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a b s t r a c t

This article addresses experiments and theories of a self-compacting gypsum-based lightweight compos-
ite (SGLC). A b-hemihydrate is used as binder and lightweight aggregate (LWA, 0–2 mm in different size
ranges) is used as aggregate into this composite. The mix of the new composite is designed based on the
particle size distribution grading theory applying the modified Andreasen and Andersen (A&A) grading
line [1] to obtain an optimal packing of all the used solid materials. The effect of the distribution modulus
(q) in the modified Andreasen and Andersen equation is investigated. The developed mixes are studied in
both fresh and hardened states, including the flowability, density, porosity, and mechanical property. The
thermal behavior of the new developed composites is investigated, from its thermal physical properties,
and strength degradation at elevated temperature. The study demonstrates that this new composite has
significantly improved thermal and mechanical properties, compared to those of traditional gypsum
plasterboard.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Gypsum plaster is one of the earliest building materials elabo-
rated by mankind and its utilization history can be traced to
4000 years ago [2]. Gypsum plasterboard is used extensively for
interior walls or ceilings due to its easy fabrication features, envi-
ronmental friendliness, aesthetics, low price, etc., and also espe-
cially due to its excellent fire resistance property.

Gypsum plasterboard is produced from calcium sulfate hemihy-
drate, which occurs in two forms, namely a- and b-type, whereas
b-hemihydrate is mainly applied since the hydration product of
a-hemihydrate is too brittle to be used as building material [3].
A high amount of excess water is usually needed for the b-hemihy-
drate hydration to produce gypsum plasterboards due to the large
specific surface area of b-hemihydrate, while stoichiometrically for
a full hemihydrate hydration only an initial water amount of 0.186
by mass of hemihydrate (w0/h0) is needed [4,5]. The removal of the
excess water during the curing period leads to some conflicting
consequences to the generated gypsum, such as a great consump-
tion of heat, which is not desired and a high porosity which con-
tributes to a good indoor thermal insulation property [4]. It was
already demonstrated that a high porosity is strongly related to a
low density and poor mechanical properties such as low strength,
and good thermo-physical properties such as low thermal conduc-
tivity [4,6,7]. The resulted low thermal conductivity contributes to
a slow heat transfer between the indoor and the outdoor environ-
ment, which leads to a better indoor thermal comfort, as well as a
ll rights reserved.
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good fire resistance. However, a low strength causes not only a lim-
itation of the application of gypsum boards but also very swift
strength degradation during a fire, which then even leads to a
quick failure of the structure it covers.

Numerous efforts have already been made to address the
abovementioned problem. Fibers such as glass fiber [8,9], carbon fi-
ber [10], polypropylene fiber [11,12], polyamide fiber [13], and
polyester fiber [14] are applied extensively to reinforce the gypsum
boards. These reinforcements contribute somewhat to the
improvement of the gypsum plasterboard in terms of mechanical
or thermal properties, but they also have certain drawbacks. Evans
et al. [8] designed a lightweight glass fibers reinforced gypsum pa-
nel with a density of about 600–800 kg/m3; however, the compres-
sive strength of this developed panel is very low, only about
0.35 N/mm2, which definitely limits its application. Sing and Garg
[9] reported that glass fibers could not contribute to the strength
improvement if shorter than 12 mm. However, for gypsum plaster-
boards, the normal thickness is about 12 mm, which indicates that
applying longer fibers will cause mixing problems. Eve et al.
[12,13] reported a reduction of both Young’s modulus and strength
of the gypsum composite when increasing the content of polyam-
ide fibers and polypropylene fibers. Colak [15] investigated the
methylmethacrylate polymer reinforced gypsum composites and
reported that no strength improvement is achieved when the poly-
mer content is lower than 10% by mass. Deng and Furuno [11] re-
ported that, with a length of 12 mm and a content of 12% by mass,
polypropylene fiber reinforced gypsum particleboards (gypsum as
binder, and wood particles as the strengthening material) can
achieve an optimal performance (physical and mechanical proper-
ties), but such a high amount of fiber reinforcement would cause a
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Nomenclature

Roman
D particle size (lm)
h0 initial mass of the unreacted hemihydrate (g)
m mass (g)
q distribution modulus
v volume fraction
V volume (cm3)
w0 initial mass of the water (g)

Greek
bs the water/solid percentage (vol.%) for zero slump flow

condition
Cs the relative slump flow of the SGLC
q density (g/cm3)
u volume fraction

Subscript
dh dihydrate (gypsum)
hh hemihydrate
i particle size range type
lwa lightweight aggregates
max maximum
min minimum
s shrinkage
SGLC SGLC
slwa solid of the lightweight aggregates
w capillary water
v void fraction
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considerable cost increase and also mixing difficulties. Hernandez-
Olivares et al. [16] reported that short sisal fibers could not con-
tribute to the fire resistance of the reinforced gypsum board.

The present research aims at the development of an environ-
mentally friendly CaSO4�H2O-based lightweight composite with a
good fire resistance, sufficient strength, and indoor air quality
improvement properties. To obtain a low thermal conductivity, a
regenerated lightweight material is used into this new composite
as lightweight aggregate. The particles of the lightweight material
are rather closed hollow spheres, assuring a low density and a good
thermal insulation. A b-hemihydrate (CaSO4�0.5H2O) produced
from flue gas desulfurization (FGD) gypsum is used here as binder.
The mix of the new composite was designed based on the packing
theory applying the modified Andreasen and Andersen (A&A) grad-
ing model [17] to achieve an optimal packing of all the applied so-
lid materials. The produced composite using the mix design
method was investigated from its behavior in fresh state such as
flowability, and in hardened state such as density, mechanical
properties like strength, and thermal physical properties such as
thermal conductivity, specific heat capacity, and its fire behavior
such as mass loss and strength degradation at high temperature.

2. Mix design

2.1. Grading theory

It is already well accepted that the performance of composite
materials such as concrete is strongly linked to their porosity, i.e.
the void fraction, which is related to the sizes and the composition
of all the applied solid ingredients in the mix [18]. It was already
reported that the maximum strength is attained when the porosity
of a granular structure is minimal more than one century ago [19].
A minimal porosity can be theoretically achieved by an optimal
particle size distribution (PSD) of all the applied solid materials
in the mix, which has been addressed by researchers such as Fuller
and Thompson [20] and Andreasen and Andersen [17], and given
by

PðDÞ ¼ D
Dmax

� �q

ð1Þ

where P(D) is a fraction of the total solids being smaller than size D,
D is the particle size (lm), Dmax is the maximum particle size (lm),
and q is the distribution modulus.

Eq. (1) is known as the Fuller curve in the case of a q of 0.5,
while according to Andreasen and Andersen [17] the distribution
modulus should be in the range of 1/3 to 1/2 for the densest
packing. However, in this expression, the minimum particle size
is not incorporated, while in reality there must be a finite lower
size limit, which was considered by Funk and Dinger [1]. They pro-
posed a modified model based on the Andreasen and Andersen
Equation, which is usually called the modified Andreasen and
Andersen model, reading

PðDÞ ¼ Dq � Dq
min

Dq
max � Dq

min

ð2Þ

where Dmin is the minimum particle size (lm).
Applying the PSD theory, the particles can be better packed,

which results in an improved hardened state properties as well
as an improved workability, since more water is available to act
as the lubricant between the particles [21]. In this mix design
method, the modified Andreasen and Andersen curve acts as a tar-
get function for the optimization of the individual granular mate-
rials. The proportions of the individual materials in the mix
design are adjusted until an optimum fit is reached between the
composed mix and the target value, using an optimization algo-
rithm as so called Least Squares Method (LSM), i.e. the deviation
between target curve and composed mix expressed by the sum
of the squares of the residuals (RSS) at defined particle sizes [22],
as shown in Fig. 1. This is reached by employing the Solver tool
in Microsoft Excel@.

The distribution modulus affects the amount of the coarse and
fine particles in the mix. As reported by Hüsken and Brouwers
[22], a higher distribution modulus leads to a coarser mixture
while a smaller value results in a finer mixture. Hunger [23] rec-
ommended an optimal range of 0.21 < q < 0.25 for self-compacting
concrete (SCC) with the consideration of the workability. One of
the objectives in the present study is the self-compacting property,
i.e., the generated composite can flow freely under its own weight
into any shape such as wall board or slab. Hence, the distribution
modulus here will firstly also be considered using a small value
applying the self-compacting concrete mix design as a reference.

As analyzed above, an optimal packing density can be obtained
by applying this mix design concept. Density, however, is strongly
related with thermo-physical properties such as the thermal con-
ductivity of gypsum plasterboard [7]. Ryan [2] also reported that
the thermal conductivity is proportional to the density of gyp-
sum-based composites such as gypsum–vermiculite, gypsum–per-
lite, and gypsum–sand composites. Hence, the new composite
developed applying this design concept will have an opposite ef-
fect, i.e. a resulted high thermal conductivity as the void content
is minimized. However, a low thermal conductivity is another
desired objective in the development of this new composite. This



Fig. 1. PSDs of the involved ingredients, the target line and the resulting integral grading line of the mix.
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paper tries to tackle this problem by applying a lightweight mate-
rial as aggregate (LWA). The used LWA, made from recycled glass,
are in form of closed hollow spheres, which allow a good thermal
insulation property while keeping a low density. The used LWA
here have size ranges of 0.1–0.3 mm, 0.25–0.5 mm, 0.5–1.0 mm,
and 1.0–2.0 mm, and named LWA 0.1–0.3, LWA 0.25–0.5, LWA
0.5–1.0, LWA 1.0–2.0, respectively.

Therefore, by using b-hemihydrate as binder, the lightweight
material as aggregates applying the mix design concept, the ob-
tained self-compacting gypsum-based lightweight composite
(SGLC) will have a compact structure/matrix but a large uncon-
nected void space, which theoretically will lead to good mechani-
cal properties as well as good thermal properties.

2.2. Mix design

As shown in Fig. 2, the volume-based composition of the devel-
oped SGLC is composed of binder (b-hemihydrate), aggregates
(LWA), water (including additives such as superplasticizer) and
air. Obviously the performance of the composite is related to all
the ingredients. The proportions of all the solid materials are deter-
mined by the modified A&A model, whereas the distribution mod-
ulus has a significant effect. To ensure the mixed system is fluid, a
thin layer of adsorbed water molecules around the particles and an
extra amount of water to fill the intergranular voids of the system
are necessary [24,25], as indicated in Fig. 2. The water content is
strongly linked to both the flowability of the mixture in its fresh
state [4,25], and the strength of the mixture in its hardened state
Water

β-hh

LWA

Air

SGLC Solids + Water Ingredients

Water

Air

Fig. 2. Schematic diagram of the volume composition of the SGLC.
[4]. Therefore, to design a composite with improved mechanical
and thermal properties, the water content, the used solid materials,
the possible admixture such as the superplasticizer will be consid-
ered simultaneously.

Using the self-compacting concrete mix design methodology
from a guideline given by EFNARC [26] for SCC regarding specifica-
tion, production and use, and Hunger [23] as reference, a mix de-
sign procedure for SGLC is derived and shown in Table 1. The
first step is to collect and compute all the needed input parameters,
such as the particle size distribution, the specific surface area, and
the density of all the materials. The PSD of the b-hemihydrate was
measured using a Mastersizer 2000, as shown in Fig. 3, with the
surface weighted mean of 6.07 lm. The specific surface area was
calculated from the measured PSD results based on an assumption
that all the particles are spheres [27], yielding 0.377 m2/g
(9877.4 cm2/cm3). Here the PSDs of the LWA, measured by sieving
tests, are shown in Fig. 3 as well. The chemical composition of the
b-hemihydrate measured with energy-dispersive X-ray spectros-
copy (EDX) is listed in Table 2, and the chemical and physical prop-
erties of the LWA taken from the data sheet from the provider are
listed in Table 3, respectively.

The second step is the optimization of the proportion of all the
solid materials applying the optimization algorithm. As discussed
before, the distribution modulus affects greatly the designed mix
proportion. Therefore here the effect of the distribution modulus
on the final properties of the developed composite is studied.
Applying the optimization algorithm introduced in the previous
section, four mixes were developed using the same solid ingredi-
ents but different distribution moduli, which will be modified
and finalized according to the desired workability.

Following the optimization of the solid ingredients, the third
step is the determination of the water content, or here the water
dosage based on the amount of b-hemihydrate (water/
Table 1
The description of the mix design procedure.

Design procedure Notes

Materials characterization Particle size distribution, specific surface
area, density, etc.

Particle size distribution
optimization

Mix design methodology [22,23]

Water content determination Mini-slump flow test [4,26]
Flowability adjustment Water content, superplasticizer [26]



Fig. 3. The PSDs of the used solids.

Fig. 5. The effect of the used super plasticizer on the water demand of b-
hemihydrate (bhh, Vw/Vhh at Chh = 0).

Table 2
The chemical composition of the b-hemihydrate measured with EDX.

Element wt.% at.% K-ratio

O 48.86 67.84 0.0714
Mg 0.87 0.80 0.0030
Al 0.80 0.66 0.0037
Si 1.32 1.05 0.0082
S 21.46 14.87 0.1758
Ca 26.68 14.79 0.2285
Total 100.00 100.00

Fig. 4. Vw/Vs versus relative slump values applying the mini-slump flow test.
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hemihydrate by mass). In SCC mix design, a fixed water content of
about 0.30 (water/powder by mass) is usually chosen as a starting
value and then adjusted according to the required flowability and
viscosity [23]. Due to the obvious difference between the proper-
ties of cement and b-hemihydrate, while taking into account the
LWA, this value is not suitable to be used as a reference. The water
content here was first determined applying the mini-slump flow
test. A Hägermann cone was deployed for the slump flow test.
Firstly the slump flow of at least four mixes with the same solid
proportion but different water content was tested. Then the
computed relative slump flow values were plotted versus the
respective water/solid volume ratio. A linear trend line was fitted
through the plotted values and the water demand (bs, which repre-
sents that in this condition the slump flow equals to zero) was de-
rived accordingly. A detailed description of the mini-slump flow
test and the calculation procedure was presented in elsewhere
[4]. Fig. 4 shows the water demand results from the mix designed
using different distribution moduli. It can be seen that increasing
the distribution modulus resulted in a reduction of the relevant
water demand although the total volume of the solids increased.
This can probably be explained from the reduction of the amount
of the b-hemihydrate, which also reflected the high water demand
of b-hemihydrate that is in line with the previous research [4]. On
the other hand, this also indicates that the water adsorption of the
used lightweight aggregates within a short time (i.e. here during
the spread flow test) is rather low, which is also confirmed by
Liu et al. [28].

With the determined water demand, the preliminary mix de-
sign, i.e. the determination of solid materials and water content,
is completed. However, it should be noted that with this water
content the slump flow of the mixture is zero. The next step is to
adjust the flowability of the developed mix by applying superplast-
icizer (SP) and slightly adjusting the water content if necessary un-
til a desired design target. According to the standard EN 13454-2
[29], a flowable mortar and a highly plastic mortar based on gyp-
sum should have a slump flow no less than 190 mm and
130 mm, respectively, while from EFNARC [26], the slump flow of
cement mortar should be between 240 and 260 mm. Here using
EFNARC [26] as a reference, the slump flow value is set as 220–
250 mm. The used SP here (GPV 12), developed by SIKA [30] for
the gypsum plasterboard production, is a new polycarboxylates
based superplasticizer. The GPV12 is transparent solution with a
specific density of 1.08 g/cm3 and a solids content of 39.4%. Ham-
pel [30] reported that a water reduction up to 20% is possible to
get the same flow performance applying the GPV12 with an
amount of 0.2% by mass of the b-hemihydrate, which is confirmed
by the experimental results from the present study. Further study
was carried out here to investigate the influence of GPV 12 on the
water demand of the b-hemihydrate. Results are shown in Fig. 5. It
is indicated that the superplasticizer has an optimal dosage
amount of 0.5% by mass of the b-hemihydrate. This finding also fits
to the newly developed composite from the performed



Table 3
The chemical–physical properties of the used LWA.

Type LWA 0.1–0.3 mm LWA 0.25–0.5 mm LWA 0.5–1.0 mm LWA 1.0–2.0 mm

Physical properties
Loose bulk density 450 ± 15 kg/m3 300 ± 15 kg/m3 250 ± 15 kg/m3 220 ± 15 kg/m3

Particle density 800 ± 15 kg/m3 540 ± 15 kg/m3 450 ± 15 kg/m3 350 ± 15 kg/m3

Crushing resistance >3.5 N/mm2 >2.9 N/mm2 >2.6 N/mm2 >2.4 N/mm2

Chemical composition
SiO2 71 ± 2 wt.% 71 ± 2 wt.% 71 ± 2 wt.% 71 ± 2 wt.%
Al2O3 2 ± 0.3 wt.% 2 ± 0.3 wt.% 2 ± 0.3 wt.% 2 ± 0.3 wt.%
Na2O 3 ± 1 wt.% 3 ± 1 wt.% 3 ± 1 wt.% 3 ± 1 wt.%
Fe2O3 0.5 ± 0.2 wt.% 0.5 ± 0.2 wt.% 0.5 ± 0.2 wt.% 0.5 ± 0.2 wt.%
CaO 8 ± 2 wt.% 8 ± 2 wt.% 8 ± 2 wt.% 8 ± 2 wt.%
MgO 2 ± 1 wt.% 2 ± 1 wt.% 2 ± 1 wt.% 2 ± 1 wt.%
K2O 1 ± 0.2 wt.% 1 ± 0.2 wt.% 1 ± 0.2 wt.% 1 ± 0.2 wt.%
Trace <0.5 wt.% <0.5 wt.% <0.5 wt.% <0.5 wt.%

Table 4
Compositions of four mixes designed applying this mix design concept (per 1 m3).

Material Mix 1 Mix 2 Mix 3 Mix 4

Mass (kg) Volume (m3) Mass (kg) Volume (m3) Mass (kg) Volume (m3) Mass (kg) Volume (m3)

b-Hemihydrate 687.0 0.262 593.8 0.227 532.6 0.203 474.0 0.181
LWA 0.1–0.3 67.9 0.084 102.9 0.127 97.5 0.121 94.8 0.117
LWA 0.25–0.5 16.9 0.031 15.8 0.029 52.5 0.097 42.1 0.078
LWA 0.5–1.0 59.4 0.132 39.6 0.088 26.3 0.058 35.1 0.078
LWA 1.0–2.0 17.0 0.049 39.6 0.113 41.3 0.118 56.2 0.160
Water 412.2 0.412 385.9 0.386 372.8 0.373 355.5 0.356
Air 0.0 0.030 0.0 0.030 0.0 0.030 0.0 0.030

SP/hemihydrate (wt./wt.) 0.20% 0.25% 0.30% 0.30%
Water/hemihydrate (wt./wt.) 0.60 0.65 0.70 0.75
Distribution modulus 0.20 0.25 0.30 0.35
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experiments. With the new designed composite, experimental re-
sults show that the required flowability can be reached only by
adding the SP without changing the water content, as shown in
Table 4.
3. Experimental

3.1. Density and porosity

As one of the objectives of this new composite development, the
density and related porosity was studied at first in the present
study. As shown in Fig. 2, the porosity of the developed composite
is caused by three main phenomena, i.e. the chemical shrinkage
during the hydration of the b-hemihydrate, the evaporation of
the excess water during the curing period, and the internal open
space caused by the used lightweight aggregates.

The porosity in generated gypsum formed by b-hemihydrate
was already investigated [4]. An expression was proposed and val-
idated to describe the porosity of the gypsum produced from pure
b-hemihydrate, reading

uv;dh ¼ uw þus ¼
w0
h0
� 0:13

qw
qhh
þ w0

h0

ð3Þ

where uv,dh is volume fraction of the void in dihydrate, uw is vol-
ume fraction caused by the excess water, us is volume fraction
caused by the chemical shrinkage during the b-hemihydrate hydra-
tion, w0/h0 is the initial water/hemihydrate mass ratio, qhh (g/cm3)
and qw (g/cm3) are the specific densities of hemihydrate and water,
respectively.

The internal porosity of the LWA particles can be calculated
from its apparent density and the specific density of the solid
material, reading
uv;lwa;i ¼ 1�
qlwa;i

qslwa
ð4Þ

where uv,lwa,i is porosity caused by lightweight aggregates in differ-
ent size range (i), qlwa (g/cm3) is the apparent density of aggregate
particles, and qslwa (g/cm3) is the specific density of the aggregate
material, respectively. The density of the solid material (qslwa) in
the present study was measured using a gas Pycnometer (AccuPyc
II 1340, Micromeritics) on crushed and ground samples that were
obtained from ball milling method, resulting 2.458 g/cm3 in aver-
age. The density of the aggregate particles (qlwa) was taken from
the data sheet of the provider. Hence the total porosity caused by
all the LWA particles is calculated from

uv;lwa ¼
Xn

i¼1

V lwa;i

VSGLC
� 1�

qlwa;i

qslwa

� �� �
ð5Þ

where Vlwa,i and VSGLC are the volumes of the used lightweight
aggregates in different size ranges i and the volume of the designed
SGLC composite, respectively.

Therefore the total porosity of the new developed composite is
the addition of the two parts contributed from the gypsum and the
LWA separately, reading

uv;SGLC ¼ uv;dh þuv;lwa

¼
w0
h0
� 0:13

qw
qhh
þ w0

h0

� Vw þ Vhh

VSGLC
þ
Xn

i¼1

V lwa;i

VSGLC
� 1�

qlwa;i

qslwa

� �� �
ð6Þ

where Vw and Vhh are the volumes of initial water content and the
volume of the used b-hemihydrate amount, respectively. Incorpo-
rating the relation

w0

h0
¼ qwVw

qhhVhh
ð7Þ



Fig. 6. The comparison of the density, void fraction and the used distribution
modulus of SGLC and pure gypsum board.

Fig. 7. The density comparison between the SGLC and pure gypsum board (data
taken from [4]).
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and using qhh/qw = 2.62, the following expression is obtained,

uv;SGLC ¼ 2:62� w0

h0
� 0:13

� �
�uhh

þ
Xn

i¼1

ulwa;i � 1�
qlwa;i

qslwa

� �� �
ð8Þ

where uhh and ulwa are the volume fraction of the used b-hemihy-
drate and LWA in the designed composite, respectively.

It shows that the void fraction of the composite is related to the
paste content (here paste is defined as the sum of water and b-
hemihydrate) and the used lightweight aggregates. One can see
that if the density of the LWA is the same as of the solid material,
i.e. in case of the normal aggregates, Eq. (8) becomes the void frac-
tion expression for normal gypsum board assuming the aggregates
as impurities (here meaning nonreactive material).

The apparent density of the composite after removal of the free
water can be calculated from the used b-hemihydrate and the
aggregates, reading

qSGLC ¼
Pn

i¼1mlwa;i þ 1:186�mhh

VSGLC
ð9Þ

where the factor 1.186 originates from the mass of water retained
by dihydrate (based on hemihydrate mass).

The derived density expression is validated by the experimental
results. Here the measured density is calculated from the mea-
sured mass and size. The samples are prepared from different
mix designs, whereas some of them are designed using the same
distribution modulus but with different initial water content and
some are designed using different distribution moduli. All the sam-
ples are cured at ambient conditions for 7 days after demolding
(here demolding is performed usually 2 h after casting the sam-
ples), and then dried in a ventilated oven at 40 �C until constant
mass.

The results are shown in Table 5. It is obvious that the measured
density values are in excellent agreement with the calculated val-
ues, which indicates the validity of the derived density model as
well as the void fraction models. Fig. 6 shows the relation between
the void fraction and density and distribution modulus. The den-
sity decreases with the increase of the void fraction, which in-
creases with the increase of the applied distribution modulus.
This can be explained from Eq. (8): the increase of the distribution
modulus leads to the reduction of the paste amount and to an in-
crease of the LWA amount. Although the reduction of the paste
content results in a decrease of the void fraction of the generated
dihydrate, the void fraction caused by the increase of the LWA
has a larger effect, which also indicates the influence of the applied
distribution modulus. A further observation in Fig. 6 reveals an-
other interesting finding, i.e. the relation between the density
and the void fraction of the new composite is in line with the pure
gypsum board, which was investigated in detail in [4].

The density of the newly developed composite is compared to
the traditional gypsum board [4]. The comparison is carried out
based on the initial water content, and the results are shown in
Fig. 7. It is shown that, under all water content conditions, the
density of the new composite is clearly lower than that of the
Table 5
The thermo–physical properties of the SGLC at room temperature.

Distribution
modulus (q)

Density (g/cm3) Volumetric heat capacity
(J/(m3 K))

Computed Measured

0.20 0.98 0.97 1.04 � 106

0.25 0.93 0.93 1.05 � 106

0.30 0.88 0.89 0.89 � 106

0.35 0.81 0.82 0.73 � 106
traditional gypsum board; for instance, a reduction of 20% is ob-
tained at a w0/h0 of 0.60. This provides a possibility to produce a
much lighter building material using this mix design concept.

3.2. Mechanical properties

The strength development of gypsum board was already inves-
tigated previously [4]. The effect of the void fraction as well as the
bonds between the gypsum crystals was analyzed and a power
relation between the void fraction and strength of gypsum was
found. In the present study, the mechanical properties of the
new developed composite were investigated as well from its
strength including the compressive and flexural strengths. Differ-
ent distribution moduli lead to different mix design, while a smal-
ler q results in a finer mixture, which obviously influences the
mechanical properties such as the strength of the developed com-
posite. In the present study, the effect of the distribution modulus
was also investigated.

The flexural strength was measured on the sample with a
dimension of 160 mm � 40 mm � 40 mm using the three-point
bending method. The curing condition of the test samples is the
same as introduced above, i.e. first they were cured at ambient
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conditions for 7 days after demolding and then dried in a venti-
lated oven at 40 �C until the mass is constant to remove all the
remaining free water. The size of the sample was strictly controlled
to assure a representative value since according to Coquard et al.
[31] that the sample size has an obvious influence on the measured
strength. A load was applied vertically by means of a loading roller
to the opposite side face of the prism with a rate of (50 ± 10) N/s
until fracture. The compressive strength was measured with the
half prisms left from the flexural strength test on the molded side
faces over an area of 40 mm � 40 mm. A load was applied and in-
creased smoothly at the rate of (2400 ± 200) N/s over the entire
load application until fracture. The flexural and compressive
strength are calculated according to the expressions given in EN
13279-2:2004 [32].

The measured compressive and flexural strength are shown in
Fig. 8a and b, respectively. Both the compressive and the flexural
strength decrease with the increase of the distribution modulus
(q), but the strengths are influenced more significantly at a bigger
q range. The compressive strength decreases only with 3.6% when
the q increases from 0.20 to 0.25, but it decreases with 18.5% when
the q increases to 0.30, while the related flexural strength decrease
is 8.8% and 32.2%, respectively. This finding indicates from the
point of view of strength that a smaller q is more suitable and
recommended.
Fig. 8. The strength versus the distribution modulus ((a) compressive strength; (b)
flexural strength).

Fig. 9. The strength comparison of the new composite and pure gypsum board
versus the computed void fraction ((a) compressive strength; (b) flexural strength).
The relation between the void fraction and the strength is plot-
ted in Fig. 9. It is shown that the strength (both the compressive
and flexural strength) has a power law relation with the void frac-
tion. This is in line with the finding of the void fraction and the
strength of pure gypsum [4]. The comparison of the strength be-
tween the new developed composite and pure gypsum board is
also shown in Fig. 9. Here the strength value for pure gypsum
board was taken from the power model derived from the previous
study [4]. It can be seen, for instance with a void fraction of 0.60,
the new developed composite (designed with the distribution
modulus of 0.25, and it has a similar density as the traditional gyp-
sum board of 0.93 g/cm3), an improvement of 73.3% and 70.0% in
compressive and flexural strength respectively was obtained.
Hence it is demonstrated here that, a much higher strength can
be reached while keeping a similar density/porosity in this new
developed composite.
3.3. Thermal properties

As one of the key topics in building research, fire resistance is
always receiving special attention due to the very important role



Fig. 10. The measured thermal conductivity ((a) versus the used distribution
modulus; (b) versus the density).
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it plays in the safety of human beings. To prevent the premature
collapse when heated, the main building structures should have
good fire separations. To ensure an excellent fire resistance of a
building structure, good thermo-physical properties such as a
low thermal conductivity are very important to be obtained. On
the other hand, a low thermal conductivity of the applied building
structure also contributes to a good thermal comfort, due to the
low heat transfer through it between the indoor and outdoor
conditions.

Specific heat capacity is the measure of the heat energy re-
quired to increase the temperature of a unit quantity of a sub-
stance by a certain temperature interval, while the thermal
conductivity is the property of a material that indicates its ability
to conduct heat. Hence both properties are very important to ob-
tain a good fire safety as well as a higher indoor thermal comfort.
The thermal conductivity of one material is related with its density
and composition, which was already extensively studied [7,33–35].
In the present study, the thermal conductivity and the volumetric
specific heat capacity of the newly developed SGLC were
investigated.

A commercial heat transfer analyzer (ISOMET Model 2104) was
deployed here. It applies a dynamic measurement method to deter-
mine simultaneously the volumetric heat capacity (J/(m3 K1)) and
the thermal conductivity (W/(m K)) of a material with a measure-
ment time about 8–16 min [36]. For the measurement, a sample
was produced with a unified size of 200 mm � 100 mm � 30 mm,
and the sample was always first cured at ambient conditions for
7 days after demolding, and then was dried in a ventilated oven
at 40 �C until the mass is constant.

The measured thermal conductivity versus the applied distribu-
tion modulus is shown in Fig. 10a. The thermal conductivity first
decreases and then remains stable with the increase of the distri-
bution modulus, whereas a minimum value of 0.19 W/(m K) is
reached at a distribution modulus of 0.30. Fig. 10b shows the rela-
tion between the densities of the composites and their thermal
conductivities. It is shown that the thermal conductivity remains
stable at a lower density and then increases quickly with the in-
crease of the density. This is in line with De Korte and Brouwers
[33] and Zehner and Schlunder [34], who reported that the thermal
conductivity is related not only with the density, but also strongly
with the composition. It should also be pointed out that, to reach
a lower thermal conductivity, it is not enough only to consider
the reduction of the density. Here, a thermal conductivity of
0.21 W/(m K) is obtained at a void fraction of 0.60 (with the den-
sity of 0.93 g/cm3), while in the previous section a thermal conduc-
tivity of 0.30 W/(m K) is obtained at the same void fraction for pure
gypsum board [7]. Hence, it can be concluded that a 30% improve-
ment of the thermal conductivity is reached with the SGLC.

The measured volumetric specific heat capacity is listed in Ta-
ble 5. It can be noticed that the density is again not linked linearly
with the volumetric specific heat capacity, and an optimal value
was obtained at the distribution modulus of 0.25. Compared to the
normal gypsum board, the volumetric specific heat capacity of the
new SGLC is slightly lower at a same void fraction (density), for in-
stance, the volumetric specific heat capacity is 1.05 � 106 J/(m3 K)
with a density of 0.93 g/cm3, whereas it is 1.20� 106 J/(m3 K) with
a similar density (0.96 g/cm3) in the case of normal gypsum board.
This probably can be explained from the difference between the
composition of normal gypsum board and the developed SGLC,
especially the applied LWA inside.
3.4. Thermal degradation at high temperature

When exposed to fire or under high temperature, the chemi-
cally combined water in gypsum (CaSO4�2H2O) dissociates from
the crystal lattice and vaporizes, which is known as dehydration,
reading

CaSO4 � 2H2Oþ heat! CaSO4 �
1
2

H2Oþ 3
2

H2O ð10Þ

CaSO4 �
1
2

H2Oþ heat! CaSO4 þ
1
2

H2O ð11Þ

During this process, gypsum absorbs a large amount of heat that
drastically delays the process of heat transfer through the plaster-
board [7], which is also the reason why gypsum boards are usually
used as fire retardants to protect components of wall assemblies
from overheating. As shown in Eqs. 10, 11, the change of the mass
upon the dehydration of gypsum was caused by the release of the
chemically combined water, because the used LWA is made of glass,
which will not lose any weight in this temperature range. Therefore,
the density of the composite at high temperature (here emphasis is
focused on the dehydration temperature of dihydrate) can be theo-
retically calculated using the same method as discussed in the pre-
vious section given a known mixture, reading

qSGLC;220 ¼
Pn

i¼1mlwa;i þ 0:938�mhh

VSGLC
ð12Þ
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where the factor 0.938 originates from the water release during the
dehydration of dihydrate to anhydrite (as shown in Eqs. 10, 11).

However, as reported in our pervious study [7], due to the dehy-
dration reaction, the matrix in the gypsum is changed, which re-
sults in a reduced mechanical property, e.g. strength. In the
present study, lightweight material was used as aggregates, and
due to the stability of its microstructure at the dehydration tem-
perature of the gypsum, i.e. below 300 �C [7]. It will contribute to
reduce the thermal degradation of the developed composite, i.e.
the thermal mass loss and the strength reduction beyond the
Fig. 11. The strength reduction after the gypsum in the SGLC is dehydrated to
anhydrite ((a) compressive strength; (b) flexural strength).

Table 6
The thermo–physical properties of the SGLC after the gypsum dehydrated to
anhydrite.

Distribution
modulus (q)

Density (g/cm3) Thermal
conductivity
(W/(m K))

Volumetric heat
capacity
(J/(m3 K))

Computed Measured

0.20 0.81 0.80 0.15 0.62 � 106

0.25 0.75 0.78 0.13 0.63 � 106

0.30 0.74 0.74 0.12 0.55 � 106

0.35 0.71 0.69 0.12 0.54 � 106
gypsum dehydration. Both the thermal mass loss and strength deg-
radation test were carried out on the samples with a size of
160 mm � 40 mm � 40 mm. The strength (both the compressive
and flexural strengths) test was done using the same procedure
as introduced in the previous section. The dehydration experi-
ments were performed following this procedure, i.e. firstly the
samples were cured at ambient conditions for 7 days after demold-
ing, and then were heated at 220 �C until the mass is constant.
According to our previous study [7], this temperature assures a full
dehydration reaction of gypsum given sufficient time.

The measured and the theoretical mass loss due to the dehydra-
tion of the gypsum at high temperature are listed in Table 6. It can
be seen that the measured values are in good agreement with the
computed values. The thermal mass loss leads to the microstruc-
ture change of the gypsum in the matrix of the composite, as re-
ported in the previous study [7]: the regular gypsum crystals
changed to irregular broken anhydrite particles, which resulted
in a weaker bonding between the particles. The measured thermal
conductivity and the volumetric specific heat capacity of the com-
posite after dehydration are also listed in Table 6. It is obvious that
the thermal conductivity became smaller after the gypsum dehy-
dration due to the extra void caused by the release of the chemi-
cally combined water in gypsum, as well as the change of the
matrix. Moreover, it is clear that the thermal conductivity of the
dehydrated composite has the similar feature as the composite be-
fore dehydration, i.e. it decreased and then reached to a stable con-
dition within the investigated distribution modulus range.

The measured strength values (both the compressive and flex-
ural strength) are shown in Fig. 11. It can be noticed that a reduc-
tion of about 50% in both compressive and flexural strength
occurred after the dehydration of gypsum, i.e. the binder in the ma-
trix. However, compared to the current composite the pure gyp-
sum board loses more than 80% of its strength at this
temperature range [7]. Hence, one can see that, although there is
obvious strength degradation, a considerable improvement has al-
ready reached in the new composite. Once again the improvement
obtained here can be explained by the application of the LWA. This
improvement can definitely help to delay the failure of the struc-
ture itself, and then even the whole building structure it protects.
4. Discussion

Distancing from traditional methods to reinforce gypsum
boards, the present paper aims to develop a type of novel light-
weight composite using b-hemihydrate as binder with an im-
proved performance to be used as indoor wall board, fire
separation structures, ceiling, etc. The modified A&A grading curve
has already been applied extensively for concrete mix design,
while here it is applied to design this composite with b-hemihy-
drate as binder instead of cement. To the authors’ knowledge, this
has never been reported before. Depending on the desired perfor-
mance, different distribution moduli were recommended for the
concrete mix design [22,23,25,37]. As a binder, hemihydrate be-
haves very differently from cement, therefore the effect of the dis-
tribution modulus is investigated as well.

The experiments are performed focusing on the targeted objec-
tives: low density, good mechanical properties, and good thermal
properties (e.g. low thermal conductivity). As indicated by the re-
sults presented in the previous sections, the distribution modulus
indeed influences the designed composite significantly. As indi-
cated from Fig. 6, increasing the distribution modulus leads to a
reduction of the density of the composite. Hence, it seems wise
to use a larger distribution modulus if we only consider the density
as the key factor. However, as shown in Fig. 8, an increase of the
distribution modulus results in a swift decrease of both the
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compressive and flexural strength of the composite. Thus, a smaller
value of q should be considered if only strength is the target value.
Therefore, taking both density and strength into account, one al-
ready can see that an intermediate value of q should be used. Then,
considering a thermo-physical property such as thermal conduc-
tivity, as shown in Fig. 10a, it is obvious that we should not use
the smallest distribution modulus investigated here, since at that
value the composite has the highest thermal conductivity. So tak-
ing all these three factors into consideration, it is already clear that
a distribution modulus of 0.25 provides optimal results.

The question then rises here, whether it is useful to apply this
mix design method for the calcium sulfate-based composite design
when we have already found an optimal value for the distribution
modulus. This can be answered from the comparison of strength,
density, and thermal conductivity between the currently devel-
oped composite and the normal or traditional gypsum board, as
shown in Figs. 7 and 9, as well as in Fig. 11. The significant
improvement of all the investigated properties clearly indicates
that this mix design method works not only for concrete mix de-
sign but also for this calcium sulfate-based composite design.

It is different from concrete design where some constraints usu-
ally have to be considered from the point of relevant regulations or
practical situation. In the present study all the considerations are
only taken from the point of view of the performance of the de-
signed composite. For instance, in concrete design the used cement
content should not reach a minimum or maximum given value.
Here, a relatively large amount of b-hemihydrate as binder is used;
on one hand it provides more binder as well as fine powders to en-
sure a good viscosity to resist the floating of the applied light-
weight aggregates in fresh state, and on the other hand it helps
to reduce the cost of the composite.
5. Conclusions

This article addresses the development of a self-compacting
gypsum-based lightweight composite. The modified Andreasen
and Andersen grading line was used to design the composite with
an optimal packing property. b-hemihydrate was used as binder
and one type of lightweight material was used as aggregates in this
composite. The following conclusions are drawn:

1. A mix design methodology originally for concrete design is pre-
sented and applied to design the calcium sulfate-based light-
weight composite. The mix design applies the geometric
packing theory as the basic principle and the effect of the
parameters in the mix design model is discussed; several mixes
of the composite designed using different distribution moduli
are presented. An optimal distribution modulus of 0.25 in the
modified A&A equation was found to reach an optimal thermal
and mechanical properties of this composite.

2. The density as well as the void fraction of the developed com-
posite in its hardened state is studied by both modeling and
experiments; a relation between the void fraction and the den-
sity is reported.

3. The mechanical properties of the developed composite are
investigated. The strengths of the SGLC are compared to the tra-
ditional gypsum plasterboard, and the significant improvement,
up to 70% with the same void fraction, indicates the validity of
the applied mix design method.

4. The thermo-physical properties of the new composite are inves-
tigated and a 30% improvement compared to that of traditional
gypsum plasterboard is reached with the same density.

5. The thermal degradation of the designed samples beyond the
dihydrate dehydration temperature is studied, and a reduction
of about 50% while a reduction of more than 80% in strength
is found in the developed SGLC and traditional gypsum board,
respectively. The comparison between the developed SGLC
and traditional gypsum plasterboards from both the thermo-
physical properties and the thermal degradation behavior indi-
cates the superiority of the developed SGLC.
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