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A Particle Packing Method for Pumpable Low-Shrinkage

Flowing Concrete
by Hossein Karimi and H. J. H. Brouwers

In this paper, the applicability of the modified Andreasen and
Andersen (A&A) particle packing model for designing pumpable
flowing concretes, according to ACI 211.9R-18, is analyzed. An
experimental investigation is undertaken to evaluate consistency,
compressive strength, and shrinkage of flowing concretes designed
with this model. The results show that the modified A&A model
optimizes the particle size distribution of concrete ingredients and
produces pumpable concretes according to ACI 211.9R-18. The
distribution modulus of the model controls the combined grading,
the ratio of coarse-to-fine aggregate, and the percentage of fine
aggregate passing 300 and 150 um. At a distribution modulus of
0.35, the model serves as the ACIl's recommended boundary limit
for ideal-for-pumping combined grading. A high distribution
modulus results in a high coarse-to-fine aggregate ratio and lowers
the drying shrinkage of concrete. This insight enables a straight-
forward mixture design methodology that results in concrete that
meets ACI 211.9R-18 recommendations.

Keywords: flowing concrete; mixture design; modified Andreasen and
Andersen (A&A) model; particle size distribution; pumpability; shrinkage.

INTRODUCTION

Concrete is the most widely used material worldwide for
several primary reasons: 1) outstanding resistance to water
and fire; 2) low production and maintenance cost; and 3)
the ease with which it can be shaped while casting.! Three
major concrete types used in the construction industry are
conventional vibrated concrete (CVC), flowing concrete
(FC), and self-consolidating concrete (SCC).> The main
difference between these concrete types is flowability.* CVC
typically has less than 100 mm slump and high yield stress.*
As a result, it demands highly rapid vibratory impulses to
become liquified and consolidated.> On the other hand, SCC
has very high flowability with almost no yield stress in a
way that it only demands the action of gravity to consoli-
date.® Although SCC offers significant benefits over CVC in
terms of labor cost, noise nuisance, and formwork wear and
tear, it is more costly.”® Furthermore, SCC requires a high-
range water-reducing admixture (HRWRA), finer aggregate
grading, and incorporating fine materials (powders) into
the mixture.” Some SCC mixtures also require viscosity-
modifying admixtures (VMAs), although the use of a
VMA is not always essential!®!! and sometimes may cause
conflicts with the HRWRA..!2 These requirements raise the
cost and increase concrete shrinkage and cracking suscep-
tibility, making SCC less desirable for applications where
low shrinkage is the primary concern (for example, indus-
trial concrete floors).!> These shortcomings have generated
considerable interest in another type of concrete, namely FC.
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According to ASTM International and the American
Concrete Institute (ACI), FC is a concrete mixture that
retains its cohesiveness at a slump greater than 190 mm. '3
European standards use the flow table test'® for classifying
concrete into six classes: F1 to F6.!7 Though the flow table
test!® of the European standards is different than the slump
test of ASTM, !5 one might classify FC as a concrete in the
range of F3 to F6.!7 Contrary to SCC, FC does not require
reducing the maximum size of aggregates or modifying
the proportion of fine to coarse aggregate in a mixture. In
addition, as the yield stress and viscosity of FC are not as
low as that of SCC, there is no need to add VMAs or fines
to improve viscosity while retaining low yield stress in FC
mixtures. As a result, compared to SCC, FC is less costly, has
less shrinkage, and less cracking susceptibility. FC provides
significant benefits over CVC, too. It is proportioned with
normal aggregate sizes, but at the same time, it can flow into
highly congested areas. It is significantly more flowable than
CVC and requires far less vibration to consolidate, too. As
a result, compared to CVC, FC increases production rates,
reduces noise nuisance, lowers labor cost, and increases
mold lifetime.

There are, however, several major obstacles related to
the design and use of FC. First, in comparison to CVC and
SCC, the mixture design method and particle-size distri-
bution (PSD) of FC remain largely understudied. The PSD
highly affects the rheological and mechanical properties
of concrete.'®!” The PSD determines the particles’ mixture
void content and the paste’s volume needed to fill the
voids.?’ In addition, the PSD determines the specific surface
area of the particles and the volume of the paste required to
coat aggregates. Several particle packing models have been
introduced to maximize the density of granular skeleton and
to design CVC mixtures.?'?* Although these proportioning
methods give satisfactory results for designing low-to-
medium-slump CVC mixtures, they do not necessarily
result in highly workable cohesive FC mixtures. This short-
coming is mainly because CVC mixtures are designed for
high density and low paste volume, while FC mixtures are
designed for high flowability and cohesiveness.

On the other hand, the limited research on FC is based
on maximum density and does not consider the combined
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grading of particles on the mixture’s flowability. Hendrix
and Trejo?* presented an FC mixture proportioning method
based on the paste-to-aggregate volume ratio. Su and Miao®
proposed a mixture design method for FC mixtures based
on packing factor, which is the ratio of the mass of aggre-
gates in the mixture to that of a loosely packed state. They
suggested that the aggregate packing factor determines the
aggregate content and affects the workability of concrete.?
A much more systematic approach that identifies how
combined grading interacts with the mixture’s flowability
remains unreported.

Furthermore, the limited research on FC does not provide
information on the pumpability or shrinkage of the mixture
design method. In many critical applications, low-shrinkage
concrete needs to be pumped off. Much of the current
literature on the pumpability of concrete pays particular
attention to the formation of the lubrication layer and its
effect on the pumpability of concrete.?**” ACI’s guide
to selecting proportions for pumpable concrete provides
numerical guidelines on optimum aggregate grading and
fine content that lead to the most efficient pumping results.?®
At the current state-of-the-art, one approach to designing a
pumpable concrete mixture is to compare the final mixture
design to ACI 211.9R-18 recommendations.?® It would be
more convenient to have a mixture design method with
ACI 211.9R-18 guidelines®® at its heart. However, such a
method remains unreported.

This paper aims to provide solutions to these obstacles.
First, the main results from the literature regarding the
maximum particle packing and flowability of the modified
Andreasen and Andersen (A&A) model?® are presented.
Next, the model is adapted to the specific case of concrete
and compared and contrasted with the technical recommen-
dations of ACI 211.9R-18.2 1t is shown that the modified
A&A model is highly compatible with ACI’s experimental
data. At the distribution modulus of 0.35, this model gives
the boundary limit for ideal pumpability. Moreover, the
pumpability and application of the modified A&A model at
lower distribution moduli are reported. Finally, the modi-
fied A&A model is used to design FC mixtures. The fresh
and hardened properties of the FC mixtures such as flow
diameter, compressive strength, and drying shrinkage are
reported. The present research establishes that the modi-
fied A&A model is highly compatible with ACI’s experi-
mental data on pumpability. Furthermore, using this model
for designing the whole concrete mixture (aggregates and
powders) at a suitable distribution modulus leads to flowing
concrete with low shrinkage.

RESEARCH SIGNIFICANCE

ACI 211.9R-18 provides numerical guidelines on
optimum aggregate grading and fine content that lead to
the most efficient pumping results. On the other hand, the
modified A&A model is a well-known method to maxi-
mize particle packing in concrete mixtures. This detailed
study establishes a relationship between ACI 211.9R-18
and the modified A&A particle packing model to make
low-shrinkage pumpable flowing concrete. Such data can
be of interest to contractors and concrete technologists and
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the authors recommend incorporating this relationship in the
next version of ACI 211.9.

ANALYTICAL INVESTIGATION
Modified A&A model
One approach to achieving the maximum particle packing
in concrete mixtures is using the modified A&A model?*3°
as expressed by

d!— dZu'n
P(d) N dgmx - dgzin (1)
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where d is the particle size; d,,;, is the minimum particle
size; d,u., 1S the maximum particle size; ¢ is the distribution
modulus; P(d) is the cumulative fraction of the total solids
being smaller than size d; P,,;(d!"") is the computed cumu-
lative finer fraction of the composed mixture; Pmrge,(df“) is
the computed cumulative finer fraction of the target func-
tion; and RSS is the mathematical representation of the least
squares method.

Equation (1) has already been used to improve the particle
packing of concrete through three approaches. One approach
uses the modified A&A model to design the whole concrete
mixture. In this approach, all concrete mixture ingredients
(that is, coarse aggregate, fine aggregate, and powders) are
proportioned by solving a curve-fitting problem that mini-
mizes the difference between the A&A model and the target
function. Several studies have used this approach for propor-
tioning SCC, ultra-high-performance concrete (UHPC), and
earth-moist concrete.!®!1:20:30-32 The second approach uses
the modified A&A model to optimize the particle packing
of fine aggregate. Several studies have used this approach
for proportioning UHPC, earth-moist concrete, roller-
consolidated concrete (RCC), and SCC.3-** The third
approach uses the modified A&A model to optimize the PSD
of the binder system. A few studies have shown that binary
and ternary binder systems with A&A distribution had lower
water demand and higher packing density.3¢-37

Although the modified A&A model provides a dense and
optimized packing of all granular ingredients, previous studies
have not dealt with the best of these three approaches for
designing mixtures. In addition, in reviewing the literature, no
data was found on the association between the highest packing
density and the pumpability of concrete. The next section
compares and contrasts the particle packing of the modified
A&A model with ACI’s empirical data on pumpability.

COMPARISON OF ACI 211.9R-18 WITH MODIFIED
A&A MODEL RESULTS
As was pointed out in the previous section, this section
compares and contrasts the optimum PSD of the modified
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Fig. I—Computed combined grading of modified A&A model at distribution modulus of 0.35 (represented by solid line) and
recommended combined grading for evaluating pumpability of concrete by ACI 211.9R-18 (represented by dashed line).

A&A model with the technical recommendations on the
pumpability of concrete by ACI (ACI 211.9R-18).2® The
maximum size of coarse aggregate for proportioning FC
mixtures was 31,500 pm, and the minimum size of the
powder (for example, cement) was 0.275 um. In this paper,
the term “recommended boundary limit” refers to the recom-
mended combined grading for evaluating the pumpability of
concrete by ACI 211.9R-18. According to ACI,?® a combined
aggregate grading above the recommended boundary limit
is ideal for pumping. In this paper, the term “computed
grading” refers to the computed PSD of the modified A&A
model at a specific distribution modulus (g). A considerable
amount of literature has been published on the modified
A&A model 1113040 Thege studies have used the model at
a distribution modulus of 0.35 to 0.2. The paragraphs that
follow will compare and contrast these distribution moduli
with the ACI’s recommendations on pumpability.

Hiisken and Brouwers®! used the distribution modulus of
0.35 to design earth-moist concrete. They used the modi-
fied A&A model to optimize the whole mixture (aggregates
and powder), enhance the mixtures’ compressive strength,
and improve the cement efficiency of zero slump concrete.
Khayat and Libre** employed the modified A&A model at
the distribution modulus of 0.35 to design roller-compacted
concrete. They used the model only to optimize aggregates
in their mixture.

Figure 1 highlights the difference between the computed
grading at ¢ = 0.35 and the recommended boundary limit
and is quite revealing in several ways. First, the most crucial
aspect of the computed grading is that it is identical to the
recommended boundary limit for particles smaller than
2.36 mm. Second, it is above the recommended boundary
limit for particles larger than 2.36 mm. Taken together,
the computed grading at ¢ = 0.35 is regarded as ideal for
pumping by ACI. That is to say, using the modified A&A
model to design the whole concrete mixture (that is, the first
approach in previous section) results in an ideal-for-pumping
mixture, according to ACIL. In contrast, the mixture designs
where the model is used only to optimize fine aggregate or
the binder system (that is, the second and third approaches in
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the previous section titled, “Modified A&A Model”) do not
necessarily lead to ideal-for-pumping mixtures, according to
ACL

Hunger® used the modified A&A model to design the
whole mixture of SCC. Wang et al.*° used the modified A&A
model at the distribution modulus of 0.29 to optimize the
whole mixture (aggregates and powder) and design SCC.
Their results showed that this approach could reduce up
to 20% binder content compared to existing SCC mixture
proportioning methods. Khayat and Mehdipour** employed
the modified A&A model to optimize aggregates at a distri-
bution modulus of 0.29 to design SCC. Their findings
showed that a distribution modulus of 0.29 fits reasonably
well to the ideal PSD of aggregates for proportioning SCC
with a low binder content.

Figure 2 highlights the difference between the computed
grading at ¢ = 0.3 and the recommended boundary limit.
Compared to Fig. 1, all fractions of the computed grading
are above the recommended boundary limit. That is to say,
the distribution modulus of 0.30 is considered ideal for
pumping. In other words, using the modified A&A model to
design the whole concrete mixture (that is, the first approach
in the previous section titled, “Modified A&A Model”) at a
distribution modulus of 0.3 results in an ideal-for-pumping
mixture, according to ACI, too.

The better pumpability at a distribution modulus of 0.3
than a higher distribution modulus (for example, at ¢ = 0.35)
is partly associated with a lower coarse-to-fine aggregate
ratio. ACI 211.9R-18 states that the coarse-to-fine aggregate
ratio may be modified to improve pumpability but does not
state to which degree.?® This shortcoming is exacerbated
when few sources are available for coarse and fine aggregate
and powders. In such situations, it is not apparent that the
final coarse-to-fine aggregate ratio should be supplied from
which aggregates sources. In contrast to the ACI 211.9R-18,
in the modified A& A model, the source of the final coarse to
fine aggregate ratio can be chosen by solving a curve-fitting
problem that minimizes the difference between the A&A
model and the target function.?
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Fig. 2—Computed combined grading of modified A&A model at distribution modulus of 0.30 (represented by solid line) and
recommended combined grading for evaluating pumpability of concrete by ACI 211.9R-18 (represented by dashed line).
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Fig. 3—Computed combined grading of modified A&A model at distribution modulus of 0.25 (represented by solid line) and
recommended combined grading for evaluating pumpability of concrete by ACI 211.9R-18 (represented by dashed line).

Mueller et al.*® used the modified A&A model at a distri-
bution modulus of 0.27 to design SCC. They used the model
to optimize the whole mixture (aggregates and powder) and
showed that the modified A&A model best describes the
PSD of a stable low-powder SCC. Yu et al.*! developed a
cement-based lightweight composite using the modified
A&A model at a distribution modulus of 0.25. They used
the model to optimize the whole mixture (aggregates and
powder) and obtained minor porosity thanks to a more deli-
cate structure, rich in inert fines.

Figure 3 highlights the difference between the computed
grading at ¢ = 0.25 and the recommended boundary limit.
Compared with Fig. 1 and 2, all fractions of this computed
grading are further above the recommended boundary limit.
That is to say, the distribution modulus of 0.25 provides a
finer particle packing and is ideal for pumping.

The distribution moduli smaller than 0.25 have already
been used to develop special concrete mixtures. Yu et al.?
developed ultra-high-performance fiber-reinforced concrete
at a distribution modulus of 0.23. They used the model to
optimize the whole mixture (aggregates and powder) and
reached a maximum compressive strength of approximately
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150 MPa at 28 days. Note that small distribution moduli
result in fine mixtures with a low coarse-to-fine ratio. Such
mixtures are rich in powders and have higher water demand
and shrinkage susceptibility. As a result, they are not suitable
for proportioning FC mixtures, although they lead to desir-
able ultra-high-performance mixtures.

Based on ACI 211.9R-18, experience has shown that for
optimum pumpability, 15 to 30% of fine aggregate should be
smaller than 300 um (No. 50 screen), and 5 to 10% should
be smaller than 150 pm (No. 100 screen). This recommen-
dation needs further clarification. Although the smaller
particles lubricate the larger ones, a large difference exists
between a mixture containing 30% fine aggregate smaller
than 300 um and one containing only 15%. ACI 211.9R-18
also advises blending fine aggregate deficient in either of
these two sizes with fine sand, which needs further clarifi-
cation, t00.2% Adding another sand will not only modify the
percentage of fine aggregate smaller than 300 um, but also
change the percentage of fine aggregate larger than 300 um.
What remains unclear in ACI recommendations is how and
to what degree these modifications need to be implemented.
By contrast, the most prominent finding to emerge from the
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at distribution moduli of 0.20 to 0.35.

Table 1—Chemical composition of CEM |1 52.5 R and CEM Il 42.5 LH/SR, measured by XRF (in weight

percent)
MgO ALO; Sio, SO, Ca0 Fe,0; LOI
CEM I 1.6 6.2 17.7 3.0 64.7 3.5 2.5
CEM I 4.6 9.5 28.2 5.1 49.8 13 03

Note: LOI is loss on ignition.

modified A&A model is the percentage of fine aggregate
smaller than 300 um and how each blended fine aggregate
contributes to removing the deficiency in particles finer than
300 pum. This point is discussed in more detail as follows.

Figures 4 and 5 compare ACI’s recommended percentage
of fine aggregate passing 300 um (No. 50 screen) and
150 um (No. 100 screen) with the computed fine aggregate in
modified A&A model at ¢ = 0.35 to 0.20. The computed fine
aggregate passing 300 pum is approximately 20% at ¢ = 0.35
and increases to 25% at ¢ = 0.20. The computed fine aggre-
gate passing 150 um is just above 8% at g = 0.35 and rises to
11.5% at ¢ = 0.20. What stands out in these figures is the high
degree to which the modified A&A model is compatible with
the ACI recommendations. The adjustments in the distribu-
tion modulus of the modified A&A model make it possible
to design mixtures with high packing density at various
coarse-to-fine aggregate ratios. As discussed earlier in this
section, this feature along with the choice of the maximum
and minimum size of aggregates make this method suitable
for designing various types of concrete.

The findings of this section provided a deeper insight into
the pumpability of the modified A&A model. When this
model is used to design the whole mixture (aggregates and
powders), it is highly compatible with the technical recom-
mendations on the pumpability of concrete by ACI 211.9R-
18. The modified A&A model at a distribution modulus of
0.35 is the boundary limit for ideal pumpability. A distri-
bution modulus smaller than 0.35 is considered ideal for
pumping. The choice of distribution modulus depends on the
application for which the concrete mixture is designed. The
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theoretical background of the modified A&A model makes
it possible to optimize pumpability for various applications.

EXPERIMENTAL INVESTIGATION
Materials

The current investigation involved the production and
analysis of flowing concrete. CEM I 52.5R*? and CEM 111
42.5 LH/SR* cements were used to produce concretes. The
CEM I 52.5R was fine portland cement (Blaine of approxi-
mately 527 m%/kg), with an initial setting time of 111 minutes
(EN 196-3), final setting time of 159 minutes (EN 196-3), and
a median particle size of 14 um. The CEM I11I/B 42.5 LH/SR
was a fine binary blend of slag and portland clinker (Blaine
of approximately 488 m?/kg), with an initial setting time of
224 minutes (EN 196-3), final setting time of 264 minutes
(EN 196-3), and a median particle size of 16 um. The chem-
ical composition of both cement types was determined by
X-ray fluorescence (XRF) and is shown in Table 1.

River gravel with a maximum size of aggregate (MSA)
of 31.5 mm and river sand were used to produce concrete.
A polycarboxylic ether-based HRWRA with a solid content
of 12% was used to adjust the flow properties of flowing
concretes. The dosage of the HRWRA refers to the weight
of the solution in water as a percentage of the weight of
cement. The water in the HRWRA solution was deducted
from the mixing water. The powders’ PSD was measured
employing a particle size analyzer, and sieve analysis was
used to measure the PSD of the aggregates. The PSD of the
solid ingredients of the concretes at a distribution modulus
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of 0.3 is shown in Fig. 6 and 7. The mixtures are explained
in more detail in the next section.

Mixing

A standard pan mixer with planetary motion blades was
used for producing flowing concretes. First, cement and sand
were blended in a dry state for 1 minute. Then, approximately
75% of the mixing water was added while further mixing for
90 seconds. Afterward, a solution of the HRWRA and the
remaining water was added and mixed for 1 minute. Finally,
the coarse aggregate were added and mixed for another
2 minutes. HRWRA was added at the end of the mixing
sequence to prevent possible competing of HRWRA mole-
cules with calcium sulfate present in the cement to combine
with C;A.* It ensured that all the HRWRA molecules were
kept ready to make concrete more flowable.*

Testing methods

The flow table test was used to analyze the fresh prop-
erties of flowing concretes according to EN 12350-5.'¢
First, the flow table was cleaned and damped with a moist
cloth. Next, the mold was filled with concrete in two layers,
where each layer was tamped 10 times. After waiting for 30
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seconds, the mod was raised over a period of 1 to 3 seconds.
Then, the flow was checked for segregation and bleeding.
The consistency was the average of maximum dimen-
sions of concrete spread, in two directions parallel to the
table edges, measured to the nearest 10 mm. After mixing,
concrete was placed into six cube molds (150 x 150 x
150 mm) and covered by a plastic film to prevent moisture
loss. The samples were unmolded approximately 24 hours
after casting and then submerged in water at 20°C for curing.
The compressive strength tests were performed after 28 and
98 days, according to EN 12390-3 (rate of loading: 0.6 £
0.2 MPa/s).®

Furthermore, concrete was placed into three prism molds
(100 x 100 x 200 mm) to measure free drying shrinkage
and report their average result. The specimens were unmo-
Ided 24 hours after casting to install vibrating wire strain
gauges. The specimens were dried in a climate chamber at
20°C and 60% relative humidity. The vibrating wire strain
gauges work with the principle of an electric guitar. They are
composed of two end pieces joined by a tube that protects a
length of steel wire. An electromagnet is placed in a protec-
tive housing located at the center of the tube. The exterior
forces applied on the strain gauge modify the tension in the

ACI Materials Journal/May 2023
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to study influence of three factors.

wire and the wire’s resonant frequency, which is read by the
electromagnet.

The vibrating wire readings were drying shrinkage
because, in concrete having a water-cement ratio (w/c)
greater than 0.45, the autogenous shrinkage is negligible
compared to drying shrinkage.*>*’ This insignificance is
thanks to two factors: 1) excess water more than required
for full hydration of cement; and 2) large, well-connected
capillary pores. ¢4’

Mixtures

A factorial design was employed at two levels with three
factors, including two quantitative factors and a single qual-
itative factor:

1. Distribution modulus of the modified A&A model (g =
0.35,¢=10.3);

2. Cement content (300 and 260 kg/m?); and

3. Cement type (CEM 1 52.5R and CEM 111 42.5 LH/SR).

The choice of distribution moduli (¢ = 0.35, g = 0.3) was
based on previous tests performed by the authors and the
scientific literature discussed previously. The choice of the
cement content was based on EN 206,'7 where:

1. The minimum cement content for the exposure class of
XC 1 (Level 1 carbonation-induced corrosion) is stated as
260 kg/m?; and

2. The minimum cement content for the exposure classes
of XS 1 and XD 1 (Level 1 chloride-induced corrosion due
to seawater and chloride other than seawater), XF 1 (Level 1
freeze/thaw attack), and XA 1 (Level 1 aggressive chemical
environments) is stated as 300 kg/m?>.

The choice of cement type was based on their widespread
use in the manufacture of concrete floors in different seasons
of the year. The CEM I 52.5R cement has a rapid hydration
rate and is usually used for concreting in winter, while the
CEM 11T 42.5 LH/SR cement has a low hydration rate and is
usually used for concreting in summer.*>* A higher dosage
of HRWRA was used in samples with 260 kg/m?3. The water
content in these samples was only 130 kg/m® (compared to
150 kg/m? water in samples with 300 kg/m*® cement), and the
higher HRWRA dosage helped to improve flowability.

In this study, a 23 factorial experimental design was used
to investigate the variables. The coded design consisted of
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standard order; and (right) cube plot of numbered runs used

eight formulations, as shown in the table on the left of Fig. 8.
Each data value was for the response yield averaged over
three duplicate measurements. For example, a run using the
lower amount of distribution modulus (¢ = 0.35), the lower
content of cement (260 kg/m?®), and the CEM I was coded
as (———) or run 1. As shown in Fig. 8, these eight formu-
lations can be represented by the vertexes of a cube. If the
cube center is considered the origin of a three-dimensional
coordinate system, then the factors can be identified by the
coordinates of these points.*

Furthermore, a Pareto analysis at a 5% significance level
was performed to determine which effects (main and inter-
action) contribute the most to the consistency and shrinkage
response variability. The main effects were: (A) modulus;
(B) cement content; and (C) cement type. The interaction
terms were AB, AC, and BC.

EXPERIMENTAL RESULTS AND DISCUSSION
Consistency

Figure 9(a) presents the consistency of mixtures, measured
by flow table test for the eight combinations of factors at
the corners of a cube. No indication of segregation was
observed during measurements. The Pareto analysis showed
that among the factors, the cement content was the most
statistically significant factor to the consistency response
variability (adjusted R? = 98.5% and predicted R? = 86.3%).
The analysis also showed that none of the interaction terms
were statistically significant (o = 5%). In other words, both
distribution moduli (¢ = 0.35 and 0.30) produced work-
able, cohesive, flowing concrete, and distribution modulus
was not a statistically significant factor to the consistency
response variability.

Figure 9(b) shows the influence of distribution modulus
on the consistency of mixtures. The average main effect of
distribution modulus on flow diameter is +3 cm, which is
greater at lower cement content. At 300 kg/m?, both distri-
bution moduli (¢ = 0.35 and 0.30) provided cohesive, work-
able, flowing concrete. No indication of segregation and
bleeding was found in the samples. Figure 9(c) displays the
influence of the cement content and HRWRA dosage on the
consistency of mixtures. The average main effect of cement
content is +7 cm, which is more than twofold that of the
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Fig. 9—(a) Cube plot of consistency of mixtures (cm), measured by flow table test; and influence of factors on flow diameter:
(b) influence of distribution modulus, (c) influence of cement content and HRWRA dosage, and (d) influence of cement type.
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Fig. 10—(a) Cube plot of 28-day strength (MPa); and (bottom) influence of factors on 28-day strength: (b) influence of distri-
bution modulus, (c) influence of cement content and HRWRA dosage,; and (d) influence of cement type.

distribution modulus. In similar mixtures, a higher amount
of powder is translatable into a higher volume of excess
paste. Figure 9(d) shows the influence of cement type on the
consistency of mixtures. The average main effect of cement
type is —2 cm, which is greater at higher cement content.
This effect is insignificant as it is less than the tolerance of
flow diameter test (30 mm), according to EN 206-1."7
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Compressive strength

Figure 10(a) presents the 28-day strength of mixtures for
the eight combinations of factors at the corners of a cube.
Figure 10(b) shows the influence of distribution modulus
on the 28-day strength of mixtures. The strength of all the
CEM I mixtures is above 37 MPa, which is the minimum
cube strength for C30/37 compressive strength class in EN
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Fig. 11—(a) Cube plot of 98-day strength (MPa), (b) percentage increase in strength compared to 28-day strength, and influ-
ence of factors on 98-day strength: (c) influence of distribution modulus, (d) influence of cement content and HRWRA dosage;

and (e) influence of cement type.

206-1.'7 The average main effect of the distribution modulus
on the 28-day strength is +1.5 MPa, showing the two distri-
bution moduli provide similar strength. Figures 10(c) and
(d) display the influence of cement content and type on the
28-day strength of mixtures. Mixtures containing CEM 111
have lower compressive strength due to the lower hydration
speed of CEM IIL.#

Figure 11(a) presents the 98-day strength of mixtures for
the eight combinations of factors at the corners of a cube.
Compared to the 28-day strength of the mixtures (Fig. 10),
the increase in 98-day strength is more significant in
CEM III mixtures. Rapid strength gain in CEM I mixtures is
associated with the high surface area of this type of cement
(Blaine of ~527 m*kg). Figure 11(c) shows the influence of
the distribution modulus on the 98-day strength of mixtures.
The strength of the mixtures is above 43 MPa, which is
considered sufficient for most flowing concrete applica-
tions. The average main effect of distribution modulus on
the 98-day strength is +2.6 MPa, and the two distribution
moduli provide similar adequate strength. Figure 11(d)
demonstrates the influence of cement content on the 98-day
strength of mixtures. The average main effect of cement
content is +6 MPa, and a higher cement content results in
higher strength. Figure 11(e) shows the influence of cement
type on the 28-day strength of mixtures. Mixtures containing
CEM III have lower compressive strength due to the lower
hydration speed of CEM I11.43

Drying shrinkage

Figure 12(a) presents the 98-day drying shrinkage of
the eight combinations of factors at the corners of a cube.
The Pareto analysis showed that among the factors, the
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distribution modulus was the most statistically significant
factor to the 98-day shrinkage response variability (adjusted
R? = 96.4% and predicted R*> = 67.3%). The analysis also
showed that none of the interaction terms were statistically
insignificant (o = 5%).

The shrinkage values are less than 380 pe (um/m), showing
that the mixture design method can make low-shrinkage,
flowing concrete mixtures. Figure 12(b) illustrates the influ-
ence of distribution modulus on the drying shrinkage of
mixtures. Its average main effect is +33.5 pe and is associ-
ated with a higher coarse-to-fine ratio. Figure 12(c) shows
the influence of cement content on the drying shrinkage of
mixtures. Its average main effect is +5.5 pe, which is due to
the difference in the water content of the mixtures (refer to
Table 2). Figure 12(d) shows the influence of cement type
on the drying shrinkage of mixtures. The lesser shrinkage in
CEM III samples may be attributed to the lower hydration
speed in this type of cement.** These results are in line with
previous studies where 60% volume replacement of cement
with slag exhibited 22% and 12% lower drying shrinkage at
30 days and 356 days, respectively.*

CONCLUSIONS

In the present paper, the pumpability of the modified
Andreasen and Andersen (A&A) model at a distribution
modulus of 0.35 to 0.2 was compared and contrasted with
the technical literature and the recommendations of the
American Concrete Institute (ACI). A factorial design was
used to investigate the consistency, compressive strength,
and drying shrinkage of flowing concrete mixtures. Based
on the properties assessed and the results obtained, the
following conclusions can be drawn:
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Table 2—Concrete mixture compositions at w/c of 0.50

Designation Distribution modulus ¢ | Cement type | Cement, kg/m® | Sand, kg/m® | Gravel, kg/m*® | Water, kg/m? HRWRA, %
Cl1 0.30 CEM I 260 912.0 1142.4 130 1.9%
C2 0.35 CEM 1 260 780.0 1274.4 130 1.9%
C3 0.30 CEM 1 300 843.1 1123.3 150 1.3%
C4 0.35 CEM 1 300 714.2 1252.2 150 1.3%
C5 0.30 CEM III 260 888.6 1146.2 130 1.9%
C6 0.35 CEM III 260 756.6 1278.2 130 1.9%
C7 0.30 CEM 111 300 816.1 1127.7 150 1.3%
C8 0.35 CEM III 300 687.2 1256.6 150 1.3%
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The modified A&A model optimizes the particle size
distribution of concrete to produce pumpable concretes
according to ACI 211.9R-18. The distribution modulus
of the model controls the combined grading, the ratio
of coarse-to-fine aggregate, and the percentage of fine
aggregate passing 300 and 150 pm.

When designing concrete with the modified A&A
model, a distribution modulus of 0.35 is the recom-
mended boundary limit for ideal pumpability, according
to ACI 211.9R-18. A distribution modulus smaller than
0.35 results in ideal-for-pumping mixtures, according to
ACI211.9R-18.

When designing concrete with the modified A&A
model, the lowering of the distribution modulus pushes
the cumulated combined grading further above the
recommended boundary limit for ideal pumpability. It
also increases the percentage of fine aggregate passing
300 and 150 um while keeping them within the limits
recommended by ACI 211.9R-18.

A good correlation was established between the distribu-
tion modulus of the modified A&A model and the drying
shrinkage of concrete. A high distribution modulus in
the model results in a high coarse-to-fine aggregate ratio
and lowers the drying shrinkage of concrete.
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