introduced model provides for water layers
around all solid particles, from the smallest scale (nano, micro) up to coarse aggregates, governing the workability of a mix. Understanding this model, then allows predicting flow behavior of
mixes with known composition and granularity.

Chapter

4

Development of a new concrete mix design method
4.1

Introduction

It is generally agreed that an increase in mortar and concrete performance is directly related to the
minimization of the concretes void content, especially the capillary pores (Powers, 1968). This
exactly describes the problem an engineer is faced with when proportioning mix constituents in
order to obtain maximum packing density, i.e. minimum void fraction while ensuring sufficient
workability. Concrete, in this regard, holds a very exceptional status. It comprises materials
with an enormous size range. This ranges from powders in the nano range, comparable with
pharmaceutical powders, up to very coarse particles, which for massive elements such as dam
construction can be as large as 125 mm. It may also be of interest for the reader that the first
scientific studies on packing were carried out for the purpose of improving concrete mix design
(Féret, 1892; Fuller and Thompson, 1907).
This thesis treats combined mortar or concrete gradings solely, whereby combined stands for
the combination of aggregates and powder content. Such gradings are henceforth referred to as
total gradings.
Before the findings of the previous chapter can be applied to mortar and concrete, the development of a new mix design needs to be explained. This mix design tool generates total gradings
based on continuous geometric random packing of polydisperse particles. In this context, a brief
overview on the development of grading algorithms is given. Furthermore, some measures are
derived which help to assess the degree of packing. The mathematics of the new design concept
is explained in detail and the way materials are defined regarding their particle size distribution
is shown.

4.2

Particle packing as key performance indicator for the mix design

4.2.1

Terminological introduction

In order to further proceed with the introduction of a new mix design concept, some terms need
to be defined.
The term particle size group refers to the amount of material which remains in between two
successive sieves after screening. As an equivalent the term fraction is used also. The grading
of particles can be classified into continuous and discrete gradings. Continuous particle gradings
are granular mixtures, whereby from the largest to the smallest particle all intermediate sizes are
available. In contrast to continuous size distributions, discrete gradings are characterized by the
absence of one or more particle size groups in the total grading. The foundation of the concept
of discrete particle size distributions is the idea to fill the voids of a monosized fraction with
another smaller monosized fraction while not disturbing the packing of the bigger fraction. The
void fraction of the respective smallest fraction can then be filled arbitrarily often with again
smaller particles (Furnas, 1928).
In order to assess the dimension of a fraction, the size ratio u is needed. This ratio, sometimes
also referred to as diameter ratio, is the ratio between largest particle size (di+1 ) and smallest particle size (di ) of a fraction. When characterizing the particle size distribution of coarser particles,
i.e. sand and aggregates, mesh sieves are used. The sieve aperture of two successive sieves nor63
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mally results in a factor of 2 (standard sieve set) or, like in this thesis, in a factor of
sieve set). This factor can also be referred to as size ratio.
4.2.2

√
2 (extended

History of the research on particle packing

Assessing the packing quality of objects is a rather old pursuit of mankind and hence a classical
problem. The apparently simple problem of piling as many cannonballs in a ship as possible
led Kepler in 1611 to the publication of Strena sue de nive sexangula (Über die sechseckige
Schneeflocke) containing the well known Kepler conjecture. This conjecture says that no packing
of congruent balls in Euclidean three
√ space has density greater than that of the face-centered
cubic packing. This density is π/ 18 ≈ 0.74. The fact that this conjecture was only recently
fully proven by Hales (2005), at least the reviewers are to 99% sure, shows the great complexity
of this problem. However, the before mentioned theory only deals with uniform spheres, i.e.
monosized packings, arranged regularly. The modeling and prediction of random (irregular)
polydisperse packings is much more difficult and for packing of geometric continuous particle
sizes inconceivable so far.
When Furnas (1928) set the basics in packing of discrete particle size distributions, Westman
and Hugill (1930) developed an algorithm to compute mixtures with two and three different sizes.
However, as the broad majority of concrete aggregates and mineral additions are continuously
distributed in size, all further attention is put on geometric continuous particle size distributions.
The latter is subject of the design theory to be presented with this thesis. Therefore, work on
discretely sized particles is not further referred to.
Some, if not most of the earlier attempts to put the making of concrete on a scientific basis are
based on considerations of the packing characteristics of particulate material. Perhaps the most
influential work of this kind is that of Fuller and Thompson (1907) even though in 1868 Eugen
Dyckerhoff pointed out the importance of well graded size distributions for concrete production.
Dyckerhoff’s work, however, received only little attention during that time (Stark and Wicht,
1998). In the work of Fuller and Thompson a theoretical approach for the formulation of ideal
grading is presented. This grading curve, which usually is referred to as the Fuller curve reads as
follows:
1

2
d
0
(4.1)
P (d) =
dmax
where P0 (d) is a fraction of the total solids being smaller than size d, and dmax is the maximum
particle size of the total grading. In fact Fuller and Thompson’s ideal grading curves are not
parabolas but ellipses at the lower end, which are merging into straight lines being tangents of
the elliptical part. The parameters for major and minor axis of the elliptical equation are already
shape depending as established by Fuller and Thompson. The above stated parabolas present a
good approximation. However, this equation can never be fulfilled in practice since it assumes
particles of infinite fineness, i.e. dmin = 0, which is not the case in practice.
At that time cement particles made the smallest contribution in size to the grading, nowadays, besides micro cements, micro or even nano-additives like silica fume or carbon nanotubes
(CNTs) are in the order of one or two magnitudes smaller than standard Portland cement particles. Another limitation regards the total amount of fines being smaller than a certain size di .
As P0 (di ) is depending on the selected maximum particle size of the total grading, large dmax can
result in little fines content. Therefore, Fuller and Thompson specify the No. 200 sieve (0.074
mm opening) and stipulate that at least 7% of the total grading should be smaller than this size.
For an overview of the available international sieve sizes the reader is referred to Appendix B.
Nowadays, these minimum amounts of fine materials are still part of concrete codes. Here the
sufficient availability of powder materials is assured by minimum cement contents and minimum
powder fractions depending on maximum aggregate sizes.
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The parabolic grading, stated in Eq. (4.1), is only one of a family of similar relationships,
which may be generalized as follows:

q
d
P0 (d) =
(4.2)
dmax
where q has values other than 0.5. These gradings are called parabolic or power-law gradings.
0
Power-law gradings result in a fixed ratio of the successive fractions Pi−1
and Pi0 . That means the
amount of material in one fraction is a fixed percentage of the amount of the next larger fraction.
This expression reads as:
P0 (di−1 ) 1
=
(4.3)
P0 (di )
r
with r being the grading ratio. Such gradings are called percentage grading because of their
constant percentages. Regarding the density, or void fraction, of such gradings, Andreasen and
Andersen (1930) show that the voids only depend on the value of q. The variable q is henceforth
called the distribution modulus, sometimes also referred to as grading ratio. This results in the
assumption of least voids for smallest q, or in other words as q approaches zero, the void content
does as well. This is far from true for practical concerns as Andreasen and Andersen point out
themselves. Due to the inability of fine particles to pack similarly as bigger but geometrically
similar particles, Andreasen and Andersen limit the increase of packing to a range of q = 0.50 to
0.33 (Andreasen and Andersen, 1930; Plum, 1950).
At about the same time, in the 1930s, Hummel suggested, with regard to the computation of
fineness modulus, to set a fixed range of particle sizes for grading examination, with dmin being
0.1 mm. However, Hummel states explicitly that these gradings only hold for the aggregates
not including the cement. Stern (1932) took this topic up and scaled dmin down to 1 µm in
order to also include the cement. Hummel (1959) also refers to different distribution moduli
q for achieving maximum packing density with aggregates varying in shape. According to his
findings the Fuller parabola (q = 0.5) does not deliver optimum packing density in any case. For
densest packing of roundish aggregates he recommended q = 0.4, whereas for angular aggregates
q = 0.3 yields better packing results.
Later the Fuller-Thompson grading was recognized to give relatively harsh mixtures. Bolomey
(1947) therefore developed the following modifications of the Fuller-Thompson parabola for total grading:
1

2
d
(4.4)
P0 (d) = f + (1 − f )
dmax
with f being an empirical constant considering the intended consistency. Bolomey gives empirical f -values, varying between 0.10 and 0.14, for either rounded or angular particles, implying
the consideration of particle shape in the formulation of particle packing.
Finally, Plum (1950) considered the minimum particle size, which does not approach zero
very closely. Therefore, he introduced a finite minimum size. His measured dmin = 0.291 µm
of cement comes very close to the dmin of cements used today. Now, including the minimum
particle size, Plum (1950) derived an expression for a percentage grading over a limited number
of fractions, which reads as:
rn − 1
P0 (n) = N
for r 6= 1
(4.5)
r −1
with r being the grading ratio, and n and N being the sieve numbers of the respective and largest
sieve. Plum (1950) gave successive numbers to the sieves, starting with zero for the smallest. He
used the Tyler sieves, which are similar to the ASTM standard sieves, having a size ratio of u = 2
(cp. Appendix B). This way he computed a volume fraction of material passing a sieve with the
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aperture n. But the resulting grading was, for that time, not really a practicable solution, which
he was aware of himself. In this respect Plum remarks that the theoretical percentages of the
nine smallest fractions, i.e. all fractions below 0.149 mm, cannot be so easily transferred to real
gradings. Plum furthermore justifies this statement by saying that cement is practically the sole
ingredient below that size and that cement has to be accepted in the natural grading it is supplied.
This has fundamentally changed during the last 60 years. Nowadays a variety of cement-fine and
even finer mineral additives is available for concrete production. Moreover, the cement industry
puts a lot of effort in tailor-sized cement gradings according to the demands of their clients.
The varying distribution modulus of Andreasen and Andersen as well as a finite minimum
particle size attracted the interest of Funk and Dinger (1994), who where interested in the packing
of wet particles from another point of view. They had been interested in highly concentrated coal
slurries which, despite their high solid concentration, remain pumpable. The outcome of this
consideration is as follows:
q
d q − dmin
P0 (d) = q
for q 6= 0
(4.6)
q
dmax − dmin
which henceforth is called the modified Andreasen and Andersen grading. It is assumed that this
distribution law delivers a feasible solution for a practical purpose. As mentioned before, when
discussing the grading of Andreasen and Andersen, it is believed that decreasing values of q lead
to better packing which theoretically yields an optimum with q in the range 0 – 0.28 (Brouwers,
2006). Note that Eq. (4.6) turns into a logarithmic function of the particle size for the special
case q = 0. Eq. (4.6) then reads:
ln d − ln dmin
for q = 0
(4.7)
ln dmax − ln dmin
Now it remains logical to compare both approaches for continues gradings considering finite
minimum particle sizes. In order to compare Plums grading with the modified Andreasen and
Andersen distribution it is first necessary to express the sieve numbers n in particle sizes d. As
Plum is using the imaginary sieve n = 0 with an opening of 0.291 µm, all other sieve numbers can
be related to a particles size involving the size ratio u = 2 for the Tyler sieve set. Furthermore,
the fixed grading ratio r is related with the distribution modulus q via (Brouwers, 2006):
P0 (d) =

q = logu r

(4.8)

When comparing the Plum and the modified Andreasen and Andersen grading it can be observed,
considering equal distribution moduli and total size ranges, that both methods are compatible.
This approach in the further course of this thesis is used as a base for the development of a new
concrete mix design method as will be explained later. As Plum is the original earlier source, this
grading is referred to as Plum grading. The applied
√ principles in this thesis only vary from Plum
with respect to the size ratio u, here a value of 2 instead of 2 is used, and the presentation of
the distributions in graphical form. Plum always referred to double-logarithmic graphs, whereas
here, only semi-logarithmic graphs are used to scale the particle size.
This brief review on particle packing theories can be concluded with the omnipresent question for the optimum grading percentage or distribution modulus. Also in this matter Plum appears to be way ahead of the researchers of this time when he refers to the various meanings of
the term optimum. Therefore, he proposed grading percentages for either maximum strength or
maximum density, or the most economical way of achieving one of the latter.
In summary, it is necessary to point on some shortcomings of all models stated above. All
authors based their models on the assumption of spherical particles, which is very different compared to real aggregates. In near future even more crushed and angular aggregate will come
into production since deposits of natural round aggregates are running short and new dredging
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licenses are difficult to procure. Different authors recognize and treat the importance of particle
shape regarding the packing and introduce factors to account for the particle shape. It has to be
noted that theoretically the grading lines do not depend on the particle shape as they are valid for
any shape as long as it remains uniform in one mixture. But in practice one has to cope with a
broad variety of different shapes in one mixture, which will disturb each others packing.
From the brief review above it appears that Stern (1932) and Plum (1950) seem to be the
first to refer to total gradings, i.e. total particle-size gradation from the smallest to the largest
particle available in a mixture. Older work does not refer to cement-fine particles as part of
the total grading since these particles could not, or only with great effort, be measured. In
this regard Plum (1950) and Powers (1968) note that very small particles cannot form the same
kind of packing that geometrically similar but coarser particles do. However, nowadays strong
admixtures, like 3rd generation polycarboxylate ethers (PCE), are available. These plasticizers
certainly cannot completely overcome interparticle forces but their action as dispersant notably
helps to avoid agglomeration and thereby allowing for better packing.
4.2.3

State of the art in modeling of particle packing

Particle packing models in literature are often distinguished by their date of origin. Following
this approach, the continuum models of the pre-computer age and the individual particle based
models of the computer age exist. The models for constituent proportioning of the pre-computer
age have been discussed in Paragraph 4.2.2. This paragraph is going to give a brief overview of
the more recently used models.
With the development of computers and the ever-growing processing power an approach to
the modeling of individual granular systems seems to come closer. The use of computer models
allowed, for the first time, inclusion of additional factors like friction and deformation at the
particle contact points.
Jones et al. (2002) gives a review of four established particle packing models, which are:
• Toufar, and modified Aim and Toufar model (Goltermann and Johansen, 1997; Toufar
et al., 1976)
• Dewar model
• Linear packing model (LPM) (Stovall et al., 1986) (based on (Mooney, 1951) and its further development the solid suspension model (SSM))
• Compressible packing model (CPM).
From Jones test program it appears that above referred particle packing models have been
applied to either aggregates combinations (sand and gravel) or cement-sized particle systems
(cement in combination with other powder materials). It was found that all models give varying
results but broadly the same material combinations for achieving minimum voids content. In
continuation of these tests a set of ternary mixtures was tested, now including two gravel fractions
and one sand. It was concluded the LPM and CPM were less accurate compared with published
data on the combination of three sets of particles. However, ternary systems are still far away
from complete concrete mixtures. Therefore, these models were investigated regarding their
ability of proportioning of concrete mix constituents for minimum void ratios.
The outcome teaches that computer packing models still cannot obtain reliable predictions of
concrete mixtures and related voids properties. For a realistic reproduction of a concrete mixture
a large number of particles including a large size ratio are required. This asks for large computational power. Under certain boundary conditions, however, these models work acceptably
well. This is for instance the case when the mean size of two particles groups is similar, say up
to a size ratio of 0.40, which is indeed not close to realistic conditions. The modified CPM and
the Dewar model which is basis of the MixSim concrete proportioning software, show similar
reasonable packing densities. Using MixSim, concrete designs can be generated which combine

68

Chapter 4. Development of a new concrete mix design method

a maximum of three powder types, three fine aggregates or fillers, and three coarse aggregates
together in combination with three liquid admixtures.
Jones review shows that there is still urgent need in fundamental models for packing of individual concrete constituents. Finally, a closing remark is made regarding the software tool LISA.
LISA, the so-called Language Independent Size Distribution Analyser, is a software package
provided as freeware from Elkem Materials. Elkem suggests this program for the design of
castables and the evaluation of particle packing, including the production of self-flowing concrete. LISA is sporadically referred to in literature. It should be noted that this program is not
a packing algorithm as such. This software just plots a volume based PSD of a mixture based
on the individual PSDs of all involved materials and respective mass percentages, which have
been uploaded into the software before. For reasons of comparison, a model PSD based on the
Andreasen and Andersen model (Eq. 4.2) or the modified Andreasen and Andersen model (Eq.
4.6) is given. This reference curve can be modified by means of the distribution modulus q and
the minimum and maximum particles size dmin and dmax .
4.2.4

Mix design theory with respect to SCC – A new approach

Fundamentals of concrete mix design
Whereas the previous paragraphs treated the packing of granular matter, the present paragraph
focuses on integrated concrete mix design. Hereby, the optimized combination of powder and
aggregate needs to be combined with an appropriate amount of binder, water, and if necessary
with admixtures in order to formulate a complete concrete recipe that meet demands for the
compliance with several requirements of design codes and standards, such as EN 206-1. In
particular this refers to the system of exposure classes which demand certain minimum cement
dosages and maximum water/cement ratios. The significance of minimum water/cement ratios
is doubted by the author, as further explained in a later chapter. In general, the requirements of
an exposure class should ensure the durability of the concrete element under the subsequent use
and corresponding environmental conditions. Besides the exposition class, the demands of the
structural design regarding the desired strength have to be accounted for as well.
The origin of mix design
There is evidence, that the Romans 2000 years ago already had a well developed way of making
concrete. Vitruv, as mentioned earlier, gives in his “Ten Books on Architecture” detailed descriptions on the production of concrete, the so-called opus caementicium. According to newer
investigations concrete can probably classified as one of the oldest artificial materials. During
dam construction work near the “Iron Gate” (part of the border line between Serbia and Romania) remains of a Neolithic village were discovered (Stark and Wicht, 1998). The remains were
dated back to a period from 5600 to 5000 BC. All cabins found there show a uniform ground
plan and possess a floor construction made from concrete. This mixture can be described as a
coarse mortar made from gravel, sand, water and burnt limestone chippings. It can be assumed
that due to the homogeneity of floorings and the amount of cabins these mixtures have been produced purposely following a given procedure. Therefore, depending on the underlying definition,
engineered concrete can be as old as 7600 years.
However, since the Romans’ opus caementicium no remarkable breakthrough in the use of
mortar and concrete can be found for a long time. A further milestone is represented by Joseph
Aspdin’s patent “An Improvement in the Mode of Producing an Artificial Stone” from 1824.
This marks the invention of OPC or, in fact, its predecessor, the artificial Roman cement. The
sudden availability of a low-cost binder in industrial amounts changed construction practise and
motivated scientific research on concrete mix design. As a consequence the French investigator
René Féret published principles on concrete mix design in 1892. One of the most lasting features
of this work was perhaps the announcement of the water/cement ratio law, which still is a basic
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design criterion in nowadays design codes. Besides Féret also the Hungarian Zielinski (1908)
published extensive work about the dominant role of the water/cement ratio, before Abrams did
so (Stark and Wicht, 1998).
In 1918 Duff Abrams published his distinguished work with the title “Design of Concrete
Mixtures”. This systematic method for the formulation of concrete mixtures changed the view
on concrete almost over night. Besides the mix procedure and the intensively discussed grading
of aggregates, the water/cement ratio became paramount for the final strength for the first time.
However, in this regard Coignet should be mentioned, who already warned in 1855 against the
usage of too high water volumes when pouring concrete (Stark and Wicht, 1998).
Abrams’ systematic design approach was by far not the earliest work, as explained above.
However, some of the basic features of Abrams work became so well established, that this
method is considered to be the first empirical method for the formulation of concrete.
For the characterization and determination of the fines/coarse ratio of mixes, the fineness
modulus has been introduced. The derivation of this parameter was born by the idea to use only
a single parameter for describing a grading curve. This becomes of special interest when mixing
sands with different fines content. In literature various authors suggest the derivation of fineness
moduli which all vary regarding their derivation from one to the other. Known examples of such
measures are the fineness modulus (FM) from Abrams (1918), Faury’s “l’indice pondéral”, the
F-value from Hummel (1959), Spindel’s R-value or the “Kornpotenz” (grain power) from Stern
(1932). The latter all being variants of Abrams’ FM. However, using now the total grading
approach according to Eq. 4.6, including all materials, such measures are no longer necessary.
The fineness can now be expressed as powder content or total specific surface of solids per cubic
meter fresh concrete. Also Powers (1968) points out that, regarding the water requirement, the
fineness modulus is not closely related to the specific surface. Though he is referring to the
Abrams’ fineness modulus, this observation is universally valid for all other fineness moduli too.
Nowadays, the concrete mix design is still very much based on the findings of Abrams.
Relatively little has been added and modified during time. An exception is made by the modern
special concretes such as high-performance concrete (HPC) and self-compacting concrete (SCC).
Here, the old concepts are not working anymore. As the water dosage is much more critical to
the final fresh concrete properties compared to conventionally vibrated concrete (CVC), a new
concept for the design of recipes was required.
Fundamentals of SCC mix design
Self-Compacting Concrete or sometimes also referred to as Self-Leveling or Self-Consolidating
Concrete was first developed in 1988 in Japan (Okamura and Ouchi, 1998). Motivated by a lack
of skilled workers and a substantial number of durability damages due to insufficient compaction,
Okamura announced in 1986 the necessity to employ a self-compacting concrete, which can be
compacted into every corner of a formwork, purely by means of its own weight and without the
need for vibrating compaction.
In opposition to the common standard literature on SCC, Nagataki (1998) assigns SCC to the
superplasticized, anti-washout, underwater concrete mixtures, as a further development of them.
These anti-washout, underwater concretes were first developed during the 1970s in Germany.
Both concrete types, underwater concrete and SCC, have a high segregation resistance and high
fluidity in common.
The original mix design method developed by Okamura and Ozawa (1995), the Japanese mix
design, is still the base for most of the SCC production. This mix design is based on three pillars
which are as follows:
• Limited aggregate content
• Low water/powder ratio
• Use of superplasticizers.
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Figure 4.1: Methods for achieving self-compactibility (Okamura and Ozawa, 1995).
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Figure 4.2: Volumetric contents of SCC according to the Japanese Method.

Despite the great improvements added to concrete technology, this design method is, however,
related to a number of restrictions. The coarse aggregate content is for example fixed at 50%
of the solid volume (Vsolid ) in order to prevent blockage of bigger aggregate particles and to
reduce interaction between coarse particles (Okamura, 1997). Therefore, the volume of coarse
aggregates (Vg ) reads as:
Vg = 0.5 ·Vsolid = 0.5(Vtot −Vw −Vair −VSP )

(4.9)

This should keep the internal stress low, which would otherwise consume the available energy
required for flowing. Moreover, the sand volume fraction is fixed to 40% of the mortar volume:


Vg
Vs = 0.4 1 −
Vtot .
(4.10)
Vtot
A further variable which is fixed in advance is the water/cement ratio w/c. This is kept constant
in a range of 0.9 to 1.0 on volume base, depending on the fineness of the used cement. In
order to obtain sufficient viscosity, high amounts of powder have to be added, which was for
the most part realized by cement. Therefore, many SCC designs show elevated cement contents,
which result in the fact that cement is “wasted” as filler. High amounts of cement can cause
thermal cracking and shrinkage problems, or strength in excess, which can require additional
reinforcement. In order to create sufficiently high viscosity but still keeping high deformability
the water/powder ratio is maintained at a very low level and highly effective superplasticizers are
used. The scheme of the whole design approach is reflected in Figure 4.1. Based on this design
method the volumetric proportioning of SCC, as given in Figure 4.2, can be agreed on.
In 2003 a new method for the design of SCC was introduced by Su and Miao (2003). This
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Figure 4.3: Void fraction and PF of a sand-gravel mix, before and after compaction at various sand-togravel ratios (m/m).

Chinese mix design considers the state of packing of fine and coarse aggregate fractions integrally. First the aggregate fractions are combined in such a way that they result in least void
fraction, defined as:
Vair +Vw
Φ=
→ min .
(4.11)
Vtot
This way, the amount of paste, required to obtain desired fluidity is minimized. In order to assess
dense packing, a packing factor (PF) is introduced. Note that the Japanese Method only accounts
for the packing density of gravel or sand. However, the packing of an aggregate mixture depends
on its gravel to sand ratio and needs to be determined for the individual case. Therefore, the
packing factor quantifies how much the packing of aggregate mixtures improves compared to
their loose state when being compacted. One may say that SCCs are not compacted at all but
during flowing they will experience a self-compaction which results in packing densities clearly
higher compared to the loose state. The packing factor reads as:
ρd
PF =
,
(4.12)
ρloose
with ρd being the apparent density of the aggregate mixture after compaction, and ρloose being
the loosely piled density of the same mixture. It can be said that the PF gives a measure for
the reduction of voids when combining different aggregate fractions to mixtures. This PF is in
the Chinese Method now taken and multiplied with the loose densities of the coarse and fine
aggregates to compensate for the reduction in volume when being mixed with each other. This
way, higher solid contents are generated. In Figure 4.3 an example is given how packing will
change when combining a 0-2 sand with a 2-8 gravel fraction. It can be seen that the reduction
in void fraction after compaction can increase as high as 30% when mixing in the optimum
proportion compared to 14% and 20%, respectively, for the individual fractions. That implies
that at the point of optimum packing the compactibility achieves highest values.
In a next step the remaining voids in the granular skeleton are filled with paste. These further
steps are similar to the Japanese Method or other mix design concepts. Therefore, the interested
reader is refereed to Su and Miao (2003). In conclusion it should be noted again that the Chinese
Method accounts for the varying packing of aggregates when being mixed with each other at
various fine to coarse ratios.
The approaches found in literature for the optimization of the packing state are diverse.
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Figure 4.4: Background of the new design method showing the target distribution (bold line), the obtained
composed mix (dotted line) and the individual starting materials (materials 1 – 6).

Roshavelov for instance tried to maximize the packing density in dry state with the help of
geometrical consideration whereas Hwang determined maximum packing density in wet state
(Bäuml, 2002). Oh et al. (1999) determines on a calculative way a minimal necessary binderlayer-thickness. This layer should cover the grain in such a way that both opposite requirements,
flowing and the resistance to segregation, are satisfied.
Nevertheless, having a closer look on the aggregate particle sizes, it appears that only a
relatively narrow fraction, from 100 µm to 100 mm is involved in such optimization. However,
considering all solids including the powder fraction, at least three more decades exist in the solids
range (down to 100 nm), which represent by far the biggest specific surface area within the mix,
the highest contribution to mix costs, and also a notable volume share (cp. Figure 4.4).
Brouwers and Radix (2005) applied and modified the aforesaid Chinese mix design concept.
When analyzing the PSDs of their best performing mixes, they recognized that they have similarity to the Plum grading (cp. Eq. 4.5) and the modified grading lines from Andreasen and
Andersen (cp. Eq. 4.6), respectively. This observation led to the attempt to use these gradings
as target distributions and to design new total gradings having a best possible fit with the Plum
approach. The outcome, a new mix design, is described later on.

4.3

Grading characteristics and void fraction

As mentioned earlier, the optimum packing of particulate material is a classical problem. Research has made notable progress in recent years regarding packing models, but still natural
packing processes cannot be imitated and the practicability of these models is often lacking. In
particular the relationship between the total grading and the degree of packing is of interest. The
packing of discretely sized systems, containing two components (bimodal mixtures) was studied,
amongst others, by Furnas (1928) and Westman and Hugill (1930). The latter gave a graphical
solution and derived an analytical expression from it. Approaches for analytical expressions of
ternary mixes have been made as well (Westman and Hugill, 1930). However, satisfying predictions for the packing degree of continuous distributions are not given in literature so far.
Brouwers (2006) defines a relation between packing and the particle size distribution of a
continuous power-law grading (cp. Eqs. 4.6 and 4.7) in form of a general equation in closed
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form. Actually the packing is expressed as void fraction, Φ, which corresponds to 1 − P. This
general equation providing the void fraction as a function of distribution width (dmax /dmin ) and
distribution modulus, q, reads as:
 −(1−Φl )β

dmax (1+q2 )
Φ = Φl
.
(4.13)
dmin
This equation contains the void fraction of the single-sized particles, Φ1 , and a parameter, β,
which are both governed by the particle shape and method of packing (loose or dense) only. From
Brouwers (2006) it follows that for the irregularly shaped particles considered here, Φ1 = 0.52
and β = 0.16 (loose), and Φ1 = 0.46 and β = 0.39 (dense), respectively. Having a glance on
Eq. 4.13, the effect of distribution modulus q and distribution width becomes clear. Once more
the importance of large size ratios is highlighted when changing from powder mixtures (small
dmax /dmin ) to concrete mixtures (large dmax /dmin ). But for the comparison of concrete mixes
itself, the size ratio has no longer a big influence, as the packing only improves with the exponent
of 0.07 when the size range is enlarged by a factor of 2.
Eq. 4.13 is in the following used to compute mortar and concrete packing fractions in loose
and dense state.

4.4

Experimental determination of packing density

In Chapter 3 the packing of powders has been addressed. As explained before, the packing of
mortar and concrete is of major importance. Fresh concrete and mortar mixes, in this regard, can
be tested in manifold ways. In the previous paragraphs theoretical and also practical aspects of
particle packing have been reflected. Consequently, a method will be derived for the computation
of the packing fraction and the air content. Herewith the reader has a tool available to assess the
quality of packing of a mixture and the possibilities of the underlying design concept.
An alternative measure for the packing fraction was experimentally determined following the
subsequent procedure. Given the fact that all mixes show self-compacting abilities, the process
of pouring is not accompanied with vibration or any other external compaction technique. The
mixes are then filled in cylindrical containers of known volume. Similar to the standard determination of the air content, the mixes rest for five minutes after casting in the container in order
to deaerate. After this period the container is filled with a small surplus and all material in excess is removed in order to produce an even surface of container rim and mix surface. For paste
and mortar experiments a one liter container served as volumetric standard, whereas for concrete
experiments an eight liter version was used. In this way the wall effect is eliminated. The exact
volume of the containers was determined beforehand using demineralized water of 20 °C with
known density. In order to avoid the generation of menisci at the water surface, the completely
filled contained was covered with a glass plate, whose mass was determined before.
Now, knowing the composition of the mixture, the mass percentage of each ingredient can
be computed based on the respective total mass of the mix. In a next step the individual masses
of all materials in the container are determined by multiplying all mass percentages with the accurately determined mass of the container content. Based on these mass percentages the volume
percentages of each mix constituent can be computed by multiplication with the known specific
density of the respective material. The volume percentages of all solids, Vsolid are now set versus
the volume of the container following:
Vg +Vsand +Vp
Vsolid
P=
=
.
(4.14)
Vcontainer
Vcontainer
This way P, the packing fraction, is derived. The remaining volume, i.e. the difference between
the two volumes of Eq. 4.14 can only be occupied by air and water. As the volume of water,
including the water comprised in the SP, in the container can be computed based on the mix
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proportions, the remaining volume fraction of air [%, V/V] can be accurately computed via:
Vcontainer −Vsolid −Vw
.
(4.15)
Φair =
Vcontainer
A comparison of air fractions measured this way and with the pressure method described in EN
12350-7, resulted in inconsistent data. This will be discussed in more detail in a later chapter.
Note that Φ = Φair + Φw .

4.5

A new mix design method

Based on the earlier mentioned Chinese Method (Su and Miao, 2003), Brouwers and Radix
(2005) were most likely the first to apply the Chinese Method outside China. From their work
it becomes clear that the Chinese mix design concept is generally applicable. An analysis of
the mix proportions in regard to their grading characteristics resulted in the conclusion that all
mixes follow a continuous grading line which can be described using the distribution function
of Plum (Eq. 4.5). Based on this knowledge further research was conducted in Belgium by
Huyghe (2005), who successfully adapted this model to concrete with light-weight aggregates.
Being aware of these results and as a continuation of the work of Brouwers and Radix (2005),
the research presented with this thesis was started. Originally planned as a further development
of the Chinese Method, this model led in an early phase of development, to a new design model.
A new thinking about making SCC unavoidably includes overruling old conventions and
established models. The model of the coarse particles swimming in a paste (such in the Solid
Suspension Model (de Larrard and Sedran, 1994) is just one example. Literature cannot provide
a satisfactory answer to what particle size a particle is accounted for in the coarse phase or
paste phase. Therewith, the question of which particle is suspended in what suspension or what
fluid, remains philosophical. In order to overcome the shortcomings of the established design
methods and to correct their partly incoherent definitions, the following approach for a new,
purely performance based concrete mix design is proposed.
Fresh concrete can adequately be defined as a mixture of solids, water, air and, where required, admixtures. All solids form a certain packing and are surrounded by a layer of water,
which lubricates the mixture. The state of packing is depending on the PSD and shape of the
individual particles, the surface potential of the solids, the amount of mixing water, the applied
compaction energy, and the used dosage of admixtures. Furthermore, the solids can be both of
reactive or non-reactive nature. Their reactivity, though, is considered to have no impact on the
packing behavior in fresh state. Based on these conditions, every single particle needs to be provided with a water layer of constant thickness in order to activate flowing. This concept has been
widely discussed in Chapter 3. All water added in access to this amount will further lubricate the
mixture and therewith change the workability of the mixture for lower viscosity values.
Target grading
The new mix design concept can be understood as an optimization problem based on the Plum
grading (Eqs. 4.6 and 4.7). Any number of PSDs of the individual materials can be combined
to a total grading, with the requirement of the best fit with a Plum grading, defined before. Note
that, as packing is regarded, all fractions are considered on a volume basis. Therefore, at first
detailed PSDs of all materials (k = 1, 2, . . . , m) are needed. In the case
√ of powders the buildup of
the PSD was discussed in Chapter 2. Here a fixed size ratio of u = 2 was agreed for successive
fractions. Coarser materials such as sand and gravel are measured and processed in exactly the
same way, using sieve screening techniques or combined sieve-laser-diffraction techniques for
materials having both powder content and coarser particles. Note that for standard sieve sets the
size ratio amounts to 2. Given the fixed size ratio and a considered size range from 0.01 µm up to
125 mm, a total number of 44 discrete sizes (i = 1, 2, . . . , n + 1) with n = 43 fractions are derived,
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44 ) the
whereby fraction 1 (d12 ) is the fraction between 0.01 µm and 0.014 µm, and fraction n (d43
fraction between 88.4 mm and 125 mm (also cp. Appendix B).
In order to obtain closest fit with the Plum grading an optimization algorithm was computed
based on Eq. 4.6. This routine has access to a database, where all available material PSDs are
stored. Whereas all PSDs specify volume percentages for any size fraction, Eq. 4.6 requires the
input of defined particle sizes. As the used fractions are relatively narrow, the geometric mean,
d¯i,geo , of the upper (di+1 ) and lower size limit (di ) of the respective fraction is used as an input
for d in Eq. 4.6. The respective smallest and largest particle size (dmin and dmax ) result from the
choice of the finest and coarsest materials involved in the mixture to be optimized.
As a last step the exponent q of Eq. 4.6, the so-called distribution modulus, has to be defined. The distribution modulus determines the character of a mixture regarding its fineness,
i.e. the ratio between coarse and fine particles. It appears difficult, if not impossible, to give
recommendations on the proper choice of the distribution modulus. The Fuller curve applies
an exponent of 0.5. Higher values will lead to coarser mixtures and vice versa. In the present
thesis, SCCs of the powder type are presented using distribution moduli in a range between 0.21
and 0.25. This range appears to be suitable, depending on granular properties like particle shape
and surface texture. With higher values (q > 0.25) mixes turn to become too coarse and are not
flowable anymore without using viscosity enhancing admixtures. The other extreme, very small
distribution moduli (q < 0.21), appear to produce mixtures with high volumes of fines, which are
very cohesive and highly viscous. These mixes can possibly still satisfy the requirement of selfcompacting concretes but they will certainly flow very slow due to their high viscosity. However,
one can think of special applications, such as underwater placement, making use of such low
deformability speed.
With the above mentioned parameters a target grading can be designed. Based on such a
target grading new mixtures will be composed using a number of selected materials. Using the
least square method, a curve fitting problem can be solved by the algorithm to achieve minimal
0 (cp. Eq. 4.6) and the newly composed mixture P0
differences between target grading Ptar
mix
(Hüsken and Brouwers, 2008). Thereby, the sum of the squares of residuals (RSS) is tried to be
minimized as follows:
n
2
0
0
RSS = ∑ Pmix
(dii+1 ) − Ptar
(dii+1 ) → min .
(4.16)
i=1

With the help of the residual sum of squares a new measure, the coefficient of determination R2 ,
can be computed in order to quantify the quality of the curve fit. This criterion is given with:

0 (d i+1 ) − P0 (d i+1 ) 2
∑ni=1 Pmix
tar i
i
2
R = 1−
.
(4.17)
2
0 (d i+1 ) − P0
∑ni=1 Pmix
mix
i
with P0 mix being the arithmetic mean of the entire distribution. The coefficient of determination is
assessed, as it is anyway based on the RSS, for any fraction considered during the optimization.
In so doing, it is assured the all fractions contribute equally and no size range is over- or underestimated. Figure 4.4 gives an example of an optimized mix being composed of six different solid
materials all being different in their PSD from the target grading. With the help of the target
function, and the variables and constraints explained later on, a mix is composed, that possesses
closest fit with the target grading.
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Vvoid
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Figure 4.5: Fragmentation of a unit volume of SCC in the fundamental volume parts according to the
requirement of the new mix design concept.

Variables
During the course of optimization the algorithm will create a number of variables used for internal computations. This is first of all the total solid volume Vsolid and the individual volumetric
proportions vsolid,k of each solid ingredient. The total solid volume reads as:
m

Vsolid =

∑ Vsolid,k = Vtot −Vw −Vair

.

(4.18)

k=1

With the definition of Eq. 4.18 the volume of one m3 fresh concrete can be specified as the sum
of all solids (Vsolid ), the total amount of introduced water (Vw ), and the volume fraction of voids
(Vair ). The relatively complicated volume scheme given in Figure 4.2, is necessary to describe the
individual volume proportions of the original Japanese design concept, thus it can be simplified
to Figure 4.5. Furthermore, the volumetric proportion vsolid,k is the share of each solid on the
total solid volume via:
Vsolid,k
.
(4.19)
vsolid,k =
Vsolid
Now, having the framework of an optimization algorithm available, some constraints are required
to adapt the model regarding the practical needs of a mix design tool.
Constraints
The constraints are defined measures needed to control and influence the variables and target
measures of the design algorithm. They remain to be the interface with the real-word limits and
boundary conditions. That means the constraints consider the basic measures, concrete technologist use to design mixes (cement amount, water dosage etc.), but also logical constraints
preventing the computation to result in useless output. The latter constraints are nonnegative
regulations and volumetric definitions.
A non-negative regulation predefines that the volumetric proportion vsolid,k of a selected material for k = 1, 2, . . . , m is equal to or larger than nil. Another logical constraint refers to the
volumetric equilibrium of the mix to be designed. As already expressed with Eq. 4.18 the sum of
all volume fractions of ingredients must be equal to unity. In this respect, the total solid volume
accounts for the volumes of gravel (Vg ), sand (Vsand ), cement (Vcem ), and filler (V f il ), but also
for the dry matter content of the admixtures. The dispersant of the admixtures is accounted to
the total volume of introduced water (Vw ). The same holds for the moisture introduced by wet
aggregates. Finally, all remaining volume comprising entrained air and cavity are summarized
as air void volume (Vair ).
The air content is a measure which can be put into the system prior to the start of the op-
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timization routine. This air content is occupied by a default value but can be changed anytime
according to one’s expectations and experience. During most of the mix designing work dealing
with SCC, the air content was estimated to be 1.2% (0.012 m3 ). This presumed value, of course,
needed to be verified later, but mostly turned out to be very close to the actually measured values.
Besides the before mentioned constraints there is some more input required in order to meet
the requirements of standards and building codes. These policy constraints concern:
min ) and maximum cement con• Cement content Vcem (both minimum cement content (Vcem
max
3
3
tent (Vcem ) in m /m ); this property is often expressed in kg/m3 , corresponding to Vcem ·
ρcem /Vtot
• Water dosage (in form of a water/cement ratio or water/powder ratio); corresponding to
Vw · ρw /Vcem · ρcem
• Ratio between two different binders.

International concrete standards such as the European EN 206-1 give binding definitions on the
constituents used and especially their amounts and proportions. This is realized by the application of exposure classes. One of the very few exceptions is concrete designed following a
performance-related design method. The herewith presented design method is capable of following both fundamental design philosophies, whereby a performance based design concept will
be more effective and sustainable compared to the standard prescribed mix design.
Exposure classes try to categorize environmental actions which the designed concrete is subjected to during its whole service life. In order to account for the expected environmental actions, every exposure class is characterized by a minimum cement content, a maximal allowed
water/cement ratio, and a minimum required strength class (and sometimes a minimum amount
of entrained air, if heavy freeze/thaw activity is expected). It is assumed, that following these
standard specifications, sufficient durability is achieved to withstand the expected environmental
impacts. Regarding the minimum strength and cement content Plum (1950) already criticized
the “classic” opinion that sufficient density (required for durability) is always automatically obtained when the strength is reasonable. This underlines that Plum was an early advocate of the
performance-based design concept of concrete. However, in order to fulfill these requirements
and to be able to produce concrete in accordance with EN 206 the algorithm requires these measures as an input.
During the information retrieval prior to the optimization procedure, a minimum cement
content and a maximum cement content can be loaded into the system. In case of giving a
range, the optimization algorithm will find a cement dosage in the given range which results
in the best packing in the cement particle size range, i.e. the smallest deviation of the PSD of
the designed mixture from the target grading in the size range that cement particles provide or
min is equal to V max this cement content is directly used for
influence. In the other case, when Vcem
cem
the computation. Furthermore, it is possible to choose for two different binders. Their proportion
can be adjusted by entering a ratio into the system, which allows for a continuous change of the
ratio of binder 1 and 2 from 0 up to 1. In this case the sum of binder 1 and binder 2 is handled
as total cement content. This way any user-defined combination of different cement types, or
cement and cement-substitute can be designed.
In a next step the total amount of water is requested by the algorithm. As a consequence of
different design approaches and habits of concrete designers, different possibilities are offered
for the input of water dosage. The most common way is the w/c, which constitutes the proportion
of water to cement. Only the total amount of cement is considered. The equivalent water/cement
ratios (w/ceq ), following the k-value concept (cp. Paragraph 2.2.1), cannot be used as design
criterion yet. Moreover, in case of using two types of binders, their sum is considered to be
the cement content. Own experience has shown, that the importance of the w/c becomes less
important when dealing with low cement concretes. Therefore, another way of considering the

78

Chapter 4. Development of a new concrete mix design method
Table 4.1: Summary of input parameters required by the mix design algorithm.
Input parameter

Way of input [unit]

Direct input
Choice of all materials to be included in the mix
Cement content
Water content
Optimization target
Air content
Choice of binder ratio in case two binders are selected

Checkbox selection
[kg] per m3 concrete, defined amount or range
Ratio of water/cement [m/m] or water/powder [m/m]
Change of distribution modulus q between 0 and 1,
preferred range for SCC is 0.21 < q < 0.25
[%] of entrapped/entrained air in fresh concrete
Ratio of both binder types

Information supplied by database
All associated PSDs
Maximum and minimum aggregate size
Granular properties such as density and specific surface
area for computations of the entire mixture

Based on material selection
Based on coarsest and finest material selected
Based on material selection

water dosage needs to be incorporated. This is realized by taking the water/powder ratio into
account. Hereby, the absolute ratio of the amounts of water to powder is requested. In this thesis,
per definition, any particle being smaller than 125 µm is considered to be a powder particle.
Based on the experience gained during this research, this indicator can be assessed to be a reliable
design parameter regarding the desired workability and strength. Since opinions also differ about
the maximum size of powders, a second w/p can be selected, which is based on all particles
smaller than 250 µm.
When all materials are selected, supposing their PSDs are sufficiently described, and the
required inputs are defined, an optimization problem is formulated, which now can be solved
numerically. In Table 4.1 all input data required by the model is summarized. As an output all
relevant data on the volume of selected materials is given. A complete concrete recipe based on
mass of ingredients per cubic meter fresh concrete, as usual, is given as well. From the PSD of
the designed mix (cp. Figure 4.4) it can be concluded that it follows as close as possible to the
target line. It can be assumed, that considering all constraints, there is no other combination of
materials that leads to a smaller deviation between target line and designed mixture.

4.6

Conclusion

This chapter deals with the basics of packing and mix design, i.e. it presents an approach on how
to get to a working mixture based on the selection of concrete constituents. In this way it forms
a link between the previous chapters which address the analysis and characterization of powder
materials, and the subsequent chapters that employ the presented design approach to design and
produce mortar and concrete.
In order to sufficiently discuss the broad field of packing first some general terms have been
defined. Afterwards a short abstract of the history of particle packing research was given. It is
well known that researchers, since the early decades of the 20th century, mainly have followed
the principles of geometric packing using power law functions. The Fuller curves are undoubtedly the most lasting models from that time. These models were already quite advanced but
were lacking of some practical aspects which could not be solved some 70 years ago. One of
these insufficiencies was the question how to handle the fines content and the minimum particle
size. Small particles were difficult, if not impossible, to measure and on the other side, due to
interparticular forces, also difficult to disperse during mixing. Therefore, no specific minimum
particle size was considered in these gradings. Most of the models accounted for an infinitely
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small particles size, i.e. zero, which led, due to the geometric nature of the grading, to unrealistic
powder contents. As a result only the coarser aggregate fraction was considered to be included
in these gradings. It was believed at that time that the powder content could be handled with the
predefinition of minimum cement contents and the specification of maximum powder contents.
Plum (1950) finally introduced a minimum particle size, which made the total grading in the
limits of minimum and maximum particle size more realistic. This model therewith seems to be
appropriate for the interests of a new and innovative concrete mix design presented here. With
respect to packing models the following can be stated:
• State of the art computer models on particle packing, briefly summarized in this chapter,
so far cannot sufficiently predict the properties of mortar and concrete mixtures and related
voids properties.
• Discrete particle size distributions do not represent the nature of common gradings such as
sand, gravel and cement.
• The herewith presented design concept is consistent because all solids are considered and
practical concerns are incorporated.
• Real particle distributions have a finite smallest particle size, therefore the respective packing equations must consider a minimum particle size.
Based on the knowledge of particle packing theories, integrated concrete mix design concepts
have been developed and introduced, with Abrams’ ideas in the first place. These integrated
design concepts have been altered all the time and adapted to new, special forms of concrete.
This is also the case for mix design theories with respect to highly flowable and self-compacting
(or consolidating) concretes. Here, based on the experience on anti-washout, underwater concretes in Germany during the 1970s (Nagataki, 1998) and the fundamental work of Okamura
and Ouchi in Japan, formulations have been worked out on how to produce concretes with such
distinguished properties. These principles are mostly functioning but they do not allow for a very
flexible mix design (prescribed amounts). A further common observation is the high amount of
cement involved in mixtures produced following the Japanese design concept. A further modification of this mix design, namely the Chinese mix design, tried to handle these shortfalls and led
to some improvements. This was the base of the work presented here.
Now, handling those optimized gradings, it becomes interesting to assess them and to start
relating grading characteristics and void fraction. Regarding this the following has been obtained:
• Different modes of packing (loose and dense) are discussed, and a way of measuring packing density of wet mixtures is presented.
• A relation is provided that marks a link between geometric grading and void fraction (cp.
Eq. 4.13). This allows assessing the packing of mixtures by comparing their actual packing
with the theoretical values in loose and dense state.
• This chapter provides the tools for such an analysis, which will be carried out later, when
the mixes are introduced and respective data is derived.
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5

Self-Compacting Mortars
5.1

Introduction

The present chapter constitutes a further development of the previous three chapters. In Chapter 2
the characterization of different powder types was addressed and in Chapter 3 their water demand
and respective test methods. This already allows for the production of paste. In the subsequent
chapter, Chapter 4, a new mix design concept for concrete was introduced. Here this new mix
design concept is applied in combination with the before mentioned powder types and sand. In
this way mortars are produced, which are going to be analyzed in the following. Therefore, a new
group of concrete ingredients is introduced as well. These are the so-called concrete aggregates,
which consist of sand and gravel. The former is needed to produce mortars, whereas the latter
extents a mortar mixture to a full-sized concrete mix. As this chapter solely treats mortars, in
fact only sands needed to be discussed. However, as sand and gravel are distinguished only by
their maximum particle size, also the commonly used gravel types of this thesis are introduced
with the present chapter.
It appears that self-compacting mortars are less extensively discussed in literature, in contrast
to concrete. In the Chinese method mortar experiments are not even required. The step from
paste, a combination of one or more powder types and water, to mortar has in so far an eminent
meaning as the total size range u (dmax /dmin ) is notably enlarged. When for powders, depending
on how broad their size distribution is developed, the total size ratio amounts to a range from 60
to 700, the size ratio of mortar can be as high as 13,500 assuming the same dmin as used in the
powder range and a dmax of 4 mm. This notable increase in the size range comes along with a
reduction of the void fraction. Applying Eq. 4.13 allows for the computation of the void fraction
in dense state. For the above mentioned powder range a void fraction of Φ = 0.46 would be
representative, whereas for mortars Φ amounts to about 0.28. This means that upon increasing
the size range of paste to the mortar scale, the void fraction can be reduced by about 40%.
Besides a reduction in the void fraction, the introduction of coarser particles will also decrease the specific surface area of a total grading per unit volume. This has strong influence on
the water demand of the whole mixture as well.
A further enlargement of the size range beyond 4 mm particle size would turn the mortar mix
into concrete, which per definition is a mortar with dmax greater than 4 mm. From the packing
point of view and also considering other relevant fresh properties such as water demand and flow
behavior, there is no major difference between a mortar and concrete. However, for the design
of a concrete the mortar plays a major role as it can be produced with relatively less effort and
in smaller quantity, compared to concrete, in order to adjust the desired properties. The recipe
derived for a mortar mixture, therefore, can be easily adapted to the full scale concrete. Normally,
only small modifications are required in order to “translate” the mortar into a concrete recipe. In
most cases this does not even require an additional trail mixture.
In the following it will be explained how the mix design concept introduced in Chapter 4 will
be combined with a short mortar test scheme in order to adjust water and plasticizer amounts for
the desired fresh mortar properties. In discussing the water need of mortar mixtures the concept
of constant water layer thickness, introduced in Chapter 3, will be extended from paste to mortar.
Furthermore, some measures, introduced in theory with the previous chapter, will be applied on
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Table 5.1: Classification of aggregates into fractions with respect to their limiting particle size (EN 12620).
Material
Filler (powder materials)
Fine aggregates (sand)
Coarse aggregates (gravel)
Grain mix

Upper sieve size

Lower sieve size

Example for fraction

0.063 mm∗

0
≥ 2 mm
0

0-1, 0-4
2-8, 4-16, 16-32
-

≤ 4 mm
≥ 4 mm
≥ 4 mm

∗

sieve passing for 0.063 mm sieve min. 70%

different mortar mixes. This allows for a deeper analysis of mortars.

5.2

Material characterization

Aggregates constitute the biggest part, generally 70 - 80% by volume, of concrete. Therefore,
they are also expected to have important influence on its properties. According to EN 2061, aggregates may be of a natural, artificial or recycled nature, whereby the latter describes
materials which had been previously used in other construction processes. Artificial, sometimes
referred to as synthetic materials, play a less significant role. These are mostly industrial waste
materials such as slag, ashes or waste glass, or specially made materials to improve certain
concrete properties such as expanded clays for lightweight concrete. The present thesis, however,
only uses natural aggregate, mostly of quartzous nature.
A general classification of aggregates based on their size is shown in Table 5.1. It presents
the whole range of aggregate sizes, classified into groups such as powder, sand (fine aggregates)
and gravel (coarse aggregates), as well as mixtures of the previous. Whereas in Europe a particle
size of 4 mm is used as a separation criterion between coarse and fine aggregate, the US-imperial
equivalent is 4.75 mm, which corresponds to Sieve No. 4 (cp. Appendix B).
Another common classification of aggregates is according to their specific gravity as introduced in Paragraph 2.6.1, which also affects the specific density of the final mortar and concrete.
Regarding their production process, aggregates in addition can be classified into crushed stone
and natural aggregates. This mainly determines the resulting particle shape.
The influences of aggregate on the mechanical and physical properties of mortar and concrete
are various. One of the main concrete properties influenced by the aggregate type is the durability, which furthermore needs to be subclassified into physical and chemical durability. Physical
durability considers properties such as the resistance to freezing and thawing, the resistance to
wetting and drying, the coefficient of thermal expansion, as well as the abrasion and skid resistance, whereas chemical durability for instance considers the Alkali-Silica Reaction (ASR).
The aggregate furthermore has impact on the concrete strength (important for high strength concrete), the shrinkage and creep behavior, thermal properties such as conductivity and specific
heat, the concrete unit weight, elastic properties (Young’s modulus) and also on the economy of
concrete (Mindess et al., 2002). A discussion of these influences is beyond the scope of this thesis, therefore in the following only the most important properties required for the mix design are
addressed. In order to proportion qualified concrete, the following properties should be known:
•
•
•
•
•

Particle size distribution (PSD) and specific surface area
Particle shape and texture
Specific gravity
Bulk unit weight and
Moisture content.

These properties are analyzed for the concrete aggregates applied in this Thesis. Most aggregates, sands as well as gravel are dredged river aggregates from the Lower Rhine between
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Table 5.2: Minimum sample amounts for sieve analysis depending on the maximum aggregate diameter
(EN 933-1) of the fraction to be tested.
Maximum aggregate size d
[mm]

Minimum mass of the sample
[kg]

63
32
16
8
≤4

40
10
2.6
0.6
0.2

the Ruhr Basin and Arnhem. Therefore, their mineralogical composition is mainly limited to
quartzite (Souwerbren, 1995). In addition to these natural aggregates one type of crushed stone
was used as well. This is a granite fraction 0-4 which is originated from the same quarry operation as the granite powder introduced with Chapter 2. Therefore, the mineral composition of this
sand is similar to the powder fraction analyzed in Table 2.5.
5.2.1

Granular properties

As already mentioned in Paragraph 2.5, the granular properties of the solid ingredients of a
mortar or concrete mixture are of substantial interest. Furthermore, they are the elementary input
data for the mix design algorithm. Only a thoroughly analyzed aggregate fraction can by treated
by the optimization algorithm in order to fit into the continuous grading generated by the mix
design tool. Note that only an optimized dense aggregate packing requires the minimum amount
of paste still providing superior workability. A further benefit of a densely packed aggregate
fraction is the reduction of cost intensive reactive powder components such as cement.
Grading
The information on the PSD of sand and gravel is qualitatively similar to the powder data derived
√
in Paragraph 2.5.1. This holds for the size ratio of two successive fractions, namely u = 2,
which is of interest for the mix design optimization as explained in Paragraph 4.5. Only the
analysis method changes compared to the powder range. The standardized way of determining
the grading of a sand or gravel supply is the sieve analysis. Hereby, a representative amount
of the supplied concrete aggregate is passed through a stack of sieves with decreasing aperture
from the top down. A representative sample describes both, the quality as well as the quantity of
the sampling. The sampling process itself should take place at different locations of the delivery
and the minimum amount of the sample should be in accordance with Table 5.2 and depending
on the maximum particle size of the fraction to be tested. In order to prevent unreliable results,
an overloading of sieves must be prevented. An overview of the common sieve sizes, which in
the ISO-standardized case are designated based on the nominal opening of the mesh (aperture),
is given in Appendix B. The ASTM-based sieves are denominated with numbers representing
the number of openings per inch for the fine sieves (≤ 4.75 mm), whereas in the coarse range
sieves are denominated according to the size of their openings in inches. The grey shaded sieves
indicated in Appendix B are the sieves used for the presented analysis. All presented sieve
analyses are conducted according to the specifications of EN 933-1 with sieves conforming to
EN 933-1 and ISO 3310-1. The employed sieve technique is dry sieving. After weighing the
residual mass on top of every sieve, the cumulative sieve passing [V/V] can be plotted versus the
particle size for every fraction into a single-logarithmic graph.
In Figure 5.1 the sieve analysis of the most commonly used concrete aggregates of this thesis
is given. For the majority of produced mixes, standard aggregates such as sand 0-4, and gravel
4-16 have been used. As can be seen from Figure 5.1 there is hardly any overlap in between

84

Chapter 5. Self-Compacting Mortars

Cumulative finer [Vol.-%]

100
90

Sand 0-1

80

Sand 0-2

70

Sand 0-4

60

Granite 0-4 (Premix)

50

Gravel 2-8

40

Gravel 4-16

30

Gravel 16-32

20
10
0
0.001

0.01

0.1

1

10

100

Particle size [mm]

100

100

90

90

80

80

Cumulative finer [Vol.-%]

Cumulative finer [Vol.-%]

Figure 5.1: Sieve analysis of all applied concrete aggregates.

70
60
50
40
30

Sand 0-4

20

Gravel 4-16
Target function (Eq. (4.6))

10

70
60
50
40

Sand 0-4

30

Gravel 2-8

20

Gravel 4-16
Target function (Eq. (4.6))

10

Composed mix

0

Composed mix

0
0.1

1

10

Particle size [mm]

100

0.1

1

10

100

Particle size [mm]

Figure 5.2: Sieving curves of aggregate mixtures (sand 0-4 with gravel 4-16 at the left-hand side) in
comparison, while introducing an intermediate fraction, gravel 2-8 (at the right-hand side). The Plum
grading represents the target grading according to Eq. 4.6 with q = 0.45.

the two before mentioned aggregate types. Therefore no ideal continuous geometric grading can
be designed only using these two materials for a compound fraction 0-16. In this regard the
intermediate fraction gravel 2-8 has been proven to be very efficient in filling this gap. Using
this intermediate fraction in the right proportion the grading gets more continuous and hence the
packing becomes denser. A simple example is given in Figure 5.2. Here on the left-hand side the
PSD of a mixture out of sand 0-4 and gravel 4-16 is given. It is optimized using the algorithm
introduced with the previous chapter and being based on the target grading line according to Eq.
4.6 setting q = 0.45. As can be seen it is hardly possible to formulate a granular mixture which
is following the target line. A notable point of discontinuity becomes obvious at the transition
of the coarse sand particles to the fine gravel particles. The RSS of this mixture (volumetric
fractions: sand 0-4/gravel 4-16 = 0.48/0.52) computed according to Eq. 4.16 amounts to 640
whereas the coefficient of determination R2 according to Eq. 4.17 only amounts to 0.947. Now
introducing the intermediate fraction gravel 2-8 as shown in Figure 5.2 (right) and optimizing
again, results in an improved grading and a more continuous PSD which is in good agreement
with the target grading. This mixture (volumetric fractions: sand 0-4/gravel 2-8/gravel 4-16 =
0.37/0.30/0.33) now holds an improved RSS of 85 and the R2 improves to 0.994.
For a similar reason the sand 0-1 was introduced to bridge the gap which normally occurs
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between the powder and sand fractions. This sand is with a fineness modulus (FM, cp. Section
3.2) of 0.32 (based on the standard ISO sieves starting with 0.25 mm) very fine. These fine
fractions up to 1 – 2 mm originate from dredging rivers and are therefore abundantly available for
an attractive price all over the Netherlands. Besides its contribution to a more continuous grading
those fine sands should preferably be used for concrete production as they can consume large
volumes of this bulk dredging material and a notable share of other primary powder materials
such as limestone powder can be substituted (cp. Brouwers and Radix (2005); Ertingshausen
(1988)).
Another potential to improve the packing (cp. previous chapter) is the increase of the maximum particle size. The majority of SCCs produced contains maximum aggregate sizes of 8 16 mm. Larger aggregate dimensions are rarely used, sometimes up to 22 mm is employed and
in very few cases even a 32 mm maximum aggregate size. One objective of this research was
to extend the maximum aggregate size normally used for self-compacting concrete to 32 mm.
Therefore, a river gravel fraction 16-32 mm was included in the test program. Besides its contribution to an improved packing, such a large fraction is also mostly cheaper compared to standard
gravel fractions such as 4-16 or 8-22. However, large aggregate pieces also pose a problem to
the workability of fresh concrete, especially to the stability and flow behavior of SCC. In this
broader context often the question about the influence of the maximum particle size appears.
Below, some general remarks are given on how far the aggregate size influences the properties
of the concrete.
Maximum particle size
Xie et al. (2005) reports about the effects of the maximum aggregate size on the compressive
strength of SCC. Within these investigations an increase of the compressive strength with decreasing maximum aggregate size was found. Also the shape of the gravel was included in
this examination. The outcome showed that SCCs containing crushed aggregates obtain higher
strengths than mixes with spherical gravel. These results are in agreement with those of normal
plain concrete.
Not only the strength but also the size of aggregates has a significant influence on the fracture
behavior of concrete. Based on extensive experiments, Nallthambi holds the view that size and
shape of aggregates affect the fracture toughness (Hordijk, 1991). With rising aggregate size an
increase of the fracture toughness is registered. Thus the fracture energy (GF) and the maximum aggregate size show a direct proportionality. In the same way Hordijk (1991) detects an
increase of the tensile strength ( ft ) with rising aggregate size. However, results from van Mier
and Simsch are contradictory to Hordijk’s findings (Kessler-Kramer, 2002). Another aspect to
the consequence of aggregate size on the fracture behavior is not only the maximum aggregate
size (dmax ) but also the percentage of the total coarse aggregate fraction. Since the aggregate
normally is harder than the surrounding cement stone matrix, it is acting as bridge between the
crack surfaces and therefore influences the fracture behavior (Kessler-Kramer, 2002). Given that
cracks in conventionally vibrated concrete (CVC) take their path mostly along the aggregate surface, an arising crack path is getting longer with increasing aggregate size. On this account more
energy for equivalent crack growth is required (Friedrich, 1999).
In addition to the mechanical effects, the aggregate size also influences relevant durability
properties. In Stark and Wicht (2001) it is pointed out that Volkwein reported about the impact
of increasing aggregate size on the chloride penetration depth. Furthermore, it is said that the
porous contact zone between aggregate and cement stone is a preferred way for the transfer of
chlorides. Thus, this interface has a significant influence on the penetration speed of chlorides.
Inside of this contact zone in CVC an elevated concentration of well crystallized and uniformly
aligned Ca(OH)2 -crystals and ettringite needles exist. This raises the porosity in comparison to
the surrounding matrix. With the application of considerably finer (compared to the cement particles) and puzzolanic additions, this aggregate surface-near packing could be densified Reschke
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et al. (2001).
A further aspect is the freeze and freeze-thaw-resistance. Their interaction by the aggregate
size is still disputed. On the one hand coarser aggregate could set up higher hydraulic pressures
but on the other hand they obtain less frequently the critical saturation level. An explicit appraisement of the damage intensity is therefore not possible yet (Stark and Wicht, 2001). Similar
to chloride penetration, the working surface of alkali reactive stones for alkalis increases with
rising aggregate size. Such aggregates can be opal sandstone, silicic chalk and lime, flint, silicic
schist or graywacke. Thus, the risk for alkali-silica reaction damages (ASR) for these rocks rises
with increasing aggregate size. Locher and Sprung found a certain fraction of opal sandstone,
which was in consideration of the ASR damages notably unfavorable (Stark and Wicht, 2001).
In line with these tests a 2 - 8 mm fraction with a proportion of 20% on the total aggregate was
especially vulnerable. For other types of aggregate no interrelation with the aggregate size could
be verified.
Granite
Finally, the granite material, as mentioned above, needs to be introduced as it combines powder
and sand. The mineral composition of this material, referred to as premix, was already discussed
in Chapter 2. Here, also its innocuousness in regard to ASR was stated. From the granular point
of view, it is a very interesting material as it contains a notable amount of powder (≤ 125 µm),
which stays constant at about 10% of the total mass. This crushed material originates from a
Scottish quarry. It is the remaining fraction smaller than 5.6 mm after screening. Because of
the local conditions in regard to transport to and treatment in the crushers, comparably much
powder fraction is produced. This is normally removed from the sand fractions by means of a
washing process before delivery, but in this case the unwashed sand 0-4, still containing the fines,
is considered. From this the name “Premix”, as if a mixing process with filler has taken place,
is derived. This powder fraction remains acceptably constant during the production cycles as
shown in Figure 5.3. Here the sieved fraction ≤ 125 µm is analyzed for its PSD over a period of
10 months in monthly intervals. As can be seen, the little deviations in PSD over the time qualify
this material to be used in concrete production. This provides added value as this sand always
comes along with a fixed proportion of quality powder, which in the case of SCC will anyway be
added in order to adjust the flow related properties. The fineness and PSD of the granite powder
fraction of the Premix is thereby comparable or even finer than standard filler materials such as
limestone powder or fly ash (cp. Figure 2.3). This results in a notable saving of primary filler
material.
Specific surface area
The specific surface area of all introduced concrete aggregates has been determined according to
the algorithm introduced in Paragraph 2.5.2. This computation algorithm is suitable for aggregates and coarser fractions in general, as the particle size is not a critical element for the SSA
computation. In other words, this computational scheme would be suitable for any fraction. A
shape factor, for the correction of the non-spherical shape, is not considered in the same way as
it was in Paragraph 3.4.1. The coarse grading of the concrete aggregates does not allow the same
test procedure. In the case of concrete aggregates the shape correction factor ξ is estimated. The
comparatively low impact of the aggregate surface on the total specific surface does allow this a
priori approach. For a standard SCC mixture of the powder type, as presented with this thesis, a
characteristic surface share of the powder fraction (all particles ≤ 125 µm) on the total specific
surface would amount to about 99%. That means an error in the correction of the non-spherical
shape of one aggregate type from the total aggregate share would result in a non-measurable
deviation as the surface share of sand and gravel on the total specific surface is only about 1%.
Therefore, all sand and gravel fractions have been attached with a shape factor of 1.10. These
aggregates are, as aforementioned, all taken from the river Rhine. Therefore they all show a
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Figure 5.3: Variance in the premix PSD of the granite fines in the framework of a monthly quality check
over a period of 10 months.

Table 5.3: Summary of specific surface area and deployed shape factors of the used concrete aggregates.
Material

Specific
density
ρs
[g/cm3 ]

Premix 0-4
Sand 0-1
Sand 0-2
Sand 0-4
Gravel 2-8
Gravel 4-16
Gravel 16-32

2.648
2.636
2.650
2.642
2.620
2.605
2.650

Specific surface area
Computed
Shape
Computed
sphere based
factor
Non-spherical
Ssph
ξ
S
[cm2 /cm3 ]
[-]
[cm2 /cm3 ]
842.1
271.1
139.7
94.7
14.1
6.0
4.5

1.26
1.10
1.10
1.10
1.10
1.10
1.10

1061.1
298.2
153.7
104.2
15.5
6.6
4.9

smooth surface and roundish shape. An exception constitutes the crushed granite material. The
visual inspection of the particle shape of the coarser particles corresponds very much with the
SEM analysis of the powder fraction. Therefore, the sand premix is accounted with a shape
factor of 1.26, being the same as for the powder fraction derived in Paragraph 3.4.1. In Table
5.3 all applied concrete aggregates are summarized and their specific surface area as well as
their respective shape factors are given. In Appendix D an example of particle shape and texture
analysis of the used river sand types is given.
5.2.2

Physical properties

The specific density of concrete aggregates, ρagg , is determined based on the specifications given
in EN 1097-6. The described procedure is comparable with the one explained in Paragraph 2.6.1
when the density of filler material was investigated. It is evident that in the aggregate case a
pycnometer with a larger volume has to be applied, which is 2.3 l in this case. The resulting
values are summarized in Table 5.3.
Similar to the powder materials explained in Paragraph 2.6.2, the void fraction Φ, governing
the bulk density, is determined for the concrete aggregates as well. Hereby, the same principles
are applied. Table 5.4 refers to the corresponding results. Again it can be seen that the grading
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Table 5.4: Void fractions of the concrete aggregates in randomly loose and vibrated state in combination
with the reduction in void fraction experienced during compaction.
Material

Loosely piled
void fraction

1.621
1.521
1.581
1.618
1.527
1.454
1.599

0.39
0.42
0.40
0.39
0.42
0.44
0.40

Improvment of packing during compaction

Premix 0-4
Sand 0-1
Sand 0-2
Sand 0-4
Gravel 2-8
Gravel 4-16
Gravel 16-32

Loose
packing
density
ρloose
[g/cm3 ]

Φloose

Vibrated
packing
density
ρvibr
[g/cm3 ]

Vibrated
void fraction

Size ratio

Φvibr

u

1.941
1.767
1.802
1.847
1.692
1.639
1.751

0.27
0.33
0.32
0.30
0.35
0.38
0.34

8
8
16
4
4
2

Reduction in
void fraction
upon comppaction
[%]
0.31
0.21
0.20
0.23
0.17
0.14
0.15

0.30
0.25
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0.15
y = 0.007u + 0.137
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Figure 5.4: The packing improvement of mortars with increasing size ratio during compaction.

width, thus the size ratio, has a lasting influence on the packing properties. From Table 5.4
it follows that with increasing size ratio the void fraction is reduced. Furthermore, Figure 5.4
illustrates the rising compactibility of mixtures upon compaction when the size ratio increases.

5.3

Mortar design

5.3.1

Introduction

Now, that all concrete ingredients have been introduced, the powders in Chapter 2 and the concrete aggregates in the forgoing paragraphs, the mix design tool explained in Paragraph 4.5 can
be used to design mortar. This is a procedure which normally requires a number of trial and error
steps in order to get to a self-compacting mortar with desired flow properties. Therefore, this
approach is time consuming, labor-intensive and hence demands for improvement.
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Figure 5.5: Comparison of the w/p (m/m) with the water dosage per specific surface [ml/m2 ] for a number
of optimized SCC mixes.

5.3.2

Preliminary design

In the present case this trial and error method is replaced by a precise two step procedure. Given
that the ingredients are classified (laser granulometry and sieving) and the solid mix composition
and proportions are already delivered by the optimization algorithm, there is no need anymore
to change the powder or aggregate fraction or the like. The focus is rather put on the quantities
of water and admixture. Following the mix design for ordinary vibrated concrete, the amount
of water is always fixed by the w/c, depending on the cement amount. This is done in order to
ensure the later strength, which is very much depending on the w/c (actually the w/p), as will
be seen Paragraph 6.5.1. In the case of SCC, and especially in the case of low cement SCCs,
this is different because the viscosity needs to be adjusted to the desired values by the addition or
extraction of water. First of all the final strength is not of major interest as applied w/c are already
low, such that sufficient strength is not at risk. Furthermore, and that is a specific characteristic of
the introduced mix design method, an adjustment of water normally is only needed in very little
steps, when proceeding from the optimization algorithm output to the final mortar formulation.
Experience gained with this design method led to a number of relations and set values helping
to start the optimization algorithm already with a water dosage being close to the final amount.
It has turned out that a w/p of 0.3 is a good starting parameter for setting a water dosage for the
optimization algorithm. Here it should be remembered that all solids with a particle size smaller
than 125 µm are considered as powder and that these powders account for about 99% of the
total specific surface of a concrete mix. It may furthermore be argued that the before explained
approach is not precise enough because the different densities of powders are not considered.
However, practice has shown that the more precise step, taking the density into account, does
not add to the accuracy in this earlier step of mixture development. This can be attributed to the
fact that most of the used powders have a specific density of approximately 2.7 g/cm3 . In Figure
5.5 the relationship between the w/p (m/m) and the water dosage on the total specific surface
area (ml/m2 ) is presented, to clarify that both measures can be equally applied for the range of
powders used. Both measures show a strong linear dependency which indicates that the powder
density even at high powder volumes has no significant influence on the water demand of a total
mortar or concrete mixture beyond a certain threshold being w/p = 0.3 (m/m) in the present case.
Practice has shown that mixes with such water dosages possess of sufficient viscosity which later
on will be finely adjusted by means of the V-funnel test.
The above method yields the amount of mixing water for a SCC mortar mixture. This water
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amount, or the w/p dosage will be put together with the choice of materials and a specified
cement load into the mix design algorithm introduced with Paragraph 4.5. An optimized recipe
will be the outcome of this intermediate step. In a next step the amount of material is scaled down
to a suitable volume such as 1.5 l used for mortar tests. Furthermore, all aggregates with a particle
size larger than 4 mm are excluded from the otherwise unchanged recipe in order to allow the
mortar mixing and testing. As earlier explained, the influence of the aggregate proportion larger
than 4 mm is only of minor impact, comparing fresh mortar and fresh concrete behavior. From
the given recipe a mortar is produced, following the mix regime stated in Paragraph 3.2.1. A
suitable amount of plasticizer is added to the mix with for example a syringe during the first
15 sec of mixing. Due to the variety of available admixtures it is difficult to formulate a specific
dosage. This strongly depends on the selected type of plasticizer, which can notably differ in
their efficiency, and again on the amount of powder. As plasticizers perform their action on
the surface of particles, whether it is a cement grain or any other non-reactive particle, the total
specific surface area is crucial. Similar to the relation between powder mass/surface dependency
and water need, the plasticizer dosage can be stated based on the powder amount. In the present
study a specific high-range water-reducing admixture of the polycarboxylic ether (PCE) type
superplasticizers is predominantly used. Hereby starting SP dosages of 0.7% of the applied
powder amounts are proven to be good initial values, prior to the adjustment during the following
steps.
5.3.3

Testing

Now having a fresh mortar mixture, two workability measures which later can be scaled to the
full-concrete recipe, are tested. These two measures of concern are the slump flow and the funnel
time. The former is a measure for the flow limit (yield stress required for flowing) whereas the
latter characterizes the relative viscosity. This is confirmed in literature by e.g. Okamura and
Ozawa (1995), who discuss a clear trade-off between deformability and viscosity. The adjustment of the mortar flow properties is done in the following order. First the slump flow of the
mortar mixture is investigated using the Hägermann cone as known from Paragraph 3.2.1. The
conducted test procedure is again the same. A horizontal spread is measured and compared with
the parameters specified for the desired workability. Spread flows which are too small need to be
responded by a higher dosage of SP or vice versa. The relation given in Figure 5.6, which is fully
based on own experiments, helps to get an indication on how the desired slump flow value of a
self-compacting mortar mixture will develop later with the full-scaled concrete mixture using the
Abrams cone. The slump flow is given as the averaged flow diameter in mm, as the dimensionless relative slump (Γ p ) involves the lower opening of the flow cones which are different for the
Abrams cone (200 mm) and Hägermann cone (100 mm). Tests have been indicating that for selfcompacting mixtures the obtained slump flow is only influenced by the volume and geometry
of the cone, which determines the hydrostatic pressure conditions inside. This will be explained
later on. With the second test, the so-called V-funnel test, the relative viscosity is checked. In
case shorter efflux times are required an addition of water in small amounts can correct for a
lower viscosity. In this case a funnel time of smaller than 4 s is used as design criterion. These
two measures, yield stress and relative viscosity, can be to some extent adjusted independently
by the addition of plasticizer and water. They will have an effect on each other but supposing
a careful addition of water and plasticizer, the water will predominantly influence the viscosity
expressed by the funnel time whereas the plasticizer addition principally acts on the slump flow
measure. From a certain maximum dosage of plasticizer, which typically is around 1.5% for the
used SP based on the cement content (depending on amongst others w/c and type of cement), the
mixture will not respond anymore with an increase of the slump flow. Exceeding this saturation
concentration, all plasticizer added in excess only acts like a water addition which in the extreme
case can cause segregation. This implies that the relative viscosity can also be controlled only in
a certain range. The probability of segregation, however, is controlled by the stability time tV,stab
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Figure 5.6: Linear relation between spread flow diameter of a SCC using the standard Abrams cone and
an identical mixture but without all grain larger than 4 mm tested with the Hägermann cone.

which is a measure derived from the V-funnel test as well (cp. Paragraph 5.4.2).
With the above described procedure, the two measures for relative viscosity and yield stress
are adjusted according to the desired values. With the corresponding w/p and plasticizer/powder
ratios, respectively, the optimization algorithm can be entered again and in combination with the
otherwise unchanged inputs from before, the optimization procedure is run again. This results
in the final recipe for the concrete mixture. The flowchart in Figure 5.7 summarizes the whole
procedure of designing and adjusting a SCC mixture including the optimization algorithm described in Paragraph 4.5 and a subsequent adjustment of flow properties by means of mortar test
as described above.

5.4

Fresh mortar properties

In the previous paragraph some mortar tests have been mentioned, which are commonly used
and in this case are needed for the final adjustment of the self-compacting properties. Among the
variety of existing test methods on self-compacting mixtures, the slump flow test and the V-funnel
tests became the most common ones. These tests for self-compacting mortars are going to be
briefly explained in the following paragraphs. With some modifications, mostly only addressing
the volume of the used test devices, these tests return later when testing concrete.
5.4.1

Spread flow test

The spread flow test, or sometimes referred to as mini-cone or mini-slump flow test, is the
most common testing method for the evaluation of the flowability and deformability of selfcompacting mortars. Background of the test is the measurement of the shape of a fresh material
deposit on an even plane, after flow has occurred. The spread flow test was extensively explained
when discussing the water demand of powders in Paragraph 3.2.1. Therefore, the test procedure
is not further addressed here. However, this makes again clear which extraordinary importance
needs to be assigned to the spread flow test. Chapter 4 learns that this test, besides the water
demands of powders, in addition provides more valuable information on the water layer thickness and particle shape of powders. Applied to mortar, this test is suited to adjust the amount
of plasticizer necessary to obtain the desired slump flow values. As explained in the previous
paragraph, the spread flow test is used as control criterion to assess the flow limit and the slump
flow. In case the measured spread is smaller than the required slump flow diameter, plasticizer
is added in respectively small amounts until the measurement corresponds to the desired values.
In the opposite case of too high slump flow measures, the SP content is decreased stepwise until
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Figure 5.7: Flowchart of the whole concrete design process including the first step of computer aided
design and the second step of adjustment of flow properties by means of mortar tests.

the measured flow diameter approaches the set value. In the present study most mortars have
been designed aiming on a mortar spread flow diameter of 330 mm. Here, the literature suggests
a wide spectrum of target slump flows ranging from 240 - 260 mm (EFNARC, 2002) up to 305 325 mm (BFBN, 2001), whereby the applied target is located at the upper end of the scale. According to the relation depicted in Figure 5.6 this corresponds to a spread flow of about 700 mm
for the fully scaled concrete mixture.
Besides this control function, the slump flow test on mortars can also be used, similar to the
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Table 5.5: Dimensions of the different cones, used to determine the flow behavior of pastes, mortars and
concretes.
Type of cone

d1
[mm]

d2
[mm]

h
[mm]

Volume
[l]

ABRAMS’ cone

100.0

200.0

300.0

5.497

39.7

79.4

119.1

0.344

130.0

200.0

200.0

4.340

70.0

100.0

60.0

0.344

70.0

100.0

50.0

0.287

d1

slump flow test

ABRAMS’ cone
h

down-scaled

GRAF cone
slump test

HÄGERMANN cone
mini slump flow test
d2

Paste cone
mini slump flow test

MARSH cone

different geometry

powder application, in order to determine the water demand of mortar mixtures. This approach
provides the concrete designer with the exact saturation water content (at the onset of flowing) for
the case that the final composition of the mortar or concrete, except for the water and plasticizer,
is already set in advance. Moreover, it allows for the direct testing of the entire mortar mixture.
In this respect Domone and HsiWen (1997) state to estimate values of β p for powder mixtures
based on the β p of the individual powders. This, however, is only valid with some restrictions.
As diversely graded powder fractions pack into each other, i.e. reduce their void fraction, the
amount of water needed to fill the void fraction is diminished. This is expected to respond with
a decreased water demand βmortar compared to the sum of the individual β p considering the
respective shares of the individual powders on the whole mix. Consequently, the approach of
Domone and HsiWen (1997) can only hold for mixtures made from powders with similar size
distribution, which hardly influence their absolute packing behavior.
Finally, the obtained spread is also linked to the plastic yield value of the respective mortar
mixture. This upgrades the mini-slump flow test to a simple rheological tool which allows for
the determination of intrinsic flow properties instead of measuring sample geometries and dependant slump values. However, the derivation of rheological parameters is out of the scope of
this research. The interested reader is referred to Roussel et al. (2005) for a deeper analysis of
slump flow parameters and related yield stresses. But another interesting aspect arises from this
examination. This is the influence of geometric properties on the derived slump flow values and
water demands, respectively. Here the question of how far the volume and the base-diameter of
the flow cones influence the β p is of interest. Depending on the results of such a research, the
water need of powders, powders mixtures or mortars could be tested with any frustum of a cone.
Conversely, the determination of the water demand of a concrete mixture using the Abrams cone
would be feasible as well. This means that with reasonable reliability, water needs derived with
various cone shapes and volumes can be compared with each other. There is no specific reason
to stick to standardized flow cones. An overview about standardized flow cones is given in Table
5.5.
5.4.2

Mortar V-funnel test

This test measures relative viscosity parameters and the blocking behavior of the mortar. In
general only direct rheological measurements such as in a rotational shear rheometer can result
in absolute viscosity figures. The viscosity is then given as the slope of the measured shear stress
versus the applied strain-rate curve. However, such measurements require experienced operators,
and are by nature time consuming and device-intensive. These requirements do not satisfy the
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Table 5.6: Dimensioning of commonly (except for the largest) used V-funnel types (BMC, 2004).
A

Funnel dimensions
(inside)
[mm]

Grading (dmin − dmax ) [mm]
0-4
0-8
0-16
(mortar funnel)

0-32

C

B

E

D

A
B
C
D
E
Volume [l]

270
240
60
30
30
1.13

390
350
105
40
40
3.27

515
450
150
65
75
10.51

600
515
195
85
95
18.30

needs of a harsh concrete laboratory or building site environment. Therefore, more robust test
procedures are widely discussed. Referring to the before mentioned V-funnel test, relationships
between the time to reach final spread and viscosity of cement pastes and mortars/concrete,
respectively, are reported in literature (e.g. Tregger et al. (2008)). In case of testing concrete
using the Abrams cone, this is a feasible practice. For low viscous mixes, which quickly reach a
certain spread, this time is difficult to measure though. This is even more the case when testing
mortars, which requires high-speed camera recording and subsequent image analysis.
A robust alternative is represented by the V-funnel test. In addition it also delivers indications
for the arching tendency of aggregates, which is of greater relevance for concrete, having larger
aggregate sizes compared to mortar.
With the help of a V-shaped funnel (cp. Table 5.6) the averaged efflux time of a mortar
mixture tested in two successive runs is measured. Thereby the flow time, tV , measured to the
closest 0.1 s is considered to be the time the mortar needs for a complete discharge from the
funnel. The time measurement starts with opening a trapdoor at the outlet of the funnel and
ends when it is possible to see vertically through the outlet into the container placed below. The
funnel time tV is the average of two consecutive measurements. Sometimes the term relative
funnel time tV,rel is also used. This is done to keep the range of measures smaller and allow
for a better comparison. In this case the relative funnel time is the multiplicative inverse of the
measured funnel time (in sec) multiplied with 10, which reads as follows:
10
.
(5.1)
tV,rel =
tV
Note that the first test run needs to be executed in a pre-moistened funnel whereas the second test
will be carried out directly after the first but without cleaning the funnel in between.
Originally the test procedure was developed in Japan and used by Ozawa et al. (1995). An
alternative type of the V-funnel, the O-funnel, can be found as well. Instead of the V-shaped
body, this specific funnel has a circular cross-section (EFNARC, 2002). If not otherwise stated,
the literature refers to the V-funnel used for concrete. In the present case a smaller version of
the same, the mortar V-funnel, is used but the test procedure remains the same. Both, the test
device as well as the test method are designed and executed according to the draft version of EN
12350-9, which marks the first legal approach to a common European SCC testing. Table 5.6
gives an overview of the available V-funnel types and their dimensions. The two biggest funnels
will come back in a later chapter when discussing the workability of self-compacting concrete.
As can be seen from the specifications, the volume of the V-funnels increases almost linear with
a factor of 0.58dmax of the respective aggregate fraction [mm] recommended for using with this
funnel.
Another important fresh mortar measure, also determined with the V-funnel, is the stability
time tV,stab . It describes the difference in flow time of an immediately conducted test (tV ) and
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the test on a mixture which was resting for five minutes in the funnel (tV,5min ). Using that time
difference, the segregation resistance can be evaluated, given that after five minutes of settling,
segregation and arching of aggregates will have a negative impact on the efflux time. The stability
time is defined as:
tV,stab = tV,5min − tV ,
(5.2)
whereby tV,stab = 0 if tV,5min < tV . Evaluating this measure, the literature shows conformity. In
BMC (2004); EFNARC (2002), amongst others, a stability time of less than 3 s is recommended.
Based on the results derived in the framework of this project, as a rule of thumb it can be
stated that the V-funnel time of a mortar will double when testing the concrete which is based on
this mortar recipe, i.e. including the aggregates bigger than 4 mm and using the concrete funnel
types, 10.5 l or 18.3 l (cp. Table 5.6), depending on the respective maximum aggregate sizes. For
a sufficient expected viscosity of the SCC to be designed, mostly a mortar funnel time tV of 4 6 s was chosen as design parameter in order to obtain low viscous concrete types. The literature
here, unlike with the mortar target slumps, is uncommonly agreed on a relatively small range
of target values. EFNARC (2002) suggests thereby the broadest range with 7 - 11 s. As stated
before the mortar funnel time needs to be adjusted to the desired concrete application.
5.4.3

Density and void fraction of fresh mortar

Besides the flow related behavior, which is of particular importance for self-compacting mortar
mixes, the other common fresh properties such as density and void fraction are of interest for a
more profound analysis.
The bulk density of fresh mortar was determined following the specifications given in EN
1015-6, using a cylindrical bowl with a volumetric capacity of about 1 l. This procedure follows
the same physical background as the determination of bulk density of fresh concrete according
to EN 12350-6.
The determination of the void content and packing fraction of freshly placed self-compacting
mortar was conducted following the procedure introduced in Paragraph 4.4, using the same cylindrical bowl as stated above.
Density as well as the void parameters in different states of packing will be later used to
assess the quality of packing, both for mortars as well as for concretes.
5.4.4

Analysis of fresh mortar properties

Introduction
This paragraph addresses the analysis of fresh self-compacting mortars, designed and produced
with the introduced method. It is observed that mortars, made following the procedure explained
in Paragraph 5.3, in general only require little adjustments regarding plasticizer and water content in order to obtain the desired flow properties. Using the given guide values on water and
plasticizer dosage, usually one single mortar test is sufficient to adjust for the set values (cp.
Figure 5.7).
A processing window for mortar
In order to illustrate the range of workable mixes, in Figure 5.8 the mortar V-funnel times of a
number of self-compacting mortar mixes are plotted versus the associated spread flow values obtained with the mini-slump flow test (Hägermann cone). By adding the upper and lower limits of
funnel time and spread flow values a so-called SCC-processing window, in this case for mortars,
is created. Mixes being located inside of this window have been proven, by the addressed tests,
to be sufficiently flowable and stable. On the other hand, mixes outside of this window are not
necessarily unfeasible. An example is given in Figure 5.8 left to the processing window. This
specific mortar shows a suitable funnel time but has a relatively low slump flow value. Certain
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Figure 5.8: Determined processing window for self-compacting mortars produced following the proposed
mix design concept.

applications, however, do not require high spread values. In a similar way, powder-rich mixes
can possess high slump flow measures but, due to the high viscosity, the funnel time might be out
of the focused range (located in the upper right area of the depiction). The lower funnel time limit
tV,low is set at 1.6 s, which is the shortest time measured within the processing window. Despite
the very low funnel time of this specific mix, the majority of mixes show funnel times longer
than 4 s, it is highly stable (tV,stab = 0 s) and also does not show any sign of segregation. Even the
mixture measured with a funnel time of only 1 s was sufficiently stable and shows a stability time
of tV,stab = 0.2 s. The upper funnel time limit tV,up is set at 6 s. It is believed that longer funnel
times in general lead to highly viscous mixes which no longer possess sufficient filling ability.
The range of recommended slump flows is limited from s flow = 300 mm up to s fup = 360 mm.
Mortars designed within the limits of the given parameters are expected to result in stable and
self-compacting mixes when being scaled up to the concrete range. The partly very short funnel
times indicate low viscosity. However, these mixes still possess good stability. This feature can
be attributed to the new mix design, as improved packing prevents instability to a large part.
Water demand of mortars
As being addressed earlier, the mini-slump flow test allows for the determination of mortars’
water demands. This way it is possible to prove whether the total water demands is indeed the
sum of the individual ingredients’ demands. Considering the improved packing of a mixture
compared to the sole powder fractions, it is expected that the total water demand is lower than
the sum of the individual water requirements. In order to investigate this assumption the mortar
mixture depicted in Table 5.7 was tested regarding its water demand using the mini-slump flow
test. The test results are given in Figure 5.9. According to this the water demand measured for
the entire mortar mixture amounts to βmortar = 0.396. Now, the individual water demands β p
of the powders contained in the tested mortar (cp. Table 3.3) are multiplied with the respective
volumetric shares given in Table 5.7 and summed up. This results in a total water demand
βmortar = 0.427, which is about 8% higher compared to the intrinsic measure obtained on the
entire mix. The incorporation of the two sand types would make this difference even bigger.
This observation is in line with the assumption that the packing of diversely graded powder and
sand fractions improves when being mixed with each other. As a result of the decreased void
fraction, the water demand of the respective mix must be lower compared to the summation of
the individual materials. At this moment there is no other relevant data to statistically validate
this assumption. This should be addressed in future research.
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Table 5.7: Composition of mortar 29, mass and volumetric shares of the solid ingredients.
Material

Mortar composition
volumetric
mass based
[l]
[g]

CEM I 52.5 R - micro cement
CEM I 32.5 R
Dolomitic marble powder a
Sand 0-1
Sand 0-4
Total

0.058
0.203
0.141
0.105
0.489

183
636
395
276
1291

1.0

2782

0.50

Water/Solid factor [m/m]

0.45
0.40
y = 0.0621x + 0.1424
R2 = 0.93

0.35
0.30
0.25
0.20
0.15
0.10
0

0.5

1.0

1.5

2.0

2.5

3.0

Relative slump (Γp)

Figure 5.9: Determination of water demand for mortar Mix 29 (cp. Table 6.5), applying the spread flow
procedure using the Hägermann cone.

Effect of cone geometry
Another interesting side study refers to the flow cone used for the mini-slump flow test. This
so-called Hägermann cone is described in Table 5.5. In Paragraph 5.3 the relation between
the mortar slump flow, measured with the Hägermann cone, and the full-scaled concrete spread,
measured with the Abrams cone, is addressed. Here the question arose whether the relation given
in Figure 5.6, considering the different cone geometries, is applicable. Furthermore, does the
geometry have an influence on the determined water demand? To answer these questions, a new
cone was designed having exactly the geometry of the Abrams cone used for the concrete testing
but possessing the exact volume of the Hägermann cone. The dimensions of this down-scaled
Abrams cone can be taken from Table 5.5. Using this special cone and the standard Hägermann
cone, three powder types and the mortar depicted in Table 5.7 have been tested and compared
for their water demand β. Figure 5.10 provides the comparison of both measurements using the
example of the cement CEM I 32.5 R. A summary of all line fits of the four materials considering
both, Hägermann and down-scaled Abrams cone is given in Table 5.8. As known from Paragraph
3.2.1, the water demand at the onset of flowing is given as Vw /Vp = E p · Γ p + β p (Eq. 3.2). From
Table 5.8 it can be concluded that the different base diameter and the varying geometry of the
down-scaled Abrams cone do not have an influence on the determined water demand. Ignoring
the micronized sand, whose measurement was characterized by segregation, the obtained error
lies in the expected range of the measurement error. For a more thorough statistical analysis there
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Figure 5.10: Determination of water demand for a cement CEM I 32.5 R using the standard Hägermann
cone as well as the down-scaled Abrams cone.

is not yet enough data available. However, based on this limited data a number of conclusions
can be drawn. The computed relative slump Γ p of the down-scaled Abrams cone is always larger
than the respective value from the Hägermann cone. This difference is increasing with rising
relative slump. On the other hand, the absolute measured spread flows from the down-scaled
Abrams cone are first smaller than the Hägermann values but from a certain water/solid ratio the
relation becomes inverted. This threshold is different for all mixtures and most likely depending
on the yield stress of the applied paste or mortar. Assaad and Khayat (2005) ascribe this change
in the mobility to the internal friction which to a great share is determined by the cement content,
the aggregate content and grading (aggregate-to-aggregate contact), and the w/p ratio. This
observation learns that the base diameter of the cone does not determine the maximum spread
flow of the mixture. It rather seems to be the height of the cone which influences the hydrostatic
pressure. In other words, with increasing height the lateral pressure on the base of the cone is
increasing, which leads to larger spread flows compared to the Hägermann cone. Only if the
w/p ratio is very low, i.e. the relative slump is small, the larger base diameter of the Hägermann
cone causes larger spread flow values compared to the down-scaled Abrams cone. In conclusion
it can be said that the geometry and also the volume of the cone do not have an influence on
the determined water demand, governed by β p . The slope of the fitted relation, the so-called
deformation coefficient E p , however, will change depending on the different geometry. As can
be seen from Figure 5.10, the deformation coefficient is about the factor of 2 lower for the downscaled Abrams cone. Comparing the respective ratios of the other three materials given in Table
5.8 shows that this factor holds for them as well. This factor 2 can also be found comparing the
height (and respective inner-pressure situation) of both cone types.
The lower deformation coefficient is obtained with the down-scaled Abrams cone. This
makes it easier to assess how a certain change of the water dosage affects the spread flow value.
Here a more sensitive distinction of the behavior of flowing water-solid mixtures renders the
down-scaled Abrams cone to the more interesting flow cone for these kinds of measurements.
Also with respect to the analysis presented in Paragraph 3.4, the down-scaled Abrams cone is the
preferable cone geometry.
In conclusion, regarding the practical execution of the mortar slump flow test and the Vfunnel test two recommendations can be given.
1. The mortar spread flow test is a time-sensitive measurement. Therefore, a strict protocol
needs to be followed when mixing and testing self-compacting mortars. When testing
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Table 5.8: Comparison of water demands β p,mortar measured with two different cone geometries, the standard Hägermann cone and the down-scaled Abrams cone.
Material

Mortar 29
Micronized quartz sand∗
CEM I 52.5 N
CEM I 32.5 R

Hägermann cone
Deformation
Water
coefficient
demand
EH äg
β p,H äg
0.1728
0.0433
0.0618
0.0500

0.3962
0.6100
1.1908
1.0046
∗

Down-scaled Abrams cone
Deformation
Water
coefficient
demand
EdA
β p,dA
0.0933
0.0213
0.0286
0.0254

0.4035
0.6752
1.2699
1.0407

Error

[±%]
0.91
5.34
3.33
1.80

spread was difficult to measure since segregation occurred

mortars such time dependence is even stronger than compared to paste experiments. This
difference is caused by the addition of plasticizers into the mortars. Plasticizers exhibit,
depending on their composition and external influences, a time-delayed performance. In
extreme cases slump flow values can be notably bigger after 5 min compared to the fresh
figures. Therefore, all measurements need to refer to the same moment of testing, when
necessary different to the fresh state.
2. It is of importance to measure two funnel times directly one after another, and thereafter to
average them. The analysis of own mortar experiments has shown that the second funnel
time tV will be about 8% shorter. This phenomenon occurs despite wetting the funnel
inside walls. It can be assumed that a lubricating layer of paste allows for a better sliding
of the mortar along the funnel surface while testing the second time. This phenomenon is
not addressed by most of the standards and should be considered, though (e.g. EFNARC
(2002) or draft EN 12350-9).

5.5

Hardened mortar properties

For the present study mortar tests have been carried out extensively. But for the major part
these are fresh mortar experiments which are only intended to give orientation for the full-scaled
concrete mixes later. Therefore, the conducted tests on hardened mortar specimen only have an
orienting character and are not analyzed to the same extent as the fresh mortar tests. In the present
case, mostly the compressive strength of the specimen is determined as the single indicator and
a more thorough analysis is later conducted on the concrete recipe which is based on this mortar
mixture. In a few cases density measurements have been conducted or the flexural strength
was determined. For this reason no systematic analysis of hardened mortar properties is given
here. Such an analysis will be carried out for the concrete mixes addressed in the next chapter.
Accordingly, at this point it is only referred to some relevant measurements which underline the
benefits of the presented mix design tool.
An example of such a measurement is given in Figure 5.11 depicting the relation of density
development and varying grading (increasing distribution modulus). In order to investigate this, a
mortar was taken and varied in its distribution modulus to obtain different grading characteristics.
Three mixtures of the same grade are designed with different distribution moduli of q = 0.22,
0.25 and 0.50, and dmin = 0.55 µm and dmax = 4 mm. In order to later allow for a comparison
of the hardened properties, the water content and the plasticizer dosage are kept the same based
on the applied powder amounts. The respective recipes can be taken from Table 5.9. When
discussing the theory of packing in Paragraph 4.2.2 it was said that with decreasing values of
q, the packing improves and theoretically yields an optimum q in the range 0 - 0.28. This is
confirmed by the data given in Figure 5.11. Here, the apparent (water saturated) density decreases
with growing distribution modulus. Also the intrinsic density obtains the highest value for the
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Figure 5.11: Development of the density as a function of the distribution modulus.
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Figure 5.12: Capillary water absorption of a standard cube (150 × 150 × 150 mm3 ) as function of the
distribution modulus q.

lowest distribution modulus (q = 0.22) although the absolute water content is the highest for this
mix. Due to the notably higher water content it could also be expected that the void fraction of
the respective mix (q = 0.22) is higher compared to the other two mixes. However, the depiction
of the capillary water absorption (capillary suction) in Figure 5.12 shows that the two fines-rich
mixes (q = 0.22 and 0.25) have lower mass gain compared to the coarser mix (q = 0.50) which
comes close to the ideal Fuller distribution. This strengthens the presumption that when using
the presented mix design, optimal packing conditions are achieved a priori.

5.6

The concept of constant water layers extended to mortars

5.6.1

Introduction

In Paragraph 3.4 the so-called concept of constant water layer thickness was introduced for waterpowder suspensions. This model yields a constant water layer thickness for all powder particles
in suspension for the state Vw /Vp = β p . In addition this model is also capable of deriving integral
shape factors for the correction of the non-spherical shape of powder materials commonly used
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Table 5.9: Composition of a self-compacting mortar with varying grading (distribution modulus from q =
0.22 - 0.50). For the sake of comparability the w/p ratio and the dosage of plasticizer on the powder (SP/p
ratio) is kept constant.
Material

CEM III/B 42,5 N

q = 0.22
Volume
Mass
[l]
[kg]

q = 0.25
Volume
Mass
[l]
[kg]

q = 0.50
Volume
Mass
[l]
[kg]

96.9

280.0

96.9

280.0

96.9

280.0

68.8
375.5
63.4
213.4
170.0
3.6
12.0
1000.0

184.3
995.2
166.0
556.0
170.0
4.0
2351.4

44.4
382.9
72.8
237.1
154.0
3.3
12.0
1000.0

118.8
1014.6
190.7
617.6
154.0
3.6
2375.7

172.8
223.2
395.1
100.0
2.1
12.0
1000.0

457.9
584.9
1029.2
100.0
2.3
2452.0

NW/HS/NA

Limestone powder
Sand 0-4
Gravel 2-8
Gravel 4-16
Water
Superplasticizer
Air
Total
w/p ratio
Water/plasticizer
dosage [%]

0.30
0.70

0.30
0.70

0.30
0.70

in concrete practice. For the powder case this model proved to be in good agreement with the
experimental data. Here it is investigated if the constant water layer thickness, derived for the
powders can also be applied to mortars, and, hence, result in a prediction tool for flowability.
The present chapter as well as the previous one gave an introduction for a new, grading-based
mix design, which now can be used for the production of self-compacting mortars. These mortar
mixes can be analyzed in the same way as the powder suspensions were before. That means their
water demand and the development of their flow behavior at increasing water content can be
assessed using the mini-slump flow test, as used in Chapter 3. Furthermore, the specific surface
area of the mortar mixtures can be computed based on the individual ingredients, both sphere
based and shape corrected.
As the same analysis principles are applicable for mortars, it is of interest to enlarge the tested
range of powder materials from Chapter 3 to mortar mixes, introduced with this chapter. This
way the model can be validated with mortar data. One could expect that the mortars fit into the
proposed model while enlarging the respective surface range to the coarser side.
5.6.2

Analysis of mortar flow experiments

In Figure 5.13 the data already given in Figure 3.11 is supplemented by the mortar data available.
The mortar parameters specific surface, S, (shape corrected) and the deformation coefficient E p
have been determined following the same principles as introduced in Chapter 3. Therefore, this
data can be directly compared. The mortars used for this analysis are characterized in Tables 5.7,
5.10 and 5.11.
As can be seen from Figure 5.13, the experimental mortar results are not in good agreement
with the model predictions, what questions the validity of the proposed model. This could have
a number of reasons, which are, in the following, briefly discussed.
With the involvement of mortars, coarser fractions than powder, such as sand, come into
consideration. Though
√ the particle size distribution of sand fractions was determined with the
same size ratio (u = 2) like powders, the technique is entirely different. For sand fractions
the sieving technique, as earlier explained, is used to investigate their grading. Here a systematic
error could be introduced to the model when combining computed specific surfaces areas derived
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Table 5.10: Composition of one dry mortar mix with varying distribution modulus.
Material

q = 0.25
Volume
Mass
[l]
[kg]

Required correction

CEM I 32,5 N
Granulated blastfurnace slag
Limestone powder
Premix 0-4

19.4
48.6
108.0
487.1

q = 0.30
Volume
Mass
[l]
[kg]

60.0
140.0
289.3
1290.0

19.4
48.6
60.7
484.0

60.0
140.0
162.7
1281.9

q = 0.35
Volume
Mass
[l]
[kg]
19.4
48.6
22.6
472.0

60.0
140.0
60.5
1250.0

4

Table 5.11: Composition of two dry mortar mixes for further analysis.
3

Material

Granite mortar
q = 0.23
Volume
Mass
[l]
[kg]

2
1
0
0.078
CEM

0.082
I 52,50.08
N
Granite powder
Dolomitc marble powder a
8 Sand 0-1
Sand 0-4

0.084
65.3
Void 134.0
fraction Φd

72.5
265.7

0.086
200.0
365.0
191.1
701.8

Marble mortar
q = 0.22
Volume
Mass
[l]
[kg]
0.088
65.3
140.7
61.0
266.7

0.09
200.0
394.1
160.8
704.6

Required correction factor χreq

7
χ = 33.15q - 4.99
6

R2 = 0.987

from screening and5 laser diffraction techniques. Considering the present possibilities there is no
practice available to4 measure such a broad particle size spectrum in a reliable way with only one
device. Therefore, this potential error source cannot be avoided. On the other side, the share of
the surface fraction3 of coarse particles on the entire surface area of a mortar mixture is so small
(cp. Paragraph 5.2.1)
2 that this could not solely explain the discrepancy.
Another potential
reason investigated is the shared volume of the water layers of two neigh1
boring particles. While for particles with near size range (powders) the shared volume does not
0
greatly vary, it is expected
to change
when
also
particles
with
notably
different
sizes (mortars)
0.20
0.22
0.24
0.26
0.28
0.30
0.32
0.34
0.36
are included in the system. Based on theDistribution
dimensioning
given in Figure 5.14, this shared volume
modulus q
0.14
0.12
0.10

Ep = 2.365×10-6×S
R2 = 0.86

Ep

0.08
0.06
paste

0.04

mortar

0.02
0
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Figure 5.13: Plot 0.14
of computed specific surface areas, S (shape corrected), and respective deformation
coefficient, E, as already shown in Figure 3.11. In this depiction the mortars are now supplemented.
0.12
0.10

Ep

0.08
0.06
0.04

Ep = 2.3891×10-6×S
R2 = 0.91
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Figure 5.14: Depiction of the shared water layer volume of two neighboring particles in function of their
size ratio.

Vshared in the shape of a converging lens can be computed as follows:

π (R + r − d)2 d 2 + 2dr − 3r2 + 2dR + 6rR − 3R2
,
(5.3)
12d
with R and r being the radii of the larger and smaller particles, respectively. Suppose Eq. 5.3 is
now applied on two particles with a water layer thickness of each 25 nm, then the shared volume
in function of the size ratio R/r would develop according to Figure 5.14. As can be seen from
the depiction, the shared volume already approaches an infinitely small value above a size ratio
larger than 100, which is quite common for powder fractions. Therefore, it can be assumed that
this effect has no verifiable influence on a mortar mixture.
However, there is one notable difference between powder fractions and mortars, which might
be the cause for the deviant behavior of mortar in the proposed model. This difference refers to
the grading of both systems. There are a number of measures to express this difference, such
as the size ratio, the packing/void fraction, and the distribution modulus. Whereas the tested
powders hold a range of size ratio from 63 < u < 660, the mortars achieve values around 13,500
(depending on the cement and powder material used). Likewise the void fraction of powders
in dense state amounts to an average of Φd ≈ 0.46, whereas in the mortar case Φd amounts to
about 0.28. The before mentioned parameters have been correlated by Eq. 4.13. Therefore, they
all might be suitable to express a difference between mortar and powder fractions. Based on the
mortar data given in Figure 5.13, a correction factor can be computed, necessary to move the data
points on the fitted line. Performing significance tests with this correction factor, in connection
with grading based parameters, return the required correction factor χreq to be a function of the
underlying distribution modulus q (cp. Figure 5.15). From this linear fit the following equation
for the correction factor χ, typically in the range of 1 - 7, is derived:
Vshared =

χ = 33.15q − 4.99

.

(5.4)

Applying Eq. 5.4 in Eq. 3.5 results in:
Ecorr =

2.49 · 10−6 · S
δ · a · ρs
=
χ
33.15q − 4.99

.

(5.5)

By means of Eq. 5.4 a correction factor as function of the distribution modulus is introduced
to the established relation of Chapter 3, Eq. 3.5. In this way, the mortar data can be incorporated
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Figure 5.15: Linear correlation of the required correction factor for E p of mortars and the corresponding
distribution modulus q.
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Figure 5.16: Plot of computed specific surface area S and respective deformation coefficient as given in
Figure 5.13 but now with the incorporated corrections of Eq. 5.5.

in the proposed model of constant water layers. The derived correction factors of the mortars
introduced with Tables 5.10 and 5.11 are given in Table 5.12, together with the now corrected
deformation coefficients Ecorr . Based on this data Figure 5.16 is derived.
The correction factor χ on the mortar data is also applied to the powder data. Therefore,
the detailed PSD data on all analyzed powder fractions, which was introduced in Chapter 2 was
taken and fitted by a function as given by Eq. 4.6, in order to derive a q for every powder fraction.
This issue has turned out to be very sensitive to the selection of dmin and dmax and therewith to
the size range of the powder fractions. Some powders are measured with very fine particles but
their population is insignificant and insofar it is questionable whether those fine particles should
be taken into consideration. The same holds for some measured dmax values. Therefore, the
following procedure is followed. Only the size data of the fraction including the characteristic
sizes d10 - d90 is considered into the fit. When now fitting a target function and corresponding q
to a selection of powder materials, an averaged value of q ≈ 0.18 is derived. Substituting this in
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Table 5.12: Correction factors based on Eq. 5.4 and corrected deformation coefficients of the investigated
mortar mixtures from Tables 5.10 and 5.11. In addition the calculated value resulting in a correction factor
of 1.00 is given.
Mortar mixes

Deformation
coefficient
E

Correction
factor
χ

Corrected deformation
coefficient
Ecorr

Marble mortar q = 0.22
Granite mortar q = 0.23
Mix q = 0.25
Mix q = 0.30
Mix q = 0.35
q = 0.18069

0.0384
0.0465
0.0455
0.0518
0.0599
-

2.30
2.63
3.30
4.95
6.61
1.00

0.01668
0.01765
0.01381
0.01046
0.00906
-
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Figure 5.17: Comparison of powder PSDs with the respective target distribution and fitted distribution
modulus for the example of the dolomitic marble powder a.

Eq. 5.4 yields correction factors of χ ≈ 1.00, which indicates almost no change of the data. This
means that the situation given in Figure 5.16 still holds validity.
As mentioned before, the definite derivation of fitted q values is a problematic issue as the
particle size range for the powder fractions is narrow and therefore small deviations in the specification of dmax or dmin can result in partly large differences. For broader size ranges, such as is
the case in mortars, this issue is less delicate and thus the fitting of a distribution modulus is more
reliable. However, to still express the similarity of the powder PSD data and the fitted target distribution with corresponding q, a reverse approach is applied. Substituting Eq. 5.4 into Eq. 5.5
allows for the computation of a correction factor χ, which moves all powder data on the derived
fit. Plotting the, in this way produced, target functions together with the respective powder data,
a good agreement is obtained. Note that only the fraction d10 - d90 is considered. The Figures
5.17 and 5.18 give an example of such fitting and stand for the total variety of assessed powders.
From the above analysis it becomes clear that the derived correction does not have a large
impact on the powder data. It is even assumed that the correction factor can serve as a further
improvement of the correlation between powder data and obtained model.
For the reader’s interest, it is noted that similar to the derived relation between correction
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Figure 5.18: Comparison of powder PSDs with the respective target distribution and fitted distribution
modulus for the example of a CEM III/B 42.5.
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Figure 5.19: Linear correlation of the required correction factor χreq for E p of mortars and the corresponding void fraction Φd for dense packing.

factor and distribution modulus, as depicted in Figure 5.15, also the void fraction Φd , computed
according to Eq. 4.13, correlates with the proposed correction factor. This relation is given
in Figure 5.19. So far this relation however, only returns values for the mortar range. For the
powder this solution results in unrealistic values and is therefore not considered any further.
A similar analysis also has been conducted using the data based on the experiments with
the down-scaled Abrams cone. Here, however, only limited data is available. This limited data
indicates that the derived water layer thickness is lowered to about 19 nm. This difference to the
Hägermann cone analysis can be explained with the changed deformation coefficient when using
the down-scaled Abrams cone. This issue has been analyzed in Paragraph 5.4.4. Therefore, the
determined water layer thickness of 25 nm refers to a test procedure using the Hägermann cone.
Other flow cone types, such as the down-scaled Abrams cone, can be used as well but first require
a calibration in order to be comparable with the presented data.
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Conclusion

The previous chapters provided the tools which now can be used to design and adjust selfcompacting mortars in a practicable and quick way. It has been shown that this procedure holds a
number of advantages compared to the common SCC design methods, which require more time
and test effort in order to obtain a mixture with the desired properties. A numerical method based
on the Plum grading (cp. Eq. 4.6) is used to calculate a complete dry mix, which in the following
will be adapted for its water and plasticizer dosage. With regard to this chapter the following can
be summarized:
• Concrete aggregates, which are necessary to enlarge the particle size range from the powder spectrum to mortar and concrete spectra, respectively, are introduced.
• Physical aggregate characteristics, such as grading, specific surface area, and particle shape
and texture are discussed.
• In this context the screening procedure of aggregates is introduced.
• Similar to the powder materials in Chapter 2, the determination of bulk density and void
fraction is explained for the aggregates.
The core of this chapter is the explanation of the mortar design procedure and production,
which follows after the optimization introduced with the previous chapter. In regard to this the
following can be concluded:
• It is shown that based on reference values for the dosing of plasticizer and water, both
related to the total mass of powder, a quick procedure can be obtained in order to get from
mortar formulations to an adjusted self-compacting mortar with desired properties.
• These reference values are a water/powder ratio of 0.3 and a plasticizer dosage of 0.007
based on the applied powder amounts. In this regard the importance of the powder fraction
on the total specific surface area needs to be emphasized. This share is about 99% even for
full scaled concrete mixes, so that the powder fraction governs the mixture behavior and,
provided that a densely packed solid fraction is designed, the step from mortar to concrete
only requires minor adjustments.
• Besides the paramount importance of the powder fraction on the mixture behavior, the
increased size ratio contributes to a better packing and hence improve concrete properties.
This issue was supported by depicting the improving compaction ability with increasing
size ratio.
• The applied optimization algorithm based on the target distribution of Plum (1950) is supposed to deliver a priori a dense or even the densest packing possible for the given combination of materials.
• In some cases slightly higher packing values are certainly possible. This, however, can
only be obtained with a comparatively high test effort.
• The presented design method represents an applicable and practical approach which in a
few steps provides a working SCC mix.
• It can be assumed that this way an optimum is gained with the available materials or on
the other hand materials can be substituted by incorporating valuable waste materials, especially in the powder size range. This results in both ecological and economical benefits.
• The above stated reference values on water and plasticizer content are used as initial values
for the aimed mortar funnel time of tV = 4 - 6 s and mortar spread flow diameter of 330 mm,
which again results in the preferred range of workability for the full scaled concrete.
• Corresponding relations between the mortar and concrete properties are discovered and
based hereupon, a processing window for self-compacting mortar is developed.
• The testing of these properties requires the explanation of the respective test procedures
which is done within this chapter as well. Practical recommendations are given for both
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•

•
•
•

•

test methods, which help improving the comparability and repeatability of these test procedures.
The spread flow test has been analyzed in more detail especially in terms of the geometry of the used flow cone. A down-scaled version of the Abrams cone, having the exact
volume of the Hägermann cone, was used for comparative flow experiments. Based on
the obtained data it can be concluded that the water demand remains unaffected whereas
the deformation coefficient E is lowered because of the higher cone geometry. Therefore,
this down-scaled Abrams cone seems to be even more suitable for mini-slump flow experiments as small changes in the water content are more pronounced in the relative slump,
which holds for powder as well as for mortar mixtures.
Due to improved packing the total water demand of powder-aggregate mixtures is lower
than the sum of its individual water demands.
The concept of constant water layers, as introduced in Chapter 3, is discussed and attempted to be extended to the mortar range.
It is shown, that based on the increased size ratio dmin /dmax and packing related differences between powder and mortar fractions, the theory needs to be corrected with a factor,
which correlates with either the distribution modulus or the computed void fraction of the
respective fraction.
After the applied correction, the mortar data fits into the proposed model indicating that
a uniform water layer of about 25 nm around all solid particles is also true for the mortar
range.

Chapter

6

Self-Compacting Concrete
6.1

Introduction

This chapter completes the introduction of a new mix design tool for self-compacting concretes
by assessing its final properties in fresh and hardened state. The following chapters have more
use-oriented character and will focus on the application of the design concept with the purpose
of emphasizing its eco-aspects.
The present chapter provides a deeper analysis of the SCC mixes produced within the framework of this research. The previous chapters have been used to describe fundamentals of SCC
design, to introduce the basic concrete ingredients used in the present work and, above all, to
introduce a new innovative mix design concept. This mix design has been used in the foregoing
chapter to design and produce self-compacting mortars.
This chapter furthermore explains why it is of interest to also use coarse aggregate fractions
such as 32 mm aggregates in combination with SCC. This is followed by the motivation of choice
of the used admixture type. Moreover, it is explained that the mix regime has a lasting influence
on the properties of the produced SCC. Mix regime hereby includes the issues of the right mixing
method, mixing time, order of ingredients addition as well as the moment of the plasticizer addition. Based on these considerations a mix regime is derived which is used for all the presented
SCCs.
As explained earlier, there is no substantial step required anymore when proceeding from
mortar scale to concrete, supposed the underlying grain skeleton is optimized regarding its packing. Therefore, this step can roughly be described as an enlargement of the aggregate size from
4 mm to the - whatever desired - maximum aggregate size. During this step the deformability,
stability and passing ability need to be observed as they are directly influenced by the aggregate size. Furthermore, no extensive adjustments should be necessary anymore. An additional
slump flow and V-funnel test of the concrete are recommended directly after production, so that,
if required, small adaptations on plasticizer or water dosage can be conducted. The according
SCC tests slump flow, V-funnel and J-ring test are introduced and the related results on the fresh
concrete properties are presented and analyzed.
The previous chapter also learnt that based on the workability measures of the mortar, the
behavior of the concrete can be predicted with some certainty. According relations are given
there, which will be verified in this chapter. Based on the performance of the fresh mixes a
processing window, similar to the one on mortars from the previous chapter, is presented. It
clearly shows that using the introduced design concept, mixes with higher deformability and
both higher as well as lower viscosity than the standard recommendations can be considered
in the processing window and will produce sound SCC mixes. Furthermore, by analyzing the
intrinsic packing of the produced mixes and comparing it with their theoretical limits in loose
and dense state, a packing efficiency is introduced.
Finally, the hardened concrete properties will be analyzed. Here SCC can be tested according
to standard procedures not considering its particular properties in fresh state. The focus is mainly
on the compressive strength of the produced concrete types and the strength performance delivered based on the introduced amounts of cement. For this reason a cement efficiency parameter
is derived assessing how effective cement is used and how it does compare with SCC reported in
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literature.

6.2

Composition and mixing of SCC

The following paragraph describes in brief all circumstances related to the composition and the
mixing process itself, which have not been defined before. This is in detail about the motivation
for the selection of the SCC non-typical maximum aggregate size of 32 mm, the choice of only
one admixture, and the mixing procedure. The latter requires more careful attention as it comprises the issues of the mixing duration, the sequence of constituent addition, and the moment of
adding the superplasticizers, which all have an influence on the produced concrete.
6.2.1

Maximum aggregate size

The selection of preferably small maximum aggregate size for SCCs has mainly two motivations.
On the one hand coarse fractions notably influence the workability, in particular the blocking
behavior, deformability and stability. Therefore, small aggregate sizes are preferred. On the other
hand SCC is, because of its superior filling and deformation ability, often used for concreting of
tightly reinforced structures. Here the distance between the rebars determines the maximum
aggregate size in order to prevent blocking and bridging of coarse aggregates in front of rebar
obstacles (in the direction of flow). This leads to a common use of mixes with 16 mm maximum
particle size, not infrequently of even only 8 mm. SCC mixes containing fractions larger than
16 mm can be found in literature but they are more exceptional (Domone, 2006).
With the attempt, which actually is the motivation for this thesis, to improve SCC stability and production costs in order to facilitate a much broader application (mass-application of
SCC), also lower or non-reinforced elements come into the focus of consideration. Here are theoretically no limits regarding the maximum aggregate size provided that the workability related
problems of coarse aggregates can be handled adequately. The here presented design method
is capable of solving such problems. Therefore, the incorporation of aggregate fractions up to
32 mm maximum particle size is worth pursuing, as they will increase the packing degree and
can substitute notable volumes of more cost intensive gravel fractions such as 4 - 16 mm. For
this reason a great share of the here presented mixes incorporate the gravel fraction 16 - 32 mm.
6.2.2

Admixtures

In order to limit the number of influences on the workability, only two types of superplasticizers
are used. These SPs are characterized in Paragraph 2.3. In an earlier stage of this research,
these two SPs, Glenium 27 and Glenium 51, have sometimes been used in combination in order
to benefit from the long lasting but late starting action of the former and the quick action but
less lasting performance of the latter. In a later stage of this research, and this applies for the
majority of mixes presented here, only Glenium 51 has been used. Table 6.5 explains which
SPs or SP combinations are used in what mixes. Potential losses in performance after longer
testing time (> 45 min) are compensated by redosing SP. The sole use of one type of admixture
is preferable as the combined application makes the design of a mix much more complicated
due to potential interaction or even repealing effects. This is especially true when different types
of admixtures such as HRWRs and VMAs are jointly used. Here often a slight reduction of
spread flow (filling ability) is reported when VMAs are used in addition (cp. e.g. Spiratos et al.
(2003)). Moreover, the early strength of SCCs seems to be considerably decreased in many cases
when using viscosity agents (Petersson, 1999). In order to avoid those unpredictable behavior no
VMAs and preferably only one type of SP is used.

6.2. Composition and mixing of SCC
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Mixing method

On the mixing procedures and especially the time required for mixing SCC, a lot has been investigated and published since SCC became an issue of concrete research. As this also plays a role
within the present research and some testing and variation was carried out, a brief introduction is
necessary, which is given in the following.
In describing the mixing process, the mixer hardware itself is only one of several issues.
The mixing process also includes the loading regime (order of loading), the mixing time, and
the required mixing energy. According to Rejeb (1996) the object of mixing is to coat the surface of all aggregate particles with a cement paste, and to blend all the ingredients of concrete
into a uniform mass. The issue of the crossover of paste particle sizes and aggregate sizes has
been discussed earlier. Therefore, the before cited comment is not fully coherent at the pasteaggregate-transition. The author therefore prefers to define the aim of mixing as the dispersion
of all constituents in the mixed volume and the generation of a water layer of a certain thickness
on all solid surfaces. The latter describes the transition of a wet granular to a granular suspension
microstructure.
In order to derive a well-founded mix regime, the following questions need to be answered:
I How long does a certain SCC formulation need to be mixed until it is sufficiently homogenized?
II Is there a certain order of adding the mix ingredients to be advantageous for the concrete?
III What moment is the best to add the superplasticizer?
These questions are now going to be answered in brief and based on this the here applied mix
regime is developed.
Mixing time
Mixing time is considered to be the time when all ingredients are perfectly blended and all
surfaces are equally wetted. This moment can be measured for example by monitoring the energy
demand of the mixing device (similar as Marquardt, Paragraph 3.2.4). Some ready-mix concrete
plants use this fact to estimate the required mixing time.
SCCs are oftentimes mixed notedly longer than two minutes. HPC/UHPCs are to some
extent even mixed for five minutes (Chopin et al., 2004). For the readers interest it is noted
that standard concrete mixes, depending on the mixer and the mix composition, are usually
mixed for only about 30 seconds. Hence the processing time of a concrete mix in the mixer
is also a significant economic factor for ready-mix concrete plants. Conversions of production
from standard concretes to SCC can reduce the production capacity of a production site to a
great extent. In the case of SCC, the mix composition can have a strong impact on the mixing
time. Especially the inner friction between the powder materials, thus their amount and shape
determine the mixing effort to be exerted. Chopin et al. (2004) give the following possibilities to
shorten the mixing time:
• Increase of fineness at constant w/c
• Increase of water proportion
• Optimization of the granular structure - leads to a higher maximum solid content (for
constant total aggregate content)
• Substitution of a part of the cement by silica fume (influence of the type (undensified,
densified or premixed) – leads to a higher maximum solid content as well).
With the application of the new design concept it is believed that preferably densely packed
mixes are produced, especially for distribution moduli of q < 0.25. This should theoretically
shorten the required mixing time compared to standard SCC with higher paste and powder contents.
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Figure 6.1: Influence of ingredients addition on the power consumption of a drum mixer.

In order to get an indication about the influence of the addition of ingredients on the mixing process, the power curve of a mixer, as mentioned above, was monitored while adding the
individual ingredients. For this investigation a mixer needs to be equipped with a device being
capable of reading the power consumption or torque of the mixing unit. Within the own lab
facilities, only an ordinarily rotary-drum mixer is available with this feature. This mixer was
used to blend a SCC mixture with a powder content of 193 l/m3 (327 kg/m3 CEM III/B 42.5 N
and 175 kg/m3 limestone powder) and a w/c = 0.50. The distribution modulus of this mixture
amounts to q = 0.25 and the batch size is 25 l.
In Figure 6.1 the power consumption of the mixer, expressed as the normalized torque, is
plotted as a function of time and addition of the individual constituents. For the first 20 s only the
powder and sand fractions are mixed in dry state. After a high initial moment a constant level of
torque is obtained. At this moment the first part of the mixing water (70%) is added together with
the plasticizer contained in the water. Similar to the observations made earlier, while investigating the Marquardt test (Paragraph 3.2.4), the torque rises immediately as a response to the water
addition but decreases shortly after because of the presence of plasticizer. After the addition of
water the mix is homogenized for further 60 s. Then the second part of water is dosed which,
despite the smaller amount, is responded by a larger increase of torque.
Moreover, the homogenization period until achieving a constant torque rate is also notably
longer than before (about 15 s). After further 20 s, the gravel fractions, in this specific case a 4 16 mm and 16 - 32 mm fraction, are added to the mortar. This leads, due to the increased mass,
to a pronounced increase of the torque level but after a short period of about 5 s a constant torque
rate is obtained, which also remains constant for the rest of the mixing time. Therefore, the mix
can be considered to be stable after about two minutes of total mixing time. Furthermore, the
results indicate that the mixing time in between the two water additions can also be shortened.
The performed tests have only an estimating character. The rotary-drum mixer has been
proven to be insufficient when mixing higher viscous mixes, having distribution moduli around
q = 0.22 and larger powder contents. Therefore, all concrete production presented here is carried
out with a horizontal pan mixer which is not equipped with a power reading unit. For a more
detailed description of the mixing-stages and the corresponding transformation of wet granular
to a granular suspension microstructure, the reader is referred to Cazacliu and Roquet (2009).
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Order of addition
The sequence of material addition to the mixing process also has an influence on the rheological
properties and microstructure development of the concrete. According to Ferraris (2001), there
was at that time no systematic study that has examined the influence of the order of constituent
loading on concrete properties. To the author’s knowledge there is still none. This item is mostly
handled by operator’s experience and trial and error to determine the loading order. It is believed
that in theory a separated mixing of the components, starting with the powder ingredients and
adding all other materials in the order of their particle size from fine to coarse results in the
best mixing. This leads to an ideally mixed cement paste which should be free of clumps and
provides a water layer around every cement/powder particle. Such a homogeneous cement mix
can be obtained by a mixing process that provides enough stress to break these agglomerates.
Remaining cement agglomerates would lower the efficiency of the introduced binder content.
However, to sufficiently perform such mixing, colloidal intensive mixers or similar devices are
necessary, which are inserted prior to the main mixing with planetary or twin-shaft mixers.
These advanced techniques are to complicated for the present study and it is doubted that
their influence in lab scale has a strong influence on the subsequent tests and analysis, at least
not from the qualitative point of view.
Figure 6.1 learns that the addition of the coarse aggregate results in a large increase of the
required torque. Therefore, it is preferred to mix the other ingredients before and add the coarse
gravel to the mortar at the last instance, as it is quickly homogenized with the other ingredients
and not much surface needs to be wetted. Rejeb (1996), in this regard, reports from higher
strength results with the pre-mixing of mortar method compared to the pre-mixing of cement
paste method.
Moment of plasticizer dosage
Concrete admixtures have to be added during the main mixing process. Only retarder and waterreducing admixtures (superplasticizer) make an exception and can be added later, for example in
the truck mixer on site before concreting. Usually superplasticizers are premixed into the mixing water in order take advantage of the better homogenization with the other mix ingredients
(immediate addition). However, sometimes a delayed addition can be beneficial from a rheological point of view. This has been observed here as well during mortar experiments, expressed
by a slightly higher spread flow of mixes dosed with SP after full water addition compared to
mixes with immediate SP addition. Aı̈tcin (1998) ascribes this phenomenon to the initial blockage of C3 A by the calcium sulfate present in cement. This reaction takes place as soon as water
is mixed with the cement. In case of an immediate addition of plasticizer with water, superplasticizer molecules would compete with calcium sulfate for the adsorption at the C3 A surface.
Adding the superplasticizer at a later point would prevent this combined adsorption and almost
all superplasticizer molecules would be available for a liquefaction of the mixture.
Vikan et al. (2005) go a step further in analysis, observing that delayed addition results in
a reduced intercalation of plasticizer molecules in the newly formed ettringite. That means the
addition takes place when for the time being no further considerable hydration of the cement
(dormant period) is to be expected and therefore the renewal of the surfaces, which are active
in adsorption, does not occur anymore. Hence the amount of polymer consumed is much lower
than that observed in the case of immediate addition.
Selection of the employed mix procedure
A standard pan mixer with planetary motion blades and a capacity of 70 l is used for the batch
production. Based on the above findings, in the following a mix regime is developed, which was
(with only a few exceptions) taken to mix all SCCs analyzed within this research project.
I All powder ingredients and sand fractions are blended for 20 s in dry state.
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II About 85 - 90% of the mixing water is added while further mixing for another 120 s.
The remaining 15 - 10% are added to a later moment in order to prevent unintentional
overdosage of water.
III The complete amount of superplasticizer is added while keep on mixing for 60 s.
IV The mixing process is quickly stopped and all coarse aggregate is added to the premixed
grout.
V A last step of mixing is applied for 30 s. In the expected case that the mixture does not
indicate signs of bleeding or segregation (too high water content), the remaining water is
added directly after adding the gravel.
VI A final visual inspection assesses if the mixture possibly needs some more mixing time.
Now the mix can be used immediately for the respective tests. In case of tests done at a later
moment, the mixture is always mixed for another 30 s prior to testing. The same holds for a
potential redosage of plasticizer.
Mixing is always executed under laboratory conditions with dried and tempered aggregates
and powder materials. The environmental temperature while mixing, testing and concreting is
constant at 21 ±0.5 °C.

6.3

Testing of fresh SCC

Current standard tests for the workability of CVC are entirely inappropriate for fresh SCC. Moreover, some of the more common workability tests for SCC used in practice are not entirely satisfactory either. This asks for specific standardized test procedures.
As being mentioned in the Chapter 1 it is by today not possible to base the testing of fresh
SCC on a legal standardized way. However, the release of the EFNARC guidelines from 2005
already marked a big step in the direction of standardization. In this guideline, published by a
number of official European cement or concrete bodies, the four common test methods Slump
flow and T500 time, V-funnel test, L-box test, and sieve segregation resistance test are defined
and set as a quasi-standard. The coming into force of the standards EN 12350-8 to 12, on the
before mentioned tests, should give from March 2010 the already long anticipated regularization
on testing of fresh SCC. In addition also the J-ring test is included (EN 12350-12) which is not
accounted for in the EFNARC guidelines.
Nevertheless, the testing of fresh SCC has been accounted for in a large number of publications, especially increasing in the recent past. This also brought a number of questionable test
methods into existence. It is neither object of this thesis to give a review on these papers nor to
give extended descriptions on the used test methods. Therefore, the interested reader is referred
to the comprehensive report of Bartos et al. (2002) or Domone (2005), which give a good review
on the state-of-the-art testing methods.
The below presented testing is to a large degree based on the specifications given in EFNARC
(2005) and restricted to the commonly used slump flow test, J-ring tests and V-funnel test, which
are used to assess filling ability, passing ability and flowability, respectively.
6.3.1

Filling ability

The filling ability, or in other words the degree of free deformation in the absence of obstructions,
is widely estimated by its slump flow value. Background information on this test is already given
in Paragraph 5.4.1 and 3.2.1 when the respective property was discussed for mortar mixes and
paste. For the concrete situation the test is basically similar, only the flow cone is much bigger
in order to involve a larger volume which is necessary to eliminate the influence of the bigger
aggregate. However, the free flow, unrestrained by any boundaries is a material property of
the concrete solely. The intrinsic flow behavior of concrete can possibly deviate when narrow
passages of a formwork or heavily reinforced structures need to be flown through by the SCC
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Table 6.1: The slump flow classes according to EFNARC (2005) and prEN 206-9 (2007).
Slump flow classes
SF

Mean slump flow diameter
[mm]

SF1
SF2
SF3

550 - 650
660 - 750
760 - 850

mix. The slump flow test first appears in Japanese literature (Nagataki et al., 1991) when the
spreading behavior of underwater concrete and highly flowable concrete was assessed.
From a physical point of view, the filling ability is directly linked to the yield stress of the
mixture. The yield stress is the rheological parameter that conditions the flow stoppage of the
concrete during casting. This point of flow stoppage is obtained when the stress generated by
gravity during casting (or during slump flow) equals the yield stress of the material (Roussel and
Cussigh, 2008).
The practical execution of this test is based on the slump test specified in ASTM C143 or EN
12350-2, respectively, but the horizontal free flow of a SCC mix on the flow-table is measured in
absence of any obstruction and vibrating or shocking energy. The required flow cone, the Abrams
cone, is a truncated cone according to the above standards (cp. Table 5.5). Similar to Paragraph
3.2.1 an averaged diameter of the spread (cp. Eq. 3.1) is computed from two perpendicular
measurements, taken horizontally across the spread of concrete and the average is reported to the
nearest 10 mm.
According to the EFNARC guidelines three different slump flow classes (SF) need to be distinguished (cp. Table 6.1). In total a range from 550 mm - 850 mm in spread flow is considered.
Depending on the SF different kinds of applications are recommended. SF1 class concretes are
applicable for unreinforced or only slightly reinforced concrete structures. This kind of concrete
is not qualified for long horizontal flow. SF2 class mixes are suitable for most of the standard
SCC applications, whereas SF3 mixes are typically produced with a small maximum size of
aggregates (less than 16 mm). This concrete is used for vertical applications in very congested
structures with complex shapes. SCCs belonging to SF3 will often give a better surface finish
than SF2 class mixes but a stronger affinity to segregation has to be considered.
Finally, a closing remark should be given on the procedure of testing. The before stated
guidelines all refer to an upright flow cone position as known from the standard slump and slump
flow tests. However, this procedure is disadvantageous for a several reasons. Due to the fact that
the filling takes place via the smaller opening of the cone frequently spillage occurs. Furthermore,
two operators are required, one for fixing the cone onto the flow board and the second for filling
the cone. Otherwise, when one-man-operated, the person needs to stand on the cone in order to
prevent it from floating. For this reason the person is not free to move around to get the next
scoop of concrete. This can be solved by using the flow cone in an inverted position.
The guidelines on SCC released from DAfStb (2001)1 even specify this inverted position
as mandatory. In the draft version of EN 12350-8 at least the floating issue is considered by
the optional use of a collar to weight the flow cone. The spillage can be reduced by using an
appropriate hopper. Ramsburg (2003) presents a statistical analysis which compares both testing
methods and comes to the conclusion that there is no relevant difference. For mixes with SF
< 630 mm the average difference is less than 6 mm and for mixes with larger spread both the
average difference and the standard deviation decrease notably. This is confirmed by own tests
and therefore both methods are compared in this thesis without further mentioning. However,
Domone (2005) finds a moderate effect (difference 29 - 42 mm) on the slump flow when applying
1 DAfStb

– Deutscher Ausschuss für Stahlbeton/German Committee for Reinforced Concrete
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Table 6.2: Different configurations of the J-ring, depending on the used maximum aggregate size as well
as the used type of J-ring.
Maximum aggregate size dmax
[mm]

Number of rods n

Standard J-ring (rods Ø 16 mm)
≤ 12
24
≤ 20
18
≤ 32
12
DafStb J-ring (rods Ø 18 mm)
≤ 8 or 11.4
≤ 16 or 22
≤ 32

22
16
10

the inverted cone method. It needs to be noted that other test methods that can be conducted along
with the slump flow test can be affected though. This is true for all tests were the lower opening,
which in this case is smaller, comes into play such as with the determination of t500 , i.e. the time
needed for the spreading concrete to obtain spread diameter of 500 mm.
6.3.2

Passing ability

The Japanese ring test, or nowadays briefly J-ring test, first appears in the English literature in the
Brite EuRam final report on workability of SCC from Petersson (1999) and Sonebi and Bartos
(1999). Due to the fact that it is called the Japanese ring the author assumes that there is earlier
Japanese-language literature on this test available.
The J-ring test evaluates the passing ability of SCC mixes and is suitable for as well laboratory measurements as on site tests. According to the prEN 206-9 (March 2007) the passing
ability of SCC is defined as the ability of fresh concrete to flow through tight openings such as
spaces between steel reinforcing bars without segregation or blocking. Here the compatibility
between the size of the coarsest particles of the concrete and the gap between the reinforcing
steel bars in the structure to be cast, as well as some viscosity related properties of the mortar
come into play.
The J-ring test is performed along with or as an extension of the slump flow test. This means
a ring standing on steel rods is placed around the flow cone in such a way that the spreading
concrete has to pass the flow obstacles. The steel rods hereby represent the reinforcement of a
structure to be cast and can be adapted regarding their distance.
The J-ring to be applied is composed of a metal or plastic ring with a centric diameter of
300 mm. At the lower side of this ring are 72 boreholes equally placed to carry steel rods with a
diameter of 16 mm and a height of 100 mm. Together with the attached steel rods the J-ring has
a total height of 125 mm. The amount of rods to be used and therewith the gap width in between
the steel rods is determined by the maximum aggregate size of the mix to be tested. Different
configurations are given in Table 6.2. Figure 6.2 shows a profile of a J-ring experiment with the
corresponding dimensioning. In the before cited guidelines on SCC (DAfStb, 2003) a slightly
other type of J-ring (or blocking ring), here referred to as DAfStb J-ring, is mentioned. This type
is equipped with rods of 125 mm in height (which do not influence the stJ ) but the rod diameter is
with 18 mm slightly bigger. In combination with another specified number of rods per aggregate
class (cp. Table 6.2), a different gap width results from this. Figure 6.3 explains the different
situation when mixes with 32 mm maximum aggregate size need to be tested or compared with
both ring types. Here the DAfStb type of J-ring, as can be seen from the depiction, offers notably
more space between the rods (75.4 mm) for bigger aggregates to pass through compared to the
standard J-ring (62.1 mm). In fact the ratio of blocked perimeter to total perimeter is for both
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125 - hex

125 - hc

125 - hin

Ø 16 mm

100

125

25

300

260 mm
324 mm

Figure 6.2: Schematic depiction of the J-ring and its required dimensions.

DAfStb J-ring

Standard J-ring

Ø 18 mm

30°

36°

62.1

75.4

Ø 16 mm

Figure 6.3: The standard and the DAfStb J-ring configured for 32 mm maximum aggregate sizes in direct
comparison.

rings almost the same (19.1% and 20.4%) but smaller openings will, even though no obvious
blocking or arching occurs, lead to larger stJ (Domone, 2005). These differences make clear that
the testing circumstances as well as the used devices always need to be defined sufficiently.
The here presented results are determined according to the CUR-recommendation 93 (CUR,
2002). After the approval prEN 12350-12 (Testing fresh concrete – Part 12: Self-compacting
concrete - J-ring test) to be expected in March 2010, this test can be performed based on an
uniform European standard. The here specified blocking steps stJ are determined according to the
following procedure. Once the concrete has stopped spreading through the J-ring, the difference
in height from the concrete surface to the upper edge of the J-ring is measured. This height
difference is taken at four different points around the J-ring, both inside and outside. Moreover,
the same is done at the center of the ring. Figure 6.4 depicts the different reading points and their
appropriate denomination. Based on these measurements the blocking step stJ can be computed
as:
stJ = 2(hin − hex ) − (hc − hex ) ,

(6.1)

whereby hc is the height in the center of the ring, hin is the average of the four heights
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hex,3

hin,3

hex,4

hin,4

hex,2
hin,2

hc

hin,1

hex,1

Figure 6.4: The reading points inside and outside of the J-ring for the determination of stJ according to
CUR 93 (2002).

measured inside the ring and accordingly hout the average of the four measurements outside of
the ring, all in mm. Satisfying passing ability can be assumed when stJ < 15 mm, and with
values smaller than 10 the passing ability most likely will be assessed with good. It needs to
be noted that this computation (CUR, 2002 and Bartos et al., 2002) is in contrast to most other
stJ derivations. In many other guidelines and papers referring to the J-ring test (including prEN
12350-12) the stJ is computed as follows:
hex,1 + hex,2 + hex,3 + hex,4
− hc .
(6.2)
4
Here only the height difference between the ring center and outside of the ring is determined.
This calculation procedure does not involve the direct comparison of before and behind the
flow obstacles. Therefore, the different behavior of the two SCCs depicted in Figure 6.5 could
not be distinguished while employing Eq. 6.2. For this reason the approach following CURrecommendation 93 (CUR, 2002) is recommended and used for all further validations. This
guideline requires blocking steps < 15 mm, but no aggregates with a maximum size of 32 mm
are considered. In this regard new recommendations will be given below. The draft version of EN
206-9 (2007) requires stJ values < 10 mm for test with the DAfStb J-ring in both configurations
with 12 as well as with 16 steel rods and computed according to Eq. 6.2.
In the earlier guidelines on SCC testing such as Bartos et al. (2002); Petersson (1999) and
even EFNARC (2005), the J-ring test procedure is not specified. Here another common test on the
passing ability, the so-called L-box test, is applied. This requires a comparatively more complex
testing device and in addition involves larger testing samples. Therefore, it is less suitable for
on-site testing. Domone (2005) concludes for this reason that there is no benefit in using this
test. However, both widely used test methods seem to have a strong relationship, which reads as:
stJ =

H2 /H1 = −0.01stJ + 0.877

,

(6.3)

whereby H2 /H1 is the blocking step determined according to the L-box procedure and stJ is the
blocking step [mm] according to the J-ring test (Domone, 2005). By means of Eq. 6.3 both
values can now be expressed into each other.
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Figure 6.5: Two different SCC behaviors which would be assessed equal when computing the stJ according
to prEN 12350-12 (and most other guidelines). The upper figure shows a highly viscous SCC with comparatively low slump flow whereas the lower figure shows a lesser viscous concrete (which might have a much
larger slump flow) with strong blocking due to poor grading or overdosed water contents.

Table 6.3: Recommended V-funnel times tV of various authors.
References

Supplementation of BRL 1801 (2002)
EFNARC SCC guidelines (2002)
Domone (2005)
BFBN (2001)
Walraven et al. (1999)
Walraven (2002)
This thesis

6.3.3

Recommended funnel time
tV
[s]
9 - 25
6 - 12
5 - 14
7-9
9 - 11
4 - 13
3 - 35

Flowability

The flowability and also filling ability of highly fluidized concrete, self-compacting concrete
and highly flowable underwater concrete is determined using the V-funnel test. This test procedure has been thoroughly discussed in Paragraph 5.4.2, when the same property was discussed
for mortars. The test procedure for concrete remains the same only the size of the used funnels changes to bigger formats as given in Table 5.6. It should be noted that the dimensions
of the largest funnel suitable for 32 mm maximum aggregate sizes are taken from the CURrecommendation 93 (CUR, 2002). Otherwise, there is, to the author’s knowledge, no other
source referring to funnels bigger than the standard version (10.5 l). Therefore, Bartos et al.
(2002) reflect on this test that “. . . it is not applicable to concretes made with aggregates whose
maximum size exceeds 25 mm”. In the following it will be shown that this is well possible.
Due to the large number of papers and guidelines on testing of fresh SCC there is also a wide
range of recommended funnel times tV . In Table 6.3 a brief selection is given. As can be seen,
a total range of tV from 4 - 25 s is covered by the given recommendations. Finally Table 6.4
summarizes the two viscosity classes (VF) according to the V-funnel test which are taken over
by the prEN 206-9 from the EFNARC guideline (2005).
Another possible expression of the viscosity as viscosity classes (VS) according to the t500
measurements is not analyzed. The author is of the opinion that there is no benefit in using
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Table 6.4: Viscosity classes for V-funnel experiments as suggested by EFNARC (2005) and prEN 2069 (2007) and in addition own recommendations based on the analysis of mixes produced following the
presented design method and containing 32 mm aggregate sizes.
Viscosity class

V-funnel time tV
as per prEN 206-9

VF
[s]
VF1
VF2

≤9
9 – 25

Recommendations for mixes according to the presented
mix design and containing 32 mm aggregates
V-funnel time tV
V-funnel stability time tv,stab
[s]
[s]
≤9
9 – 35

≤3
1.35tV

these figures in addition to the tV . Both values t500 and tV are strongly related. Furthermore, the
practical execution of t500 experiments holds more sources of error in itself than compared to the
robust V-funnel experiment. Experience has shown that a spreading concrete mix, in particular
a low viscous one, seldomly spreads perfectly circular and centric to the 500 mm labeling on the
spread board. However, these are the requirements for a reliable t500 time measurement.
6.3.4

Stability

The stability of fresh SCC is per prEN 206-9 (2007) defined as the “ability of concrete to remain
homogeneous in composition” under the action of gravity. It is mainly a function of the yield
stress of the paste/mortar and the properties of the granular skeleton (particle size and shape,
PSD, density, etc.). Stability can be assessed in manifold ways, even visual inspection during
slump flow and J-ring experiments are helpful proofs. The new European standards on testing
of fresh SCC plan the sieve segregation test (prEN 12350-11) to be the standardized method
for testing stability. Besides this test there is also the possibility of measuring the stability time
tV,stab as explained with Eq. 5.2. The measuring procedure is exactly the same as described in
Paragraph 5.4.2, but again a bigger funnel type is used to account for a larger sample volume,
which is a consequence of the larger aggregate size used in the concrete. In assessing tV,stab the
literature shows broad consensus. The before mentioned guidelines EFNARC (2002), EFNARC
(2005) and BRL (2002), to mention a few only, recommend a stability time tV,stab ≤ 3 s for SCCs
to pass this test.
6.3.5

Density, air content and void fraction of fresh SCC

Density and void fraction of a SCC mixture are significant figures to asses the success of an
optimization. Their determination is conducted similar to the procedures described for mortars
in Paragraphs 5.4.3 and 4.4, respectively. It shall be understood that the used cylindrical container
has a larger volume, of 8 l in this case.
The air content, that means the volume of entrapped and entrained air, is determined according to the procedure specified in EN 12350-7 (2000). When testing SCC, the mixture is not
compacted into the container and from filling to measuring a 5 min rest is kept.

6.4

Analysis of fresh SCC

The mixes that have been designed following the introduced mix design will now be examined
in detail. Compared to the testing and analysis presented in the previous chapter now all coarse
aggregate fractions (gravel) are included. Details on the mix composition of the tested mixes
can be taken from Table 6.5. All relevant fresh concrete properties as being explained above are
given in Table 6.6.
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Table 6.5: Mix proportions of all analyzed SCC types. The given mix denomination relates to the underlying
mortar composition presented in Chapter 5.
Mix
No.
1
2
3∗
4
5
6
7
8
9
10
11∗
12
13
14
15
16
17∗
18∗
19∗
22
26∗
27∗
29∗

Cement

Filler

Powder
content
[kg/m3 ]

Fine
aggregate
[kg/m3 ]

Coarse
aggregate
[kg/m3 ]

w/p
ratio

[kg/m3 ]

Stone
waste
[kg/m3 ]

[kg/m3 ]
2701
2701
3201
3271
2661
2701
2701
2701
2701
2701
3571
2701
2401
4001
4001
2701
1671 + 832
1331 + 672
2801
3002
2002
1952
1503 + 3004

91 f
91 f
153l
175l
134l
155l
219l
270l
220 f
214 f
289l
216 f
301l
243l
150 f
88l
218l
184l
-

35g
124g
100g
394m
362g
170m

401
401
522
551
422
449
514
559
502
496
679
498
559
449
447
532
424
348
624
585
596
559
640

654
654
1016
1045
711
726
737
717
716
708
975
710
715
780
792
714
810
812
1006
807
826
841
795

1241
1241
687
632
1110
1157
1053
1052
1089
1075
596
1078
1052
1039
1094
1074
1008
1121
643
796
728
727
707

0.32
0.34
0.33
0.30
0.35
0.30
0.26
0.24
0.24
0.27
0.26
0.26
0.24
0.37
0.32
0.25
0.29
0.29
0.27
0.28
0.32
0.35
0.32

SP
[kg/m3 ]
3.6
4.7
5.2Gl27
5.5
5.1
5.1
5.0
5.9
4.0+2.4Gl27
2.7+0.7Gl27
6.6
3.4
3.2+0.6Gl27
2.4+0.4Gl27
2.8+2.4V MA
4.1+2.6V MA
0.8
1.6
4.7
3.5
2.7
6.3
3.1

Footnote superscripts stand for: 1 = CEM III/B 42.5 N LH/HS, 2 = CEM I 52.5 N, 3 = micro-cement, 4 = CEM I 32.5 R,
f = fly ash, l = limestone powder, g = granite powder, m = marble, Gl27 = Glenium 27 and VMA = viscosity modifying agent. Mixes
marked with an ∗ do NOT contain 32 mm aggregates. Glenium 51 (Degussa Construction Chemicals) is used
as standard SP if not otherwise indicated.

Filling ability
A glance on Table 6.6 shows that the analyzed SCCs possess good filling behavior. All mixes
gain at least a slump flow of 600 mm. From this point of view all mixes can be defined as
self-compacting mixes. Furthermore, all slump flow classes SF1 - SF3 have been produced. The
filling ability reaches even values of 885 mm, which is beyond the limiting criterion of the highest
slump flow class SF3. However, this specific mix (Mix 11) performs well in all other categories
and hence can be assessed as a sound and robust SCC. The majority of mixes complies with SF2.
Against this background it is once more mentioned that the presented mixes (except for two)
do not contain VEAs and only require little SP dosages. The averaged SP amount for all mixes
presented in Table 6.5 amounts to 0.8% based on the powder amount.
Flowability
Next, the flowability determined with the V-funnel test is assessed, as only both measures, slump
flow and V-funnel time in combination, result in a basic characterization (but not considering
their segregation resistance) of a SCC mix. Here, except for three mixes (Mix 6, 8 and 9) all
other mixes comply with the viscosity classes as given by prEN 206-9. Both viscosity classes
VF1 and VF2 find equally often fulfillment. It needs to be noted that both funnel types as defined
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Table 6.6: Workability measures of the analyzed SCC types.
Mix
No.

Slump
flow
sf
[mm]

Slump flow
with J-ring
s fJ
[mm]

V-funnel
time
tV
[s]

V-funnel
stability time
tV,stab
[s]

Blocking
step
stJ
[mm]

t500
time
[s]

Air content
A1 /B1
Φair
[%, V/V]

2
4
5
6
7
8
9
10
11∗
12
13
14
15
16
22
26∗
27∗
29∗

700
785
605
660
720
730
735
770
885
730
680
710
665
750
730
820
645
760

640
775
695
730
835
790
785
885
730
715
655
670
695
690
780
590
680

8.5
7.8
17.5
38.0
16.5
30.2
26.0
17.5
8.1
13.0
23.7
4.6
14.6
24.5
11.8
5.2
7.1
3.2

9.5
4.9
33.9
77.0
23.5
26.0
12.0
6.5
2.9
3.8
10.7
47.4
5.4
5.7
2.2
0.1
0
0

-4
5
16
7
8
-5
1
15
-13
8
12
8
1
17
10

4.0
5.0
4.5
9.0
5.0
9.5
6.0
5.2
1.8
4.2
7.0
1.8
9.0
6.0
4.0
2.0
3.3
-

1.2 / 0.7 / -/- / 0.8
0.6 / 0.7 / 2.3
2.4 / 3.6
-/-/-/-/-/2.2 / 1.6
1.1 / 0.4
3.0 / 1.9
2.9 / 2.4
2.2 / 0.8
- / 0.5

∗
1
2

Mixes marked with an ∗ do NOT contain 32 mm aggregates
According to the pressure method (EN 12350-7, 2000)
According to the computation explained in Paragraph 4.4

in Table 5.6, are being employed and compared in parallel depending on the used maximum
aggregate size.
When looking at Table 6.3 and checking the lower limits of deformability, it stands out that
in general the shortest funnel times tV amount to 6 - 7 s with Domone (2005) and Walraven
(2002) being an exception giving 5 s and 4 s, respectively. Mixes having shorter tV are in general
expected to be prone for segregation and blocking. When now searching Table 6.6 for the shortest
tV , Mixes 14, 26 and 29 are identified, with Mix 29 having the shortest tV of only 3.2 s. Mix 14
fails because of unsufficient stability and obvious blocking but Mixes 26 and 29 perform excellent
in all other tests. Of course the statistical relevance of only two examples is questionable but the
fact that two from three extraordinary short tV perform very well indicates that the new design
method allows due to the well graded solid fraction, even in the powder range, to produce highly
deformable, low viscous mixes with high stability and segregation resistance. The prEN 206-9
seems to take those mixes already in consideration when simply stating that VF1 < 9 s but not
specifying a lower limit.
On the other side the high viscous mixes need to be discussed. Here prEN 206-9 also defines
a clearly longer tV , with VF2 from 9 - 25 s, than the recommendations given in Table 6.3 (with
exception of BRL 1801 (2002)). High viscous SCC mixes with t500 close to 6 seconds (obtained
from upright cone position) are presumed to lead to inadequate self-consolidation and reduction
in bond between concrete and reinforcement. Mixes 6, 8 and 9, all containing 32 mm aggregates,
obtain those long t500 and tV , respectively.
High funnel times can be associated with either a low deformability due to a high paste
viscosity, a high interparticle friction, or a blockage of the flow (Sonebi and Bartos, 1999). The
latter has been assessed by the blocking step stJ and all three mixes performed well with 5 ≤ stJ ≤
8. Moreover, all slump flow values of these three mixes obtained with J-ring were (surprisingly)
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larger than compared to the standard slump flow without any flow obstruction. Blockage thus
cannot be the reason. Similarly the viscosity of the paste or mortar fraction is also not likely to be
the reason considering the reasonable slump flows which all range in SF2. It rather seems to be
caused by the interparticle friction of the coarse particles in particular given the fact that all three
mixes contain 32 mm aggregate fractions and their stability times tV,stab is very long, notably
exceeding the 3 s. This leads to the conclusion that the acceptability range of funnel times should
be extended in favor of the bigger aggregate fraction. A range of 9 - 35 s is therefore suggested
for the viscosity class VF2 when using maximum aggregate sizes of up to 32 mm.
The corresponding, partially very long tV,stab values of up to 77 s (26 s and 30 s for the other
two mixes) are all accompanied by visually very stable mixes with blocking measures and slump
flow values in range, as being said earlier. Therefore, the tV,stab passing criterion of ≤ 3 s needs
to be critically reconsidered. Most likely a short tV,stab in combination with the well assessed
other tests will assure a satisfyingly performing SCC, but in a few cases, in particular when high
viscous mixes with large aggregate sizes (32 mm) are considered, this criterion can also lead to
the exclusion of otherwise well performing mixes. This might be the case for the above mentioned Mixes 6, 8 and 9, which definitely would have performed well in, for instance, voluminous
structures.
The t500 time, not further analyzed here, was found to be in linear dependency with the
derived funnel times tV . Based on the results of Table 6.6 the following relation for t500 is
derived:
t500 = 0.29tV .
(6.4)
This allows for an expression of both measures into each other and indicates that the t500 times
are about one third of the V-funnel times.
Slump flow test with and without J-ring
The above mentioned observation of larger slump flows with J-ring compared to measurements
without J-ring can be explained by the following. Due to the nature of testing of fresh SCC
properties, in particular when only one person is performing the tests, not all results can refer to
the moment directly after testing. The tests need to be executed in a certain sequence, which is
the cause for a time lag of up to 10 min between two individual tests, which are supposed to be
done in fresh state. For the majority of mixes at first the slump flow test is executed. After that
the V-funnel test is executed twice and the funnel is filled a third time in preparation of the tV,stab
measurement.
During the following five minutes waiting period the slump flow test with J-ring is performed.
Due to the duration of the tests themselves and the necessary cleaning of flow board and V-funnel
in between, about 10 min could have passed already from the beginning of the first slump flow
to the start of the J-ring test. Furthermore, due to the anew mixing before every test the entire
activation of SP might take place to a later moment, however, after performing the first slump
flow test. This could cause a larger slump flow measure with J-ring compared to without J-ring.
In order to prevent this behavior, a rest-ing period of 5 - 10 min after finished mixing and a new
mixing step of 30 s prior to the first test can be suggested. Furthermore, only the real parallel
testing in fresh state can result in comparable data considering the time impact on fresh SCC
properties. Therefore, though, at least three operators are necessary.
Processing window
Based on the measures above a new processing window similar to Paragraph 5.4.4, but now for
entire concretes is derived. This is depicted in Figure 6.6. The dark gray area marks a processing
window as suggested by DAfStb (2003). Based on the positively evaluated SCC mixes given in
Table 6.6, this processing window is now enlarged to the lighter gray area. This is done in three
directions. First, the tV axis is enlarged to longer funnel times of at least 25 s, to account for
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Figure 6.6: Processing window for SCC as suggested by DAfStb (2003) and its extension for the mixes
analyzed here, containing 32 mm aggregates.

the higher friction given by the large aggregate sizes (> 16—,mm) used. The three data points
now included (or at least touched) by the new upper limit tV,up are labeled with “mixes with
minor problems”. That refers in this case to only a longer stability time which in one extreme
case reached 12 s. Otherwise, these mixtures are, regarding the blocking step and slump loss
with J-ring, entirely well performing. Also the visual inspection showed now indications for
segregation. On the other side such a “out-of-the-range” tV,stab also must be seen in relation to
the corresponding longer funnel time tV . Therefore, the requirement of tV,stab ≤ 3 s might be a
good rule for low viscous mixes of the viscosity class VF1.
On the other hand, for VF2 the upper limit of tV,stab should also involve the funnel time.
When comparing the upper limit of VF1, i.e. 9 s, with its respective maximum allowed tV,stab ,
which amounts to 12 s, then an increase of 33% is to be denoted. Now plotting all measured tV , in
ascending order into a graph and adding the respective determined tV,stab measures yields Figure
6.7. By means of linear regression a line fit is derived for both indices indicating a constant ratio
between them. This constant difference amounts to an increase of 56% on top of tV , in order to
obtain tV,stab . The upper limit of the stability time should be therefore rather seen as a fixed percentage of the funnel time. Based on the 33% derived from the values given in the guideline and
the 56% derived here, an upper limit of 35% is suggested for further recommendations. However,
this should only be applied for VF2 as otherwise the allowed time span becomes unrealistically
short for mixes with low viscosity and quick tV . The new recommendations regarding the funnel
time limits are summarized in Table 6.4.
Secondly, the tV axis is enlarged also in the direction of shorter funnel times. Here at least
the mark of 10 s should be included as lower funnel time limit tV,low . It has been shown that SCC
mixes with tV,low , as low as 5 s (Mix 26) and even lower, can be successfully produced while
also fulfilling all other requirements. This is of special relevance in particular for mixes with
low yield stress, thus with large slump flows (cp. Figure 6.6). Mixes in the standard slump flow
range from 640 - 750 mm, having those short funnel times, tend to slight blocking only. For these
mixes no segregation or severe blocking was determined, though.
This behavior changes for all mixes tested with extremely short funnel time and large slump
flows in combination. Due to the optimized granular structure considering all size fractions stable
mixes can be produced, which out of the commonly accepted range, still posses high segregation
and sedimentation resistance despite the low viscosity and low yield stress. This is true for
all mixes with a slump flow beyond 780 mm. These mixes are therefore also recommended to
be included into the processing window as suggested above. However, this would require a
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Figure 6.7: V-funnel times tV in ascending order in combination with the respective stability times tV,stab .
A linear fit to both measures is given, which allows for a comparison of both measures.

deviation from the common rectangular shape of the processing window, which does not seem
to be an elegant solution yet.
The reasoning above, thirdly, also justifies the extension of the processing window along the
horizontal slump flow axis to higher slump flows. From the limited data given in Figure 6.6 it can
be concluded that for the mixes presented here, any mix having a slump flow larger than 760 mm
is stable and fulfills all other SCC requirements. It is believed that these mixes attract great
interest to be used in applications such as densely reinforced structures with narrow sections and
complicated formwork structure.
Passing ability
The passing ability has been discussed in detail in Paragraph 6.3.2. Table 6.6 provides the respective measurements for the considered mixes. In this research a notable number of mixes
containing 32 mm aggregate sizes are analyzed, which requires some explanation, as those large
fractions have not been included in standards and guidelines yet. The first comment to be noted
regards the limit of the recommended blocking step stJ which should be smaller than 15 mm. It is
observed that the gap provided by the J-ring sometimes has insufficient width to let large pebbles
pass, even though the number of rods has been adapted according to the size of the used gravel
fraction.
The correct denomination (according to standards) of a fraction 16-32 refers to the smallest
dimension of a particle. A 32 mm particle will pass the sieve mesh perpendicular to its smallest
extension. Not infrequently such a gravel particle, in particular when it is about river gravel,
will have another dimension notably larger than 32 mm. The gravel fraction used in this research
commonly reaches values up to 60 mm and beyond in its largest dimension. As given in Figure
6.3, the gap between two neighboring rods in the standard J-ring amounts to 62 mm when being
adapted for 32 mm aggregates. Therefore, even a single particle can completely block the flow
in one or more sections of the J-ring (cp. Figure 6.8). Even if such extreme blocking does not
occur, the tendency of arching still increases the determined stJ values. A solution could be the
extension of the stJ limit to about 20 mm (but only when no obvious blocking occurs) or the
reduction of the number of rods in order to provide a gap width which has about the same ratio
of maximum aggregate dimension to the gap width used for smaller fractions.
Moreover, notable differences are to be expected when performing this experiment with the
two different J-rings as mentioned in Table 6.2. Here the J-ring according to DAfStb provides a
notably wider gap (cp. Figure 6.3), which in return results in less blocking and hence in lower
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Figure 6.8: J-ring section completely blocked by one 32 mm gravel particle of more than 60 mm length.
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blocking steps.
Packing efficiency
As already mentioned in Chapters 3 and 4, the packing is one of the most important properties
of wet granular mixes and the backbone of the geometric mix design method. This applies
regardless of it is about paste, mortar or concrete mixtures. In Paragraph 4.3 an expression is
given for the derivation of the theoretical void fraction Φ in loose (Φloose ) and dense (Φcomp )
state. This general equation (Eq. 4.13) is a function of the distribution width (dmax /dmin ) and q,
and, therefore, allows the computation of the respective upper and lower limits of Φ based on
the solids composition. With the possibility of determining the packing density, as explained in
Paragraph 4.4, arises the question how it behaves compared to the theoretical upper and lower
limits as described above.
First, it is supposed that Φcomp is the densest state a granular mixture can capture under the
impact of compaction. Given that SCCs only flow as a result of their low yield stress and the
influence of gravity it can be excluded that this state will be obtained. Similarly, it is questionable
if Φloose can be obtained as this refers to the loosest packing a dry mixture can obtain when being
carefully packed, ideally grain by grain. Furthermore, it is assumed that the water layer generated
around all particles when being mixed with water will push the grains further apart.
Therefore, SCC mixtures are expected to yield void fractions greater than or around the
theoretical Φloose values. The analyzed data, shown in Figure 6.9, learns that this is not the case.
In fact, except for one case all measured Φ are located within the range given by Φcomp and
Φloose . The individual sets of data are plotted in the order of ascending Φcomp . Below every
data set the respective distribution modulus, q, is given. As can be seen from Figure 6.9 the q,
in the considered narrow range does not influence the derived Φmeasured in a systematical way.
This seems to be much more depending on the used maximum aggregate fraction, thus on the
size ratio u. Figure 6.9 clearly proofs that larger u, indicated by the maximum aggregates size of
32 mm, yield lower Φmeasured than compared to the dmax = 16 mm mixes. For the latter case the
Φmeasured values are close to the theoretical Φloose values but still (except for one mix) within the
range of Φcomp - Φloose . The mixes with dmax = 32 mm all yield Φmeasured values of about 1/3
of the range mentioned before. This learns that for these mixes the packing efficiency is higher
and, once more it underlines the importance of possibly wide gradings. In order to quantify this
packing efficiency the following expression is suggested:
Φmeasured − Φcomp
x packing =
0 ≤ x packing ≤ 1 ,
(6.5)
Φloose − Φcomp
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Figure 6.9: Measured void fractions of the analyzed SCCs in comparison with their theoretical dense
and loose limits, derived by Eq. 4.13 in order of ascending Φcomp , using Φ1 = 0.52 and β = 0.16 for loose
state, Φ1 = 0.46 and β = 0.39 for the dense state, and dmin = 0.42 µm. Moreover, the respective distribution
moduli are given below every set of data.

Table 6.7: Void fraction and packing parameter of the investigated mixes according to Eqs. 4.13, 4.14 and
6.5.

6
8
9
15
16
22
24
26
27
29

Void fraction computed
according to Eq. 4.13
Loose state
0.5 Dense state
Φloose
Φcomp

Compacted void fraction Φcomp

Mix
No.

21.7
21.5
22.2
22.2
21.5
21.3
23.1
23.3
23.3
23.3

4.2
4.1
4.4
4.4
4.1
4.0
5.0
5.1
5.1
5.1

0.4

0.3

0.2

0.1

Void fraction as
Packing efficiency
measured according
according to
to Eq. 4.14
Eq. 6.5
Φ
x packing
Micro cement

14.6
15.8
Φcomp = 0.597Φ15.9
vibr
2
R = 0.78
16.2
14.5
18.8
21.1
28.9
20.9
21.4

0.60
0.67
0.65
0.66
0.60
Fly ash
0.85
0.89
1.31
0.87
0.89

0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

which generates values of x packing ≤ 1, whereby
1 represents
optimum state of packing and
Vibrated
void fractionan
Φvibr
lower values of x packing indicate worse packing performance.
Reflecting on this section it can be summarized that well graded SCC mixes provided with a
wide size range can obtain very low void fractions. It has been shown that SCC mixes designed
following the here presented method can obtain partly much higher values of packing as the
theoretical model according to Eq. 4.13 predicts for the loose packing of dry mixes. Despite
the existence of extra water volume the wet granular mixture is able to rearrange its particles
to a denser state than Φloose by means of free flow and only under the influence of gravity. All
packing related figures are summarized in Table 6.7.
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Analysis of hardened SCC

In the following the methods applied here for the characterization of hardened SCC are briefly
introduced. A detailed explanation of the individual tests is forgone because this is not the
focus of the work presented here, and all performed tests are basically standard procedures. The
executed tests are largely restricted to strength measurements (compressive and splitting strength)
and the determination of density and porosity related parameters. Therefore, most of the testing
has been carried out with standard cubes of the dimension 150 × 150 × 150 mm3 , which all
comply with the demands of EN 12390-1 (2000). While casting the SCC into the molds neither
vibrating energy nor any other type of compaction is applied. The storage of the cubes is handled
according to EN 12390-2 (2000), which requires that the cubes, after pouring, remain in the mold
for one day, protected against impact and dehydration. After one day they are stripped off and
stored under water until testing. Hereby a constant water temperature of 20 ± 2 °C is maintained.
6.5.1

Compressive strength

Measurement
The compressive strength ( fc in N/mm2 ) denotes the maximum distributed load a sample can
carry in normal direction to its loaded surface. All specimens are tested according to EN 123903 (2000) until failure takes place. Within this test series a test machine type RT3000-1ST from
Ratio TEC Prüfsysteme GmbH with a maximum compressive force of 3000 kN was applied. The
compressive test apparatus complies with EN 12390-4 (2001).
When compressive strength of a concrete type without any further information is given than
always the standard strength after 28 days is meant. In fewer cases also tests at younger ages,
such as 1, 3 or 7 days, are carried out in order to obtain a strength development in time. Here
especially the early age strength is of importance as this is an important economic criterion in
regard to the removal of formwork. Table 6.8 lists all determined standard compressive strength
values after 28 days comprised in this research.
Ratio of strength growth
The process of strength growth, i.e. the hardening process, is a very complex system which is
influenced by many factors. The largest impact on this process is exerted by the w/c, and the
composition and amount of the used cement. The rate at which the strength of concrete increases
can be described by performing compressive strength tests at diverse concrete ages. Common
curing times are 1, 3, 7, 28 and 90 days. Such relation is given in Table 6.9 for a number of
SCC mixes. In that respect it is of interest for the reader to refer to Sukumar et al. (2008), who
determine the strength gain of SCCs with similar cement contents. Hereby strength relations
to the 28 days strength of 0.198 fc28 , 0.444 fc28 and 0.689 fc28 are given for curing times of 1,
3 and 7 days, respectively. Furthermore, it is said that these rates of increase are superior to
the development of conventional concrete of the same grade. Comparing these rates of increase
with the ones given in Table 6.9 learns that the here presented SCCs range similarly or even
better, such as mixes 15, 26 and 27. Looking in particular at the 7 days strength, Sukumar et al.
(2008) assert that only 246 - 250 kg/m3 of OPC is required to obtain 7-days strength of about
30 N/mm2 . This marks already a notable improvement to another figure mentioned by the same
authors, where 300 kg/m3 is mentioned to obtain the same strength. Analyzing the data given in
Table 6.9 in this regard, returns 7-day strengths of 30 and 38 N/mm2 for mixes using 270 kg/m3
of a slag cement (Mix 13 and 16). Two other similarly high efficient mixes are Mix 22 and 26,
which obtain 7-day strengths of 51 and 22 N/mm2 while only applying 300 and 200 kg/m3 of
OPC without any further reactive material. Especially the former shows a much higher cement
performance when comparing the obtained strength with the employed cement content given
by Sukumar et al. (2008), where also high amounts of fly ash are contained in addition. This
confirms the presented mix design to be a powerful tool for the production of eco-concrete.
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Table 6.8: Compressive strength and cement efficiency of SCC specimen after 28 days. Moreover, the
expected strength according to Eq. 6.7 is given together with the respective errors.
Mix
No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
22
26
27
29

Compressive
strength as
per result

Cement efficiency

[N/mm2 ]
fc,cube

[N/mm2 per introduced kg of cement
per m3 concrete]
xcem

50.75
57.48
45.53
50.63
41.75
49.81
55.31
59.85
60.45
54.68
54.16
50.37
52.97
50.29
62.45
54.60
46.56
43.74
57.45
57.82
33.32
23.26
74.05

0.19
0.21
0.14
0.15
0.16
0.18
0.20
0.22
0.22
0.20
0.20
0.19
0.22
0.13
0.16
0.20
0.19
0.22
0.21
0.19
0.17
0.12
0.16

As per proposed Eq. 6.7
fc = (−0.598 wp + 0.362)mcem
Compressive
Percentage error
strength
[N/mm2 ]
[%]
fc,cube,computed
±
46.07
42.44
52.69
59.68
40.76
49.05
55.23
59.51
58.36
54.62
55.18
55.44
52.91
55.10
68.18
56.68
46.32
37.92
55.62
57.85
34.00
29.83
75.80

5.1
17.7
6.8
7.6
1.2
0.8
0.1
0.3
1.8
0.1
0.9
4.6
0.1
4.4
4.2
1.8
0.3
7.7
1.6
0.0
1.0
11.0
1.2

Water/powder ratio as a substitute of the water/cement ratio
Another general observation can be made. The generally accepted relation between desired
compressive strength and w/c for the three strength classes of standard cement according to
Walz, also referred to as Walz curves, do not seem to be valid anymore for the here presented
low cement concretes. During Duff Abrams’ times and also many years later the w/c was an
appropriate tool to control the strength properties of the projected concrete. However, nowadays
this concept seems obsolete and needs major modification. The reasons are: cement production
completely has changed compared to 70 years ago and furthermore a wide variety of cement
supplementing materials is applied in recent concrete mix designs.
When in the past cement was “wasted” as filler, it can be substituted now by a number of
reactive or non-reactive materials, which even can have notably smaller particle sizes than the
cement particles themselves. Fine powders, whether they need water for a hydraulic reaction
or not, increase the specific surface of concrete. Therefore, such mixes will have higher water
needs, independent from the actual cement load in the mix. As a result the limiting w/c, claimed
by the individual building codes, can unavoidably not be kept anymore for low cement concretes.
The above stated reasoning is confirmed by Figure 6.10. Here no obvious correlation can
be found comparing the 28 days compressive strength with the w/c ratios of the tested mixes.
With a w/c of about 0.50 a broad compressive strength range from 44 - 60 N/mm2 is covered
whereas about 60 N/mm2 are approached by a w/c range of 0.45 - 0.61. It need to be said that
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Table 6.9: Relationship between compressive strength at various ages of curing compared with standard
28 days strength.
Mix No.

Age at
testing
[days]
t

Compressive
strength
[N/mm2 ]
fc,cube

Relative to 28
days strength
fc,cube / fc,cube,28

12
12
12
12

1
3
7
28

6.14
15.15
29.68
50.37

0.15
0.42
0.70
1.00

15
15
15
15

1
3
7
28

12.10
30.87
44.44
62.45

0.12
0.30
0.59
1.00

16
16
16
16

1
3
7
28

8.21
23.06
38.42
54.60

0.19
0.49
0.71
1.00

22
22
22

1
7
28

22.27
50.94
57.82

0.39
0.88
1.00

26
26
26

3
7
28

21.07
22.25
33.32

0.63
0.67
1.00

27
27
27

3
7
28

13.34
16.48
23.26

0.57
0.71
1.00

this comparison is not completely fair as beside the major application of CEM III cements also,
in fewer cases, other cements are used, and different cement loads are deployed as well (cp. Table
6.5).
However, the idea put forward here is that the total amount of powders, i.e. all particles
smaller than 125 µm, should be considered in the specification of a limiting water-to-powder
ratio (w/p).
As being explained in Chapter 3, all solids, whether they are reactive or not, will be enveloped
by a water layer. Therefore, when producing SCCs of the powder type containing only little
amounts of cement, the total amount of powder needs to be considered. For this reason now in
Figure 6.11 the obtained 28 days compressive strength is plotted against the w/p ratio. Here a
general trend can at least be observed even though the correlation is not fully adequate. Having
a closer look on the obvious outliers explains most of the differences to the derived fit. The
major part of the mixes presented in Figure 6.11 is composed with a cement load of 270 kg/m3
using a CEM III. Mixes notably deviating from this, be it cement type or cement load, result in
strengths different to the presented relation. It is obvious that mixes using higher cement loads
gain compressive strengths located above the derived fit and vice versa. In order to eliminate the
influence of the amount of cement, the derived compressive strength values are divided by the
respective cement masses. This yields a measure indicating how efficient the cement is used in
regard to the strength development.
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Figure 6.10: Plot of the 28 day compressive strength as a function of w/c.
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Figure 6.11: Plot of the 28 day compressive strength as a function of w/p ratio. Obvious outliers are
commented with their cement dosage varying from 270 kg/m3 CEM III.

Cement efficiency
In Su et al. (2001) the measure cement efficiency appears, to the author’s knowledge, for the first
time. Here a linear relation between the cement content, mcem , and compressive strength, fc , is
assumed, which reads as:
fc
mcem =
,
(6.6)
xcem
whereby xcem is normally about 0.14 N/mm2 per kg cement/m3 for HPC and SCC used in Taiwan. In another source Su and Miao (2003) refer to a range from 0.11 - 0.14 N/mm2 per
kg cement/m3 for flowing concretes used in Taiwan. Brouwers and Radix (2005) obtained
compressive-strength/cement-content ratios of 0.15 N/mm2 per kg cement/m3 concrete for their
SCC. This value is henceforth referred to as cement efficiency. If not otherwise stated the cement
efficiency xcem refers to the 28 days strength and characterizes the strength gained per introduced
kilogram of cement (N/mm2 per kg/m3 ).
Now this value, providing the strength weighed by the cement dosage, is plotted as a function
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Figure 6.12: The cement efficiency as a function of the w/p ratio.

of the w/p in Figure 6.12. From this graph it becomes clear that there is an obvious correlation
between the two measures. The correlation is still not very high but here again some variations
are expected as different types of cements are used. From this point of view the concept of
cement efficiency presented so far is not conclusive yet as only a binder system of not further
specified composition is accounted for. It is quite evident that variations are to be expected when
comparing two mixes of the same grade but using in one case a slag cement with high slag content
such as a CEM III/C, and in the other case an OPC with clinker contents of minimum 95%. Some
of the obvious outliers above the derived linear fit of Figure 6.12 indeed comprise cement types
different from the otherwise largely used slag cement. This issue requires more research and
thorough analysis which, in the absence of more specific data, cannot be accomplished here.
However, it is suggested to base such correlations on the clinker content of the used cements.
Therefore, clinker efficiency might be a more suitable term instead of using cement efficiency.
Other reactive cement extenders or additives dosed in addition to the cement should be accounted
for similar to the k-value concept.
Another interesting observation refers to the derived values of cement efficiency. From Figure 6.12 it can be concluded that except for two data pairs, all obtained values of xcem range
above and partly notably above 0.15 N/mm2 per kg cement/m3 , which was given as a kind of
upper limit for SCC (Brouwers and Radix, 2005). Maximum cement efficiencies of 0.22 N/mm2
per kg cement/m3 are determined with the eco-SCCs produced according to the presented mix
design. This indicates an about 50% more efficient use of cement, only by comparing the maximum values of the two given ranges. Moreover, this is of inestimable value for environmental
protection reasons as cement production is one of the key issues in environmental pollution.
A thorough review of the relevant literature has resulted in the fact that the before given
range indeed is characteristic for the recent SCC developments (Domone, 2006; Felekoǧlu, 2008;
Sukumar et al., 2008). In Felekoǧlu (2008) this range even needs adjustment downwards. Only in
Sukumar et al. (2008) very few mixtures obtain values of 0.16 - 0.17 N/mm2 per kg cement/m3 .
Here in addition to an OPC, high amounts of fly ash are applied, though. From the data presented
in Figure 6.12 it can be concluded that the cement efficiency similar to the strength is increased
with decreasing w/p. Moreover, it also seems that preferably the lower cement mixes gain the
comparatively high cement efficiencies (cp. Tables 6.5 and 6.8).
The correlation between cement efficiency and w/p, derived in Figure 6.12 allows for the
computation of the compressive strength fc,cube,computed [N/mm2 ] based on these two measures.
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Figure 6.13: Comparison of experimental compressive strength with the predicted strength values, following from Eq. 6.7.

This relation reads as:
fc,cube,computed



w
= −0.568 + 0.3616 mcem
p

.

(6.7)

Using Eq. 6.7 the compressive strength after 28 days can be predicted with reasonable accuracy.
The correlation of compressive strength as measured and as computed is given in Figure 6.13.
It is valid for the given materials, in particular in regard to the inert filler materials. Table 6.8
summarizes the individual errors of all computed strength values, which result in a mean error
of 3.3%. This way an acceptably precise prediction of the strength is possible just based on the
design criterions w/p and used cement content mcem [kg/m3 ]. Therewith, already in the early
design phase the final strength can be deliberately controlled and offers its full optimization
potential.
6.5.2

Splitting tensile strength

The tensile splitting test is not such an old and established test as one perhaps would expect. It
was first proposed in 1943 by Carneiro and Barcellos during the Fifth Conference of the Brazilian
Association for Standardization. In the meantime it has become a standard test method included
in all major international concrete standards such as EN 12390-6, ASTM C-496, ISO 4105 and
BS 1881-117. It is used worldwide as a measure of the tensile strength of concrete (Rocco et al.,
2001).
For the determination of the splitting tensile strength (STS), cylindrical, or in this case cubical, specimens are exposed to a compressive force, which is exposed as a line load along the
longitudinal axis of the specimens. In order to generate a line load with the pressure plates, loadbearing strips are deployed. The compressive strength, causing a perpendicular tensile stress
finally leads to a failure of the specimen. The splitting tensile strength ( fct in N/mm2 ) is determined in accordance with EN 12390-6 (2000).
Relation between splitting tensile strength and compressive strength
In the following the derived splitting strength of some mixes is given and going to be analyzed
and compared with the respective compressive strength data. In Table 6.10 an overview about
splitting tensile strength of different mixtures at different testing age is given. The found values
do compare with according data from literature. Sukumar et al. (2008) found a very similar rate
of tensile strength gain depending on the testing age. STS data given there is partly higher, which
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Table 6.10: Comparison of proposed relation between experimental results of compressive strength and
splitting tensile strength. Moreover, the time depending gain of compressive strength is given.
Mix
No.

Age at
testing

Compressive
strength

Splitting tensile strength
Corrected acc.
Eq. 6.13
[N/mm2 ]
fc,cube,corr

As per proposed Eq. 6.10
fct = 0.06 fc + 0.6
Splitting tenPercentage
sile strength
error
[N/mm2 ]
[%]
fc,cube,computed
±

[days]
t

[N/mm2 ]
fc,cube

As per test
result
[N/mm2 ]
fct,cube

12
12
12
12

1
3
7
28

6.14
15.15
29.68
50.37

0.85
1.30
2.06
3.64

0.83
1.26
2.00
3.54

0.97
1.51
2.38
3.62

7.3
8.1
8.0
1.2

14

28

50.29

3.67

3.57

3.62

0.7

15
15
15
15

1
3
7
28

12.10
30.87
44.44
62.45

1.47
2.47
3.64
4.50

1.43
2.40
3.54
4.37

1.33
2.45
3.27
4.35

3.9
1.1
4.2
0.3

16
16
16
16

1
3
7
28

8.21
23.06
38.42
54.60

0.80
1.99
3.06
4.10

0.78
1.93
2.97
3.98

1.09
1.98
2.91
3.88

14.4
1.2
1.2
1.4

can be explained by higher cement loads and high volumes of reactive filler materials.
STS is a matter of interest for structural design. It is only of small value for a sole concrete
characterization, though. Later it will even be questioned if STS can be considered to be a
material property. However, it is a common practice to relate STS to numerous parameters such
as water/binder ratio, concrete age or particularly to the compressive strength. In literature a lot
of references can be found addressing those relations. For the Dutch situation Reinhardt (1985)
gives the following equation:
fct = 1.05 + 0.05 fc .
(6.8)
One of the most widely used analytical models for describing the relationship between STS
and compressive strength of concrete is the power law model or the 0.5-power-law model. The
general form this model is given as:
(6.9)
fct = θ fcn .
with θ and n as coefficients that can be obtained from regression analysis. The n value is generally
between 12 and 34 (Zain et al., 2002).
de Larrard and Malier (1992) found the following equation as a good agreement for the
French situation:
fct = 0.6 + 0.06 fc .
(6.10)
Zain et al. (2002) proposed the following model as a good approach for the relation of STS and
compressive strength:
fc
fct =
.
(6.11)
0.1 fc + 7.11
In Figure 6.14 these relations are compared. Reinhardt (1985) as well as de Larrard and Malier
(1992) both suggest linear relations, which are quite similar. Reinhardt’s relation shows a smaller
slope what results in higher initial values of splitting strength at low compressive strength as
compared to de Larrard. With the power law model and Zain’s equation a nonlinear approach is

Tensile splitting strength fct,cube [N/mm2]
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Figure 6.14: Different models for relating concrete STS with compressive strength in comparison with
obtained experimental data.

suggested. Whereas a fixed progression of the function is given for the Zain model, the power
law model can be adjusted by means of the θ-factor in order to fit the derived data.
Furthermore, a plot of all derived and averaged splitting strength values as a function of their
respective compressive strength is given in Figure 6.14 as well. In addition, the two linear models
of Reinhardt, and de Larrard and Malier are given, as they seem to be the most suitable ones for
the presented concrete type. However, experimental results seem to be more in line with the
proposed model of de Larrard and Malier (1992) (cp. Eq. 6.10), which therefore will be used for
further analysis.
Rocco et al. (2001) refers to a detailed review of the current splitting-test standards for concrete. Within this investigation the cohesive crack model was used to assess the effects of specimen size, specimen shape and also the width of the load-bearing strips on the conventional tensile
splitting strength. The results showed that values of tensile splitting strength can vary up to 40%
within the given ranges, recommended by the different standards for specimen size, shape and
width of load-bearing strips. Consequently, the measured values for fct can hardly assumed to
be a material property, at least not when different testing standards are taken as a common basis. As the testing of STS in Europe mostly is conducted with standard cubes of the dimension
150 × 150 × 150 mm3 , the shape and size of the test specimen is not an issue of discussion. However, the influence of the load-bearing strips, which in this research have a width of 15 mm, still
needs to be discussed.
According to Rocco et al. (2001), especially the width of the load-bearing strips influences
the tensile splitting strength to a surprisingly large extent. An increase of the width leads to
a decrease of the maximum value of tensile stress along the plane of loading. This causes an
overestimation of the calculated STS. This is a problem, which obviously is only of interest for
cubical samples. In order to account for the strip width, Rocco et al. (2001) introduced a factor,
here called η, which is the relative width of the load-bearing strip. This value is computed via:
b
(η ≤ 0.20) ,
(6.12)
B
with b and B being the width and length, respectively, of the load-bearing strip. B, at the same
time, is the edge length of the cubical specimen. Now using η, the standard expression for the
η=
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STS of cubes is modified (by the factor in brackets) to:
5
2Fmax
fct =
[ 1 − η2 3 − 0.0115] .
(6.13)
πBD
In the given case the correction factor amounts to 0.9719 and thus all derived data needs to
be reduced by 2.8%. After such correction the measured data presented in Figure 6.14 is in
good agreement with the proposed model from de Larrard and Malier (1992). The coefficient of
determination improves to 0.98 in this case.
Another circumstance is interesting to look at in this regard. This is the time dependency
on the relation of STS and compressive strength. In many literary sources it is believed that the
fc / fct ratio is higher for younger concrete. Zain et al. (2002) proposed the following term in order
to correct for the different age at testing:
 0.04
t
age correction =
.
(6.14)
t28
with t being the time [days] at testing and t28 the basis after 28 days. Applying Eq. 6.14 to correct
the fct values for 1, 3, 7 and 28 days would result in correction factors of 0.875, 0.915, 0.946 and
1.000, respectively. As can be seen from Figure 6.14, this is not the case for the considered SCC
mixes, which also comprise above mentioned test ages, namely 1, 3, 7 and 28 days, and generate
a consistently linear relation.
Therefore, it can be concluded that the model proposed by de Larrard and Malier (1992)
describes the experimental data with high accuracy. Hence this model appears to be perfectly
suitable to predict the STS behavior of the SCC produced following the presented new design
method, provided that a correction of the load bearing strip width according to Eq. 6.13 has taken
place.
In contrast to Zain et al. (2002) there is no variation of the fc / fct ratio with varying age of
the concrete determined, at least not with the tested mixes in the range from 1 28 days, i.e. the
model can be used at any age. Respective relations presented by Sukumar et al. (2008) do not
show an influence of testing age on the linearity of the relation either. Here, the period of testing
ranges from 12 h to 28 days. This also allows for the conclusion that the mixes presented here
obtain higher splitting strength at younger age compared to what is expected from literature. This
behavior is ascribed to the benefits of the proposed design method, as higher particle packing also
promotes better grain interlocking, which on the other hand generates a higher STS.
6.5.3

Density and permeable porosity

Density
For the sake of quality control the density of the mixes is determined. The whole procedure of
measurement is thereby based on EN 12390-7. This way, by dividing the mass of the cube mcube
by its intrinsic volume Vcube (true solid volume without pores), the density is derived. The cube
volume can be computed by:
Vcube =

water
mair
cube,sat − mcube,sat

ρwater

,

(6.15)

water
with mair
cube,sat being the mass of a fully saturated cube on air and for mcube,sat under water. Afterwards, attention has to be paid to what mass mcube this volume is related to. The standard
distinguishes between mass as delivered, fully saturated and dried to constant mass, all referring
to the amount of water in the pore system. For the here presented results the dried mass of a cube,
mcube,dry , is used to compute the intrinsic (specific) density and the saturated weight mcube,sat to
calculate the apparent density. Constant mass is considered achieved when two weighings at an
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Table 6.11: Summary of some density and porosity parameters.
Mix No.

Density as per Eq. 6.15
Intrinsic
Apparent
ρ
ρwet
[kg/m3 ]
[kg/m3 ]

9
10
11
12
13
14
15
16
18
27
29

2274
2364
2367
2131
2218

Water
absorption
WA
[%, m/m]

True
porosity
Φtrue
[Vol.-%]

3.8
3.0
3.2
7.4
6.9

8.7
7.1
7.6
15.8
15.3

2441
2422
2433
2368
2411
2460
2420
2437
2369
2289
2371

interval of 24 h result in a mass difference of not more than 0.2% while drying at 105 ±5 °C. The
density of hardened mortar has been used as control parameter for the development of mortars,
the pre-stage of concrete. This way, for example the influence of a varying q on the density of
mortar was shown in Figure 5.13. For this reason no further analysis regarding the density values
is carried out on the concrete mixes. The results are summarized in Table 6.11.

Capillary porosity
Another, more durability related measure refers to the water accessible pore volume, the socalled capillary pore system. This capillary pore volume is even of higher importance than the
total porosity, as all deleterious transport effects of dissolved harmful substances are processed
via the capillary pore system. When measuring capillary porosity it is important to refer to the
moment of testing and the storage conditions the specimen has undergone so far. Due to the
progressing hydration, the capillary pore volume diminishes in time. Although it approaches a
steady state close to complete hydration, it still can vary notably after 28 days.
The here given specimen have been stored under standard condition (under water) and are
tested after 28 days. Two measures are determined, which are linearly related. This is firstly the
water absorption WA [%, m/m] and secondly the true porosity Φtrue [Vol.-%].
The WA describes the maximum quantity of water which can be retained by a porous system.
A nearly total saturation is obtained by an underwater storage of the concrete cubes until test
date and until constant mass is obtained, respectively. The capillary absorption of water on all
cube sides involves only an incomplete saturation as a certain air volume is entrapped. In this
specific case this entrapped air volume can be neglected as the specimens are stored underwater
right after demolding. In young concrete the total porosity is very low. However, in general the
WA gives a good overview on the total capillary volume. Note that shrinkage pores and gel pores
are not detected by this method. It is calculated following:
WA =

air
mair
cube,sat − mcube,dry

mair
cube,dry

=

mwater,abs
mair
cube,dry

,

(6.16)

The results given in Table 6.11 show that the WA remains for all SCC types in the range between
3.0 - 7.4%. Another measure, the true porosity Φtrue , is based on the same principles and reads
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Table 6.12: Results on capillary suction and water intrusion tests.
Mix No.

12
15
16

Intersection y-axis
C
[mm]

Sorptivity index
S√
[mm/ h]

Penetration depth
after 72 h at 5 bar
[mm]

13.3
15.9
18.6

1.95
2.06
2.09

24
15
19

as:
Φtrue =

air
mair
cube,sat − mcube,dry
water
mair
cube,sat − mcube,sat

=

Vwater,abs
Vcube

.

(6.17)

It relates the total volume of non-chemically bound water Vwater,abs (i.e. absorbed water and gel
water) to the intrinsic volume Vcube of the cube. This way all water accessible volume, the total
capillary pore volume and the volume of gel water, is determined. As can be seen from Table
6.11, this value ranges between 7.1% and 15.8% for the tested SCC types.
Compared to literature values of e.g. Stegmaier (2005) these values are comparatively low.
Here true porosity values in the range of 21 - 30% are determined for heat cured SCC types.
Stark and Wicht (2001) assess the total porosity of CVC to be about 10 - 25%. Furthermore, it is
given that a capillary pore fraction of lower than 25% results in a discontinuity of the capillary
pores, which results in only minor mass transport processes through the pore system. These
requirements are by far satisfied and characterize a durable concrete from this point of view.
6.5.4

Capillary water absorption test

Water intrusion
In order to get some indication for the durability behavior of the presented mixes some measurements on the uptake of water are carried out. This is done both, by capillary absorption and under
pressure at an age of 28 days. The intrusion of water is measured by exposing one molded side of
a standard cube to water pressure of 5 bars (0.5 MPa), according to standard EN 12390-8. After
72 h the cubes are removed from the test rig, and split perpendicularly with respect to the tested
face following EN 12390-6. The location of the waterfront, at both halves, can be observed visually and the distance from the outer cube edge is measured. For each mix, two cubes are tested
accordingly. In Table 6.12 the results are listed.
They indicate that mix 15, having a high content of cement, has the highest resistance against
water intrusion. For the other two mixes 12 and 16, which comprise different filler, the resistance
is less favorable. Here mix 16 containing limestone performs slightly better than Mix 12 using fly
ash. However, all presented concrete types show intrusion depths with notably less than 50 mm.
In the majority of building codes this limiting value determines whether a concrete is regarded as
impermeable or not. All three mixes meet this requirement and can be classified as impermeable.
Capillary absorption
Next, the capillary absorption is measured, analogous to Audenaert et al. (2003); Zhu and Bartos
(2003) and Brouwers and Radix (2005). Prior to the experiment, the cubes (of age 28 days)
were preconditioned in an oven at 105 ± 5 °C to constant weight and afterwards cooled down to
room temperature. Then, the cubes were placed on stable supports in water, so that the water
level is 5 ± 1 mm above the lower (molded) face of the specimen. For each SCC type, again two
cubes have been tested and the averaged value is given in the following. The uptake of water
by capillary absorption was measured through the weight gain of the specimen at the set time
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Figure 6.15: Weight gain due to capillary suction compared for three different SCC types.

Capillary rise [mm]

intervals of 15 min, 30 min, 1 h, 3 h, 6 h, 24 h, 48 h, 72 h, 96 h, 120 h, 144 h and 168 h after having
contact with water. The results of this test are depicted in Figure 6.15. Similar to the intrusion
of water presented above, again Mix 15 turned out to be the mix with lowest capillary suction
whereas the35fly ash mix, Mix 12, shows highest water uptake. In general however, the capillary
absorption of all mixtures is comparatively low. All mixes obtain lower values compared to,
for example,
30 Brouwers and Radix (2005). Moreover, it can be observed that after about 96 h
((t/h)0.5 = 9.8) a saturated capillary system has been obtained for all three mixes where almost
no increase25of mass takes place anymore.
Furthermore, the height of the capillary rise is measured during the same experiment on the
four vertical
20 side faces (each in the center of the side) of each cube; the mean values of each
SCC type, C [mm], are given in Figure 6.16. The uptake of water I [g] per unit area of concrete
surface as well
15 as the rise of the capillary front during suction follows a linear relationship with
the square root of time for the suction periods t. This relation reads:
I = C + St 0.5

10

[mm/h0.5 ]

,

Mix 12

(6.18)

Mix 15

where the sorptivity
S
is the slope of a linear regression fit of I Mix
plotted
as a function
5
16
of t 0.5 . The derived sorptivity indices are given in Table 6.12. In case the mass gain due to the
uptake of water
is set as calculation basis, the sorptivity index changes to kg/m2 h0.5 . This value
0
0
1
2 where3 concrete
4 comes5 into contact
6
7 water8 of low or
9 without
is of interest for all applications
with
0.5
0.5
pressure, such as rain. Audenaert et al. (2003)Time
refers
to a limiting value of 3 mm/h based on the
(t/h)
requirement that the depth of water penetration in concrete exposed to rain must be smaller than
the concrete cover itself. A glance on Table 6.12 shows that this durability criterion is met. After
about 24 h ((t/h)0.5 = 4.9) Mixes 15 and 16 do not notably change their capillary rise anymore.
Moreover, Mix 12 containing fly ash, now seems to be the most favorable mix out of the three
whereas Mix 16 (containing limestone powder) obtains highest values.
The contradictory results from Figures 6.15 and 6.16 show that the sole interpretation of
either the weight gain or height of the capillary rise can lead to wrong conclusions. A capillary
system with wider pores can take up larger volumes of water compared to a more narrow sized
system. The latter however results in a higher capillary rise due to inversely proportional behavior
of smaller pore diameters on the capillary rise. Here the capillary system can only be analyzed
more thoroughly by tests such as high-pressure mercury intrusion porosimetry, giving a clearer
picture on total pore volume but also pore size distribution.
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Figure 6.16: Averaged results on the capillary rise at three different SCC types.

Finally, it has to be noted that comparing sorptivity indices with literature values can sometimes result in misconception as different authors use varying suction periods, some only measure during the first hour or apply other models. An alternative to Eq. 6.18, especially when only
referring to shorter suction periods, is given as follows:
I = St 0.5

,

(6.19)

where the linear correlation fit actually does not intersect the y-axis but crosses at the point of
origin. Therefore, such data needs to be carefully explained.

6.6

Conclusion

In the present chapter the mix design method is applied to concrete. This mix design makes use of
optimized gradings which involve the full bandwidth of available particle sizes. This way the void
fraction to be filled with water in fresh state and later in hardened state with reaction products
is minimized. In the same way, self-compacting properties such as stability and deformability
are notably enhanced. By the assessment of fresh and hardened concrete properties and the
comparison with standards SCCs these enhancements are commented.
Based on the result and analyzes of the present chapter the following conclusions can be
drawn:
• An application of large particles (up to 32 mm particle size) is desirable as long as the
smallest dimensions of the constructive element to be poured and the distance between the
reinforcement do not result in restraints regarding the maximum aggregate size.
• This enlargement of the size ratio improves the packing, which in turn has a positive effect
on a number of properties, such as compressive strength and durability related properties.
The positive influence of the size ratio on the packing is proven here.
• The mixing method, a topic which has received only little attention yet, has an influence
on the final properties, both in fresh and hardened state.
• SCC requires a notably longer mixing time than CVC. Concerning this matter it is shown
that the here treated mixes are sufficiently mixed after two minutes.
• All ingredients should be mixed starting with the finest materials and SP should be added
at the latest moment after all water has been added already. Based on these findings a mix
procedure is presented.
• Slump flow test, V-funnel test (incl. stability time) and J-ring test are sufficient to fully
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characterize SCC mixes.
• The inverted cone procedure adds to the repeatability and practicability off the slump flow
test.
• Tests results on the passing ability of mixes containing large aggregates are not generally comparable as different J-ring types and settings can have a notable influence on the
blocking step stJ .
• A large number of mixes, produced following the here presented mix design, are located
outside of the common processing windows given in literature. However, their analysis
shows that they fully satisfy all other tests. Therefore, the established limit values are not
valid for the here presented design tool. A new processing window is suggested.
• The packing efficiency is a suitable measure for the assessment of the applied packing
optimization.
• The determined rates of strength grow are equal or superior to mixes optimized in this
regard.
• The concept of w/c ratio as well as the relation between w/c and compressive strength are
not valid for low cement mixes produced according to the introduced design concept.
• The relation between w/p ratio and compressive strength results in a reliable prediction of
the compressive strength, when being corrected for the cement amount used.
• A new measure, the cement efficiency xcem , has been derived in order to assess how efficient the cement contributes to the strength grow. The determined values are notably
higher than those reported in literature.
• The fc / fct relation as given by de Larrard (cp. Eq. 6.10) results in a reliable prediction of
STS for the designed type of SCC.
• All tested mixes meet the requirements regarding a sorptivity index smaller than 3 mm/h0.5 .
This indicates a good durability performance, at least in view of the capillary porosity.
Nevertheless, direct durability measurements such as CDF tests are necessary in addition
to validate this hypothesis.
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7

Sustainability of concrete
7.1

Introduction

The previous chapters introduced and validated a new mix design tool for SCC, so to say the concrete technology part of this Thesis. As this method considers the granulometric properties of all
individual ingredients, other materials can easily be incorporated or substitute present materials.
Furthermore, it turned out that concretes designed according to this method make a much more
efficient use of the amount of introduced cement than other concrete design concepts. Both the
possibility of using alternative materials, such as mineral waste materials, as well as the notable
reduction of cement contents, while not worsen the mechanical and durability related properties,
allows to sustainably improve the ecological footprint of concrete.
Such a claim, however, is stressed out by a number of concrete developments. In literature
many sources can be found, where sustainability and environmental compatibility of concrete
mixes are emphasized without deeper analysis where this is derived from. Popular examples are
concretes made from recycled concrete aggregates (RCA) or slag containing cements. These
developments will be investigated in more detail.
In order to assess an “eco-performance” of a concrete design, and, in more general, to define
what this exactly means, the term life cycle analysis (LCA) is introduced and explained. It should
be noted that LCA can be carried out following different concepts and models by taking a variety
of assessment criteria as a basis. The most common principles for the assessment of construction
materials are briefly introduced and according strengths and weaknesses are explained.
Based on that, a LCA for two previously introduced SCC mixes (Mixes 22 and 26) is exemplarily carried out. The respective outcome is compared with standard SCC mixes taken
from literature and it will be shown that the term “eco-SCC”, used for the concretes produced
following the earlier introduced mix design concept, is indeed justified. Finally, the possible redispersion of filter cake materials is briefly discussed, which turns out to be a suitable treatment
for making this kind of materials interesting for industrial application scale.

7.2

Principles of concrete related life cycle assessment

The building and construction industry consumes about 40% of all energy and the major part of
all raw materials. By far the predominant produced and used material is concrete, actually the
second-most man-made material, after drinking water. Thinking of ecological and sustainable
building materials, concrete enjoys no good reputation among a number of people. There are
mainly three reasons for it:
1. During a long time of economical growth and housing shortage many concrete buildings were erected during the late 1950s early 1980s, which are/were neither esthetic nor
durable. In particular their durability problems led to the development of SCC.
2. People associate a picture of cement plants with smoking stacks when referring to concrete
production and application.
3. Due to the relatively young mass application of concrete, starting with the 1920s, there
are only a few concrete constructions which are older than 100 years. On the other side
there a plenty of brick houses or timber frame constructions which are dated back to the
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16th century or even older, to give only one example. Therefore, concrete is commonly not
considered to be a sustainable construction material. Spectacular cases of damage, such as
damaged railroad ties (in the 1980s in Germany), bridge decks or complete contract sections of highways (Stark and Wicht, 2001), which all caused significant economic losses,
contributed significantly to this negative image.

Whereas the above stated is based on the accepted public opinion, the following can be
said while using facts. Concrete is, compared to other construction materials, such as timber,
brick or steel, one of the most sustainable materials following the concept of embodied energy
(Harrison, 2006). However, since almost 15 billion tons p.a. of currently produced concrete
generate the largest material flow on earth, in absolute terms concrete production represents the
biggest overall impact on the environment within the construction industry. This could explain
the accepted opinion, which is referred to above.
Nevertheless, there are methods to assess the environmental impact of products and services,
in the case of a unit volume of concrete e.g. by means of the energy and resources consumed
during its whole life cycle. Most of these assessment frameworks utilize input-output techniques,
which are largely based on the work of Nobel Prize Laureate Wassily Leontief (Lenzen, 2001;
Leontief, 1936). Today, typically used assessment criteria are (i) the energy demand, (ii) the CO2
emissions involved by a whole life cycle, and (iii) the material input per service unit, the so-called
MIPS concept, proposed by the Wuppertal Institute for Climate, Environment and Energy.
Finally, the idea of performance should be closely linked to a comparison of different materials, such as 1 ton of steel and 1 ton of concrete. Nobody would challenge that steel on average
has a higher structural capacity than standard concrete but their different densities partly bridge
the large gap. That means when comparing two materials against the background of a LCA,
then also the different amounts of materials, necessary to solve a structural problem, need to be
considered and not their volume or mass equivalent.
7.2.1

Energy demand

The energy demand covers all required energy for the entire process chain, i.e. including the raw
materials production, the actual production, storage, sale, disposal and all transport processes
involved in between. In other words, the sum of the aforementioned processes describes the
so-called embodied energy of a product or service. This is the indirect energy share attached
to goods. The direct energy demand, on the other hand, describes the energy consumed by the
product during usage. On national and international level there are several institutions and statistics agencies which analyze such data and provide databases for assessment purpose. The U.S.
based Portland Cement Association (PCA) for example supplies data on the embodied energy
for cement and concrete production, which allows for comparison of different mix designs. This
data is given in Table 7.11 .
The whole process chain of concrete production (cp. Figure 7.1) is energy consuming. Therefore, all individual upstream chain processes are in fact subject of energy optimization. Examples
could be more efficient crushing devices in the aggregate production process or the optimization
of mixing times during the mixing process (addressed in Paragraph 6.2.3). However, by far the
most energy demanding sub process in the entire concrete production process chain is the cement
production as can be seen in Table 7.1. Hence, this has the biggest potential to notably lower the
total embodied energy of the product concrete. This will be addressed in a later section.
The depth of a production process can vary notably from product to product. This complicates the exact acquisition of all energy consumption data. Simplifications and assumptions
necessarily need to be done. Furthermore, the system boundaries are not always well-defined as
in the example of the energy required to produce machine shears for sheep shearing, when as1 retrieved

from http://www.cement.org in May 2009
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Table 7.1: Embodied energies of an entire concrete mix using the example of Mix 4. All figures are based
on the year 2006 and are taken from PCA. Thereby the following assumptions are made: cement is hauled
80 km to ready-mixed plant, aggregate is hauled 15 km to plant, concrete mix is hauled 8 km to building site.
Material

Embodied energy [MJ/ton]
Production
Hauling
Total

Cement (OPC)
Limestone powder
Sand
Crushed stone
Water
Total

4853
5
49
0
-

532
39
56
0
-

5385
6502
44
105
0
-

Mix composition
of Mix 4 [kg/m3 ]
327
175
1045
632
165
2340

Embodied energy
[MJ/m3 ]
[%]
1761
114
46
66
0
1987

89
6
2
3
0
100

Ressources

System boundary
Upstream chain
natural aggregates

Upstream chain
admixtures

incl. transport

External process
mineral waste
powder generation
marble/granite

incl. transport

Upstream chain
filler

incl. transport

incl. transport

Mixing
process

Upstream chain
cement
incl. transport

Water
incl. transport

1 m3
fresh
SCC

Ready-mix concrete plant

Air, water and soil emission

Figure 7.1: Process of eco-SCC production including all upstream chain processes (based on Jeske et al.
(2004)).

sessing the energy demand of the production of a woolen jumper. Therefore, this energy should
be partially considered as well.
7.2.2

CO2 emission

The CO2 emissions, in particular from the cement production, are of utmost importance when
assessing and comparing concrete with other construction materials. A decade ago it was estimated that concrete production could soon be responsible for about 10% of the total greenhouse
gas emission (Pearce, 1997). At present time cement clinker production is the largest CO2 source
among industrial processes, contributing about 4% of global total CO2 emissions. However, for
China’s increasing share in global cement production (about 50% in 2007), the share of CO2
from cement production amounts to almost 9% (550 megatons). For direct comparison, the USA
produced 50 megatons in the same period (Gregg et al., 2008).
In the material concrete the cement content has the most significant impact on the environment. About 2.77 billion tons of cement were produced in 2007 (Cembureau, 2008). This cement
created CO2 in two ways during its production. First, during the conversion of calcium carbonate
to calcium oxide, CO2 is formed process-related inside the kilns (about 54% of total emissions)
and secondly, quantities of fossil fuels needed to heat the kilns above 1450 °C release CO2 to
the atmosphere (about 46% combustion-related). As stated in Table 7.2, VDZ (2007) estimates
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Table 7.2: CO2 and energy monitoring data collected by VDZ (2007) based on the year 2007. Hereby
cement refers to a binder with a clinker content of 80%. The emissions and consumptions are split into
their main shares.
Type of
share

Unit

Determined
figures

Energy related specific emissions

ton CO2 /ton cement

0.195

ton CO2 /ton cement

0.53

MJ/ton cement
MJ/ton cement

2915
359

(fossil fuels without waste fuels)

Raw material related specific
emissions
Fuel related embodied energy
Electrical energy demand

for the year 2007 the amount of CO2 released during cement production to 0.725 ton per ton
produced cement (assuming a clinker/cement ratio of 0.8)3 . Notably different figures are given
by the U.S. Environmental Protection Agency (EPA cement database, 2004), where a national
weighted average (USA) of carbon dioxide intensity of 0.97 ton CO2 /ton cement was estimated
for the year 2001 (Hanle et al., 2004). For the sake of completeness it should be noted that
because of the carbonation process a minor percentage of CO2 is later taken up by the concrete.
Due to the regulations regarding emissions trading and the implementation of the directive
2003/87/EC of the European parliament on greenhouse gas emission allowance trading, the cement industry is now faced with additional costs for emission certificates. This is a clear disadvantage of the European cement industry compared to foreign competitors which do not underlie
the EU climate regime.
With the ratification of the Kyoto treaty in February 16, 2005 and also due to steadily rising
oil prices there is an additional stimulation to improve energy management of cement and concrete industry and therewith sustainability of the material cement. However, a more efficient use
of cement could improve this situation greatly because cement actually acts (is wasted) as filler.
Besides this, in cement as such, clinker could be replaced by supplementary cementing materials
(SCM), such as slag or fly ash.
7.2.3

Material intensity concept

The two previous sections introduce an assessment of production processes following an energy
requirement or emission pathway. However, these approaches completely leave the material
requirement of production processes out. This means the sole optimization following the two
formerly mentioned assessment criteria will not necessarily result in an improvement of the material efficiency. Notably, savings in the material consumption, while still providing the same
economic performance, will result in a lasting benefit for the environment.
In order to account for the complexity of all process related material consumptions, the Wuppertal Institute for Climate, Environment and Energy introduced the MIPS-concept. MIPS concerns the large material flows which, despite successfully lowered noxious emissions, still need
to be reduced in a sustained way in order to conserve nature’s finite material resources.
Following the MIPS-concept, all material and energy consumptions (i.e. only the inputs) involved in the production process of a product (or service) are gathered and converted to resource
consumptions. Depending on the time horizon considered the following distinctions need to be
made. When accounting for the material and energy consumptions of the whole lifecycle, i.e.
including extraction of raw materials, preproduction, production, all transports, sales, the use,
repair and maintenance but also the final disposal, then it is called a cradle-to-grave analysis. An
3 retrieved

from the monitoring report 2004 2007 at http://www.vdz-online.de in November 2009
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Table 7.3: MI factors for the relevant materials and processes involved in the production of concrete
(Wuppertal Institute for Climate, Environment and Energy (2009), the surveyed data represents the situation
in Germany).
Material specification

Material intensity [ton/ton]
abiotic
water
air
material

Limestone crushed
Limestone ground
Quartz sand
Concrete B25
CEM I
CEM III/B
Drinking water
Transport

1.44
1.66
1.42
1.33
3.22
2.22
0.01

5.6
9.7
1.4
3.4
16.9
21.3
1.3

0.030
0.060
0.030
0.044
0.332
0.254
0.001

Material intensity [ton/ton km]

Sea going vessel – cargo boat
Truck transport – lorries > 8 tons

0.01
0.107

0.09
0.927

0.019
0.102

analysis of only the production consumptions up to the final product is referred to as cradle-togate analysis, meaning the gate of the factory. This does not include the resources and energy
consumed during its usage. The term cradle-to-cradle concept lately became an often used catch
phrase. Hereby, a total recycling is aimed on, whereby all components of a disused product are
entering a new production process and hence a new life cycle.
The resource consumptions are accounted as material inputs (MI factors), which are classified in five categories, namely abiotic material, biotic material, earth-moving in agriculture and
forestry, water, and air (Ritthoff et al., 2002). For an assessment of different concrete designs
according to the MIPS-concept, the basic data provided in Table 7.34 can be used. Finally, a
more detailed description of the MIPS-concept can be found in Ritthoff et al. (2002).
7.2.4

Discussion of assessment criteria

The environmental LCA following the first two approaches results in an analysis limited to either an energy demand or emission related issue. Applying both methods can result in opposing
statements when comparing the results with each other. Two short examples, given in the following, should explain that. The third method introduced here, the MIPS-concept, represents from
this perspective the most holistic approach, although it does not distinguish whether a product
is more energy or raw material demanding, since all inputs are recalculated as material inputs
(Ritthoff et al., 2002).
A general problem of all LCA is the differentiated treatment of the depth of production processes and involved subprocesses as addressed earlier. This issue and the uncertainty of the
collected input data is treated by applying uncertainty calculus such as Monte-Carlo analysis
utilized by e.g. Bullard and Sebald (1988).
In order to allow for a more differentiated comparison, a LCA should be carried out based on
the specifications of EN ISO 14040. Depending on the specified goal and scope individually set
for the LCA of a specific product, input and output quantities of a process can be compared with
another similar product. This is a quasi-combination of the above three analyzing approaches.
4 retrieved

from http://www.mips-online.info in May 2009
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Figure 7.2: LCA of two slag-containing cement types in relation to an OPC. The different assessment
parameters are set to 100% for the OPC (data taken from Hauer et al. (2006)).

Misinterpretation of LCA results
Two short examples should show that, as mentioned earlier, the LCA of building products, limited to only one aspect, can lead to wrong interpretations of their environmental impact.
The first example refers to the usage of the secondary material blast furnace slag in the cement
production (cp. Paragraph 2.2.1). Blast-furnace slag is a latent hydraulic material, actually a
waste product, agglomerated when iron ore is reduced by coke at about 1350 - 1550 °C in a
blast furnace (Chen, 2007). Blending OPC with this secondary product, i.e. the production of
slag cements (CEM III), Portland-composite cements (CEM II/A/B-S) or composite cements
CEM V/A/B-S), is considered to be a very sustainable development. Table 2.3 gives an example
how low the Portland cement clinker share can be for a CEM III/B. From the CO2 emission
point of view the reduction of the Portland cement clinker share is beneficial for the emission
balance of the created binder, i.e. the higher the slag percentage the lower the CO2 emission.
The figures given in Table 7.2 (explaining the German situation) can serve as reference values,
although often much higher CO2 emissions are stated. Mahasenan et al. (2003) state that nearly
900 kg of CO2 are emitted for every 1000 kg of cement produced. Similar figures, such as from
Hanle et al. (2004), are often used in literature (cp. Paragraph 7.2.2). A CEM III/B as referred
to in Table 2.3 could lower this amount by up to 80%. Moreover, an assessment following the
MIPS-concept turns out to be similarly positive for the blast furnace cement. From Table 7.3 it
becomes clear that the abiotic material input is lowered by about 31% and that of air by 24%,
although the water consumption is increased by 26%. However, from the energetic perspective,
the savings created by the Portland cement substitution are almost negated by the considerably
higher grinding energy demand of the slag Marme and Seeberger (1982). Depending on the
boundary conditions, such as the slag grinding facilities, those blast furnace slag cements could
even have a more negative energy balance than an OPC. This fact is often not considered when
analyzing the input balance of those “eco-binders”. In Figure 7.2 a more positive picture of slagcontaining cements is drawn. Based on the recent figures given by Hauer et al. (2006) a relation
of different impact factors such as energy demand and the impact on various environmental
indicators is derived in function of changing slag content. The basis of comparison (100%) is a
CEM I (OPC).
Another often cited example for sustainability in concrete industry is the application of recycled concrete aggregate (RCA) fractions. This allows for the partial or complete reintroduction

7.3. LCA of eco-SCC

149

(close-loop) of disused concrete amounts in the production cycles. The application of recycled concrete aggregate fractions seems to be desirable for a number of reasons. First of all, a
waste material is recycled and landfill using that material is prevented. Furthermore, primary
aggregates can be saved by their substitution with recycled aggregates. The maximum permitted
amounts of recycled concrete aggregate fractions depend on the individual national standards and
guidelines. Finally, a limited binding activity is expected from the recycled concrete aggregates.
Montgomery (1998) reports about the partial substitution of cement with ground recycled concrete aggregate fractions and the related changes in fresh and hardened properties. Furthermore,
the single use of ground recycled concrete waste as primary binder for low grade applications is
in discussion. The fraction < 200 µm is believed to exhibit reasonable binding capacity after a
reactivation process (thermal treatment). The before mentioned facts turn recycled concrete aggregates into a desirable constituent for concrete. Depending on the (permitted) share of recycled
fraction the necessary input of mineral materials can be decreased to a notable extent, e.g. as low
as 24 - 44% (Jeske et al., 2004). However, looking at the embodied energy and global warming
potential (GWP), RCA concrete seems less favorable compared to conventional concretes using
natural or crushed aggregates. This is mainly for two reasons. First, RCA concrete needs, similar to concrete with crushed aggregates, more cement in order to adjust the workability to a level
comparable to concrete containing river aggregates (Jeske et al., 2004). By means of optimization, this additional amount of cement might be minimized. On the other hand the RCA crusher
installations consume more energy than common crushers in the crushed aggregates industry.
Jeske et al. (2004) specify a factor of about 1.6 for the increased energy demand. This shows that
the application of RCA in concrete is not in any case favorable, especially not when the required
transport distances of the RCA materials exceed the average haul distance of standard aggregates
(Hauer et al., 2006).
The two previous examples show that it is necessary to specify the aim of a LCA and that
all relevant indicators, such as GWP (CO2 emission), energy demand and materials inputs are
equally analyzed and compared.

7.3

LCA of eco-SCC

The demand for a more integral LCA, considering a diversity of assessment criteria, was already recognized some 30 years or so ago. Since 1997 a commonly accepted methodology for
LCA, the EN ISO 14040 Environmental management - Life cycle assessment - Principles and
framework, is available, which exists in a revised edition from 2006. As mentioned earlier such
methodology is not only applicable for products but also for technical processes, although there
are no standardized specifications for its execution Burgess and Brennan (2001).
In the following, two SCC mixes introduced earlier (cp. Table 6.5) will be exemplarily used
to perform a LCA and compare it with similar mixes taken from literature. This should show
that the presented mix design is not only capable of optimizing ingredients towards better fresh
and hardened concrete properties, but also prove that the new mix design holds a big potential in
turning concrete products more “green”. Such quality is often claimed by certain applications and
products, such as RCA concrete as shown in the previous section, but here it will be quantitatively
underlined by a comparative LCA.
The underlying assessment criteria are embodied energy, global warming potential (GWP) by
means of the CO2 emission and the material input as explained in Paragraph 7.2. That means a
combination of the above introduced three approaches (cp. Paragraph 7.2) is used for performing
an integral LCA loosely based on EN ISO 14040. As base data the figures given in Tables 7.1 –
7.3 are employed.
When comparing an optimized concrete recipe with its original composition, changes will
occur. An optimization can be carried out using only the original components and changing
their percentages, or new materials will be included and existing materials will be substituted
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by others, respectively. The latter occurs with the mixes analyzed here, as secondary materials
(mineral waste materials) are introduced to partly substitute cement or fully substitute primary
filler materials such as limestone powder. Particular attention is given to the reduction and more
efficient use of cement, which remains to be the most powerful lever on the eco-balance of
concrete. This implies an advocacy of a more performance based concrete mix design and,
consequently, an increasing distance to prescription based design procedures.
7.3.1

Cement optimization and use of supplementary cementing materials

The analyzed mixes explained in the following focus on an optimization of the cement use as
well as on the substitution of cement and primary filler materials with mineral waste materials.
In the two previous chapters the effect of the new mix design on the properties of mortar and
concrete was explained. Paragraph 6.5.1 analyzes the positive influence on the efficient use of
cement in particular. Therefore, only the use of supplementary cementing materials needs some
more explanation here.
SCMs are considered as sustainable development, especially when being used in high volumes, although it might decrease the rate of hydration at earlier ages. It is undisputed that an
economic interest is the driving force behind the application of SCMs in the concrete industry.
There is, however, also a benefit for the society, when landfilling and dumping is prevented, and
waste materials enter a new lifecycle. On the other side, there are also obstacles for using those
materials, which need to be investigated prior to application. This requires answering the question whether the incorporation of a waste product can be harmful for the end product concrete,
and whether the SCMs or their reaction products are stable on the long run. In most instances
properties are influenced by the use of SCM. Here the question remains if the changes are justifiable regarding the expected properties of the product, or will it even result in an improvement
of the product.
SCC demands large amounts of powder and fines for its cohesiveness and ability to flow, and
to prevent bleeding and segregation. This powder, usually cement and primary fillers such as
limestone filler, is replaced by filter cake fines originated in the stone crushing and ornamental
stone industry. In the present investigation, this powder is replaced applying an innovative mix
design method introduced by this thesis.
The two powder types involved in this study are the granite fines and dolomitic marble powder a, as introduced in Paragraph 2.4.2. Their mineralogical and physical description can be
taken from Tables 2.5 - 2.9 and Tables 3.2 - 3.4. For the sake of completeness it is referred to
Figure 3.14 c, which shows a SEM micrograph of the marble powder. A PSD of both powders
is contained in Figure 2.3. In Paragraph 2.4.2 it is explained that the mineralogical composition is safe, for instance in terms of a potential AKR due to the granite fines. Furthermore, it is
proven that both materials are, mainly due to the large size of the quarry operations, continuously
available in adequate amounts (Laskaridis, 2006) and of constant quality (e.g. Figure 5.3).
7.3.2

Example 1

This example compares the ecological balance sheet of Mix 22 (cp. Tables 6.5 - 6.9) with a
SCC mixture of similar performance taken from literature. Facts crucial for the selection are
solely performance based. It was not intended to select mixes with a particular poor cement
efficiency (cp. Paragraph 6.5.1), in order to make the comparison advantageous for the design
concept presented here, but just typical SCC mixes which represent the current state-of-the-art
technology.
In the previous chapter (cp. Paragraph 6.5.1) it is already referred to the work of Sukumar
et al. (2008). From this study the Mix BS60 is chosen and compared with Mix 22 from the
present study. Table 7.4 summarizes and compares their composition.
Literature provides plenty of SCC mixes but Mix BS60 (Sukumar et al., 2008) is of special interest as it employs the same grade of cement and results in about the same compressive
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Table 7.4: Mix proportions and basic properties of two self-developed mixes (Mixes 22 & 26) and two
mixes taken from literature (Mixes BS60 & WCL I) as underlying data for an ecological balance sheet.
Mix composition
[kg/m3 ]
CEM I 52.5/OPC 53
CEM I 42.5
Fly ash
Limestone powder
Marble powder a
Granite powder
Sand
Gravel
Water
SP (PCE)

Mix 22

Mix BS60
Sukumar et al. (2008)

Mix 26

Mix WCL I
Felekoǧlu (2008)

300
184.3
100
807
769
165
3.5

463
101 (Class F)
37
820
753
186
2.8

200
394
826
728
191
2.7

325
167 (Class C)
884
660
214
5.3

730
57.8

695
61.9

820
33.3

720 ± 20
34

Concrete properties
Slump flow [mm]
Compressive strength
after 28 days [N/mm2 ]

strength. Furthermore, both SCC mixes, Mix 22 and Mix BS60, use a conventional type of filler
and a quarry waste material in addition. In both cases it is a granite powder but not of the same
origin. The reader is referred to Sukumar et al. (2008) for more details on the granite fines used
in Mix BS60. Moreover, the used proportions of powder-to-sand-to-gravel are very similar for
both mixes. Mix 22 employs less water and therefore requires more admixtures in order to obtain
a similar workability, which here is only expressed by the slump flow.
Due to the improved particle packing of Mix 22 (xcem = 0.19 N/mm2 per kg/m3 ), about 65%
of the cement load used in Mix BS60 (xcem = 0.13 N/mm2 per kg/m3 ) is sufficient to obtain a
comparable compressive strength. The benefit of optimized packing gets even more pronounced
when observing that Mix BS60 contains about an additional 100 kg of fly ash, which surely will
not show their full contribution already after 28 days.
Based on the data given in Tables 7.1 - 7.3 a LCA is compiled. Therefore, a number of
assumptions need to be made. First, it is assumed that the hauling distances of mix ingredients are
the same for both mixes. It is furthermore assumed that the mineral waste materials from quarry
operations will be supplied locally, say within a radius of 150 - 200 km. Therewith, the share
of transport on both mixes remains about the same and does not need to be considered further
for a comparative study. The amount of embodied energy for the gravel used in both mixes is
approximated with the figures for crushed stone given in Table 7.1. Mix BS60 actually employs
crushed aggregates whereas Mix 22 contains river gravel. This type of natural gravel holds lower
amounts of embodied energy because of the absence of an energy demanding crushing process
and its associated transport efforts. This approximation, however, only worsens the LCA result
in favor of the Mix BS60 taken from Sukumar et al. (2008). Similar approximations are made
for the material intensity data given in Table 7.3.
The GWP is determined solely based on the CO2 emission. This, on the other hand, is
only based on the cement consumption of the respective mix, as type and amount of the other
ingredients are about the same (in terms of CO2 emission) and therefore would not change the
eco-balance. Finally, the ecological impact of the applied admixture amounts is not further
analyzed because adequate base data could not be retrieved by the author. However, the reader
should note that the design concept presented here results in lower average plasticizer dosages
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than other standard SCC mixes (cp. Table 7.4).
7.3.3

Example 2

A second case is investigated choosing Mix 26 (cp. Tables 6.5 - 6.9) and Mix WCL I taken from
Felekoǧlu (2008). Their respective mix composition can as well be taken from Table 7.4.
This comparison presents a similar situation as Example 1. Again the representative of the
new mix design employs only about 62% cement compared to the respective mix taken from
literature. The obtained compressive strength, however, is equal after 28 days, although Mix
WCL I applies 167 kg of fly ash in addition to the higher cement content. Considering the lower
density of fly ash, Mix 26 has an about 14% higher powder volume than Mix WCL I. Despite
higher water dosage, and notably higher SP dosage associated with a lower powder volume, Mix
WCL I possesses a lower slump flow.
Moreover, the same assumptions and approximations explained for the previous example
hold for this situation as well.
7.3.4

Analysis of the examples

With the specifications of above, the amount of the individual mix ingredients given in Table 7.4
can now be combined with the factors stated in Tables 7.1 - 7.3. The material inputs, emissions
and consumed energy resources generated by the applied marble and granite fines as well as by
the fly ash are not considered in the balance sheets. These materials are waste outputs from other
independent process chains. Their process inputs and outputs have already been accounted by
other eco-balances (such as marble slab production or power generation) and therefore do not
need to be further considered here (Ritthoff et al., 2002).
This, actually, is an acceptable assumption for the three mentioned groups of materials. Other
than slag, these materials do not undergo a specified treatment in order to be suitable for a further application in concrete. In fact all efforts made to the waste products in addition to their
standard treatment as waste need to be accounted for in the concrete production process. The
aforementioned slag is such an example and therefore there is lively discussion between steel
and cement industry where to place the system boundaries and to what extent the energy and
resource consumption of the slag production need to be ascribed to one of the industry sectors.
Specified processes of waste conditioning such as the quenching of the molten slag and grinding
of granulates, in the example of ground granulated blastfurnace slag production, should therefore
be part of the cement and concrete production process.
Figure 7.3 gives an overview of the eco-performance of Mixes 22 and 26 from this study
in relation to Mixes BS60 and WCL I, taken from literature. The respective literature mixes are
taken as comparison basis and are therefore set to 100%. It can be clearly seen that both eco-SCC
mixes, produced following the presented mix design concept, perform better than the respective
mixes taken from literature, even though both literature mixes mainly employ fly ash as filler
material. The LCA is divided into the assessment criteria embodied energy [MJ], CO2 emission
[ton] and the MIPS material input factors abiotic material [ton], water [ton] and air [ton]. All
indices are related to 1 m3 fresh concrete. Savings are obtained in all categories and in both
examples. This is mainly due to the reduced cement use, which has a paramount impact on the
amount of embodied energy and CO2 emission of a unit volume of concrete. Cement accounts
for about 90% of the total embodied energy of an averaged SCC mix (cp. Table 7.1) and has the
biggest share on the overall CO2 emission of the concrete production process. The reduction of
the MIPS factors can be partially explained with the cement reduction too. However, a big share
is also originated by the application of mineral waste materials which are not considered in the
material input balance. This way, resources are saved by the reutilization of waste products and
energy consumption is prevented because these materials are already (to the most part) in the
state as they will be used (other than slag) for concrete production. This would justify longer
transport distances compared to primary materials while still providing a better eco-balance.

7.3. LCA of eco-SCC

153
100
(5%) (8%)
(10%)

90

(16%)
(4%)

80

(7%)

(3%)

70
(7%)

60

Air [t/m3]

Abiotic [t/m3]

MIPS
Water [t/m3]

CO2 emission [t CO2/m3]

Embodied energy [MJ/m3]

Water [t/m3]

10

Air [t/m3]

20

MIPS
Abiotic [t/m3]

30

CO2 emission [t CO2/m3]

40

Embodied energy [MJ/m3]

50

0
Comparison Mix 22 to
Mix BS60 (100%)

Comparison Mix 26 to
Mix WCL I (100%)

Figure 7.3: LCA comparison of two eco-SCCs (Mix 22 and Mix 26) developed following the presented
mix design concept. The respective mixes are compared with SCC mixes taken from literature assuming
similar performance. All tested eco-balance indicators of the literature mixes are used as comparison basis
and therefore set to 100%. The percentages on top of each category (in parentheses) indicate a potential
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by employing fly ash and in the example of Mix BS60 a granite powder as well. This shows
that the LCA of four mixes, two eco-SCCs and two SCCs taken from literature, and presented
here, are indeed a “fair” comparison. Still it remains a comparison which requires a number of
approximations and assumptions.
7.3.5

Direct application of filter cake

Ignoring the material input of all introduced waste materials in the eco-balance of concrete appears to be consistent on the one hand. On the other side, however, the energy demand will not
be influenced, only when the waste materials are indeed applied as being accumulated and thus
are not further processed or treated.
Quarry waste materials are often referred to as attractive supplementing cement or filler materials (cp. Paragraph 2.4.2). Examples are given in e.g. Calmon et al. (2005); Ho et al. (2002);
Sukumar et al. (2008). In general all authors agree on the possibility to successfully apply those
materials in concrete design. However, when analyzing these mixes it becomes clear that either
quarry dust (dry) or dried and re-pulverized slurry is applied. That means a dry powder-like
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material is added to the mix. In view of the energy required for drying the mineral waste, this
approach seems to be less feasible. An exception could be the use of industrial waste heat such as
from waste incineration plants. In addition a further process is required to pulverize the material
and break the agglomerations generated during drying.
The two mineral waste materials included in this study (cp. Paragraph 2.4.2) are accumulated
in form of a filter cake. Filter cake itself cannot be added into the mixing process directly as it is
firstly difficult to dose and secondly will, due to its strong agglomerations, not homogeneously
disperse into the mix. Therefore, in the following a brief example is given, on how a granite
filter cake can be redispersed to a slurry of constant solid content, which in industrial application
would not require a complicated and energy intensive treatment.
For first tentative testing a granite filter cake material, which is base of the granite powder
characterized in Chapter 2, is taken as reference material. This filter cake is sampled at the
production site directly from the filter press. In several tests it is shown, that both a completely
dried filter cake and the original wet filter cake can be redispersed within a short time using a
standard mortar mixer. As a result an easy to dose and highly concentrated dispersion is obtained,
which no longer shows lumps.
For appropriate mixing with a mortar mixer device, the filter cake, whether in dry or wet form,
first is roughly broken down to agglomerate sizes which can be handled by the mix equipment.
On a potential production scale this could be done by conveying screws with appropriate dies.
Next, water is added stepwise while the mixer is constantly running. Water addition lasts until
a lump-free dispersion is obtained. This stop criterion is so far controlled by visual inspection
only.
Several independent tests have shown that this appears to happen in a narrow range of 36 40% water content. This corresponds to a water/solid ratio of approximately 0.60. The water
content of the redispersed filter cake made from dried material is calculated by the amount of
added water, whereas re-drying of the dispersion is executed for the samples generated from the
wet filter cake.
The application of superplasticizers considerably decreases the required water content but
due to the time depending performance of plasticizers their application might remain questionable. However, the application of admixtures such as plasticizers or stabilizers is not further
investigated here and therefore remains to be an interesting aspect to look at.
In large scaled applications a continuous monitoring of the water content is recommend, in
order to always know exactly how much water is added by the quarry waste slurry into the concrete mix. Since the amount of water is important for the workability, the strength development
and the durability, it is of utmost importance to know the individual current water content also
to satisfy the maximum allowed w/c given by the standards and design codes. For continuous monitoring ultrasonic measuring methods or moisture probes using microwave measurement
technique are available. Finally the dispersion of desired water/solid ratio can be pumped and
dosed to the concrete mixing process.
An elementary sample calculation using granite filter cake
Supposing a filler amount of 200 kg dry powder per cubic meter fresh concrete, which is representative for SCC mixes of the powder type, an amount of 120 l of water is required for redispersion according to the above stated w/p ratio (w/p = 0.60). Furthermore, assuming a total
water content of about 170 - 210 l/m3 , depending on the desired workability, exposition class
and amount of cement amongst others, there is still freedom to add more dispersion or to leave a
certain volume, which will be filled up with water.
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Conclusion

The present chapter addresses the ecological impact of concrete in general and the one of the
newly designed eco-SCCs in particular. In order to assess that, the LCA methodology is introduced and explained. It should be noted that the sole assessment based on only one model can
lead to wrong conclusions as important independent input or output streams are not comprised.
Therefore, a combination of energy demand and emission based concepts as well as the MIPS
concept as introduced with this chapter, are used to actually perform a LCA of the introduced
design concept on the basis of two examples. Mistakes and wrong approximations made during
the data acquisition influence both the selected mixes from literature as well as the eco-SCCs
equally. Therefore, no mix is treated with favor.
Based on the performed LCA of Mix 22 and Mix 26 (cp. Table 6.5), and their comparison
with two similar SCC mixes taken from literature the following conclusions can be drawn:
• Conventional concrete is already a very sustainable construction material. So far there is
no alternative to concrete in sight.
• The Portland cement clinker production is by far the most energy and CO2 emission intensive sub-process involved in the entire concrete production. Therefore, all efforts in
reducing the cement clinker content per cubic meter of concrete will result in the biggest
improvement of the ecological balance sheet. Nevertheless, the application of secondary
materials such as mineral wastes from quarry operations is a good opportunity to further
improve the LCA of concrete.
• A combined assessment of the energy demand, CO2 emission and the material intensities following the MIPS concept is suitable to integrally evaluate the ecological impact of
individual concrete mixes.
• RCA concretes and slag cements seem to be a sustainable development from the material
input point of view. However, assessing the same products against the background of total
energy consumption, the results become less favorable.
• Waste materials are only neutral to the eco-balance when no further treatment is necessary
to make the waste suitable for concrete application. A prominent example is the water and
energy intensive treatment of granulated slag.
• The eco-SCC Mixes 22 and 26 are assessed following the above mentioned LCA indicators
and are compared with SCC mixes of similar performance taken from literature. The two
literature mixes apply fly ash, a secondary material, and one mix contains a quarry waste
powder in addition. Nevertheless, the presented eco-SCCs Mix 22 and Mix 26 still perform
better in all individual categories.
• The notable cement reduction in Mix 22 and Mix 26, while keeping the performance of the
comparative literature mixes, has the strongest influence on the positive LCA of the respective mixes. The savings due to the application of rock waste powders are less pronounced
but still worthwhile to perform when aiming on a complete substitution of primary filler
materials.
• On lab scale the redispersion of filter cake material is possible, also under consideration of
practical concerns. Based on the experience gained, large scale application appears to be
feasible.
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8

The behavior of SCC containing micro-encapsulated
Phase Change Materials1
8.1

Introduction

The present chapter addresses the topic of a more sustainable concrete mix design, which was
initiated in the previous chapter. This chapter deals with the thermal properties of concrete and a
new innovative way to improve the indoor climate of concrete buildings. This feature permits an
enhancement of the environmental performance of concrete on a component and structural level,
beyond the material level.
The increasing energy consumption of buildings forms an important concern in coming to
a more sustainable future (Pérez-Lombard et al., 2008). Furthermore, a growing demand for
thermal comfort in combination with low energy consumption could be observed in the built
environment. Heating, cooling and ventilation of buildings now requires about 40% of all consumed primary energy in Germany (BMWi, 2009). It can be assumed that these figures are
higher in many other countries. The energy demand for cooling in particular will further grow,
as summers in Central Europe tend to become warmer and the thermal load generated inside of
buildings due to computer and house automation is expected to increase further. Following these
trends, thermal mass activation of massive structural elements came into the focus of research.
Due to its high heat storage capacity, concrete is a suitable material for thermal activation. Different techniques were introduced using this heat capacity for heating and cooling indoor climates
efficiently and effectively. This type of thermal mass activation is mostly realized by internal tube
registers or thin plastic hoses inside of the structural concrete elements, and pumping and heat
exchanging devices in addition, which increase production costs, require maintenance, and still
consume energy during use. In this respect the application of Phase Change Materials (PCM)
appears to be a promising solution.
Concrete incorporating PCM can be used to store thermal energy, which as a result lowers
the energy consumption of buildings and increases the thermal comfort (Bentz and Turpin, 2007;
Khudhair and Farid, 2008). PCMs have the ability to absorb and to release energy in heat form
at a specific temperature when their state changes (Mondal, 2008). The heat capacity and high
density of concrete combined with the use of the latent heat storage of PCM can provide new
energy saving concepts, for example in combination with solar energy.
Furthermore, in fresh concrete mixes PCM could be added to prevent high hydration temperature peaks, which can prevent thermal cracking and hence result in a better durability.
The use of PCM in building materials and components has been researched for multiple
years and different materials and components have been tested to incorporate them (Bentz and
Turpin, 2007; Ismail and Castro, 1997; Ismail and Henrı̀ques, 1997; Kuznik et al., 2008; Pasupathy et al., 2008; Tyagi and Buddhi, 2007). In their research these authors used different
types of PCM. Sharma et al. (2009) distinguish three main groups of PCM: organic, inorganic
and eutectic. Within the group of organic PCM, there are two different types: paraffin and nonparaffin compounds. Because the direct use of a micro-encapsulated mixture of paraffins in fresh
1 Parts

of this chapter were published elsewhere (Hunger, Entrop, Mandilaras, Brouwers and Founti, 2009)
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concrete has not received much attention yet, a mixture of paraffins is used in this study. It concerns a commercially available product for the building industry with a melting point of 23 °C
named Micronal DS 5008 X. According to the product descriptions, it is described as a mixture
of paraffin waxes in powder form, encapsulated in polymethyl methacrylate microcapsules. The
technique of micro-encapsulation is used here in order to surround the liquid/solid paraffin phase
with a hard shell. This way the liquid paraffin (< 23 °C) is transformed into a powder and prevented from entering the surrounding matrix. Due to the encapsulation, it should be theoretically
possible to homogeneously disperse the paraffin in the fresh concrete mix and to melt it without
any interaction between the PCM and the concrete constituents.
This research aims to contribute to existing knowledge on the use of micro-encapsulated
PCM in SCC by conducting experiments regarding its behavior during mixing, hydration and
after hardening. The properties of three recipes containing 1% PCM, 3% PCM and 5% PCM
(by mass of concrete) are compared with one reference mix. These additions correspond to 2.5 12.4% of volume in the mix. The properties of fresh SCC are evaluated using the tests described
in Paragraph 6.4 (J-ring test and V-funnel test). During hydration the influence of PCM on the
heat development is firstly modeled and secondly monitored in situ. Moreover, the hardened
concrete is subjected to compressive strength tests and tests to measure its thermal properties.
Densities are also measured and visual observations are reported. Finally, the micro-structure is
analyzed by using SEM technique.

8.2

Selection of components

One of the practical aims of this study is to investigate a possibility to prevent high hydration
temperature peaks during the early hydration (first 24 hours). Therefore, it is chosen for a deliberately high cement dosage of 450 kg/m3 in order to come to a significant heat development.
Nevertheless, this dosage still represents realistic cement loads, which in construction practice,
are sometimes notably exceeded.
Furthermore, the choice of the binder type can clearly influence the hydration heat development (Taylor, 1997). For this reason a mixture of cement with high fineness (micro-cement) and
a R type cement with higher clinker content was selected. In detail this mixture is composed of
one part micro cement, which is consistent with a CEM I 52.5 R, and two parts of a CEM I 32.5 R
(cp. cement characterization and related tables in Chapter 2). In order to account for the varying
PCM amounts in the mixes, a non reactive material with comparable particle size distribution
is necessary to substitute the respective PCM volume. This way it is assured that all mixes are
comparable from the granulometric point of view. Accordingly, all respective variations compared to the (PCM-free) reference mix can be assigned to the influence of the PCM. For this
test the dolomitic marble powder a, introduced in Paragraph 2.4.2, is selected (also cp. Chapter
7). PCM and marble powder were substituted on volumetric base and are of similar particle size
distribution. The 5% mix is an exception since the PCM volume in this case is higher than the
available marble volume. Therefore, a slightly higher fines content is present in this mix. The
particle size distributions of all applied powder types are given in Figure 8.1.
Moreover, the concrete is designed with a fine sand 0-1, another 0-4 sand fraction, an intermediate gravel fraction 2-8 and a gravel fraction 4-16 (cp. Tables 5.3 and 5.4). All sand
and gravel fractions are river aggregates and therefore show smooth and round shape. Finally, a
third generation superplasticizer of the polycarboxylate ether (PCE) type was used to adapt the
workability and to adjust the mixes to about the same slump flow class (cp. Table 2.2).
The above described materials are used to design self-compacting mixes with increasing
amounts of PCM following the design method presented earlier. In addition to the reference
mix without PCM, three more mixes are designed containing 1%, 3% and 5% of PCM materials
based on their total mass. A summary of all four mixes is given in Table 8.1, the respective PSD
of the entire mix can be taken from Figure 8.2.
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Figure 8.1: Particle size distribution of the applied powder types.

Table 8.1: Mix composition of the PCM reference mix (without PCM) and the three comparative mixes
containing PCM in increasing content.
Mix
ingredient
Micro cement
CEM I 32.5 R
Marble powder a
PCM
Sand 0-1
Sand 0-4
Gravel 2-8
Gravel 4-16
SP Glenium 51
Water
Air

Reference mix
Volume
Mass
[dm3 ]
[kg]
47.6
95.5
60.8
0.0
53.0
248.1
147.7
122.7
2.9
203.2
13.0

149.9
299.7
170.2
0.0
139.6
655.3
387.1
319.6
3.1
203.2
-

1% mix
Volume
Mass
[dm3 ]
[kg]
47.6
95.5
35.8
24.9
53.0
248.1
147.7
122.7
2.9
207.4
13.0

149.9
299.7
98.0
23.3
139.6
655.3
387.1
319.6
3.1
207.4
-

3% mix
Volume
Mass
[dm3 ]
[kg]
47.6
95.5
0.0
76.6
53.0
248.1
147.7
122.7
2.29
211.5
13.0

149.9
299.7
0.0
70.0
139.6
655.3
387.1
319.6
2.4
211.5
-

5% mix
Volume
Mass
[dm3 ]
[kg]
47.6
95.5
0.0
124.3
53.0
248.1
147.7
122.7
2.8
248.4
13.0

149.9
299.7
0.0
113.7
139.6
655.3
387.1
319.6
2.9
248.4
-

8.3

Prediction of hydration temperature peak for PCM concretes

8.3.1

Differential scanning calorimetry

For this test series, a micro-encapsulated PCM was obtained which is a paraffin wax, encased
in polymethyl methacrylate microcapsules. A small sample of these microcapsules was used
for the differential scanning calorimetry (DSC) experiment, deploying a Differential Thermal
Analyzer (DTA) Perkin Elmer DSC7. For this test a typical sample mass is around 8 mg for one
DSC experiment. A PCM sample is placed in an aluminum pan and sealed with a lid of the
same material. The pan containing the sample as well as an empty reference pan is placed into
the furnace of the calorimeter. Afterwards a suitable temperature range for the measurement is
selected. This range is in accordance with the expected range of usage and should furthermore
comprise the transition temperature of the selected PCM. In the given case a range from -20
- 50 °C was selected. For the given temperature range a cyclic heating/cooling/heating scan is
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Figure 8.2: Plot of the total grading of the PCM reference mix, showing target grading (cp. Eq. 4.6)
and achieved grading as well as all individual constituents. The dmin , dmax and q of the target line were
0.224 µm, 16 mm and 0.22, respectively. The PCM capsules are not constituent of the reference mix, but for
the sake of completeness they are depicted by the dot-and-dashed line as shown in the legend.

conducted at a heating/cooling rate of 10 °C/min with 2 min isothermal holds at both minimum
and maximum temperatures. The first cycle starts with heating up the sample from -20 °C in
order to come to the situation in which all waxes are solidified. For the subsequent cooling
and heating cycles, solidification and melting enthalpies are quantitatively estimated by using a
linear approximation for the base lines both below and above the melting and solidification peaks.
Based on this, during solidification (cooling) an enthalpy δHexoth of 102.8 J/g in a temperature
range of 22.1 - 9.3 °C is measured. For the melting (heating) the enthalpy δHendoth amounts to
99.7 J/g in a temperature range of 18.8 - 35.4 °C. It should be noted that higher values of heating
or cooling rate lead to broader melting ranges and vice versa (Mehling et al., 2006). Figure
8.3 provides the heating and cooling scans. The selected heating/cooling rate is responsible
for the observed super-cooling effect shown in Figure 8.3. This behavior is normally not to
be expected when a lower heating/cooling rate of 0.1 - 0.5 °C/min is applied. Nevertheless,
the heating/cooling rate does not influence the total melting/freezing enthalpy. The difference
between the solidification and melting enthalpies, shown in Figure 8.3, was measured to be
3.1 J/g, which is acceptable according to Bentz (2000). A second, smaller peak can be found in
a temperature range of about 8 - 16 °C within the cooling cycle. It is assumed that this transition
can be assigned to the polymethyl methacrylate shells. For differential calorimetry tests on the
hydration of Portland cement the author would like to refer to Meinhard and Lackner (2008).
8.3.2

Concrete temperature modeling during hydration

The following section presents an approach developed for the prediction of the hydration temperature of the deployed specimen after one day curing under semi-adiabatic conditions. These
temperatures will be used later for comparison with the results from the semi-adiabatic curing
experiment.
The available literature on hydration heat release refers to different models and approaches,
like finite element modeling (Buffo-Lacarriere et al., 2007; Verma et al., 2008) or the application
of multi-phase hydration models (e.g. Meinhard and Lackner (2008)). In the following, calculations are provided which allow for the estimation of hydration temperature at a certain age. For
the examined case, one day was selected given that both deployed cements showed maximum
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Figure 8.3: Plot of specific heat as a function of temperature for the heating and cooling cycles of the
applied PCM.

heat release during semi-adiabatic calorimetry tests within the first day. Therefore, in contrast
to Bentz and Turpin (2007), the ultimate heat of hydration after exactly one day was used for
the subsequent calculations. The heat release during cement hydration depends on the degree of
hydration, which is mainly a function of time and availability of water. Moreover, this model is
purely composition dependent but does not takes into account structural geometry and volume
of the test specimen.
According to the second law of thermodynamics the amount of transferred heat, δQ, reads:
δQ = c p · m · δT

,

(8.1)

where c p is the specific heat capacity, m is the mass and δT is the temperature difference causing
the heat transfer. In the present case δT is the unknown parameter and is caused by the heat
release of hydrating cements. Furthermore, the enthalpy of the increasing PCM amounts has to
be considered for the respective mixes.
In Eq. 8.1 δQ is the heat energy put into or taken out of the system. This term is in the present
case only influenced by the heat produced by the two types of cement (cp. Tables 8.1 and 8.2) and
the amount of heat consumed (stored) by the melting PCM, as explained in the previous section.
Measured heat release values - provided by the cement producers - of the deployed cement types
after one day of hydration are shown in Table 8.2. Part of this energy is not consumed for a
temperature increase of the concrete, but for the phase transition of the involved PCM. From the
differential scanning calorimetry experiment (cp. Figure 8.3), it is observed that this enthalpy is
equal to δH = 99.7 kJ/kg. For the calculation of the total specific heat capacity of the concrete
mixes the specific heat capacities of the applied materials were taken as: 0.84 kJ/kgK for the
cement, 4.19 kJ/kgK for water, 0.74 kJ/kgK for quartzous aggregates and 0.88 kJ/kgK for the
marble filler material. The composition of the wax component in the PCM is not specified in
detail. However, in Diracdelta (2008) a range from 2.14 - 2.90 kJ/kgK for paraffin wax types is
referred to. Therefore, 2.40 kJ/kgK is chosen as a representative value.
Solving Eq. 8.1 for δT using the above data in combination with the mix proportions given
in Table 8.1, results in the expected temperature rise in K under totally adiabatic conditions after
one day of hydration. These temperatures are given in Table 8.3. Because of the surrounding
conditions in which the materials are stored, the temperature of the fresh concrete is expected to
be 20 °C.
As can be seen from Table 8.3, the addition of, for example, 5% of PCM can theoretically
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Table 8.2: Thermodynamic and strength properties of the deployed materials.
Cement type

Heat release after 1 day
Q1day
[J/g]

Standard strength
Rc
[N/mm2 ]

CEM I 32.5 R
Ultrafin 12

139.3
250.0

57.3
70.0

Table 8.3: Temperature rise for the given mixes according to computations and experiments.
Mix
Temperature rise by model [K]
Absolute temperature by model [°C]
Decrease compared to reference mix [%]
Temperature rise in experiment [K]
Absolute temperature in experiment [°C]
Decrease compared to reference mix [%]

Reference mix

1% mix

3% mix

5% mix

31.7
54.2
18.5
41.0
-

30.7
53.7
3.1
16.8
39.8
9.2

28.3
50.8
10.6
16.9
39.4
8.6

24.1
46.6
23.8
23.7
37.6
28.1

decrease the hydration temperature rise by 24%. Under practical conditions any heat loss to the
environment will further decrease the energy source term, which finally leads to an even higher
apparent efficiency of the PCM material.

8.4

Experimental procedure

This section addresses the procedure of mixing and the used apparatus for measuring temperature
development during hydration.
8.4.1

Concrete mixing

The mixing of the self-compacting PCM mixes took place in four steps, similar to the procedure
described in Paragraph 6.2.3. At first all solids except for the PCM are mixed for 30 s in order
to homogenize the dry components. Thereafter, about 90% of the total water dosage is added
and mixing is continued for a further two minutes. In this range of time the superplasticizer is
added directly after the water in order to assure sufficient mixing time for the plasticizer to be
homogeneously dispersed and activated. At the last possible moment, the micro-encapsulated
PCM is added to the mixing process in order to expose it as short as possible to the mixing process. After the PCM addition, part of the remaining SP and water is dosed to obtain the desired
self-compacting characteristics. This is for the time being controlled by visual inspection. A
subsequent slump flow and V-funnel test decides if an additional water or SP dosage is necessary
to obtain equal workability in terms of relative viscosity and yield stress. All four mixes succeeded in achieving similar workability with only one additional dosage step. Table 8.1 refers to
the final water and SP dosages used for the respective mixes.
8.4.2

Semi-adiabatic curing

For the purpose of measuring the influence of PCM content on the peak temperature during
hydration, an experimental setup is created. A layer of cellular glass, 160 mm thick with a heat
resistance of 3.81 m2 K/W, forms a semi-adiabatic environment for four standard cubic molds
with an edge length of 150 mm according to EN 12390-1. The box-shaped environment measures
1520 × 600 × 500 mm3 (l × w × h). The four molds were individually separated by three fixed
septa of 50 mm cellular glass (cp. Figure 8.4). Around and within the molds thermocouples (type
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Figure 8.4: Curing box providing a semi-adiabatic environment for the four standard sized molds.

T) were placed to measure the temperature during the early stage of hydration. Data acquisition
took place by using National Instruments USB-6215 and PICOs TC-08 in combination with a
personal computer to store the data. The basis of this setup is comparable to setups used before
(Jones and McCarthy, 2006; Liwu and Min, 2006).
8.4.3

Thermal conductivity measurements

A CT-METRE was used for the conductivity measurements. The device uses the transient hot
wire method conforming to ISO 8894-1:1987, DIN 51046 and ASTM D2326. The operating
principle is based on the association of a heating device with a temperature sensor (both connected inside the same probe) intended to measure the temperature increase undergone by the
sensor during a predetermined heating time. The method is not applicable when a phase change
occurs in the material, as might be the case with the PCM containing mixes. To overcome this
problem, the samples are heated up to 30 °C and the measurements are performed at this temperature, which is well above the melting range of the applied PCM.
8.4.4

Specific heat capacity and thermal efficiency measurements

Unlike thermal conductivity, specific heat capacity (c p ) increases rapidly in the temperature range
of phase change. This makes transient methods inappropriate for c p measurements. The DSC
method requires a representative sample of the material in the order of a few milligrams, which
is not possible with concrete samples consisting of particles up to 16 mm diameter. For the
needs of inexpensive and reliable measurements an experimental setup (Figure 8.5) has been
developed, which allows measurements of heat capacity, thermal mass and thermal efficiency of
building materials. The device applies variable thermal loads at the two sides of a flat slab-shaped
sample, while measuring its thermal response. An extensive presentation of the concept and the
corresponding operational principle can be found in Mandilaras and Founti (2009).

8.5

Results

8.5.1

Effects on the properties of fresh concrete

In order not to expose the PCM microcapsules to additional wear during pouring and compaction,
a self-compacting mix was designed. These mixes start flowing at much lower yield stresses
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Figure 8.5: Sample holder of the thermal mass measuring device (sample placed between two thermoregulated plates).

Table 8.4: SCC related properties of the fresh PCM mix series.
Fresh concrete property
V-Funnel time [s]
V-Funnel time 5min [s]
Stability time [s]
Slump flow [mm] ∗
Slump flow with J-Ring [mm] ∗
J-ring step [mm]
t50 -time [s] ∗
Fresh concrete temperature [°C]

Reference mix

1% mix

3% mix

5% mix

3.2
3.2
0
760
680
9.75
2.4
22.5

3.7
4.0
0.3
745
720
10
1.4
23.0

10.5
11.2
0.7
770
770
5.5
3.6
22.5

6.6
7.2
0.6
740
760
4.75
2.4
22.5

∗

the inverted cone method is applied

compared to plain concrete. Therefore, the concrete placing involves only a limited amount
of shear stress for the microcapsules. Another reason for the choice of SCC is the faster heat
development of SCC compared to standard plain concrete which is among others reported by Ye
et al. (2007).
The workability of the different mixes is kept similar by a respective adjustment of water and
plasticizer content. Variations in the hardened concrete properties can, therefore, not result from
different levels of workability but be assigned to the varying amounts of PCM. For the assessment
of self-compacting abilities three standard tests are carried out. These are the V-funnel test as a
measure for the relative viscosity, the slump flow test to assess the yield stress and fluidity, and
the J-ring test which shows the blocking behavior of fresh mixes (cp. Paragraph 6.3). In Table 8.4
these measures are summarized for all mixes including the reference mix not containing PCM.
From the data presented in Table 8.4, it can be concluded that all four mixes show similar
good self-compacting properties. The 3% and 5% mixes exhibit slightly higher viscosity which
is mainly caused by the water dosage. Regarding the other measures, all mixes perform in a
similar range. The stability time, which is notably below one second for all mixes, identifies
highly stable SCCs. Furthermore, the tendency to blockage can be assessed, judged on the J-ring
step, to be small. An analysis of the slump flow measures results in a very narrow range of flow
diameters (740 - 770 mm). This implies that, according to the EFNARC (2005) SCC guidelines,
these mixes can be classified into two slump flow classes (SF2 and SF3) since 750 mm is the
separation criterion of both classes. The required SP dosage is only 2.4 - 3.1 kg/m3 concrete.
Furthermore, no other auxiliary admixtures, such as VMAs, are used.
In summary all four mixtures resulted in good to partly excellent self-compacting properties.
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Figure 8.6: SCC after J-ring test with obvious white flow marks behind the rods (radial in flow direction)
and around the spreading concrete.
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Figure 8.7: Temperature development of four self-compacting mixes in the kernel of the molds in a semiadiabatic environment during the first 3.5 days after production.

The increasing PCM dosage did not seem to influence any of these measures in a verifiable range.
Only the visual inspection during the V-funnel and in particular the slump flow experiments
resulted in some uncommon observations. Here a white liquid is accumulated on the surface
of the spreading mixture in areas of slow flow or on resting concrete areas. This observation is
especially obvious at the flow area behind the rods of the J-ring (radial in flow direction) as well
as along the circumferential line of the spreading concrete during slump flow tests (cp. Figure
8.6). This behavior is only observed for the three mixes containing PCM and also becomes more
prominent with increasing PCM content.
8.5.2

Effects on the hydration temperature peak

The setup offers space to store four molds in an environment of 20 ± 2 °C. After casting, the temperature development of the four kernels is monitored for about 83 hours, taking measurements
every minute. These results are shown in Figure 8.7.
The reference mix shows a peak temperature of 41 °C. This temperature is significantly lower
than the results of Liwu and Min (2006) have shown for other Portland cement mixtures during
hydration. The observed cooling refers to a leakage of heat, which is a proof of the semi-adiabatic
characteristics of the setup. Otherwise, under totally adiabatic conditions, a temperature rise
of about 76 °C to an absolute temperature of 98 °C would be expected, considering complete
hydration of the cement. For very massive constructions, where adiabatic conditions can be
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assumed for the core volume, such a temperature rise would imply the boiling of the free water
and cause fundamental durability problems. Figure 8.7 shows that an increasing amount of
PCMs results in a lower peak temperature. Because of the comparable availability of internal
or chemical energy in all four mixes, more time is needed to come to the ambient temperature
when the amount of PCMs is higher. The 3% and 5% PCM mixes show a small bow around
25 °C, being, according to the DSC experiment, the onset of the endothermic cycle.
The calculations of maximum hydration temperatures for PCM concretes result in temperatures of 44.1 °C for a mix containing 5% PCM up to 51.7 °C for a mix containing 1% PCM,
starting with a temperature of 20 °C for the fresh concrete (cp. Table 8.3). During the experiments the starting temperatures were 2.5 – 3.0 °C higher, but the peak temperatures were lower.
The differences between the four mixes are shown in Table 8.3. Surprisingly, the 3% mix has a
larger temperature rise than the 1% mix. In this case it could be that:
1. The adiabatic surrounding did not suffice
2. More PCM particles were destroyed during mixing in the 3% mix than in the 1% mix, or
3. The thermocouples were not able to register the temperature correctly. In future experiments these three aspects will be taken in consideration.
Regarding option number two, the analysis of the porosity using SEM shows that many PCM
capsules are in fact destroyed. Nevertheless, the temperature registration showed that to a large
extent, especially in the 5% mix, the peak temperature is lowered. This could imply that, despite
the partial destruction of the PCM capsules, a large part of the wax is still present in the concrete
and could be potentially functioning. This hypothesis requires further research. Although the
wax seems to be able to store latent heat, new mix procedures and more resilient shells (mechanical/chemical) should be developed to lower the amount of damaged microencapsulated particles
(Gschwander et al., 2005).
8.5.3

Effects on mechanical properties

The effects of PCM on the mechanical properties of concrete are discussed by addressing compressive strength, intrinsic density and porosity.
Compressive strength
In order to evaluate the effect of PCMs on the mechanical properties of the tested concrete,
compressive strength measurements are carried out. Therefore, five standard cubes per mixture
with an edge length of 150 mm according to EN 12390-1 (2000) are tested at the 28th day after
production. The test procedure for compressive strength is in line with EN 12390-3 (2001).
Since a new mix design, based on granulometric optimization, is applied to this concrete,
elevated strength compared to standard compositions with equal cement content is expected.
Therefore, a modification of Féret’s equation is applied to get an indication for the theoretical
compressive strength to be expected after 28 days Hu et al. (1999). This modification includes
the contribution of other cementitious materials and reads as:
Kg · Rc
 ,
fc,cube = 
(8.2)
mw +Vair
1 + 3.1 mcem (1+K
+K )+BFS
1

2

where Kg is an aggregate coefficient (typical values are 5.4 for crushed aggregates and 4.8 for
rounded aggregate), Rc is the standard cement strength in N/mm2 (cp. Table 8.2), mw is the total
effective water content [kg/m3 ], Vair is the volume of entrapped air [l/m3 ] and mcem is the mass
of cement [kg/m3 ]. The other variables, K1 , K2 and BFS, refer to pozzolanic and latent hydraulic
effects. Since none of these materials are used, these latter variables are not considered. Including
the relevant data in Eq. 8.2, the expected strength of the PCM reference mix can be calculated
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Figure 8.8: Compressive strength of the PCM mixes after 28 days [N/mm2 ] including the coefficient of
variation (cv ) for every set of measurements.

to 46.2 N/mm2 . In fact a compressive strength of 74.1 N/mm2 is determined for this mix. The
significantly higher strength can be attributed to the improved packing, being one of the major
benefits of the new mix design.
Results of the compressive strength measurement are presented in Figure 8.8. From the
given data it can be clearly observed that increasing PCM dosages lead to significantly lower
compressive strengths.
From Figure 8.8 it can be concluded that the compressive strength of this specific mixture
decreases by 13% for each additional percentage of PCM. This linear relation holds for the range
of PCM contents considered.
Porosity and intrinsic density
An analysis by means of SEM shows a porous microstructure and many spherical voids which
presumably contained PCM capsules. As a mixture of paraffin probably varies slightly in its melting temperature, softer paraffin melts earlier than the harder paraffin components. This causes
a slight segregation during the melting process. Due to the immiscibility of the leaked paraffin with other concrete ingredients, solidification appears in the cavity of the matrix and at pore
walls. An example is given with the SEM micrograph in Figure 8.9 (left). Here flaked structures
of solidified wax cover the inner walls of the pore. Close to the pore walls it forms a type of cell
wall which appears to be smooth from the outside (cp. left boundary). The surrounding structure
is densely occupied with PCM capsules of the predominant size of about 6 µm (cp. Figure 8.9
right). These capsules appear to a large extent deformed and broken. These observations are
very similar to those by Gschwander et al. (2005), who found broken micro-capsules of the same
type after pumping PCM slurries. For the SEM analysis a Zeiss 1550 HR SEM is applied. The
samples are scanned in uncoated state with low acceleration voltage.
The potential cause for the broken and deformed capsules is studied in a side experiment.
Hereby the respective encapsulated PCM is mixed with a supersaturated water/fine-sand suspension (pH 7) in a standard planetary mortar mixer. After a short mixing time (3 min), pure
paraffin leaks from the broken capsules and as a result floats on the water surface. This can be
doubtlessly proven by an olfactory test and visual observation. It can be assumed that intensive
mixing in a horizontal concrete mixer produces far more shear stress, which will have a negative
impact on the encapsulated wax. Furthermore, to prove the chemical resilience, especially the
pH influence, different sodium hydroxide (NaOH) solutions with varying pH value are produced
and mixed with the PCM capsules. The PCM is added to these solutions without applying any
mixing energy. In this case, after a short time, wax was floating on top of the solutions having
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Figure 8.9: SEM micrographs of (left) an open pore covered with solidified wax, and (right) a higher
magnified (5.5k) part of the matrix with deformed and broken capsules, partly pure leaked wax is visible.
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Figure 8.10: Opposite development of density and true porosity in function of the increasing PCM content.

pH values equal to 7 and higher.
In addition to strength measurements the development of intrinsic density (ρint ) is carried out
for increasing PCM quantities. The density measurement is conducted according to EN 123907 (2000). Deviating from this standard, the total water absorption is started after evacuating
the air from the specimens using a vacuum desiccator. For both tests the reader is referred to
Paragraph 6.5.3. Based on the values of the density, a measure for the true porosity is calculated
(cp. Eq. 6.17). The physical characterization according to the above measures is given in Figure
8.10. Here it can be seen that the concrete density is decreasing with growing PCM content.
That might have two reasons: firstly the low density of the PCM (0.915 g/cm3 ) and secondly a
structural change of concrete packing density, which is revealed by its increasing porosity.
8.5.4

Effects on the thermal properties of hardened concrete

The study of the effects of PCM on the thermal properties of concrete includes measurements of
thermal conductivity and specific heat capacity.
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Figure 8.11: Thermal conductivity in function of the PCM content (Mandilaras and Founti, 2008).

Thermal conductivity
In order to evaluate the effect of PCM on the thermal conductivity of concrete three mixes containing 1%, 3% and 5% PCM per weight, and a reference material are measured (Mandilaras and
Founti, 2008).
According to the standards, two samples of 100 × 100 × 50 mm3 of each mixture are taken
for the measurements. Thermal conductivity measurements are presented in Figure 8.11. It is
clearly indicated that the addition of PCM particles into the mass of the concrete results in a
reduction of thermal conductivity. This can be explained by the increasing porosity and by the
lower thermal conductivity of paraffin.
Specific heat capacity/thermal mass
For the specific heat capacity measurements four samples of the four different mixes are prepared
at the appropriate dimensions, 200 × 200 × 30 mm3 (l × w × h). The samples are introduced in
the sample holder of the thermal analysis device at a temperature of 19 °C and are heated up to
28 °C. The temperature of the device during the heating process is maintained constant at 32 °C.
The temperature of the samples and the heat flux from the device to the samples is recorded.
Temperature and heat flux measurements allow the calculation of the heat capacity and thermal
mass of the samples (Figures 8.12 and 8.13) as:
cp =
m

Aq̇
 

,

(8.3)

δT
δt

mth = mc p

,

(8.4)

where c p is the heat capacity of the sample, mth the thermal mass, A the heat exchange area of
the sample, q̇ the heat flux per square meter, m the mass of the sample, T the temperature of the
sample and t the time.
Figures 8.12 and 8.13 present the measured specific heat capacity and thermal mass for the
four samples versus temperature. In both Figures, the effect of increasing the percentage of
PCM in the mixture is apparent in the melting temperature range of the PCM (23 - 26 °C).
Comparison of Figures 8.12 and 8.13 indicates that, as expected, increasing the amount of PCM
in the mixture significantly increases its specific heat capacity (up to 3.5 times for the 5% PCM
content). However, there seems to be an upper limit to the increase of the thermal mass. The
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Figure 8.12: Specific heat capacity of the PCM mixes in function of the temperature (Mandilaras and
Founti, 2008).
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Figure 8.13: Thermal mass of the PCM mixes in function of the temperature (Mandilaras and Founti,
2008).

5% PCM mixture has slightly more thermal mass than the 3% mixture inside the melting range
of the PCM but less outside of this region. This can be the consequence of decreasing concrete
density with increasing PCM content. As a result, a percentage more than circa 5% (or 4%) of
PCM in the mixture no longer increase the thermal mass of the material.
8.5.5

Effect of PCM quantity on thermal performance

Evaluation of thermal performance of building materials used for building envelopes is generally
performed by measuring the decrement factor and time lag. In the case of building materials
containing PCM, the above two measures may not be representative since they do not take into
account the large amount of heat contributions/subtractions in the temperature range where the
phase change occurs (Zhang et al., 2008). An appropriate method of evaluating the effect of
PCM on thermal efficiency of structural elements is the comparison of the heat flux at the indoor
surface of a wall with different amounts of PCM (Alawadhi, 2008).
In the current work the above described thermal analysis device is used to simulate indoor
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Table 8.5: Total energy consumption and decrease compared to the reference mix (Mandilaras and Founti,
2008).
Mix

Reference mix

1% mix

3% mix

5% mix

819
-

786
4

761
7

720
12

[Wh/m2 ]

Total energy consumption in 48 h
Decrease compared to reference mix [% ]
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0% PCM
1% PCM
3% PCM
5% PCM

Heat flux [W/m2]

20
10
0
0

5

10

15

20

25

30

35

40

45

-10
-20
-30

Time [h]

Figure 8.14: Heat flux on the side surface of the sample corresponding to a indoor wall surface (Mandilaras
and Founti, 2008).

and outdoor temperatures and the corresponding temperature profiles are imposed at the two
sides of the sample. The outdoor temperature is assumed to have a sinusoidal variation from
18.5 - 28.5 °C for 48 hours (for instance resembling temperature variations in a South European
country), while the indoor temperature is set stable at a level of 23.5 °C. Temperatures and heat
fluxes on both surfaces of the same samples, before used for the specific heat capacity measurements, are recorded.
Integration of the measured heat flux (Figure 8.14) on the inner side of the sample provides
a measure of the total heat losses towards the indoor environment (Figure 8.15). The heat flux
measurements of Figure 8.14 demonstrate an up to 11% variation in the measured maximum
and minimum peak values for the sample with 5% PCM content. The calculated energy (Figure
8.15) corresponds to the energy required by an air-conditioning system to maintain the indoor
temperature constant at 23.5 °C. Energy savings up to 12% can be expected as a result of the
inclusion of 5% PCM in the mix.
The measured total “energy consumption” under the above conditions in 48 hours for the
0%, 1%, 3% and 5% mixtures is shown in Table 8.5. As it can be seen, PCM mixes significantly
improve thermal performance of concrete in terms of energy saving. This is not only due to the
increased thermal mass (the 3% and 5% mixes have similar thermal masses) but also due to the
improvement in thermal insulation (conductivity reduction).

8.6

Conclusion

The new mix design method put forward in this thesis was successfully adopted and applied
to three mixes containing micro-encapsulated PCM in varying amounts. With the help of this
design concept the innovative material PCM was not only incorporated against the background
of its thermo-physical properties, but also granulometrically incorporated in an optimized way.
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Figure 8.15: Energy required for maintaining indoor temperature stable at 23.5 °C under cyclic temperature loads from the outside (Mandilaras and Founti, 2008).

Based on the J-ring and V-tunnel test, all four mixtures featured good self-compacting properties.
From the conducted analysis the following can be concluded:
• Micro-encapsulated PCMs, also in increasing dosages, do not seem to influence the properties of the fresh SCC.
• Based on the modeling and lab experiments it is shown that the hydration temperature peak
can be reduced up to 24 - 28% by a PCM addition of 5%.
• PCM addition, similar to the addition of ice, cannot change the heating rate. Only the
absolute temperature peak is lowered by the amount of energy temporarily stored in the
PCM. Therefore, the emission of heat from the sample will take longer when the PCM
content is higher.
• Increasing PCM dosage reduced the thermal conductivity of concrete samples.
• The thermal overall behavior of a PCM concrete sample is the combined result of conductivity and specific heat variations.
• With increasing PCM content the true porosity of the sample is increased, while its density
decreases.
• Increasing porosity theoretically leads to lower thermal mass values, but due to the presence of the PCM the opposite behavior occurs in the phase change region. Namely, with
increasing PCM content the thermal mass of the sample increases significantly.
• Although the specific heat capacity increases with increasing amount of PCM in the considered temperature range (24 - 26 °C), the thermal mass seems to be bound by a maximum
of approximately 6800 J/K at 4% to 5% PCM, which seems to be an optimum dosage for
the present case.
• The increase in thermal mass significantly improves the thermal performance of concrete
in terms of energy saving. For example, savings up to 12% could be expected as a result
of the inclusion of 5% PCM in the mix.
More experiments with samples incorporating dedicated amounts of PCM around these percentages could provide better insight into the exact value of this maximum. In practice, both
the lower thermal conductivity and the increased heat capacity significantly improve the thermal
performance of concrete and could lead to energy savings in building applications. Regarding
the strength characteristics of the samples the following can be concluded:
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• There is a significant loss of compressive strength with increasing PCM content. For 3%
PCM content a compressive strength of 35 N/mm2 is determined, which is still, for most
constructional purposes, highly acceptable.
• The loss of compressive strength can be assigned to destructed PCM shells for reasons
mentioned in Paragraph 8.5.3.
• Both observations (mechanical as well as chemical inadequateness) made during the side
experiment show that this specific micro-encapsulated PCM material is not suitable for the
requirements of a concrete application. The released wax from the microcapsules interferes into the surrounding concrete matrix and hinders a sufficient strength development in
multiple ways. Here, the possible inhibition of the water transport and hence an interruption of the hydration, and the possible development of phase interfaces by the wax should
be mentioned.
• There is urgent need for the development of stronger, more resilient shells for microencapsulation using formulations other than polymethyl methacrylate. These stronger shells
have to withstand the highly alkaline conditions, which in addition to the mechanical impact, have a negative influence on the strength of the shells.
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9

Oxidation of air pollutants by photocatalytically active
concrete2
9.1

Introduction

The global environmental problems and ecological changes of the last century were caused by
the rapidly increasing population and their industrial activities. In order to solve these problems it
is essential to convert the present society to an environmentally friendly and sustainable society.
Under these circumstances, one of the research targets is the development of real “eco”-materials,
which of course is also valid for the most abundant construction material concrete. This chapter addresses the air-purifying and self-cleaning ability, one of the latest and most promising
functions added to concrete. This last example in a row of eco-applications of concrete should
strengthen the position of the most used construction material as a real environmentally friendly
material - eco-concrete.
Air quality in inner-city areas is a topic which receives much attention nowadays but in the
coming years, the overall interest on this topic will become even bigger. One major concern
is caused by the reduction of the limiting values of sulfur dioxide, nitrogen dioxide and oxides of nitrogen, and particulate matter in ambient air given by the European Council Directive
1999/30/EC and increasing traffic rates especially for diesel powered passenger cars and freight
vehicles.
A promising approach for solving the problem of nitrogen oxides (NOx ) is the photochemical conversion of NOx to low concentrated nitrates due to heterogeneous photocatalytic oxidation
(PCO) using titanium dioxide (TiO2 ) as photocatalyst. A variety of products containing TiO2 is
already available on the European market and their working mechanism under laboratory conditions is proven. However, there is still a lack of transforming these experimental results obtained
under laboratory conditions to practical applications considering real world conditions.
This chapter briefly explains the background of PCO of NOx above photocatalytically active
concrete substrates. In order to do so the main mode of action of semiconductors is presented
and the choice of NO as model pollutant is justified. Furthermore, a measuring method is derived
which also requires the development of a test setup. This setup is used to assess products already
on the market and to compare them for the first time applying equal and realistic conditions.
PCO of nitric oxide (NO) over TiO2 catalyst is studied at source levels from 0.1 - 1 ppm. The
availability of a test setup, moreover, allows investigating the different influences on the PCO,
which is done here. Based on those observations first the reaction kinetics can be studied and
secondly new products with improved properties can be developed on target. The reaction kinetics, after obtaining a steady state, can be described with the Langmuir-Hinshelwood kinetic
model. Moreover, titanium dioxide based colorless colloidal suspensions are tested in reference
to their aging behavior against the background of different application techniques. The results
indicate that colloidal suspension (without any binder) can produce durable coatings which can
resist harsh environmental conditions.
2 Parts of the present chapter are also published in Hunger and Brouwers (2008b); Hunger et al. (2008a,b); Hunger,
Hüsken and Brouwers (2009a,b); Hüsken et al. (2009).
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9.2

Photocatalytic oxidation of NOx

PCO has recently gained much attention in the purification of air and water (Devahasdin et al.,
2003; Matsuda et al., 2001). Air pollution caused by industry and road traffic is one of the major
problems in metropolitan and urban areas. Despite intensifying emission control requirements
(e.g. Council Directive 1999/30/EC) and the increased installation of emission reduction systems, the air pollution and in particular the pollution by NOx will remain a serious issue for the
near future.
9.2.1

The model pollutant

PCO in general is capable of degrading a broad range of pollutants, both of organic and inorganic
nature. Therefore, a number of substances come into question to be selected for testing a system’s
photocatalytic efficiency. From literature it becomes clear that the broad field of suitable model
pollutants and respective test procedures can be subclassified into three categories, namely:
• Dyestuffs (Liu et al., 2006; Rajeshwar et al., 2001)
• Organic compounds like volatile organic compounds (VOCs) (Zhao and Yang, 2003) and
aromatic compounds, and
• Inorganic gases (Dalton et al., 2002; Devahasdin et al., 2003; Wang et al., 2007).
Dyes are often degraded under the influence of UV or solar light. The decomposition is
assessed by decoloration measurements (color removal ratio) as well as chromatographic investigations. This widespread application of, for example, methylene blue and rhodamine B
originates in the mainly nontoxic and convenient use of dyes. However, the decomposition process of dyes is still subject of discussion as these substances only show a limited resistance to
UV light, independent of the existence of a catalyst. Stephan et al. (2007) for example refers
to a 30% degradation of methylene blue within a four hour UV exposure in the absence of any
catalyst. Since dyes show no absolute resistance to UV induced degradation, they appear not to
be an ideal model pollutant.
Furthermore, VOCs are prominent representatives for degradation of polluted air in indoor
situations. PCO can decompose VOCs to harmless substances like CO2 and H2 O. This also
includes the removal of odors, which makes PCO especially attractive for treating air in housing
venting systems. As this research is focused on photocatalytically active concrete, in particular
on paving stones, VOCs do not turn out to be representative pollutants for modeling outside
situations. Furthermore, many of these model pollutants like for example formaldehyde are toxic
and difficult to handle. Moreover, during their degradation, CO2 is produced as one of the major
reaction products. Considering the tendency of concrete to carbonation, part of these reaction
products can be already transferred to solid calcium carbonate (CaCO3 ) in the outer pore system.
Therewith, part of the reaction product mineralizes and a quantitative assessment is hampered.
From the above facts, it can be concluded that the application of dyes and VOCs is less
suitable for the PCO on concrete substrates under outdoor exposition. With regard to “acid rain”,
one of the serious environmental problems across the world, NOx seems to be a suitable model
pollutant. NOx refers to the species nitric oxide (NO) and nitrogen dioxide (NO2 ), which cause
tropospheric ozone and urban smog due to photochemical reactions with hydrocarbon. Moreover,
NOx and SOx (sulfur dioxide and sulfur trioxide) do not only pose a threat to human health and
the preservation of nature (“acid rain” and acidification of the oceans), but they are also causing
degradation to many inner city buildings (Dalton et al., 2002).
A large part of the NOx in the atmosphere is emitted by car traffic and transport, which poses
a special problem in urban and metropolitan areas (cp. Figure 9.1). In this respect, attempts
regarding NOx control technologies can be found in forms of filter devices for industrial stacks
(denitrogenization DENOX plants) or combustion modification technologies, such as gas reburning, flue gas recirculation, diluent injection, and low NOx burners (Devahasdin et al., 2003).
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Figure 9.1: Contributory factors for NO2 concentrations at a central Stuttgart roadside monitoring site.
The figures are based on estimations by Lahl and Lambrecht (2008).
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Petrolas:
engine cars 7%
Passenger cars/Light-duty
et al., 2002; Devahasdin
et al., 2003; Wang et al., 2007), which reads
commercial vehicles 7%

NO + OH • ↔ HNO2 + OH • ↔ NO
H2 cars
O 20%
,
2+
Diesel
engine

(9.1)

Trucks/Buses 9%

• hf

NO2 + OH −→ HNO3

,

(9.2)

whereby nitrous acid (HNO2 ) and nitric acid (HNO3 ) also coexist in their dissociated state
−
+
H+ +NO−
2 and H +NO3 , respectively. The accumulating reaction products in form of nitrate
compounds are water soluble and will be flushed from the active concrete surface by rain.
Thereby, the nitrogen input into the wastewater is minor as air pollutants are very low in concentration, normally in the sub-ppm range. When turning these concentrations into solid or dissolved
state (e.g. by mineralization due to PCO) only harmless concentrations are generated.
9.2.2

The catalyst

The strong oxidative attack described in Eqs. 9.1 and 9.2 is based on the hydroxyl radicals
(OH• ) which are generated as a result of the photochemical activation of the catalyst. In principle
semiconductors such as SrTiO3 , TiO2 , ZnO, ZnS and CdS can be employed as photocatalysts to
perform PCO. TiO2 has turned out to be the most suitable semiconductor material (Devahasdin
et al., 2003). It is one of the oxides of titanium, also called rutile titanium white. It appears in
remarkable extent in nature (the ninth most abundant element in the earth’s crust). In solid state
titanium dioxide can appear in three different crystalline modifications namely rutile (tetragonal),
anatase (tetragonal) and the seldom brookite (orthorhombic).
Two electrochemical properties turn the anatase modification to the best suitable catalyst.
On the one hand the semiconductor band gap of Eg = 3.2 eV is wide and on the other hand the
potential for oxidization of the valence band is with 3.1 eV (at pH = 0) relatively high. Both
lead to the fact that almost any organic molecule can be oxidized in the presence of UV-light
(< 387 nm). This also applies for low oxidizable molecules. Besides the high efficiency, anatase
in particular, is suitable for photocatalytic degradation because it is chemically stable, harmless
and, compared to other semiconductor metal oxides, relatively cheap.
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Due to the chemical activation provided by UV-A, electrons are excited from the valence
band to the conduction band of the semiconductor (Devahasdin et al., 2003). This leaves an
electron-hole pair (e− and h+ ) in the valence band:
hf

TiO2 −→ TiO2 + e− + h+

.

(9.3)

This electron-hole pair can either recombine or dissociate to generate a conduction band electron
and a valence band hole. The electromagnetic excitation (E) is given by the product of Planck’s
constant h and the frequency f . After the diffusion of electron and hole to the catalyst’s surface,
a strong redox reaction is initiated. Thereby, holes cause an oxidation employing superficial
hydroxide ions (OH− ) or adsorbed water as electron donors (trapping of holes):
hf

OH − + h+ −→ OH •
hf

H2 O + h+ −→ OH • + H +

or,

(9.4)

.

(9.5)

This reaction yields strongly oxidizing hydroxyl radicals, which in the further course oxidize
the pollutant species as given in Eqs. 9.1 and 9.2. The reduction step is characterized by the
acceptance of electrons by e.g. oxygen, which is omnipresent at the surface of the catalyst,
producing superoxide radicals (OH•−
2 ):
O2 + e− −→ O•−
2

.

(9.6)

Holes and electrons that are not trapped will recombine and the excitation energy will be lost as
heat (Imoberdorf et al., 2005):
e− + h+ −→ heat .
(9.7)
The further reactions (Eqs. 9.1 and 9.2) are subject to heterogeneous photocatalysis and are
characterized by the adsorption of the precursor and desorption of the reaction products.
After the reaction has proceeded on the catalysts surface, the reaction products have to be
desorbed from the catalysts surface in order to remove them from the active sites of the catalyst. Otherwise, reaction products and intermediate products will occupy the active sites of the
catalyst, which will result in a deactivation of the catalyst. Under practical conditions, reaction products are flushed from the concrete surface by rain. This flushing process maintains the
performance of the product.

9.3

Analysis of PCO

Prior to a more thorough analysis or any possible optimization, first a measuring method needs
to be developed, which allows for a qualitative and quantitative assessment of the underlying
reaction scheme. This requires the development of a new test setup, as PCO of NOx above
reactive concrete substrates is new and therefore neither standards nor specified equipment is
available.
9.3.1

Setup

The conduction of comparable and repeatable measurements requires the use of an appropriate
test setup as well as a reliable measuring procedure. Therefore, a setup for measuring the performance of photocatalytic active concrete products is designed. The test setup uses the UV-A
induced degradation of NO as explained in Paragraph 9.2.1 and is oriented on the standard ISO
22197-1:2007. This standard holds for advanced technical fine ceramics but it satisfies the needs
for measurements on concrete specimen as well. Therefore, the recommendations given by the
standard are largely followed for the measurements and scaled according to the requirements on
photocatalytic concrete products. The applied test setup is schematically depicted in Figure 9.2
and consists of:
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•
•
•
•
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A reactor cell housing the sample
A suitable UV-A light source
A NOx analyzer and
An appropriate gas supply.

Reactor cell
The core of the experimental setup used is a gas reactor allowing a planar sample of the size
100 × 200 mm2 to be embedded. The schematic representation of the reactor cell is given in
Figure 9.3. The reactor is made from materials which are non-absorbing to the applied pollutant
and can withstand UV-A light of high irradiance. On top, the reactor is tightly closed with a glass
plate made from borosilicate glass allowing the UV-A radiation to pass through with almost no
resistance. Within the reactor the planar surface of the specimen is fixed parallel to the covering
glass, leaving a slit h of 3 mm for the gas to pass through. The active sample area used for the
degradation process is, deviating from the ISO standard, enlarged from 49.5 mm ±0.5 mm in
width and 99.5 mm ±0.5 mm in length to B = 100 mm and L = 200 mm (with similar tolerance),
respectively, which better complies with standard paving block dimensions. By means of profiles
and seals, the sample gas only passes the reactor through the slit between the sample surface and
the glass cover in longitudinal direction. All structural parts inside the box are designed to enable
laminar flow of the gas along the sample surface and to prevent turbulences. The reactor operates
in steady state.
Light source

9
10

The applied light source is composed of three fluorescent tubes of each 25 W, emitting a high7
concentrated UV-A radiation in the range of 300 - 400
6 nm with a maximum intensity at about
5
345 nm. Due to 2the narrow range in wavelength, an addition of a filter is not necessary. A
11
warming of the reactor by the light source is prevented
by the spatial separation
of light source
8
and reactor, and an active cooling of4 the lamps with fans. All fluorescent tubes can be adjusted
in radiation intensity. With the help of a calibrated UV-A radiometer the radiation intensity is
adjusted to 10 W/m2 at the3 sample surface. A lead time of about 15 minutes has to be considered
for fluorescent tubes
until a stable UV-A radiation is approached. The irradiance distribution of
1
the illuminated setup at a height which corresponds to the embedded sample surface is shown in
Figure 9.4.
One of the recent modifications of the light source concerns the spectrum of emitted light.
For the tests on doped titanium powders, which can be excited using wave lengths > 387 nm (i.e.

Figure 9.2: Schematic diagram of the test setup. 1 Synthetic air. 2 NO source. 3 Gas-washing bottle. 4
Temperature and relative humidity sensor. 5 Flow controller. 6 Reactor cell. 7 Paving block. 8 Side stream
for bridged flow. 9 Light source. 10 NOx analyzer. 11 Computer (source: Hüsken, 2009).
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Figure 9.3: Schematic illustration of the reactor cell (source: Hunger and Brouwers, 2008b).

Figure 9.4: Distribution of UV-A irradiance inside the test setup at an elevation which corresponds to the
height of the tested sample surface (Irradiance level on active surface) (source: Hunger and Brouwers,
2008b).

working more efficient) another light setup with similar design but standard fluorescent lamps is
built. This allows covering the broader spectrum of the doped powers now also including part of
the visible light. For more details on the application of doped titanium the reader is referred to
Hüsken (2010).
Gas supply and test gases
As already discussed in Paragraph 9.2.1, NO is chosen as model pollutant for conducting the
experiments on photocatalytic concrete products. According to the requirements given in the
standard ISO 22197-1:2007, the concentration of NO in the gas inlet of the reactor has to be
1 ppmv. Therefore, the model pollutant is mixed with an inert transport fluid in order to obtain the desired concentration and flow rate. In this case, the model contaminant composed of
50 ppmv NO, stabilized in nitrogen (N2 ), is mixed with the transport fluid. As transport fluid,
synthetic air being composed of 20.5 vol.-% of oxygen (O2 ) and 79.5 vol-% of nitrogen (N2 ) is
deployed. Since the gas is delivered in gas cylinders under high pressure, the gas needs to pass
a pressure reducing valve before entering the system. Here, pressure is first reduced to 0.3 bar.
Before the two gas flows are merged, the model contaminant has to pass a high precision valve
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in order to adjust the concentration of the model pollutant to 1 ppmv NO. While adjusting the
NO concentration to the desired value, the reactor cell can be bridged by a bypass in the system
(cp. No. 8 in Figure 9.2) in order to avoid a premature pollution of the samples surface by NO.
During the adjustment of the system, the NO concentration is monitored by the NO analyzer
(No. 10), connected to the outlet of the gas supply unit.
Furthermore, an adjustable part of the synthetic air is conveyed through a gas-washing bottle,
filled with demineralized water, in order to keep the relative humidity of the supplied gas constant
at 50%. This is realized by using a split gas flow having a dry and humidified line adjusted by
a further metering valve. Behind this stage both gas flows, pollutant and transport fluid, are
mixed. With the help of a flow controller (No. 5), a volume flow of Q = 3 l/min is adjusted,
which corresponds to a flow velocity, v, of 0.17 m/s along the samples surface considering the
geometric dimensions of this section. The Reynolds number of the flow reads:
Re =

νair dh ρair
2νair hρair
2Q
=
=
ηair
ηair
Bvair

.

(9.8)

dh is the hydraulic diameter of the considered channel, defined as four times the cross-sectional
area divided by the perimeter. For the slit considered here, dh = 2h. Substituting Q = 3 l/min,
B = 100 mm and νair = 1.54 × 10−5 m2 /s (1 bar, 20 °C) yields Re ≈ 65.
This small Reynolds number implies that the flow within the reactor cell is laminar. A fully
developed parabolic velocity profile will be developed at Ldis = 0.1Reh, so here Ldis = 20 mm
(Burmeister, 1993). That means that only the first 10% of the slit length is influenced by entrance
effects. In the remaining 90% of the reactor cell prevails a fully developed laminar flow profile.
The gas, mixed and humidified this way, enters the reactor and is conveyed along the illuminated sample surface. At the opposite site of the reactor the gas leaves the chamber and is
transported to a flue or outside with the help of an exhaust air duct. The NOx analyzer samples
the reacted test gas from the exhaust line. An adequate dimensioning of the hose line and, possibly, the installation of non-return valves prevents from sucking leak air from outside via the hose
line to the analyzer.
Analyzer
For the gas analysis, a chemiluminescent NOx analyzer as described in ISO 7996:1985 is used.
The analyzer measures the NO2 and NO concentration in steps of 5 s while the corresponding
NOx concentration is computed by the difference of the previous two. During the measurement,
the analyzer is constantly sampling gas with a rate of 0.8 l/min. The detection limit of the deployed analyzer is at about 0.5 ppbv.
9.3.2

Measuring procedure

The use of the previously introduced test setup asks for a defined measuring procedure using
constant experimental conditions. For this purpose a measuring procedure is established in the
following which is by now improved and optimized by the experience gained during numerous
measurements.
The principle of the conducted measurements is illustrated in Figure 9.5. This procedure
distinguishes a bridged and non-bridged flow. The bridged flow mode enables a much shorter
period of adjusting the volumetric flow, pollutant concentration and humidity since the reactor
cell and hence its inertia can be eliminated from the adjustment period. When a stable pollutant
concentration is achieved the bridge will be closed and the gas flows along the surface of the
concrete sample. Now, the pollutant concentration will decrease since the air containing no NO
in the reactor cell is exchanged and adsorption of NO takes place at the sample surface. The
latter is the predominant mechanism. At a certain moment, the surface is saturated and the NO
concentration returns to the primary inlet concentration. Area and amplitude of this adsorption
curve seem to be strongly influenced by the surface texture, i.e. the roughness of the sample.
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Figure 9.5: Sequence of a standard measurement and basic scheme of the data analysis (source: Hüsken
et al. (2009)).

For standard flow conditions (Q = 3 l/min, Cgas,in = 1 ppmv), a period of five minutes is
adequate to obtain the primary inlet concentration again. At this moment, the sample is exposed
to UV-A light. This leads to an immediate decrease in the NO concentration. This process of
active degradation is conducted for 30 min. At the end, the light source will be switched off and
the NO concentration ideally returns to the original inlet concentration. Here, again a period of
five minutes turned out to be sufficient as the degradation of NO is not stopped immediately after
switching off the light source. The reason for this is explained by the inertia of the system. As
a matter of principle, no conversion can take place after removing the light source but already
formed hydroxyl radicals and charged species can still start an oxidation. This process will last
until all electron-hole pairs are trapped or recombined, and all radicals are consumed by NO and
NO2 molecules. For this reason, the terminal degradation of NO and NO2 without light exposure
is not further assessed (cp. Figure 9.5).
If not otherwise mentioned, the experimental standard conditions of the setup, oriented on
the requirements given in the standard ISO 22197-1:2007, read as follows:
•
•
•
•
9.3.3

Pollutant (NO) inlet concentration Cin = 1.0 ppmv
Flow rate Q = 3.0 l/min
UV-A irradiance E = 10.0 W/m2
Relative humidity 50%.
Evaluation of the measurements

All samples that have been tested and are discussed later on are subjected to the measuring procedure described before. The further interpretation of the measuring data is conducted following
a three stage analysis. For this purpose, the course of the NO conversion is assessed for a time
range of five minutes equally distributed over the total measuring period. Figure 9.5 illustrates
this procedure for the degradation of NO with an arbitrary sample. The degradation rate Degbeg
[%] in the assessed time range is calculated by means of the ratio between actual conversion
Conbeg and the total possible conversion of NO Contot as follows:
Degbeg =

Conbeg
Cout
= 1−
Contot
Cin

.

(9.9)
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The actual conversion for each five-minutes-period used in Eq. 9.9 was determined by integration
of the associated descriptive function in the limits of time by using the trapezoid rule:
n

ti+1 − ti
(Ci +Ci+1 ) ∀ti ∈ [tbeg ,tbeg+5min ] .
2
i=1

Conbeg = ∑

(9.10)

This approach can be assumed to be sufficiently precise, given that the interval [ti ,ti+1 ] only lasts
for 5 s. Here, the first time interval for the beginning conversion Conbeg starts at 5 min, when the
sample within the reactor is exposed to the radiation for the first time (see Figure 9.5, Lights on)
and lasts for 5 min. Using this approach, the slope of the starting conversion up to the maximum
degradation rate is included and therefore characterizing this first numerical value.
In other words, the progress of the degradation development up to the maximum conversion
is included and evaluated. The second time frame represents the conversion after half of the
total time of light exposure, the so-called average conversion Conavg . The average conversion
is characterized by the chronological middle of the measurement ±2.5 min. For the last time
interval, the conversion at the end of the measurement Conend is determined. For that purpose,
the last 5 min before switching off the light source are considered in order to avoid the influence
of the delayed decrease of the conversion after the obvious inflection point. This conversion
(degradation rate) at the end, Conend , is further used to characterize photocatalytic systems. It
is assumed that this state at the end of the measuring period is similar to the steady conversion
state.

9.4

Application technique and products

PCO has now been applied to construction materials for more than a decade. The general mode of
action of photocatalysis itself is already known since a much longer time. However, since Honda
and Fujishima introduced the water decomposition phenomenon (Honda-Fujishima Effect) of a
photoelectrochemical cell using a titanium oxide photo electrode, photocatalysts have attracted
extensive interest (Fujishima and Honda, 1972). Wastewater treatment especially in regard to
pharmaceutical and diagnostic media residues (Doll and Frimmel, 2005) but also the treatment
of waste water from dyeing factories (Liu et al., 2006) set a new motivation for further research.
9.4.1

A brief product history

In construction industry the window pane was probably the first product coming on the market
equipped with photocatalytic properties. But now also cementitious binders are combined with
titanium dioxide in order to attach them with air-purifying and self-cleaning effects. The last
mentioned feature actually was the original intention whereas the former was rather a side effect,
discovered later.
There are basically two different procedures to get cementitiously bound materials photocatalytically active. This is on the one hand the bulk mixing of the catalyst with other mixture
constituents, which results in a homogeneous distribution of the catalyst in the entire product
volume. Another way is the application of coatings on the surface.
The first procedure, the in-bulk-mixing, has the advantage that any abrasion caused loss of
catalyst at the surface is accompanied by the emergence of new catalyst from deeper layers. This
fact makes this application technique interesting in particular for applications where superficial
wear and abrasion are to be expected (flooring applications). A disadvantage are the relatively
high costs involved as the majority of the cost-intensive (in comparison to the other concrete
ingredients) catalyst powder is fixed in deeper layers of the material and only the particles directly
attached to the surface (which have contact to pollutant and UV-A) stay active.
In the air-purifying sense PCO is particularly effective when large connected surface areas
(horizontal or vertical), preferably as close as possible to the pollutant source, are equipped with
photocatalytically active materials. This fact combined with the insensitivity to wear related loss
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of material explains the first large scale application of this effect as paving stones.
The possibility to produce concrete paving stones in double-layer technique further adds to
the decision to select pavers for a large scale application. The double-layer technique allows producing concrete paving blocks containing little amounts of TiO2 as the volume of the functional
top-layer can be reduced from 8 mm at present to a minimal thickness of 5 mm. That means the
cost intensive catalyst is only contained by a thin functional top layer of the stone (ca. 8% of the
whole stone volume) other than in single layer paving blocks where the catalyst would had to be
added to the whole volume.
The application of TiO2 in concrete paving blocks is patent protected for the European market
by Murata et al. (1997) (in the name of Mitsubishi Materials Corporation) as well as Cassar and
Pepe (1997) (in the name of Italcementi S.p.A.). The patent owned by Mitsubishi Materials
Corporation comprises the application of TiO2 in a functional surface layer of a double-layer
paving block having enhanced NOx -cleaning capability. The thickness (2 - 15 mm), porosity
as well as the surface texture of the surface layer is claimed by the patent. Furthermore, the
patent claims the concentration of TiO2 (5 - 50% with respect to the binder), use of appropriate
aggregates having a high NOx adsorption rate (e.g. zeolite, magadiite, petalite and clay), or
high light transmission properties. The patent held by Italcementi S.p.A. covers the application
of suitable photocatalytic particles (most preferably TiO2 ) in paving tiles capable to oxidize
polluting substances present in the environment. The patent describes the application of the
photocatalytic material in mass with respect to the amount of cement or binder used (0.01 10%). Furthermore, the patent claims the composition of a dry premix containing a hydraulic
binder and a TiO2 based photocatalyst capable of oxidizing organic and inorganic pollutants to
maintain the original brilliance and color quantity. For more information on double-layer paving
stones, which are composed of earth-moist concrete, and their optimization the reader is referred
to Hüsken (2010).
Comparative study of available products
Regarding the current market situation, a wide variety of cement based products containing TiO2
can be found for horizontal and vertical application. Based on the patents introduced above,
products with different properties are available on the European market. These products, in the
specific case paving stones, show varying amounts of TiO2 , having preferably the active anatase
structure, but also the application of titanium dioxide blends (anatase with rutile components)
is comprised in these patents. These products are partly exaggeratedly promoted by their producers regarding their photocatalytic capabilities. Said advertising messages are sometimes not
scientifically tenable, which discredits the serious producers (Donner, 2009). A comparative assessment in terms of the efficiency of different products under laboratory conditions was, so far,
not available.
There is no doubt about the working mechanisms of the photocatalytic reaction under laboratory conditions but there are still questions open relating to the efficiency of different products.
The comparison of different products is rather difficult as different test procedures are used by
the manufacturers. These test procedures differ in their execution and therefore a comparison of
different products is questionable. However, the meanwhile published ISO 22197-1 is a good
step in the direction of a standardized and uniform measurement and assessment procedure.
Therefore, one of the first applications of the setup and measurement procedure introduced
above was the assessment of a representative profile of economically available photocatalytically
active paving products available in the European market. A detailed description of this study is
out of the scope of thesis, here only its outcome is relevant. For more details of this comparative
study the reader is referred to Hüsken et al. (2009). Here the NO degradation rates of five different
commercially available paving products (D 1 - D 5) are compared under uniform test conditions
(cp. Paragraph 9.3.2) similar to the specifications given in ISO 22197-1. The outcome of this
study is given in Figure 9.6 by means of the comparative NO degradation of all products during
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Figure 9.6: Comparison of the NO degradation over time for a number of photocatalytic paving products.

the course of the measurement. The obtained measurement data shows a broad spectrum of
conversion rates, from series D 2 achieving the by far highest conversion rates (about 40%)
to series D 5 with almost no significant degradation (about 4%). These degradation results of
products supposed to be equal, underlines the necessity of a generally accepted and uniform
comparative standard. Furthermore, it illustrates the need for research in the influencing factors
and the optimization of those systems.
9.4.2

Photocatalytic coatings on cementitious substrates

In the previous paragraphs concrete products are discussed, which contain a photocatalyst homogeneously mixed and dispersed in earth-moist concrete. This describes a proven method of
attaching (fixation) the catalyst to the matrix. However, it is an inefficient system since most
of the cost intensive powder is present in the entire matrix, not exposed to light, and, hence,
will never come in contact with external pollutants thus not contribute to a degradation process.
Higher efficiencies can be obtained when applying thin coatings on concrete substrates. In this
case, it is expected that the major part or all material added to the substrate will contribute to the
degradation process. Therefore, the coating systems are in the focus of the presented research.
A great amount of literature has been published on photocatalytic coatings on construction
materials. In most of these cases a catalyst is mixed with a suitable binder like cementitious
binders, siloxanes or aqueous solutions of sodium or potassium silicates. A number of problems
are involved with the selection of a suitable binder. Firstly, if no change in the appearance of
the substrate is allowed, and this his supposed here, the binder needs to be transparent or at least
translucent to a high degree. Secondly, the binder should not cover the reactive surface of the
catalyst and furthermore not seal the surface of the substrate, especially when being applied on
porous media like concrete or natural stone. The, in the meantime, abundantly available selfcleaning paints (which are not subject of this investigations) do not have to fulfil this needs but
also they are not suitable for treating concrete or natural stone (e.g. marble) as they consequently
modify their aesthetic character.
Thirdly, the binder needs to be able to resist the decomposing action of the catalyst. Therefore, it is recommended to use inorganic binders. Due to the above constraints the selection of
a suitable binder is difficult. Based on these considerations it appears to be of interest to check
the general application of binder-free systems, i.e. of coating systems which besides the catalyst
only contain a coating agent (solvent). This solvent should preferably volatize from the resulting film completely, e.g. by means of evaporation. Therefore, solvents like water, hydrochloric
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acids, alcohols and ketones are suitable.
Due to these challenging demands there are only a few ready-to-use products on the market. The patent situation, which in the following is briefly summarized, reflects these difficulties.
Amadelli et al. (2001) (in the name of Italcementi S.p.A.) introduce a colorless colloidal TiO2
based suspension for the preservation of the original appearance of the surface of cementitious,
stone, or marble materials. The colloidal preparation is produced by hydrolysis of TiO2 or one
of its precursors (TiCl4 , TiSO4 ) in presence of the salt of the doping element, which is a metal
ion chosen from the groups I - VA, and the lanthanide or actinide groups of the periodic table.
The hydrolysis takes directly place by means of coprecipitation or mixing. Thereafter the colloid
in aqueous suspension may be sprayed or directly brushed in small successive amounts onto the
surface to be treated. The thickness of the coating can be controlled by the number of successive
applications. That means the emphasis of this invention lies on the production of doped titanium
formulations which, as explained earlier, can use a broader (lower frequent) range of light spectrum and therewith work more efficiently. Similar findings are claimed by Sakatani et al. (2001)
(in the name of Sumitomo Chemical Company, Ltd.) without going into detail regarding the
solvent.
TiO2 particles are very fine powder systems, often having primary particle sizes in the nanorange. Therefore, they will provide high adhesive forces to the substrate, even without further
fixation by a binder material. Nevertheless, coating systems on concrete elements need to withstand harsh environmental impacts (wind, rain, large temperature differences), even if they are
not exposed to direct mechanical loads like abrasion due to wheel loads.
9.4.3

Analysis of photocatalytic coatings

From the above sections it becomes clear that there is a need for photocatalytic coatings which
are conveniently to apply but also cheap. Furthermore, they should not alter the appearance of
the treated substrate. The supposable simplest application would be the spraying of an aqueous
TiO2 suspension on the surface of a concrete substrate. In the following it is investigated in how
far the age of the substrate influences the catalyst film generation and accordingly the efficiency
of the degradation ability, and the influences of the application technique on the durability of the
coating system.
Experimental work
In order to investigate the effect of different application types on the degradation rate, aqueous
suspensions of one anatase type with a specific surface area of 282 m2 /g (BET) are produced. In
this case two differently concentrated dispersions, 2.5% and 5%, are prepared. These suspensions
are produced following a fixed procedure of alternating high-speed stirring and sonication steps.
From each suspension an amount of 5 g was sprayed on the top surface of a mortar substrate.
This is done with a reference mortar in an already hardened state (after 28 days), and with freshly
produced mortar samples (fresh-in-fresh) immediately after production. The mortar slabs are of
the dimension 100 × 200 × 15 mm3 (width×length×thickness). Considering the concentration
of the suspension, the sample surface area, and a 20% loss of the suspension while spraying, the
catalyst load on the sample surface amounts to 0.5 mg/cm2 and 1.0 mg/cm2 for the respective
two different concentrations. The mortar recipe (cp. Table 9.1) and production procedure of the
sample slabs is equal for all specimens in order to provide equal preconditions. For every single
system two samples are produced. The following results and analyses are all the time based on
the average of two samples.
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Table 9.1: Mix composition of the reference mortar.
Material

Reference mix
[dm3 /m3 ]
[kg/m3 ]

CEM I 52.5 N
Sand 0-2
Water
Air

195.8
490.6
250.0
63.6

600.0
1300.0
250.0
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Figure 9.7: Different coating application techniques and catalyst concentrations in comparison with the
NO degradation rate.

Analysis of degradation experiments
The degradation rates of the different coating systems are determined following the measurement
procedure introduced in Paragraph 9.3.2. From the results presented in Figure 9.7 it becomes
clear that the anatase dosage of the suspension used, hardly influences the performance of the
system. Both concentrations, 2.5% and 5%, show degradation rates of about 80%, when being
sprayed on hardened substrates. This observance suggests that for both systems a complete
coverage of the surface with TiO2 particles is obtained, i.e. the effective reactive surface is
about the same. Hence, an “optimum” catalyst load for the applied system would amount <
0.5 mg/cm2 . This is also in line with Devahasdin et al. (2003), who found that a catalyst loading
> 0.7 mg/cm2 does not further increase the conversion of NO. An optimum dosage is considered
to result in a homogeneous layer of catalyst with a thickness of a few particles only.
On the other hand, the application of the same suspension on a fresh substrate resulted in a
distinct loss of degradation ability (cp. Figure 9.7). The reason for this decrease is assumed to be
caused by hydration suction, the absorption of suspension from the surface by the setting mortar
substrate.
Besides a notable drop in the performance, the fresh-in-fresh systems also show a different
dependence on the deployed catalyst concentration. In the present case the system using a 2.5%
suspension shows a degradation rate of 8.0% whereas the 5% system achieves a degradation rate
of 14.4% (cp. Figure 9.7). Both, the degradation rates and original catalyst concentrations, show
a factor of about 2. Therefore, a linear dependency of the degradation rate and catalyst dosage
seems to apply.
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Figure 9.8: Increasing degradation rate of a coating system sprayed on hardened substrate in comparison
to the steady degradation of the fresh-in-fresh system.

Another interesting observation refers to the progress of degradation during the course of
the 30 minutes lasting test procedure. Whereas previous experiments always showed steady or
slightly decreasing conversion rates, all samples on hardened substrate resulted in increasing
conversion rates during the present experiments. An example is given in Figure 9.8. An attempt
to explain this behaviour is linked to the supposed multilayered structure of the coating. The
layer thickness of the hardened systems is expected to be much bigger compared to the freshin-fresh treated substrates since most of the catalyst remains on the surface. It is conceivable
that during the course of experiment more NO is absorbed by deeper layers of the dense catalyst
coating. Due to the dense structure of this layer, the diffusion of NO and NO2 takes more time
with increasing depth. This is supposed to lead to an additional but delayed absorption effect,
independent from the commonly observed first prominent absorption peak.
Furthermore, due to the high refractive index of the TiO2 UV-A radiation can possibly get
access to a few layers underneath the top particle layer. That means deeper layers can perhaps
contribute to a limited extent to the overall degradation process.
SEM analysis
In order to support the hypothesis about the multilayer catalyst coating on hardened systems and
the integration of catalyst in the near-surface matrix of fresh-in-fresh systems, a microstructural
analysis is carried out. For this analysis a Zeiss 1550 HR SEM is applied. The samples are
scanned in uncoated state with low acceleration voltage.
For the samples coated with the 5% suspension in fresh state, a homogeneous catalyst coating
of partly more than 1 µm thickness (at least 30 particles layers) is observed. The layer thickness
varies due to the surface topography of the mortar specimens. Consequently, the layer thickness
of the samples coated in hardened state (with much higher degradation rates) must be notably
bigger. Since the degradation of the hardened samples, with an expected thicker catalyst layer,
is higher, it can be assumed that multi-layers beyond 30 particle layer still can be entirely active.
Figure 9.9 shows the surface of a coating with a fracture surface through the coating layer in the
lower part of the image. From this picture primary anatase particles in the predominant size range
from 30 – 50 nm are observed. Given that the present coating was sprayed on the fresh surface
immediately after the mortar substrate of stiff consistency was produced, it is assumed that part
of the dispersion is absorbed by the mortar’s near-surface layers. This assumption is validated by
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Figure 9.9: A titanium dioxide coating on a mortar substrate applied fresh-in-fresh (SEM; magnification:
72.6k).

Figure 9.10: Needle shaped hydration products covered by a colloidal layer of titanium dioxide particles
(SEM, magnification: 101.3k).

the fact that internal voids are filled with TiO2 particles. Further, hydration products are found,
which have a coating from anatase particles (Figure 9.10). The appearance of these specific
hydration products might bear resemblance to aragonite phases, but their presence, however, can
be excluded as no calcium carbonate source, needed for their generation, is available. Moreover,
no distinct interface between the mortar and anatase phase is observable, which further supports
the theory of structural embedding of TiO2 particles.
The evidence of structurally embedded photocatalyst in near-surface layers of the fresh-infresh mortar specimen leads to the expectation of a higher resistance of these systems against
wear and outside weather conditions, i.e. a better durability, compared to coatings sprayed on
already hardened substrates.
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Figure 9.11: Recovery of NOx degradation performance after a washing cycle (data obtained from Mitsubishi, 2005).

Durability of photocatalytic coatings
The deterioration of the degradation ability of photocatalytic paving blocks describes both, (i)
the recovery of the NOx removal performance after every cleaning cycle and (ii) the period of
time in which in general PCO is performed, assuming that the catalyst will not be consumed.
The first performance decrease (i), which for practical application is very relevant, refers to
the recovery of the NOx removal performance. The general progress of this process is shown
in Figure 9.11. NOx removal performance will decrease during the operation caused by the agglomeration of the reaction products on the active surface. Reaction products and intermediates,
produced during the photocatalytic oxidation process, will occupy the active sites of the catalyst
surface and result in the deactivation of the catalyst. The deactivation of the catalyst can be reversed by removing the reaction products from the surface. Therefore, no special treatment is
required. A washing process by means of rain has been proven to be efficient enough (Mitsubishi,
2005). After removing the reaction products, the performance of the catalyst is fully recovered
and the NOx removal performance will again reach its original efficiency (cp. Figure 9.11).
The second abatement of performance (ii), in the further sections referred to as durability,
addresses the general availability of catalyst on the surface. It is supposed that the catalyst
is not consumed, thus always active. Hence, the durability of a photocatalytic coating on a
cementitious substrate is strongly related to the application procedure and the way the catalyst is
fixed to the substrate. Durability should be understood as the maintenance of all properties in the
entire expected lifecycle of a system including the impact of the corresponding environmental
influences. From the perspective of durability, it seems to be of interest to assess how long the
PCO can be kept at the surface.
As mentioned before, there are two fundamentally different procedures for the application of
powder-like photocatalysts on minerally bound material surfaces. These are the bulk mixing of
the powder with other mixture constituents, which results in a distribution of the catalyst in the
entire product volume, and secondly, the application of coatings on the surface. Regarding the
first procedure, no durability problems are expected, as any abrasion caused loss of catalyst at
the surface is accompanied by the emergence of new catalyst from deeper layers. Therefore, the
coating systems are in the focus of the presented research.
In order to demonstrate the stability of the coatings, the samples introduced in the previous
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Figure 9.12: Influence of accelerated aging procedure on the NO-degradation performance in dependence
of the application technique. Samples are coated with 5% TiO2 suspension.

sections are selected and subjected to a defined physical treatment. These samples are coated
with a colloidal aqueous catalyst suspension (5% TiO2 concentration) not containing any binder.
The way the coating is applied differs in, as above explained, coating on a hardened sample and
coating fresh-in-fresh. Based on the microstructural analysis, explained in the previous section,
a higher resistance of the fresh-in-fresh systems is to be expected as a structural fixation of the
catalyst on the surface is observed.
For an analysis of the environmental influences on the degradation efficiency, the abovementioned samples are subjected to an accelerated aging procedure. This treatment incorporates
ten cycles of which one cycle is characterized by a water saturation step, a freezing period and a
subsequent washing. After an initial saturation of the samples with water they are exposed to a
temperature of -45 °C for 16 hours. Subsequently, the samples are immersed into water of room
temperature for quick thawing and further saturation. This step takes 32 hours. Then the samples
are flushed with a hard water jet for 5 min. This marks the end of the first cycle and with the
exposure of the samples to frost another cycle is started (ten cycles in total).
In the following, the experimental results of the samples treated with the accelerated aging
procedure are explained. The applied measurement procedure is again identical to the one explained in Paragraph 9.3.2. Figure 9.12 shows the degradation rates of the hardened substrate
samples decreasing with an average of 78% to about 17% whereas the fresh substrate samples
do not experience a measurable difference before and after the accelerated aging treatment and
remain their original degradation rate of about 14% - 15%. After the aging process the degradation rates of both sample types appear to be in the same range. The advantage of the hardened
systems over the fresh-in-fresh systems has vanished. This is in good agreement with the observations and expectations of the microscopic analysis presented before. It can be assumed that the
coating on the hardened substrate results in a thick catalyst layer on the surface, which hardly
penetrates the micro-structure of the mortar substrate. There is a clear interface between mortar
and coating, so that the superficial coating layer will be removed by the impact of the accelerated
aging treatment.
Analyzing the fresh substrate samples, it was observed that a large part of the suspension is
absorbed by the near-surface layers during hydration. Therefore, despite equal TiO2 concentrations, the efficiency of the fresh-in-fresh systems was, prior to the aging treatment, not as high as
for the hardened substrate samples. However, due to the better fixation of TiO2 particles on/in
the surface, these types of coating applications appear not to be vulnerable for the experienced
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accelerated aging procedure. It can be concluded that the spraying technique with colloidal
binder-free systems on fresh concrete or mortar surfaces is a cheap and durable way of applying
photocatalytic degradation ability. The relatively low degradation rates of the fresh-in-fresh systems can be increased by rising the catalyst concentration of the suspension used or by repeating
the application procedure. Some tentative results on degradation rates of fresh-in-fresh systems
presented in Figure 9.7 indicate an almost linear relationship between catalyst concentration and
the obtained degradation rate. Even a considerable increase of the catalyst dosage still would
result in clearly more efficient systems compared to samples containing the catalyst mixed in
bulk.
Effectiveness of TiO2 applications
The following facts should briefly illustrate the point of a higher efficiency more clearly. It is
assumed that a representative photocatalytic paving stone, with a top layer thickness of 8 mm
contains about 4.6 g TiO2 per stone, corresponding to about 1.2% on the functional top-layer
mixture. Such a stone was measured with a degradation rate of 12% under standard conditions.
A comparison of degradation rate [%] per mass of TiO2 used (per stone) results in a factor of
about three. In the case of the fresh-in-fresh systems, the amount of TiO2 per stone amounts to
100 - 200 mg. These samples achieved average degradation rates of 15% so that their efficiency
ratio is about 160, i.e. more than 50 times higher compared to the paving stone. This comparison
is not exactly fair as most of the TiO2 of the bulk mixed sample is inactive in deeper layers but
note that also for the fresh substrate samples a large quantity of TiO2 suspension is absorbed
by the mortar during hydration. This fact is reflected in the notably decreased performance
of fresh-in-fresh systems compared to hardened substrate samples sprayed with suspensions of
equal concentration.

9.5

Influences on PCO

The degradation of NO and therewith the performance of the PCO is governed by physicochemical as well as product related parameters. The total variety of influences can be classified in
process related and product related parameters. Process related parameter refer to measures like
irradiance, relative humidity, pollutant concentration and flow rate, which sum up to the most
important external process conditions. These measures are also needed to develop a model of the
general reaction kinetics. Besides these external process related parameters, there are also product related parameters like type and content of TiO2 , its application technique and the influence
of coloring pigments. Their influence is thoroughly analyzed in Hüsken (2010).
For the analysis of the process related parameter a paving stone of the series D 2, introduced
in the previous paragraph, is used. The sample is carefully cleaned after each measuring cycle
and dried at 105 °C for 24 hours. The measuring procedure again follows the specifications given
in Paragraph 9.3.2.
9.5.1

Irradiance

The influence of the UV irradiance on the degradation rate is in the relevant literature addressed
in detail (Herrmann et al., 2007; Lim et al., 2000; Obee and Brown, 1995; Ollis et al., 1991;
Peral and Ollis, 1991). The degradation process of NO molecules is caused by the photocatalytic
activity of TiO2 in the anatase modification. According to the explanation given in Paragraph
9.2.2, the UV-A light shows the most suitable range regarding the wavelength, λ, to start the
PCO of undoped TiO2 . However, not only the wavelength is one of the influencing factors of the
system’s efficiency but also the intensity of the radiation, the so-called irradiance E has an effect
on the degradation rate.
According to Herrmann et al. (2007), the increase of the photocatalytic activity, caused by an
increase of the irradiance, can be divided into two regimes: (i) for E = 250 W/m2 the degradation
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Figure 9.13: Influence of the irradiance E on the NO degradation rate (Q = 3 l/min, Cgas,in = 1 ppmv NO,
RH = 50% ).

increases proportional to E and (ii) for E > 250 W/m2 the photocatalytic activity grows with the
square root of E. These two different regimes are also reported by Lim et al. (2000), but in
contrast to Herrmann, they give for the transition from first-order regime (linear behavior) to
half-order regime (non-linear behavior) a separation criterion of about 10 - 20 W/m2 . The value
for the transition from linear to non-linear behavior is according to Obee and Brown (1995)
defined as one sun equivalent. An explanation of the two different regimes is given by Jacoby
et al. (1995): the first-order regime, where the electron-hole pairs are consumed more rapidly
by the chemical reactions than by the recombination reaction which decrease the photocatalytic
reaction rate; and the half-order regime where the recombination rate is dominant (see Paragraph
9.2.2).
The linear behavior for values of low irradiance (E = 15 W/m2 ) could not be verified by own
measurements. Figure 9.13 shows the dependence of the NO removal on the irradiance for low
values of irradiance based on own measurements on the said paving block. A power function of
the type:
Deg = 8.58E 0.43 (0 < E ≤ 15 W/m2 ) .
(9.11)
describes the relation between the irradiance E [W/m2 ] and achieved degradation rates for
low values of irradiance (E = 15 W/m2 ). A linear behavior can only be assumed for values above
4 W/m2 . Due to the configuration of the light source in the setup, measurements using a higher
irradiance than 15 W/m2 cannot be conducted.
According to Blöß and Elfenthal (2007), the averaged UV-A irradiance of a cloudless summer
midday amounts to approximately 35 W/m2 for Central Europe. Furthermore, values in the range
of 7 - 10 W/m2 for the UV-A irradiance on cloudy days are confirmed by own measurements.
Additionally, an outside measurement is conducted using the same paving stone sample, with
no defined artificial UV-A but with the natural sun radiation of a rainy day. The setup and
the measuring conditions are otherwise unchanged. This should give some indication on the
performance of PCO of a known system using natural radiation under unfavorable conditions.
This test shows considerable results for the photocatalytic reaction and the dependency of the
reaction on the UV-A irradiance (cp. Figure 9.14). It further shows that the photocatalytic system
almost immediately responds an increased irradiance with higher degradation. Based on these
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NO concentration [ppmv]
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Figure 9.14: Results of an outside measurement during a cloudy and rainy day, showing the NO concentration in comparison with the respective natural radiation (only the UV-A range was measured).

values and own observations, the functional capability of the photocatalytic reaction is ensured
even for cloudy weather conditions with low values of UV-A irradiance, which are representative
for Central and North Europe.
9.5.2

Relative humidity

The influence of the relative humidity, RH, depends to a large extent on the type of material used.
According to Beeldens (2007), the hydrophilic effect at the surface prevails over the oxidizing
effect when high values of relative humidity are applied. This is in line with findings for the
application of self-cleaning glasses or anti-fogging glasses (Hashimoto, 2007). Here, no water
droplets are formed as the photo-induced hydrophilicity of the surface forms a uniform thin layer
of water. This thin water layer can either undergo pollutants which adhere to the surface (this
actually is the basis of the self-cleaning ability) or can prevent fogging of glasses. Due to the
roughness of the concrete surface, the self-cleaning effect is not applicable to concrete surfaces
in the same extent as for TiO2 coated glass. Nevertheless, water molecules are adsorbed at the
reactive sites of the catalyst surface and therefore prevent the pollutant molecules to be adsorbed
at the surface and further reactions with the TiO2 will be hampered or not occur.
Figure 9.15 gives an overview of the achieved degradation rates depending on the relative
humidity. It is evident from Figure 9.15 that with increasing relative humidity the total efficiency
of the system regarding the degradation of NO decreases linearly. On the other hand, it is also
expected that the conversion decreases at RH values < 10% since water is an essential contributor
to OH• which is indispensable for the oxidation of NO (cp. Eqs. 9.1 and 9.2). The development
of NO conversion in function of relative humidity, shown in Figure 9.15, is generally not in line
with findings of Devahasdin et al. (2003) who found increasing conversion rates up to a RH
value of 50% and then stable conversion up to 75%. A possible explanation of this phenomenon
could be the much higher NO source level, which in the case of Devahasdin et al. (2003) was
40 ppm (compared to 1 ppm used here). At those high source levels the NO has a much higher
probability to be adsorbed at the catalyst and therefore the competition between water and NO
for adsorption sites plays a less prominent role.
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Figure 9.16: Influence of the pollutant concentration Cgas,in and flow rate Q on the NO degradation rate.

9.5.3

Pollutant concentration

The influence of the pollutant concentration on the NO degradation plays an important role when
paving blocks are compared. Figure 9.16 shows the influence of varying NO inlet concentrations
on the achievable degradation rates at the steady state. It is obvious from Figure 9.16 that increasing initial concentrations yield lower conversion rates whereas lower initial concentrations
cause a higher performance. Furthermore, changes of the pollutant concentration in the lower
range result in remarkable higher changes of the degradation rate than changes in the range of
higher concentrations. Hence, it can be assumed that there are limiting values for the degradation
rate which do not fall below a certain limit. This is also in line with observations reported by
Herrmann et al. (2007).
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Flow rate

The flow rate or, therewith connected, the residence time of the pollutant molecules on the active
surface of the concrete product can vary considerably under practical conditions, e.g. when
wind speed or wind direction are changing. Under laboratory conditions, various flow rates can
be realized which result in different simulations of environmental conditions and therefore in
unequal conditions for comparative tests. Figure 9.16 shows the results for varying flow rates
on the NO degradation of the deployed paving block. High flow rates reduce the residence time
of the pollutant molecules on the active surface, and hence the degradation rate is subsequently
reduced, whereas lower flow rates enhance the degradation rate by means of a longer residence
time of the model pollutant within the system.

9.6

Reaction scheme and kinetic model

Now, that a reliable setup in combination with a measurement procedure is available, and that the
most important influences on PCO are identified and characterized, a reaction mechanism for the
PCO of NO can be proposed. Furthermore, all steady-state kinetic data (Degend ) were analyzed
and fitted into a LangmuirHinshelwood model.
9.6.1

Transient behavior and steady state

The course of the NO concentration given in Figure 9.5 can be taken as a generally valid example
of PCO of NO above TiO2 . This reaction produces two major products: NO2 gas and HNO3 on
the catalyst surface. Furthermore, the key oxidant is believed to be OH• radicals. As can be seen
from Figure 9.5, the NO concentration immediately responds to the start of the UV radiation. At
this moment OH• radicals quickly react with the adsorbed NO and form HNO2 as given in Eq.
9.1. Part of the nitrous acid can dissociate to H+ and NO−
2 . This initial period is short (about
3 min) and most likely depending on the catalyst load and the source level of NO. The end of
this period is characterized by the minimum NO concentration shown in Figure 9.5. Then HNO2
reacts with OH• radicals to form NO2 and water (Devahasdin et al., 2003). This second reaction
increasingly becomes competitive with the first, as HNO2 and HNO3 are more strongly adsorbed
than NO. This explains the sharp maximum of NO conversion in Figure 9.5. In a next reaction
step NO2 reacts with OH• radicals to HNO3 . Hence, the transient period can be summarized by
the oxidation steps: NO → HNO2 → NO2 → HNO3 .
Thereafter a steady state is obtained. According to Devahasdin et al. (2003), NO−
2 reaches a
constant level and after some time also NO−
reaches
a
constant
level.
It
is
believed
that during
3
the steady state stable HNO3 and its dissociated form (H+ and NO−
)
become
a
dominant
phase.
3
This increased content of positive hydrogen ion is responsible for a decreasing pH in the system,
which in turn shifts the equilibrium back to form HNO2 . If, in the steady state, the catalyst is
once saturated with HNO3 , the oxidation can only go as far as NO2 (Devahasdin et al., 2003),
NO2 and HNO3 being in equilibrium. This shows how important it is to remove reaction products
at regular intervals from the catalyst surface in order to maintain a complete oxidation of NO to
HNO3 .
9.6.2

Kinetic model

This section addresses the modeling of the reaction kinetics incorporating the findings of the
previous sections. First, one should observe the general course of the multistage reaction (cp.
Section 9.6.1). This reaction starts with the diffusion of NO at the catalyst surface and continues
with its conversion to NOx . This means that the process contains two transfer steps, the external
mass transfer from gas to wall and the conversion at the active catalyst surface (embedded in the
concrete substrate). In line with findings by Dong et al. (2007); Zhao and Yang (2003), it will be
demonstrated that the conversion is the rate limiting step for reaction conditions given in Section
9.3.2.
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The NO mass flux from gas to adsorbing surface can be described by:
ShD
ShD
(Cgas −Cwall ) ,
(9.12)
(Cgas −Cwall ) =
dh
2h
with dh , as hydraulic diameter, and Cgas (mean mixed or bulk in gaseous phase) and Cwall (on the
surface/wall) are the NO concentrations (in mg NO per m3 air). The relation between Cgas and
Ccon is as follows:
MNO ρair
Cgas =
Ccon .
(9.13)
Mair
Considering that the molecular mass of the deployed synthetic air (Mair ) is 28.8 g/mole (80%
MN2 and 20% MO2 ), that of NO (MNO ) is 30.0 g/mole, and that ρair is 1.204 kg/m3 , it follows
that Cgas (in mg/m3 ) is about 1.254 Ccon (in 10−6 mole/mole = ppmv). These calculations are
based on the standard conditions defined as T = 293.15 K and p = 101.325 kPa = 1 atm.
Sh from Eq. 9.12 refers to the Sherwood number, which is a measure for the ratio of convective to diffusive mass transport. For slits with one inert and one exchanging side, the side walls
are neglected, Sh amounts to about 5 (Shah and London, 1974). Furthermore, as first order approximation the diffusion coefficient D of NO in air can be taken to be 1.51 × 10−5 m2 /s, which
is the kinematic viscosity of air (νair ).
ṁ =

Diffusion as limiting step
Now it is assumed that the diffusion of NO from the gaseous phase to the concrete surface is the
limiting step. This implies a complete and instantaneous conversion which would turn the NO
concentration at the surface to zero, i.e. Cwall = 0. The NO mass balance equation then reads:
vair h

dCgas
ShD
= −ṁ = −
Cgas
dx
2h

,

(9.14)

with as boundary condition:
Cgas = Cgas,in

.

(9.15)

Integrating Eq. 9.14 and application of Eq. 9.15 yields:
− ShDL
Cgas,out
= e 2vair h2
Cgas,in

,

(9.16)

with Cgas,out = Cgas (x = L) and L being the length of the active surface, which is 192 mm in this
case. The variable h describes the height of the plug flow reactor volume, i.e. the slit height in
that case (cp. Figure 9.3). Substituting all variables, including vair = 0.17 m/s and h = 3 mm,
into Eq. 9.16 yields Cgas,out /Cgas,in ≈ 0.007. In other words, in the case that the diffusion to
the wall would be the rate limiting step, the exit concentration would be close to 1% of the inlet
concentration, i.e. 99.3% of the NO would be converted. However, the present measurements
and the results of the comparative test (cp. Paragraph 9.4.1) learned this is not the case, so that
the conversion rate at the surface cannot be ignored (cp. Tables 9.2 and 9.3).
Conversion as limiting step
In the following, it is now a priori assumed that the conversion is the rate limiting step, so that
Cwall now equals Cgas , which will be verified below.
For the prevailing photocatalytic gas-solid surface reaction, only adsorbed NO can be oxidized. In the past therefore the Langmuir-Hinshelwood rate model has been widely used, e.g. by
Devahasdin et al. (2003); Dong et al. (2007); Ku et al. (2001); Wang et al. (2007); Yang et al.
(2007); Zhao and Yang (2003) as well as Ollis (1993), and will also be applied here. Following
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Table 9.2: NO outlet concentrations of the reactor considering varying inlet concentrations and flow rates
for the photocatalysis of the paving stone example.
Cin
[ppmv]

0.1
0.3
0.5
1.0

Cout
Volumetric flow rate
Q [l/min]

NOx removal rate [%]
Volumetric flow rate
Q [l/min]

1

3

5

1

3

5

0.011
0.039
0.210
0.334

0.032
0.157
0.309
0.729

0.041
0.197
0.356
0.779

89.0
87.1
58.0
66.6

68.4
47.6
38.3
27.1

59.4
34.3
28.9
22.1

this model, the conversion rate of reactant reads:
kKd Cgas
rNO =
1 + Kd Cgas

,

(9.17)

with k as reaction rate constant (mg/m3 s) and Kd as the adsorption equilibrium constant (m3 /mg).
The NO balance equation now reads:
vair

kKd Cgas
dCgas
= −rNO = −
dx
1 + Kd Cgas

.

Integration and using the boundary condition, Eq. 9.15, yields:


Cgas,in
ln Cgas,out
1
L
VReactor
1
+
=
=
k kKd Cgas,in −Cgas,out
vair (Cgas,in −Cgas,out ) Q(Cgas,in −Cgas,out )

(9.18)

,

(9.19)

with VReactor = LBh and Q = vair Bh, and again, Cgas,out = Cgas (x = L). In Table 9.2 this Cgas,out of
the experiments with the paving stone is summarized. The inlet concentration Cgas,in had values
of 0.1, 0.3, 0.5 and 1 ppmv NO (or 0.125, 0.376, 0.627 and 1.254 mg/m3 ), and the flow rate Q
was 1, 3 and 5 l/min.
Validation of the model
In Figure 9.17, y = VReactor /Q(Cgas,inCgas,out ) is set out versus x = ln(Cgas,in /Cgas,out )/(Cgas,in Cgas,out ), and the data fit with the line y = (1.19 s)x + 2.37 m3 s/mg. The intersection with the
ordinate corresponds to 1/k, so that k = 0.42 mg/m3 s, and the slope to 1/kKd , so that Kd =
2.00 m3 /mg.
Reviewing the relevant literature, in contrast to photocatalysis by other materials no such data
on the photocatalysis of concrete can be found. In Wang et al. (2007) obtained k = 6.84 mg/m3 s
and Kd = 1.13 m3 /mg was gained for the NO degradation by woven glass fabrics, their NO inlet
concentration being in the range 40 - 80 ppmv. Concerning the photocatalytic ammonia degradation by cotton woven fabrics, Dong et al. (2007) obtained k = 0.10 mg/m3 s and 0.24 mg/m3 s,
and Kd = 0.035 m3 /mg and 0.112 m3 /mg, whereby the NH3 inlet concentration ranged from 14
- 64 mg/m3 . With an in principal similar reactor (one reactive surface but no packed bed) Devahasdin et al. (2003) obtained a Kd of about 1.1 m3 /mg, applying notably higher NO source levels
from 5 - 60 ppm. As can be seen from this brief literature review, the respective constants vary
as expected but are located in the same order of magnitude. It is assumed that the photocatalytic
oxidation of NO is exclusively promoted by TiO2 , therefore the constants should be similar.
However, the boundary conditions broadly vary and cannot be compared from experiment to ex-
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Figure 9.17: Regression results of data presented in Tables 9.2 and 9.3 for the photocatalysis of the paving
stone example.

periment. Therefore, also the cross-check of literature values with each other does not lead to
matches. The influence of the light spectrum, the type and dosage of TiO2 (optical properties,
PSD) and the surface roughness of the paving sample, only to mention a few, is at this moment
too complex to be fully considered in a model to be developed.
With the obtained values of k and Kd the conversion rate and diffusion rate can be compared.
Dividing the conversion/transfer rates as governed by Eqs. 9.18 and 9.14 yields kKd 2h2 /ShD, and
substituting the prevailing values reveals that this ratio is about 0.2, i.e. the diffusion rate is about
five times the conversion rate. Note that the employed kKd is an upper limit for kKd /(1+Kd Cgas ),
so that the actual ratio will even be smaller. From this small conversion/transfer rate ratio one
can conclude that indeed the degradation rate is much lower than the diffusion rate, and hence
it is the limiting rate. This is also confirmed by Matsuda et al. (2001) who found conversion
rates proportionally increasing with the specific surface area of the applied titanium dioxide. In
Devahasdin et al. (2003) the external mass transfer is not identified to be the limiting step either.
In the present research this fact was furthermore investigated by executing experiments with
varied slit heights of 2 and 4 mm, besides the standard 3 mm. When the assumption of a mainly
conversion controlled process with a high diffusion rate is indeed true, then a change in the
slit height should not affect the degradation performance. Accordingly, Cgas,in was now taken as
0.376 mg/m3 (0.3 ppmv) and the flow rate Q was 1, 3 and 5 l/min. In Table 9.3, and also in Figure
9.17, this data is included. Except for the smallest flow rate (Q = 1 l/min), the degradation rates
match well with the values listed in Table 9.2, and the computed VReactor /Q(Cgas,in − Cgas,out )
and ln(Cgas,in /Cgas,out )/(Cgas,in − Cgas,out ) are also compatible with the previous ones set out in
Figure 9.17 and the fitted trend line.
The above literature review shows that the Langmuir-Hinshelwood model has been frequently
applied to characterize photocatalytic gas-solid surface processes using various substrate materials. On the other hand, to the author’s knowledge, the kinetics of photocatalytic acting concrete
has not been analyzed so far.
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Table 9.3: NO outlet concentrations and removal rates of the reactor considering constant inlet concentration Cin = 0.3 ppmv but varying flow rates and slit heights.
Slit height
[mm]

2
3
4

Cout
Volumetric flow rate
Q [l/min]

NOx removal rate [%]
Volumetric flow rate
Q [l/min]

1

3

5

1

3

5

0.093
0.039
0.065

0.162
0.157
0.157

0.197
0.183

68.8
87.1
78.3

46.1
47.6
47.6

34.3
39.1
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Figure 9.18: NOx removal rates of the Mitsubishi NOXER paving stone (data taken from Mitsubishi, 2005).

Data from literature
Other relevant data on photocatalysis on concrete was found in Mitsubishi (2005). Here, amongst
other things, data is presented on the NOx removal of a paving stone type (NOXER) which is
exposed to varying NO concentrations (cp. Figure 9.18). With the help of background information regarding the setup and conduction of measurement an analysis according to the LangmuirHinshelwood model, similar to the one above, was executed. The provided information about
test setup and conditions were sufficient for adequate application of the model. In order to allow
for a reproduction of the executed computations the boundary conditions are briefly given in the
following as being extracted from Mitsubishi (2005). The volumetric pollutant flow Q and the
length of the sample (reactor) L amount to 3 l/min and 200 mm, respectively. The slit height h
of the reactor was assumed to be 3 mm. As shown before the analysis is not sensitive to this
measure anyway. The standard relative humidity and irradiance amount to 50% and 6 W/m2 ,
respectively.
Using the data on the NOx removal rate given in Table 9.4, a linear fit is derived as given in
Figure 9.19. It can be seen that the resulting data points fit well into the proposed model. Note
that here, in difference to Figure 9.17, only the NO concentration is varying but volumetric flow
and slit height are maintained the same.
Based on these values, again conversion rate and adsorption equilibrium constant can be
derived. For the given data, k amounts to 3.54 mg/m3 s and Kd to 0.538 m3 /mg, respectively.
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Figure 9.19: Regression results of data presented in Table 9.4 for the photocatalysis of a NOXER paving
block (data taken from Mitsubishi, 2005).

Table 9.4: NO and NOx removal rate for a concrete paving block from Mitsubishi (2005).
NO concentration
[ppm]
0.05
0.1
0.2
0.5
1.0
2.0
5.0

NO removal
[mmol/m2 12h]

NOx removal rate
[%]

0.2
0.4
0.8
2.0
3.7
6.1
10.0

89.6
88.9
90.6
88.4
82.3
68.0
44.3

Compared to the previously discussed own experiments, the conversion rate constant is notably
higher and vice versa the adsorption equilibrium rate constant smaller. On the conversion side
this can be explained with different amounts and types of catalyst (anatase type) whereas the
diffusion could be influenced by different surface morphology of the paving stones (and perhaps
other reactor geometry). The ratio of conversion/diffusion rates therefore amounts to 0.457 for
the NOXER case, though the conversion rate is still more than twice the diffusion rate, it is less
dominant now.
9.6.3

Extension of the model

In the former sections a general model for the reaction kinetics of heterogeneous photocatalytic
oxidation on concrete substrates has been derived. This model contains the reaction kinetics and
reactor related parameters such as its dimension, volumetric flows (residence time) and pollutant
concentration. The difficulty of predicting the performance of a photocatalytic cementitious
system including all pertinent factors lies in the large number of variables involved. However,
for a comprehensive modeling at least two more external influences on the degradation efficiency
have to be included into the model. These are the irradiance (see Paragraph 9.5.1) and the water
vapour concentration, expressed by the relative humidity (see Paragraph 9.5.2). Using these
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Table 9.5: Summary of all line fits for the derivation of k and Kd in dependency of varying irradiance.
Irradiance level
[W/m2 ]
1
2
3
4
5
6
7
8
9
10
11

Slope

y-intercept

k

Kd

m

n

[mg/m3 s]

[m3 /mg]

Coefficient of
determination
R2

2.2836
1.3924
1.4403
1.5596
1.3771
1.2885
1.2360
1.2035
1.1555
1.1074
1.0543

14.8450
9.9496
8.2467
6.3799
5.8175
5.1812
4.8082
4.3751
4.1155
3.9059
3.7483

0.07
0.10
0.12
0.16
0.17
0.19
0.21
0.23
0.24
0.26
0.27

6.50
7.15
5.73
4.09
4.22
4.02
3.89
3.64
3.56
3.53
3.56

0.6363
0.7524
0.8230
0.9185
0.9500
0.9567
0.9640
0.9663
0.9691
0.9694
0.9739

two influencing factors, the impact of changing weather conditions can be accounted for by the
model.

Irradiance
The influence of irradiance is discussed in Paragraph 9.5.1. Now it is assumed that the irradiance
only has an influence on the reaction rate constant k, while the adsorption equilibrium constant Kd
remains unaffected. In order to validate this hypothesis an analysis similar to the one presented
in Paragraph 9.6.2 is carried out. Hereby for every state of irradiance, from 1 - 11 W/m2 in steps
of 1 W/m2 , a set of measurements varying the NO inlet concentration in steps of again 0.1, 0.3,
0.5, 0.7 and 1.0 ppmv is conducted (11×5 matrix). That means every value of Kd is represented
by a linear fit similar to the one presented in Figure 9.17, which again is based on 5 individual
measurements (55 data points). A summary of all line fits (cp. Eq. 9.19, y = mx + n), used for the
further analysis, is given in Table 9.5. From these line fits reaction rate constants and adsorption
equilibrium rate constants can be determined in dependency of the respective irradiance level.
Figure 9.20 shows the dependence of reaction rate constant k on the irradiance. The given
function describes the relation between the irradiance and the achieved values of k for low values of irradiance (E < 12 W/m2 ) adequately. The reaction rate constant k as a function of the
irradiance E reads:
p
(9.20)
k = α1 (−1 + 1 + α2 E) ,
with α1 and α2 being factors to be fitted from the experiment. This expression accounts for
the linear and non-linear dependencies. When UV-radiation is absent, i.e. E = 0, the reaction
rate√becomes zero. For small E, Eq. 9.20 tends to become α1 α2 E/2, and for large E it tends to
α1 α2 E. As can be seen from Figure 9.20, α1 and α2 have been fitted for the considered active
paving stone and amount to 0.03 mg/m3 s and 9.1 m2 /W, respectively. Figure 9.20 illustrates that
Eq. 9.20 is in good agreement with the experimental results.
The influence of varying irradiance on the adsorption equilibrium constant Kd is demonstrated in Figure 9.21. Ignoring the first three measurements for very low values of irradiance,
the initial hypothesis that the irradiance has no influence on the adsorption behavior is confirmed.
Here a constant Kd of 3.81 m3 /mg can be derived for the respective paving stone sample. The first
three outlying measurements represent very low irradiance levels where the light setup might not
be stable enough. The disappearance rate of reactant from Eq. 9.17 hence is modified and now
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Figure 9.20: Influence of UV-A irradiance on the reaction rate constant k, tested with constant RH = 50%.
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Figure 9.21: Influence of UV-A irradiance on the adsorption equilibrium constant Kd , tested with constant
RH = 50%.

accounting for the influence of irradiance:
rNO =

p
Kd ·Cgas,NO
α1 (−1 + 1 + α2 E) .
1 + Kd ·Cgas,NO

(9.21)

Relative humidity
The influence of varying humidity levels on the PCO was addressed in Paragraph 9.5.2. It is
assumed that water molecules are adsorbed at the surface and prevent pollutants to adsorb on
the reactive catalyst sites. This could lead to the assumption that with increasing humidity the
adsorption equilibrium constant Kd will be decreased. In other words, NO and water compete
for free sites at the catalyst surface. Therefore, water vapor can be considered as an additional
reactant. For reaction rates on mixtures of VOCs Zhao and Yang (2003) suggest an extended
Langmuir-Hinshelwood model introducing additional reactants. For the present case this ex-
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Figure 9.22: Influence of relative humidity on the adsorption equilibrium constant Kd , tested with constant
E = 10 W/m2 .

tended expression could consider the influence of humidity. Under consideration of the performed modifications from Eq. 9.21 the disappearance rate for the reactant NO, rNO , would
read:
p
Kd,NOCgas,NO
α1 (−1 + 1 + α2 E) .
(9.22)
rNO =
1 + Kd,NOCgas,NO + Kd,H2 OCgas,H2 O
The water vapor concentration at 20 °C (experimental condition) and RH = 100% is 17.31 g/m3 ,
so that Kd,H2 OCgas,H2 O = α3 RH with α3 = 17.31 g/m3 Kd,H2 O . Furthermore, Eq. 9.22 can be
rewritten as:
p
Kd Cgas,NO
α1 (−1 + 1 + α2 E) ,
(9.23)
rNO =
1 + Kd Cgas,NO
with Kd as effective adsorption equilibrium constant in the presence of water vapor:
Kd,NO
Kd,NO
Kd =
.
=
1 + Kd,H2 OCgas,H2 O
1 + α3 RH

(9.24)

Eq. 9.23 can be substituted into Eq. 9.18, which can be integrated, and with Eq. 9.15, again Eq.
9.19 is obtained, in which k is now a function of E and Kd of RH.
However, similar measurements as in the previous paragraph but now with varying the RH
in steps of 10% from 10% - 70% (7 × 5 measurement matrix), are not in line with the proposed
model. The respective measurement is given in Figure 9.22. These results learn that, against
earlier expectations, there is no continuous decrease of NO adsorption with rising RH. It rather
shows an optimum value of RH where the respective NO adsorption equilibrium achieves highest
values. The dependence of Kd on the RH can be described with a polynomial equation of the
second degree which reads as:
Kd = α4 RH 2 + α5 RH + α6

.

(9.25)

The coefficients α4 , α5 and α6 are fitted, and read for the underlying paving stone -0.001,
0.0802 and 1.63 m3 /mg, respectively. The underlying line fits for all individual measurements
are summarized in Table 9.6. Considering this specific sample, a level of RH at around 40%
seems to be advantageous for a preferably high NO adsorption. The adsorption capacity of the
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Table 9.6: Summary of all line fits for the derivation of k and Kd in dependency of varying relative humidity.
Relative humidity
[%]
10
20
30
40
50
60
70

Slope

y-intercept

k

Kd

m

n

[mg/m3 s]

[m3 /mg]

Coefficient of
determination
R2

0.8936
0.9429
0.9974
1.1157
1.2941
1.6372
2.2471

2.0710
2.6468
3.1565
3.5380
3.9682
4.4894
5.0397

0.48
0.38
0.32
0.28
0.25
0.22
0.20

2.32
2.81
3.16
3.17
3.07
2.74
2.24

0.9917
0.9956
0.9967
0.9952
0.9910
0.9801
0.9775

0.5

k [mg/m3s]

0.4
0.3
0.2
0.1

0

k = 1.30RH-0.42 R2 = 0.99
Experimental data

20
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80

Figure 9.23: Influence of humidity level on the reaction rate constant k, tested with constant E = 10 W/m2 .

pollutant onto the surface seems to be of major influence for the overall degradation performance
of the NO. Therefore, a similar dependence of the NO degradation rate on the relative humidity
is expected. However, measurements presented in Figure 9.15 learn that this is not the case.
Here, starting from 10% RH the degradation rate linearly decreases with increasing RH. This
refers again to the initial assumption of a sole influence of relative humidity on the adsorption
equilibrium constant only. To obtain the linear behaviour of NO degradation (cp. Figure 9.15)
while knowing the influence on the adsorption equilibrium constant (cp. Figure 9.22) the reaction
rate constant must have an influence, though. This is proven by the measurements given in Figure
9.23. Considering the experimental data, the influence of the relative humidity on the reaction
rate constant k can be explained by:
k = α7 RH α8

.

(9.26)
1.30 mg/m3 s

Again the coefficients α7 and α8 are fitted and amount to
and -0.42, respectively.
The described behavior can be explained by the number of reactive sites which will be occupied
by water molecules with increasing RH. Therefore, the more water vapor in the reactor the lower
will be the degradation and the reaction rate constant at the given NO source levels of around
1 ppmv, respectively, because of the lack of free reaction sites.
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Conclusion

The present chapter addresses the properties and evaluation of air-purifying concrete products
containing photocatalytically active titanium dioxide (anatase). Both commercially available
products and self-developed mortars are tested. PCO has been found to offer distinctive advantages compared to other competing techniques. These are the ability to oxidize gaseous pollutants in typical source levels at, but not limited to, environmental conditions (ambient temperatures and pressures). Moreover, the ease of operation (instant on/off) in technical applications
allows a controlled handling of the process. Economic application techniques and the use of
solar radiation do not cause further maintenance costs and turn cementitious products capable of
PCO to an interesting alternative for the abatement of air pollutants, especially in urban areas.
Another positive side effect, not further discussed here, is the self-cleaning ability due to the
super-hydrophilicity and the mineralization of organic pollutant particles at the reactive surface.
This contributes to a preservation of the original appearance and the prevention of e.g. algae
growth. For more information the reader is referred to Hüsken (2010).
The following can be summarized as the most important achievements and observations from
this chapter:
• A test setup for the assessment of the NO degradation ability of paving stones or other
photocatalytically active building materials of similar size is developed and deployed.
• A measurement and assessment procedure was developed for the above mentioned test
setup. In the meantime a largely similar standard (ISO 22197-1:2007) has been issued.
The need for uniform assessment standards using equal boundary conditions has been
clarified by the comparative analysis of commercially available paving stones, showing
notably different performances.
• The European market provides a variety of products, showing air-purifying abilities. However, their efficiency in regard to NO degradation was found to vary in a notable scale.
There are products achieving mean degradation rates of about 40% under the above described optimum laboratory conditions, whereas other products almost show no or only
insignificant effects.
• Using above mentioned setup, the influencing parameters on PCO have been investigated.
• An increase of the irradiance in the range of the cut-off wavelength of the applied photocatalyst increases the degradation performance of the product.
• Increasing relative humidity values reduce the degradation rate of the photocatalytic concrete product as the water molecules compete, at the given pollutant levels, with the pollutant molecules at the active surface of the photocatalyst.
• Increasing pollutant concentrations result in higher conversion rates up to a limiting value
whereas the overall degradation rate is decreasing.
• High flow rates reduce the residence time of the pollutant molecules on the concrete surface
and, hence, reduce the degradation rate.
• The effect of catalyst dosage on the NO degradation performance of the products is revealed.
• The application of finer catalyst shows a bigger effect on the degradation rate than higher
amounts of catalyst.
• In this respect the surface structure (roughness) is found to have a major influence as well.
Surfaces with high roughness are providing more active surface area than smooth surfaces.
• The coating of freshly produced concrete surfaces with colloidal aqueous catalyst suspensions is identified as a cheap and durable way of coating. This way of coating applies
a photocatalyic effect on the surface to be treated but will not alter its appearance. For
fair faced concrete, it implies that the application (spraying) can be best done immediately
after casting.
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• Catalyst loads of around or lightly smaller than 0.5 mg/cm2 are identified to be most economical.
• Based on the measurement series described in the last part of this chapter, the reaction
kinetics could be expressed using the Langmuir-Hinshelwood model.
• The established model allows for the prediction of the performance of certain air-purifying
concrete products under various conditions. Due to the incorporation of the most important
influencing process conditions namely pollutant concentration, volumetric flow, irradiance
and relative humidity, a prediction of the degradation performance in a wide range is possible.
• Furthermore, the unique characterization of photocatalytic concrete products is possible
by the derivation of its conversion and adsorption rate constants.
• The derived reaction model also confirms that in the considered reactor the conversion of
NOx is the rate-determining step in the photocatalytic oxidation of NOx . The obtained
modeling results are in a good agreement with the lab measurements.
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Conclusions and recommendations
In this thesis integral design concepts for ecological SCC are investigated. Self-Compacting
Concrete has been developed in the late 1980s with the aim to eliminate the defects caused by
insufficient compaction of fresh concrete. That means the original intention was to improve the
quality of concrete. Over the years, however, SCC became noticed for its construction process
related benefits such as faster construction progress, decreased demand of manpower and as a
solution for structurally difficult projects such as highly reinforced and congested construction
members with a difficult geometry.
These combined benefits made SCC a superior concrete type which was believed to soon supersede CVC. But first large scaled research projects and initial practical application also showed
the disadvantages of SCC. First to mention are the relatively high cost price and a sensitive workability, which were the main obstacles for a large-scale implementation in concrete practice, the
ready-mixed concrete industry in particular. An absence of standardization and testing methods
also contributed to an only hesitant acceptance in practice. The latter issues seem to be resolved
now, but the first two remain to be subject of intensive research.
The design of SCC is still a time-consuming and cumbersome process (Chapters 1 and 4).
The focus hereby is mainly on a stable paste which suspends all the other coarse particles. In
order to eliminate other undesirable effects such as blocking and segregation the coarse aggregate
content is limited (Chapter 4). Many researchers focused on this paste issue and came out with
a number of elegant models regarding paste optimization and required paste-aggregate volumes.
These theories often gave very good results but were often limited to only a few materials, and
suffered from high computational requirements, hence, they were not feasible for the needs of a
concrete designer.
From the standpoint of this research most of the existing SCC design models furthermore
suffered from the fundamental assumption of having two phases, the paste and the aggregates.
For this reason packing optimizations were always aiming on either the aggregates (optimum
sand and gravel grading curves) or the paste composted of cement and other fine particles in
interaction with an often complicated mixture from water reducers and viscosity enhancers. The
interaction of fine and coarse particles was only investigated by a small number of researchers
(Chapter 4). Continuous geometric gradings, however, from the finest to the coarsest particle
seem to be a possible approach for an optimization procedure which satisfies the practical needs
of the industry. This implies the knowledge of only a few characteristics of the mix ingredients
and allows for a theoretical design of the mix on the computer, which with only little experimental effort can be turned in an optimized SCC with tailored properties (Chapter 6). The essential
characteristics for this approach are only the densities and PSDs of the involved materials. Furthermore, water demands of the powder materials need to be investigated but it has been shown,
that with the application of the continuous water layer thickness model (Chapters 3 and 5) water
demands and hence the workability can be predicted. This research has shown that these mixes
only require little adaption on mortar scale in order to adjust the viscosity and yield stresses to
the set values. Mostly this aim has been achieved in only two experimental steps which renders
the time-consuming testing procedure, carried out so far, obsolete. This last experimental step
for the adaptation of water and admixture can probably never be exactly and reliably predicted.
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Mixes designed in this way have been shown to produce high stability and good packing
properties. Due to the improved packing, the obtained strength notably increased compared to
other mix designs using similar cement loads. This allows for some notable cement reduction
which creates mixes not only cheaper but also environmentally friendly. The possibility of using
alternative, preferably waste powder materials, which can be easily incorporated into the design
with the presented approach, further contributes to the increased sustainability of these mixes.
Consequently following these ideas, SCC with lower cost price and smaller environmental impact
are in sight. Practical examples are given (Chapter 7).
Concrete is the building material of the present and will build the future. Environmental
regulations, in particular in view of carbon dioxide emissions, hamper the cement industry and
will have a lasting effect on cement pricing. The carbon dioxide emissions of the cement industry
are now for the clinker production on a never before obtained low level. The raw material related
emission are more or less, depending on the raw materials, the same everywhere and cannot be
further decreased, and the process-related emission also approach a minimum limit which does
not allow further savings. For this reason the environmental impact of a cubic meter of concrete
can only be decreased by the cement type (blended cements with lower clinker content) and the
mix design, as shown in this research (Chapter 7). A feasible ecological balance model has been
introduced in order to asses the mixes designed and produced here.
Besides the possibility to actively change the environmental impact of concrete with the
mix composition itself, there are also a number of passive possibilities for rendering concrete
more ecological during its whole life cycle. Two of these very promising possibilities have
been investigated in more detail. This is on the one hand the application of PCMs in concrete
which allows for a notable reduction of the temperature peak due to hydration heat, and more
notably acts as a latent heat storage which opens completely new applications (added value) for
concrete during its entire service life. An application in bridge decks could notably decrease
the number of freeze-thaw cycles. If used in massive structural members such as foundation
slabs or walls it could stabilize the indoor climate and reduces the energy demand of buildings,
required for heating and cooling (Chapter 8). At present this application only suffers from the
inappropriate resilience of the PCM encapsulation, but the industry indicates that more robust
formulations with lower costs are in sight. Then the concrete industry should be prepared for
these completely new products. Another new function of concrete is the self-cleaning and airpurifying ability, which could be a major breakthrough in concrete technology similar to the
invention of superplasticizers or high-strength concrete (Chapter 9). On a laboratory scale these
systems are investigated and proven to be highly efficient (depending on the catalyst application)
in terms of their air-purification. At present it only remains unclear how big the influence can
be on the macro air-quality when being applied outside on a large scale. This research provides
basic facts for the optimization, practical application and modeling of this technique.

10.1

Conclusions

The present research is summarized in the following. Both theoretical models and practical
applications are addressed.
10.1.1

Analysis of powders

Powders are of utmost importance for the addressed design concept for SCCs. This requires a
thorough analysis and characterization. For the needs of the so-called Japanese mix design the
powders are of similar importance, but their sufficient total volume and their related water need
are more or less the only design requirements.
The Chapters 2 and 3 are used to analyze powders and to identify the properties of interest
for the developed mix design. Relationships or new measures are derived which either find direct
incorporation in the mix design concept or will be used later to assess certain quality measures
of the concrete. Against the background of continuous geometric gradings, it is pointed out
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that not only cement is needed to design feasible SCC, but also inert powders are required. In
fact only comparatively little amounts of cement (e.g. 200 kg/m3 ) are needed to produce high
quality medium strength SCC (for strength classes up to C40/50). This approach calls for a good
knowledge of the PSD of the involved materials. Therefore, the determination of PSD by means
of laser diffraction is explained and with a few examples, it is shown how to confirm that this
technique is reliable (cp. Figure 2.8). Data on the detailed PSDs of powders is subsequently
used during the further approach to obtain information about the specific surface area (cp. Eq.
2.13). This also involves the application of a shape factor in order to account for the different
sphericity, angularity and surface roughness of particles. The resulting specific surface results
correlate well with the Blaine surface area (cp. Figure 3.15 and Eq. 3.7) but do not suffer from
the same restrictions such as an incapability of measuring finer powders (smaller than 10 µm) or
coarser powder fractions.
Putting a design method on the basis of packing optimization also requires the determination
of the packing and void fraction, respectively. This starts with the powders, which require the
highest effort to be compacted, and ends with coarse fractions, which follow the same relationships, as geometrically similar fractions behave similarly, regardless of their particle shape. For
this reason the packing (or void fraction) of powders has been investigated in all possible states
of compaction (cp. Tables 2.8 and 2.9). Correlations have been derived, which allow expressing
these different states into each other (cp. Eqs. 2.21 - 2.23). The degree of packing is a valuable
benchmark for the assessment of the mix design. Comparing the achieved packing with the theoretically possible packing (cp. Eq. 4.13), results in an efficiency measure which later, during
the course of this thesis, is used as a quality measure for the produced SCCs (cp. Figure 6.9).
SCCs are in particular prone to great losses of workability caused by inappropriate water
dosages. This effect is much stronger than compared to CVC. For this reason the determination
of the exact water demand is of paramount importance. The water demand of an entire mixture
is governed almost exclusively by its powder fractions. A number of water determination procedures have been investigated and the test procedure according to Marquardt (2002) and the spread
flow test (Okamura and Ouchi, 1999) have been identified as precise and viable approaches. The
spread flow test with the Hägermann-cone has been found to provide more information than commonly accepted. Using this method, a model of a water layer of constant thickness (about 25 nm)
was established for powder particles at the onset of flowing (cp. Figures 3.10 - 3.12). During
the course of the research this model could also be applied to mortars and concrete (cp. Figure
5.16). This model allows the prediction of the water demand for a mixture of known grading and
vice versa the prediction of the workability for a set amount of water. Along with the idea of a
constant water layer, a shape factor can be derived for any fraction of particles, expressing the
deviation of the considered particles from an ideal smooth sphere (cp. Eq. 3.6). This method
correlates well with other methods (cp. Figure 3.13) and depicts an interesting alternative to the
existing, extensively device-related direct measurement principles.
10.1.2

Development of a new mix design concept

Having a sound knowledge about the characteristics of the concrete ingredients, in the further
course of this research a new design concept for SCC was developed. This included the review of
classical as well as state-of-the-art packing models. The review learned that modern approaches
still cannot reliably model the packing and related void properties of multi-component mixes.
Also most of the classical models, which can be easier adapted to practical needs, mostly suffer
from incorrect assumptions such as the lack of a minimum particle size definition. For the design
model to be developed a continuous geometric packing model was selected as it was relatively
easy to handle and results in dense packing, supposing that the right parameters were set. From
the variety of available models, the concept according to Plum (1950) seems to be the most
accurate way of modeling continuous geometric gradings with a variable number of individual
fractions (cp. Eq. 4.5).
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Based on Plum’s grading principles an optimization algorithm was developed which determines the required amounts from the preselected number of materials. In order to satisfy the
practical needs of the concrete producers, this step also involves the common design criteria such
as the selection of a cement content (or range), the definition of a water/cement or water/powder
ratio, and the assumption of air contents (cp. Table 4.1). Furthermore, different binder combinations can be predefined. In order to assess the quality of the optimization a measure is defined,
which determines the deviation of the generated entire grading compared to the ideal grading
according to Plum’s concept (cp. Equation 4.17).
10.1.3

Production and testing of Self-Compacting mixes

Using the optimization tool as described before, dry gradings can now be designed, employing an
arbitrary number of materials from the powder range up to coarse aggregate fractions. Since the
obtained powder fractions are always very similar, reference values can be derived for the w/p
ratio and the plasticizer dosage related to the powder content. In fact the exact relations should be
based on the provided surface area, in particular against the background of the introduced model
of a constant water layer thickness. However, it has been found that the exact water/surface
ratio is of similar accuracy as the applied w/p ratio (cp. Figure 5.5) since most of the time the
averaged specific density of the applied powders is similar. Similarly the chemical admixtures,
in particular the high-range water reducers, can be dosed based on the powder amount as well.
In this way in a very few steps a complete mixture is designed, which in the following needs
to be adjusted regarding its water and plasticizer demand. Those adjustments are done on mortar
base as this requires only little experimental effort. A procedure has been developed (cp. Figure
5.7), which usually allows, with only one adjustment in the water and plasticizer content, to
obtain the desired properties in terms of yield stress (slump flow) and relative viscosity (funnel
time).
The self-compacting mixes produced in this way were subjected to a number of tests in
order to express the influence of varying design parameters on the mix properties. Using the
earlier developed tools for the determination of packing it was confirmed that larger size ratios,
u, (broader grading) with otherwise similar grading (constant distribution modulus q) result in
better packing (cp. Figures 5.4 and 6.9). Equally, decreasing distribution moduli where identified
to improve the packing (cp. Figures 5.11 and 6.9). The improved packing furthermore has a
positive effect on a number of other properties, such as compressive strength (cp. Table 6.8) and
durability related properties (cp. Figures 6.15 and 6.16). Finally, the quality of mix optimization
in terms of improved packing can now be assessed by a new criterion, the packing efficiency (cp.
Eq. 6.5).
The analysis of the workability measures lead to the derivation of a processing window for
self-compacting mortars and concretes (cp. Figures 5.8 and 6.6). Due to the high packing and
superior stability of the mixes produced according to the new mix design, these processing windows were notably enlarged in the direction of lower viscosity and larger slump flow compared
to contemporary self-compacting mixes. This also resulted in new recommendations for design
boundary values for funnel time and stability time (cp. Table 6.4 and Figure 6.7). Another benefit
of the high stability is the capability of carrying larger aggregates. With a significant number of
mixes it has been shown that coarse aggregate fractions such as gravel 16-32 can be successfully
incorporated in SCC without facing the typical risks for blocking, loss of the filling ability or
segregation (cp. Tables 6.5 and 6.6). Moreover, the current mix design requires relatively small
amounts of superplasticizer (typically 0.8% on total fines) and no need for auxiliary viscosity
modifying agent (VMAs). As a general conclusion of the fresh concrete testing it can be said
that slump flow test, V-funnel test (incl. stability time) and J-ring test are sufficient to fully
characterize SCC mixes.
The mixing procedure of SCCs, a topic which has not received much attention yet, was
also analyzed in the framework of this thesis and found to have a large impact on the concrete
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properties. Based on these observations a mixing method has been proposed (cp. Paragraph
6.2.3).
Due to the improved packing and strength properties of the here designed mixes, SCCs with
untypical low cement contents were produced and tested. For these low-cement mixes it can be
asserted that the common concept of w/c ratio as well as the relation between w/c and compressive strength are not valid anymore (cp. Figure 6.10). In fact the w/p ratio with consideration
of the cement content seems to result in a reliable prediction of the compressive strength (cp.
Eq. 6.7 and Figure 6.13). As a result of the comparatively high strength obtained with the lowcement concretes, a new measure, the cement efficiency, is introduced. This new performance
criterion sets the obtained strength in relation to the amount of cement used (cp. Eq. 6.6). The
values determined for the addressed new mix design are notably higher than those reported in
literature.
Finally the concept of constant water layers was successfully extended from powder suspensions to mortar and concrete while incorporating the distribution modulus, as a measure of the
packing, into the relationship of deformation coefficient and specific surface area (cp. Eq. 5.5
and Figure 5.16).
10.1.4

The ecological component

As already indicated in the introduction chapter, there is an emphasized ecological component
involved in the mixes presented here. The terms green, eco or sustainable concrete have become
a rallying cry during the last years. But unfortunately not everything sold under the pledge of
sustainability is in fact sustainable. For this reason suitable life cycle assessment methodologies
have been introduced (cp. Paragraph 7.2), which allow for a comprehensive but also comparative
assessment of the produced mixes. One of the major conclusions of this life cycle assessments is
that the Portland cement clinker content in concrete is by far the most energy and CO2 emission
intensive parameter in the entire concrete formulation (cp. Tables 7.1 and 7.2). That means the
most sustained improvements of concrete mixes in terms of their ecological impact are based
on the reduction of the clinker content. Further lasting improvements can be obtained by the
incorporation of waste materials into the concrete mixes. Powder materials are of particular
interest as they help to partially substitute cement and other primary powder materials, which are
the most cost and energy intensive ingredients of concrete.
One of the advantages of the addressed design concept is the simple substitution of materials
in the optimization algorithm. This feature has been used for many mixes to incorporate waste
materials such as granite or marble powders (cp. Table 6.5) and to incorporate more aggregates
(larger dmax ). Additional clinker/cement substitutions are possible by lowering the dmin , i.e. by
the incorporation of sub-micron particles (nanosized particles). The obtained mixes were of
superior quality both in fresh and hardened state. Furthermore, their ecological balance sheet
turned out to be notably better in all investigated categories, compared to mixes reported in
literature, which were supposed to be ecological developments.
In the framework of ecological developments two more recent developments have been investigated in more detail. The first is the application of micro-encapsulated Phase Change Materials
(PCM) in concrete. As a result of the PCM introduction the thermal performance of concrete
is notably improved. The stored or released heat of the PCMs, when exceeding or going below
the solidification temperature of the individually used PCM type qualifies such concretes for a
number of interesting applications. In the addressed experiments the hydration temperature peak
of a concrete mix was decreased by about 26% due to the addition of 5% PCM (cp. Figure 8.7).
Moreover the thermal conductivity of concrete is reduced with increasing PCM dosages (cp. Figure 8.11) whereas the specific heat capacity increases (cp. Figure 8.12) around the solidification
temperature of the PCM. However, all these positive effects come along with a notable loss of
strength for the applied type of PCM (cp. Figure 8.8). This is mainly caused by the destruction of
the micro-capsules containing the PCM during the mixing process. This was confirmed by SEM
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analysis (cp. Figure 8.9). However, according to the PCM producing industry there are more
resilient and cheaper encapsulation methods within reach, which would truly make this effect
suitable for large scale application.
The second sustainable development in concrete technology mentioned before is the application of air-purifying and self-cleaning effects on concrete surfaces. Whereas the latter effect
can be at least virtually assessed during the course of time, the first, the air-purifying ability, can
hardly be controlled by potential customers. For this reason and because of missing standardization there is a broad range of products on the market ranging from zero to acceptable performance
(cp. Figure 9.6). This Thesis contributed to a better understanding of Photocatalytic Oxidation
(PCO) with the development of a test setup (cp. Figures 9.2 and 9.3) and the definition of an
assessment procedure (cp. Eqs. 9.9 and 9.10) for the comparative testing of air-purifying concrete products. Having such setup available the most influencing parameters on PCO have been
investigated and quantified (cp. Figures 9.13 - 9.16). Based on this information, a reaction model
based on the Langmuir-Hinshelwood reaction kinetics is proposed. Model predictions and empirical data proved to correlate well. The large amount of data, the knowledge of the influence
of boundary conditions, and a well designed setup furthermore led to the optimization of this
process in terms of a higher efficient photocatalysts. This also included investigations in the application technique, which identified a simple coating as a feasible application technique. This
qualifies PCO for the application on already existing structures as well.
10.1.5

Concluding remark

After all it can be concluded that with the present thesis a viable tool becomes available for
the production of SCCs. Being based on elementary granulometric considerations this design
concept helps to derive an optimum with the given types of materials. Typical concrete design
criteria, such as cement loads or water dosages, can be incorporated into the algorithm and materials can be easily substituted. In particular this holds for mineral waste materials in powder
form. Reduced cement contents, excellent properties in fresh and hardened state, and a large
percentage of waste materials turn these types of SCC into a cheap and ecological alternative
compared to common SCCs or even Conventionally Vibrated Concrete (CVC). Hence, a largescaled substitution of CVC by SCC now really seems to be in reach.

10.2

Recommendations and future research

The addressed design concept is a very practical approach on designing SCC. Theories and design parameters have been reduced to a minimum of required inputs. Nevertheless the outcome
can only be as good as the quality of entered data. Therefore, the determination of the PSD of
the raw materials as well as all other required parameters should be carried out with caution.
The same holds for the final adjustment of the water content and plasticizer dosage on mortar
scale. This marks the only required laboratory tests on mortar scale prior to a successful SCC
production. Long testing series with partial cement substitution and varying w/c ratios are no
longer necessary. Nevertheless, a last adaption as described before will always be required, no
matter what mix design is used. It will be difficult to find a method which can predict a priori
the right amounts of water and plasticizer required to obtain a certain set workability. The here
addressed model marks a substantial reduction of design complexity and an innovation in this
regard compared to other SCC mix design methods.
Summarizing a scientific work always necessarily leads to the conclusion that the presented
research could have been extended in more detail for one or the other issue. For the present thesis
the following recommendations can be given for potential further research:
1. The shape factor, as presented in Chapter 3 so far only expands into the derivation of the
specific surface and hence into the water demand. However, the shape factor (and surface
charge) of especially the fine particles will also affect the packing of the entire mixture.

10.2. Recommendations and future research

2.

3.

4.

5.
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Therefore, the influence of materials mixtures with notably different shape factors on the
packing could be an interesting starting point for further research.
Owed to a limited amount of time and research capacity, the durability of the produced
eco SCCs could not be investigated to a fuller extent. A number of indirect durability
criteria such as capillary absorption, open porosity, and density indicated an improved
durability. But direct tests, however, such as freeze and thaw tests are lacking. For a
comprehensive characterization of SCC mixes produced according to the addressed mix
design such additional durability tests would be useful.
The stability of the presented mixes is excellent, in particular against the background that
no additional admixtures such as VMAs are needed. However, the robustness of mixes in
terms of systematically exceeding and undershooting of the determined water contents in
relation to the fresh concrete properties has never been analyzed.
The incorporation of micro-encapsulated PCM as investigated in this thesis only considered one type of PCM. In view of the announcement of the industry to produce more
resilient capsules and more efficient PCMs, also other types of micro-encapsulated PCMs
should be investigated with a similar program as presented in Chapter 8.
PCO is a very promising function of concrete. Its efficiency on laboratory scale has already
been convincingly demonstrated. However, its transfer to the real-world scenario seems to
be the bottle neck at present. Therefore, more demonstration projects should be analysed
in particular to their effect on a greater area. This can only be of a measurable effect
when the treated surfaces have a reasonable share on the total atmosphere to be changed.
Furthermore, the self-cleaning effect, which comes along with PCO, should be investigated
in more detail. This, in the end, could be a better sales argument for private customers.
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Härdtl, R., Brunner, M. and Bohlmann, E. (2003). Selbstverdichtender Beton in Europa - Der Beton der Zukunft?, Proceedings 15th Ibausil, International Conference on Building Materials,
Weimar, Germany (in German), pp. 2119 – 2133.
Harrison, J. (2006). Sustainability for the cement and concrete industry; Part 1, ZKG International 59(11): 83 – 86.
Hashimoto, K. (2007). TiO2 photocatalysts towards novel building materials, in P. Baglioni
and L. Cassar (eds), in: Proceedings International RILEM Symposium on Photocatalysis,
Environment and Construction Materials, RILEM Publications, Florence, Italy, pp. 3 – 8.
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Herrmann, J. M., Péruchon, L., Puzenat, E. and Guillard, C. (2007). Photocatalysis: from fundamentals to self-cleaning glass application, in P. Baglioni and L. Cassar (eds), in: Proceedings
International RILEM Symposium on Photocatalysis, Environment and Construction Materials, RILEM Publications, pp. 41 – 48.
Ho, D. W. S., Sheinn, A. M. M., Ng, C. C. and Tam, C. T. (2002). The use of quarry dust for
SCC applications, Cement and Concrete Research 32(4): 505 – 511.
Holschemacher, K. and Klug, Y. (2002). A database for the evaluation of hardened properties of
SCC, LACER - The Leipzig Annual Civil Engineering Report (7): 123 – 134.
Hordijk, D. A. (1991). Local Approach to Fatigue of Concrete, PhD thesis, Delft University of
Technology, Delft, The Netherlands.
Hu, C., Saucier, F., Lanctôt, M. C. and Clavaud, B. (1999). Investigation on the strength limit of
very high strength concretes, in: Proceedings of 5th International Symposium on Utilization
of High Strength/High Performance Concrete, Sandefjord, Norway.
Hummel, A. (1959). Das Beton-ABC – Ein Lehrbuch der Technologie des Schwerbetons und des
Leichtbetons, 11th edn, Wilhelm Ernst & Sohn, Berlin.
Hunger, M. and Brouwers, H. J. H. (2008a). Concrete - for a sustainable future, Hedgepensions
Review (2): 18 – 19.

BIBLIOGRAPHY

221

Hunger, M. and Brouwers, H. J. H. (2008b). Self-cleaning surfaces as an innovative potential for
sustainable concrete, in M. Limbachiya and H. Kew (eds), in: Proceedings International Conference Excellence in Concrete Construction - through Innovation 2008, CRC Press, Kingstonupon-Thames, United Kingdom, pp. 545 – 552.
Hunger, M. and Brouwers, H. J. H. (2009). Flow analysis of water-powder mixtures: Application
to specific surface area and shape factor, Cement and Concrete Composites 31(1): 39 – 59.
URL:
http://www.sciencedirect.com/science/article/B6TWF-4TMBPRT1/2/92353b09e4cf0a3991d4fdbfbd0839db
Hunger, M., Entrop, A. G., Mandilaras, I., Brouwers, H. J. H. and Founti, M. (2009). The
behavior of a micro-encapsulated Phase Change Material in concrete, Cement and Concrete
Composites 31(10): 731 – 743.
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Abbreviations
ASR
Alkali-Silica-Reaction, pp. 23
BET
Brunauer, Emmett and Teller-method, pp. 27
CNT
Carbon Nanotubes, pp. 64
CVC
Conventionally Vibrated Concrete, pp. 2
DSC
Differential Scanning Calorimetry, pp. 159
GCC
Ground Calcium Carbonate, pp. 22
GGBFS
Ground Granulated Blastfurnace Slag, pp. 17
GWP
Global Warming Potential, pp. 149
HRWR
High-Range Water-Reducing Admixures, pp. 20
HSC
High-Strength Concrete, pp. 19
LALLS
Low Angle Laser Light Scattering, pp. 25
LCA
Life Cycle Analysis, pp. 143
MIPS
Material Input per Service Unit, pp. 144
MLS
Modified Lignin Sulfonates, pp. 20
OPC
Ordinary Portland Cement, pp. 21
PCC
Precipitated Calcium Carbonate, pp. 22
PCE
Polycarboxylic Ether, pp. 20
PCM
Phase Change Material, pp. 11
PCO
Photocatalytic Oxidation, pp. 10
PF
Packing Factor, pp. 71
PSD
Particle Size Distribution, pp. 7
RCA
Recycled Concrete Aggregates, pp. 143
RCP
Random Close Packing, pp. 38
RLP
Random Loose Packing, pp. 38
RSS
Sum of the Squares of Residuals, pp. 75
SC
Simple Cubic, pp. 37
SCC
Self-Compacting or Self-Consolidating Concrete, pp. 1
SCM
Supplementary Cementitious Materials, pp. 2
SEM
Scanning Electron Microscope, pp. 31
SF
Slump Flow Class, pp. 115
SP
Superplasticizer, pp. 2
SSA
Specific Surface Area, pp. 26
STS
Splitting Tensile Strength, pp. 133
UHPC
Ultra-High Performance Concrete, pp. 19
VF
Viscosity class, pp. 119
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VOC
Roman
A
a
C
cp
Con
D
d
dh
Deg
dm
E
E
e−
Eg
f
ft
g
GF
H
h
h+
I
k
k-value
Kd
L
M
m
P
P0
Q
q
r
R2
Re
RH
S
S
sf
Sh

Viscosity Modifying Admixture, pp. 2
Volatile Organic Compounds, pp. 176
Area , pp. 31
Specific surface area (mass-based) , pp. 26
Concentration , pp. 182
Specific heat capacity , pp. 161
Conversion , pp. 182
Diffusion coefficient , pp. 197
Diameter, particle size , pp. 28
Hydraulic diameter , pp. 181
Degradation rate , pp. 182
Dry matter content , pp. 20
Deformation coefficient , pp. 47
Irradiance , pp. 178
Electron, pp. 178
Band gap , pp. 177
Frequency , pp. 178
Tensile strength , pp. 85
Standard gravity , pp. 25
Fracture Energy , pp. 85
Enthalpy , pp. 160
Planck’s constant , pp. 178
Electron hole, pp. 178
Uptake of water , pp. 139
Reaction rate constant , pp. 198
Reduction ratio for reactive additions, pp. 17
Adsorption equilibrium constant , pp. 198
Length , pp. 181
Molecular mass , pp. 197
Mass , pp. 17
Packing fraction , pp. 36
Cumulative volume fraction , pp. 64
Volumetric flow , pp. 181
Distribution Modulus , pp. 65
Radius , pp. 25
Coefficient of determination , pp. 75
Reynolds number , pp. 25
Relative humidity , pp. 194
Sorptivity , pp. 139
Specific surface area (volume-based) , pp. 26
Slump flow value , pp. 96
Sherwood number , pp. 197

[m2 ]
[m2 /g]
[ppmv]
[J/g]
[-]
2
[m /s]
[mm]
[mm]
[%]
[-]
[-]
[W/m2 ]
[eV]
[Hz]
[N/mm2 ]
[9.813 m/s2 ]
[N/m]
[J/g]
[4.14×10−15 eVs]
[g]
[mg/m3 s]
[m3 /mg]
[mm]
[g/mole]
[g]
[-]
[%]
[l/min]
[-]
[mm]
[-]
[-]
[%]
[mm/h0.5 ]
[m2 /m3 ]
[mm]
[-]
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st
T
t
U
u
V
v
WA
x
w/c
w/p
Greek
β
χ
δ
Γ
µ
ν
ω
Φ
Φtrue
Ψ
ρ
ξ
Subscripts
0
abs
aggr
app
arith
beg
c
cem
comp
d
dis
eq
fil
g
geo
in
J
liq
max

Blocking step , pp. 116
Temperature , pp. 161
Time , pp. 90
Perimeter , pp. 31
Size ratio , pp. 28
Volume , pp. 20
Velocity , pp. 25
Water absorption , pp. 137
Efficiency indicator , pp. 127
Water/cement mass ratio , pp. 13
Water/powder mass ratio , pp. 13
Water/powder percentage (vol.%) for Γ p = 0 , pp. 47
Correction factor, pp. 103
Water layer thickness , pp. 55
Relative slump , pp. 47
Dynamic viscosity , pp. 25
Kinematic viscosity , pp. 181
Mass fraction, pp. 28
Void fraction , pp. 36
True porosity , pp. 137
Sphericity , pp. 31
Density , pp. 20
Shape factor , pp. 33
Initial, pp. 233
Absorption, pp. 137
Aggregate, pp. 16
Apparent, pp. 36
Arithmetric, pp. 28
Begining, pp. 182
Center, pp. 117
Cement, pp. 17
Compacted, pp. 36
Dense – after compaction, pp. 71
Disturbed, pp. 181
Equivalent, pp. 17
Filler, pp. 16
Gravel, pp. 70
Geometric, pp. 29
Inside or Inlet, pp. 117
J-Ring, pp. 116
Liquid, pp. 25
Maximum, pp. 32

[mm]
[°C]
[s]
[m]
[-]
[cm3 ]
[m/s]
[%, m/m]
[-]
[-]
[-]
[-]
[-]
[-]
[Pa·s]
[m2 /s]
[-]
[Vol.-%]
[-]
[g/cm3 ]
[-]
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min
nre
out
p
Pr
pyc
rea
reg
s
set
sph
stab
tar
th
tot
V
vibr
w
SP

Minimum, pp. 64
Non-reactive, pp. 71
Outside or Outlet, pp. 118
Powder, pp. 17
Proctor, pp. 236
Pycnometer, pp. 233
Reactive, pp. 17
Required, pp. 103
Specific, pp. 28
Settling, pp. 25
Spherical/based on spheres, pp. 28
Stability, pp. 90
Target, pp. 75
Thermal, pp. 169
Total, pp. 70
V-funnel, pp. 90
Vibrated, pp. 36
Water, pp. 17
Superplasticizer, pp. 20
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Appendix

A

Determination of particle density using the pycnometer
method
A pycnometer, or specific gravity bottle, is a flask having an accurately calibrated volume and a
close-fitting ground glass stopper. Furthermore, the stopper is having a capillary tube allowing
complete filling of the pycnometer without entrapping air. Via the relation of the weights of the
empty pycnometer (m0 ), the pycnometer filled with the sample (m1 ), the pycnometer with sample
being completely filled with the test liquid (m2 ), the exact volume of the pycnometer (Vpyc ), and
the density of the test liquid at test temperature (ρliq ) the specific particle density of the powder
can be computed based on Archimedes’ principle via:
ρs =

m1 − m0
1
Vpyc − m2ρ−m
liq

.

(A.1)

In doing so an appropriate test liquid of known density has to be selected, which is chemically
inert and will furthermore not dissolve the powder. When deploying water as test liquid, it should
be demineralized and deaerated, e.g. by means of cooking or using a deaerator. The powder also
contains some percentage of air after filling it loosely into the pycnometer. Therefore, it needs
to be placed in a vacuum desiccator for at least half of an hour, applying a low vacuum of about
3 kPa. For reactive powders, liquids like denatured ethyl alcohol, toluene or redistilled kerosene
are recommended to use.
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B

Imperial and metric sieve sets
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Table B.1: ISO (EN) sieve sizes (ISO 3310), and ASTM (ASTM E11) and Tyler meshes in comparison. The
shaded cells indicate sieves that have been used in the presented study.
US sieve types
ASTM
Tyler

5/8

in.

0.53 in.
1/2 in.
7/16 in.
3/8

in.

5/16

in.

21/2 Mesh

0.265 in.
1/4 in.
No. 31/2

3 Mesh
31/2 Mesh

No. 4

4 Mesh

No. 5

5 Mesh

No. 6

6 Mesh

No. 7

7 Mesh

No. 8

8 Mesh

No.10

9 Mesh

No. 12

10 Mesh

No. 14

12 Mesh

No. 16

14 Mesh

No. 18

16 Mesh

No. 20

20 Mesh

ISO sieve sizes
[mm]
[inch]

US sieve types
ASTM
Tyler

ISO sieve sizes
[µm]
[inch]

63.0
31.5
22.4
20.0
16.0
14.0
13.2
12.5
11.2
10.0
9.50
9.00
8.00
7.10
6.73
6.30
5.60
5.00
4.75
4.50
4.00
3.55
3.35
3.15
2.80
2.50
2.36
2.24
2.00
1.80
1.70
1.60
1.40
1.25
1.18
1.12
1.00
0.90
0.85
0.80

No. 25

24 Mesh

No. 30

28 Mesh

No. 35

32 Mesh

No. 40

35 Mesh

No. 45

42 Mesh

No. 50

48 Mesh

No. 60

60 Mesh

No. 70

65 Mesh

No. 80

80 Mesh

No.100

100 Mesh

No. 120

115 Mesh

No. 140

150 Mesh

No. 170

170 Mesh

No. 200

200 Mesh

No. 230

250 Mesh

No. 270

270 Mesh

No. 325

325 Mesh

No. 400

400 Mesh

710
630
600
560
500
450
425
400
355
315
300
280
250
224
212
200
180
160
150
140
125
112
106
100
90
80
75
71
63
56
53
50
45
40
38
36
32
25
20

2.480
1.240
0.882
0.787
0.630
0.551
0.520
0.492
0.441
0.394
0.374
0.354
0.315
0.280
0.265
0.248
0.220
0.197
0.187
0.177
0.157
0.140
0.132
0.124
0.110
0.098
0.093
0.088
0.079
0.071
0.067
0.063
0.055
0.049
0.046
0.044
0.039
0.035
0.033
0.031

No. 450
No. 500
No. 635

0.028
0.025
0.024
0.022
0.020
0.018
0.017
0.016
0.014
0.012
0.012
0.011
0.010
0.009
0.008
0.008
0.007
0.006
0.006
0.006
0.005
0.004
0.004
0.004
0.004
0.003
0.003
0.003
0.002
0.002
0.002
0.002
0.002
0.002
0.001
0.001
0.001
0.001
0.001
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Appendix

C

Alternative test methods for the determination of water
demands
C.1

Centrifugation

For determining the water demand of coarser fractions starting from sand 0-2, centrifugation can
be applied. Assuming that the water demand of aggregates is the amount of water adhered at the
particle surface, it is possible to determine this amount by centrifugation. For this purpose the
moisturized aggregate fraction to be tested is centrifuged for a certain time. By the comparison of
the dried and wet centrifuged aggregate weight the amount of water on the surface is computed.
This amount is equivalent to the water demand of the fraction and is also in relation to the total
aggregate surface. A centrifugation time of 1.5 minutes is recommended with approximately
1500 rpm. The centrifuge should be provided with inserts each suitable for about 1 kg of material.
Furthermore, the inserts should feature close meshed screen cloth, which is only permeable for
water. The setup needs to be installed so that a centrifugal force of about 90 N is impacting on
the test material during centrifugation (Marquardt, 2002).

C.2

Optimum water content by means of the Proctor Compaction Test

Often in literature the Proctor compaction test is proposed to find the optimum water content.
This test method is known from soil mechanics but its principles can also serve the needs in
concrete technology. Therefore, this test is mostly applied in a modified variant, whereby the
modifications regard the procedure of filling the Proctor mold or the way of compacting the
sample.
The Proctor density ρPr is the highest apparent density of a soil achievable only with optimum
water content. Executing this test, the water content of the soil or mortar mix is progressively
increased, preferably by steps of 1%. The intermediate steps should be characterized by an
intensive mixing process in order to distribute the water throughout the soil as homogeneous as
possible. Furthermore, the mix needs to be compacted in an appropriate way into the Proctor
mold. Following the standard procedure given in ASTM D 698 or DIN 18127 the mold is filled
in three layers and the compaction work is done deploying a rammer weighting 2.5 kg which is
dropped down 25 times in free fall from a height of 30 cm.
If the water content is now plotted against the apparent density, a graph is obtained, which
first increases, then achieves a maximum and later is declining. The maximum density depicts
the optimal water content. Thereby, the state of total saturation is not achieved, the maximum dry
density remains below the saturation line. That means the system constitutes still a ternary system
composed of soil, water and air. The density achieved this way depends on the compaction effort
performed.
For the readers interest, it is referred to the modified Proctor variants which are applied in the
STEAG-method Lichtmann and Bottke (2001); Lichtmann and Groß (2003) or reported in the
work of Bornemann (2005).
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D

Particle shape and texture of some sand fractions
As mentioned in Paragraph 5.2.1, an accurate determination of the shape factor of the concrete
aggregates is not crucial to the entire specific surface area of the whole concrete mixture. However, in order to confirm the uniformness of the used river aggregates an investigation on the
particle shape and surface texture of four different river sand fractions has been carried out and
will be reported in short in the following. The extraction sites of these four fractions at the Lower
Rhine are nearby each other and correspond to the locations of origin of the introduced concrete
aggregates.
The conducted description of shape and surface texture is based on the roundness scale of
Powers (1953) whereby the following approach is applied. Each micrograph is assessed in terms
of two criteria by five individual persons. This way the particle shape is accounted for with a
value 1 for spherical particles and a value 2 for elongated or platy shape. The latter mean a
notably larger dimension in at least one of the spatial coordinates compared to the smallest dimension. The roundness or angularity is assessed by six categories starting from very angular
(1) and ending with well rounded (6). Compare for this purpose Figure D.1. In order to obtain
a statistically relevant description of the particle shape and texture all five individual characterizations have been averaged. In addition every sand type is split into two fractions 0.25 - 0.5 mm
and 1.0 - 2.0 mm to further differentiate the investigation. Especially the particle shape, which
according to Powers is only divided in the two categories spherical (1) and elongated (2), can
now be sub-classified using the decimals which originate from the averaging. This way, at least
a tendency can be given if a material is rather spherical or platy instead of only stating one of the
limiting cases. Likewise, less obvious differences can be recognized.
The characterization of the four different river sands results in a homogeneous image. Minor
differences are only recognized comparing the different fractions of the individual materials.
Here, the finer fractions, 0.25 - 0.50 mm, mostly appear to be more spherical whereas the coarser
Roundness –
averaged angularity
1

2

3

4

5

6

1
Shape –
sphericity
2

Very
angular

Subangular

Angular

Subrounded

Well
rounded

Rounded

Figure D.1: Roundness scale according to Powers (1953) including a modified rating for the roundness
(from very angular (1) until perfectly round (6)) and shape (from sphericity (1) up to elongated (2)).

Rundheit –
Gemittelte Kantigkeit
1

2

3

4

5

6
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Table D.1: Sphericity and roundness characterization of the four types of river sands sub-divided in fractions of each 0.25 - 0.50 mm and 1.0 - 2.0 mm.
Sand type / fraction
[mm]

Sphericity Ψ
[1-2]

Roundness
[1-6]

Location 1 / 0.25 - 0.50
Location 1 / 1.0 - 2.0

1.4
2.0

3.5
3.8

Location 2 / 0.25 - 0.50
Location 2 / 1.0 - 2.0

1.7
1.8

3.4
3.6

Location 3 / 0.25 - 0.50
Location 3 / 1.0 - 2.0

1.3
1.9

3.5
3.3

Location 4 / 0.25 - 0.50
Location 4 / 1.0 - 2.0

1.7
2.0

3.2
4.0

fractions, 1.0 - 2.0 mm, tend to be more platy or elongated. The roundness of all sampled sand
types and fractions is similar and can be characterized as being in the center span between subangular and sub-rounded. A summary of the roundness and sphericity analysis is given with
Table D.1. It can be summarized that all sand types result in a well-balanced and narrow range of
aggregate particles with compact particle shape and sub-rounded to slightly angular roundness
measures. This also justifies the assumed values for the shape factor ξ, stated in Paragraph 5.2.1.
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Summary
This Thesis addresses an alternative design concept for Self-Compacting Concrete (SCC). SCC
is a special type of concrete with superior workability, which flows and compacts in all corners
of a formwork just by the influence of gravity. Introduced to the concrete world in the late
1980s, SCC has been enthusiastically received by the researchers and was referred to be “the
most revolutionary development in concrete construction for several decades.” However, till this
day SCC is only hesitantly accepted by the concrete industry. The reasons are analyzed in this
thesis.
The presented design concept is a packing-based approach which considers the entire particle size span of all solid ingredients from the finest to the coarsest particle. Using continuous
geometric packing models, an optimization algorithm was developed, which allows, only by
the introduction of some basic material information, to perform a computer-based optimization
which can be adapted to its practical needs with only a few experimental steps on mortar scale.
Along with the preparation of this new simplified design concept, powders, the most important fraction of SCCs, were analyzed in detail. In particular the relationship between grading
(packing) and the water demand were of interest. One of the outcomes is a model about a constant water layer around any sized particle, which allows the prediction of water demands and
workability.
A further advantage of the mix design is the replaceability of materials which allows for an
optimization with the locally available materials, one major request of the industry. Moreover,
alternative materials, preferably mineral waste materials can be added to the mix this way. Due to
the improvement of packing notably less cement is needed to obtain a certain strength compared
to conventionally designed SCCs and the produced SCC possess a remarkable stability. This
lowered cement content and the possibility to introduce large amounts of waste materials notably
improves the ecological balance sheet of this new type of concrete. The outcome is a new type of
SCC with superior workability and a possibly lower cost price than conventional concrete while
having less impact on the environment - a true-eco SCC. The ecological assessment is carried
out using feasible models beyond the carbon footprint which is typically referred to.
In order to strengthen the position of concrete as an ecological and sustainable construction
material, two more aspects are investigated. This is the use of encapsulated Phase-Change Materials (PCMs) and the application of a self-cleaning and air-purifying effect on concrete surfaces.
Both aspects comprise enormous potential and add new functions to the construction material
concrete, which by now is truly a high-tech building material.
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