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a b s t r a c t
This article addresses the microstructure and related mechanical properties of gypsum produced from bhemihydrate using information of its hydration process, from fresh paste to hardened gypsum.
The water demand of the investigated b-hemihydrate was determined applying the spread ﬂow test.
The ﬂowability was studied and the deformation coefﬁcient of the b-hemihydrate was derived accordingly. The hydration process of the b-hemihydrate was investigated applying an ultrasonic wave method
and the inﬂuence of the water content on hydration was analyzed.
The microstructure of the generated gypsum was studied by experiments and modeling. A model [1]
was applied, which was successfully validated by the present experiments. Furthermore, the mechanical
properties of the produced gypsum were investigated, and a numerical relation between water amount
and strength was found.
Ó 2010 Elsevier Ltd. All rights reserved.

1. Introduction
Gypsum (CaSO42H2O, also known as dihydrate) plaster is one
of the earliest building materials elaborated by mankind, and gypsum plasterboard is used widely as indoor building material because of its easy fabrication feature, environmental friendliness,
ﬁre resistance, aesthetics, low price, etc. The global production of
gypsum in 2008 is over 250 million ton. Taking Europe as an example, there are 160 quarries for gypsum production and the number
of employees is over 85,000 [2].
The CaSO4H2O system is composed of ﬁve solid phases: dihydrate, hemihydrate (CaSO40.5H2O), anhydrite I (CaSO4), anhydrite
G (CaSO4), and anhydrite I (CaSO4) [3]. Among them hemihydrate
is usually used to produce gypsum plasterboard. Hemihydrate occurs in two forms, i.e. the a- and b-type, whereas b-hemihydrate is
mainly applied since the hydration product of the a-hemihydrate
is too brittle to be used as building material. The properties of gypsum are inﬂuenced by the hydration process and the properties of
the hemihydrate.
The hydration of hemihydrate such as the hydration kinetics
and setting has been studied intensively so far [4–11], but the
emphasis was always laid on a-hemihydrate. Therefore topics such
as the hydration induced properties, and especially the behavior of
the b-hemihydrate upon hydration to produce gypsum (plasterboard) is still poorly understood. This article addresses the proper⇑ Corresponding author. Tel.: +31 (0) 40 247 2371: fax: +31 (0) 40 243 8595.
E-mail address: q.yu@bwk.tue.nl (Q.L. Yu).
0950-0618/$ - see front matter Ó 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.conbuildmat.2010.12.005

ties of gypsum (plasterboard) produced from a b-hemihydrate
from its hydration process. The water demand of b-hemihydrate,
as well as the ﬂowability of the hydrating system was investigated
by the common spread ﬂow test. The hydration of b-hemihydrate
was investigated applying an ultrasonic method and the inﬂuential
factors on setting were studied. The microstructure as well as induced mechanical properties of the gypsum during hydration
was investigated using experimental data and modeling.
2. Material and experimental
2.1. Material
The applied material, i.e. b-hemihydrate, in the present study was provided by
Knauf Gips KG (Germany). The b-hemihydrate is produced from the ﬂue gas desulfurization (FGD) gypsum. The b-hemihydrate was characterized in the present
study in order to evaluate its physical properties such as: mineralogy, element, particle size distribution, speciﬁc surface area, and microstructure. X-ray diffraction
(XRD) patterns were obtained using a Rigaku diffractometer operating at room temperature in order to conﬁrm the mineralogy and crystallinity. The chemical analysis
of the material was carried out using energy-dispersive X-ray spectroscopy (EDX).
The particle size distribution (PSD) was measured with a Mastersizer 2000. The speciﬁc surface area was analyzed from both the measured PSD results and the BET
method (TriStar 3000, Micromeritics). The microstructure of the hydrated system
was measured with scanning electron microscope (SEM).
2.2. Water demand determination
Flowability is widely used to describe the properties of building materials like
concrete or gypsum in fresh state and it is related to parameters such as ﬂuidity,
mobility, and compactability. To assure the hydrating system is ﬂuid, a thin layer
of adsorbed water molecules around the particles and an extra amount water to ﬁll
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Nomenclature
a
a0
b0
d
d0
Eh
Frupt
Fc
h
h0
H
Ksp
L0
m
n
V
W
w
w0

speciﬁc surface area, mass based (cm2/g)
parameter
parameter
diameter (mm)
the base diameter of the Hägermann cone (100 mm)
(mm)
the deformation coefﬁcient
breaking load (N)
maximum load at fracture (N)
mass of the hemihydrate (g)
initial mass of the unreacted hemihydrate (g)
height of prism (cm)
the solution product of gypsum
the distance between the supports of the bending
machine (cm)
mass (g)
hydration degree
volume (cm3)
width of prism (cm)
mass of the water (g)
initial mass of the water (g)

Uh

q
c
u
d
n

r
r0
x
m

the relative slump of the gypsum slurry
density (g/cm3)
the super saturation of gypsum
volume fraction
water layer thickness (cm)
shape factor
strength (N/mm2)
strength at uv = 0 (N/mm2)
speciﬁc molar volume (cm3/mol)
speciﬁc volume (cm3/g)

Subscripts
Blaine
Blaine method
c
compressive strength
f
ﬂexural strength
g
gypsum
h
hemihydrate
n
nonevaporable
s
shrinkage
sphere
sphere
w
capillary water
v
void fraction

Greeks

a
bh

activities of the free ions
the water/hemihydrate percentage (vol.%) for Uh = 0

the intergranular voids of the system is necessary [12]. Hence, the determination of
water demand of ﬁne powders is of vital importance. With the ﬁlled void fraction,
the proportion of total speciﬁc surface area of the powders and the remaining water
determines the workability [13].
Although many methods like angles ﬂow box test, ﬂow table test, or slump test can
be used to determine the workability, the spread ﬂow test was deployed in the present
study because it is especially suitable to measure materials which have a collapsed
slump. The spread ﬂow tests were carried out ﬁrst by ﬁlling the test sample into the
Hägermann cone and then lifting it to allow a free ﬂow of the sample to a dry, clean,
horizontal and non sucking working surface (e.g. a glass plate was used here). The test
was performed according to EN 13279-2 [14]. Ten mixes with different w0/h0 were
measured in order to obtain a statistically reliable trend line for the regression analysis. A more detailed information about the test procedure can be found in [12].

2.4. Microstructure and mechanical properties measurement

2.3. Hydration process measurement
Eqs. (1) and (2) show the hydration of hemihydrate, which takes place quickly
after mixing it with water via a through-solution route [15], ﬁrstly the hemihydrate
dissolves (Eq. (1)) and then the generated dihydrate precipitates from the solution
(Eq. (2)). Eq. (3) shows the integral hydration reaction as a combination of the foregoing two steps

CaSO4  0:5H2 O ! Ca2þ þ SO2
4 þ 0:5H2 O
Ca2þ þ SO2
4 þ 2H2 O ! CaSO4  2H2 O
CaSO4  0:5H2 O þ 1:5H2 O ! CaSO4  2H2 O

The ultrasonic wave technology is widely used to detect the microstructure defects, variation and fracture of solids since the ultrasonic wave changes in different
media [16]. Phani et al. [16] studied the strength and elastic modulus of gypsum
using the ultrasonic technology. In the present research, the ultrasonic technology
was deployed to measure the b-hemihydrate hydration process, since the microstructure of the hydrating system experiences a continuous change due to ﬁrstly
the dissolution of the hemihydrate and then the generation and the precipitation
of the dihydrate [7] during the whole process.
The hemihydrate hydration experiments with the ultrasonic method were performed at the University of Stuttgart, applying the FreshCon system as shown in
Fig. 1 [17]. More detailed information about the FreshCon system and the measurement procedure was presented in [18].

ð1Þ
ð2Þ
ð3Þ

Fig. 2 shows schematically the volume composition of the hydrating system.
Before the hydration, the total volume is composed of only water and b-hemihydrate
as shown in Fig. 2a. During the hydration reaction as shown in Eq. (3), part of the
water and b-hemihydrate are consumed as reactants and gypsum is produced, so
the total volume is composed of the chemical shrinkage due to the hydration reaction, the water that remains beyond the hydration reaction, the generated gypsum,
and the remaining b-hemihydrate, shown in Fig. 2b.
The void fraction of the hydrating system here is deﬁned as the fraction of void
space in the hydrating system, where the void may contain air or water. Therefore
the void fraction of the system upon the hydration reaction is described as the

Fig. 1. The FreshCon system for ultrasonic velocity measurement [17].
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Fig. 2. Schematic diagram of the volume composition of the system (a: initial
condition, m = 0 and b/c: upon hydration, m > 0).

addition of the volume caused by the reaction shrinkage and the remaining water as
shown in Fig. 2c.
The microstructure of the hydrating system consequently inﬂuences the performance of the hydrated system such as the mechanical properties. The microstructure was investigated by both modeling and experiments, including SEM analysis
and mechanical testing.

3. Results and discussion
3.1. Material characterization
Fig. 3a shows the XRD result of the used b-hemihydrate. The
peak shows that the b-hemihydrate almost only consists of
CaSO40.5H2O. The chemical composition analysis measured by
EDX method is listed in Table 1. It shows there are only very small
impurities (Si, Mg and Al in total less than 3% by mass) in the sample, and also the amount of Ca and S is in line with the theoretical
values, which also conﬁrms the XRD result. The PSD of the b-hemihydrate is shown in Fig. 4, with the surface weighted mean (D
[3,2]) 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 [19], yielding 0.377 m2/g (9877.4 cm2/cm3). A detailed calculation description can be found in [13,19]. The
measured BET surface area of the b-hemihydrate is 7.50 m2/g,
and results show there are no micropores inside.
3.2. Water demand and ﬂowability analysis
A concept of relative slump is used to analyze the water demand and workability in the present study. The relative slump is
calculated from

Ch ¼ ðd=d0 Þ2  1

ð4Þ

Here d is calculated from the average value of the two perpendicular
diameters measured from the spread of the homogeneously prepared
sample.
All the computed Uh based on Eq. (4) then are plotted versus the
respective water/hemihydrate volume ratio (Vw/Vh) as shown in
Fig. 5, the relation between Vw/Vh and w0/h0 is as follows:

V w w0 =qw w0  mw
¼
¼
Vh
h0 =qh
h0  mh

ð5Þ

A linear trend line is ﬁtted through the plotted values, reading

Vw
¼ Eh Ch þ bh
Vh

ð6Þ

From Eq. (6), the water demand (bh) of the b-hemihydrate,
which represents that in this condition the slump ﬂow equals to
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zero, is derived. This indicates the minimum water demand to assure a ﬂuid gypsum plaster. In the present study, a bh value of
1.436 was obtained, which is in line with [20]. This also conﬁrms
that the spread ﬂow test is suitable for the determination of the
water demand of the hemihydrate.
The deformation coefﬁcient (Eh) is also derived from Eq. (6) (the
slope of this function). This value indicates the sensitivity of the
materials on the water demand for a speciﬁed workability, which
means that the material with a lower deformation coefﬁcient
shows a bigger change in deformability to a certain change in
water amount [13]. A deformation coefﬁcient of 0.062 for cement
(CEM I/B 42.5 N LH/HS) was given [21] which is bigger than that
of b-hemihydrate (0.053) here. This indicates that water has a bigger inﬂuence on the workability of the hydrating system, which is
probably due to the smaller surface area of the b-hemihydrate
(9877 cm2/cm3) than that of the mentioned cement (15,300 cm2/
cm3).
As discussed above, a thin layer of adsorbed water molecules
around the particles is necessary to assure the ﬂuidity of the
hydrating system. Brouwers and Radix [21] reported that the thickness of this layer (d) is related to the deformation coefﬁcient and
the surface area of the used material, which was later conﬁrmed
by [13], reading

Eh ¼ dBlaine  aBlaine  qh ¼ d  n  asphere  qh

ð7Þ

whereby n is the shape factor and asphere the surface computed using
the PSD and assuming spheres. In the present study, using a aBlaine
value of 3025 cm2/g [22] and a qh value from Table 2, a dBlaine value
of 66.8 nm is obtained, which is in line with [21] who reported a
dBlaine value of 44.6 nm for CEM I/B 42.5 N LH/HS. Furthermore this
is also conﬁrmed by Marquardt [23] who reported a d value of
45 nm with a different test, which was discussed in [12].
A linear relation was reported [13] between the speciﬁc surface
area from Blaine method and computed speciﬁc surface area from
PSD method, given by

n  asphere ¼ 1:7  aBlaine

ð8Þ

Substituting the surface areas yields n = 1.36.
3.3. Hydration process analysis
The measured ultrasonic velocity during the hydration with different w0/h0 is shown in Fig. 6 [17]. The velocity curve of the ultrasonic wave has the following characteristics. The ﬁrst part is a
dormant period, which is distinguished by a constant low velocity
value; and is then followed with the second part in which the
velocity increases rapidly until ﬁnally reaches a plateau, which is
characterized also by a constant value.
The constant velocity value in the ﬁrst period indicates the
microstructure of the hydrating system remains stable or we can
consider this period as the induction time of the b-hemihydrate
in water. Eq. (9) gives the expression of the super saturation of
the gypsum, where the Ksp equals 4.62 [4]. Nucleation and growth
of the gypsum take place when c > 1.

c ¼ aðCa2þ ÞðSO2
4 Þ=K sp

ð9Þ

The ultrasonic velocity changes quickly after the induction
time due to the change of the void fraction of the hydrating
system and the physical properties of the materials in the system
[24,25], which indicates the generation and precipitation of
gypsum.
The measured values show that the ultrasonic velocity increases quickly in the precipitation period, but the increase rate
gradually slows down until ﬁnally a plateau is reached. This can
also be explained by Eq. (9) that the reduction of the free ions in
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Fig. 3. The X-ray diffraction patterns (a: b-hemihydrate; b: gypsum produced with w0/h0 = 0.65; and c: gypsum produced with w0/h0 = 0.80).

Table 1
Chemical composition analyzed by EDX.
Element

wt.%

at.%

K-ratio

O
Mg
Al
Si
S
Ca
Total

48.86
0.87
0.80
1.32
21.46
26.68
100.00

67.84
0.80
0.66
1.05
14.87
14.79
100.00

0.0714
0.0030
0.0037
0.0082
0.1758
0.2285

the solution due to the precipitation of the gypsum leads to the decrease of the hydration speed. The plateau of the ultrasonic velocity indicates the ending of the setting.

The measured results indicate that ultrasonic wave method is
suitable for the hemihydrate hydration measurement. The measured initial setting time of about 4.5 min under the condition of
the w0/h0 of 0.65 is in line with [20], in which the setting was measured with the knife methods [14]. The setting time measured
using this method in this study is much shorter compared to the
value from other method like electrical resistance method [7]. This
probably can be explained by the difference between the microstructure of the used materials, which also indicates the used bhemihydrate has an obvious inﬂuence on hydration.
The hydrating system with different w0/h0 shows different
workability as analyzed above. This ﬁnding indicates the distance
between the molecules of the hydrating system is different under
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Fig. 4. The particle size distribution of the b-hemihydrate.

3.0

Proportion Vw /V h

2.5
Vw/Vh = 0.053 h + 1.436
R² = 0.99

2.0
1.5
1.0
0.5
0.0
0.0

5.0

10.0

15.0

20.0

25.0

Fig. 5. Results of the spread ﬂow test, plot of relative slump ﬂow versus water/
hemihydrate volume ratio.

different water content conditions. The distance between the molecules becomes larger when the water amount is higher which in
turn should result in a longer reaction time. This is conﬁrmed by

the measured results with ultrasonic wave method shown in
Fig. 6. The results show the induction time becomes longer with
an increase of the water amount. The induction time is about
1.5 min with the w0/h0 of 0.65 while around 7 min when the w0/
h0 increases to 1.25. The longer induction time with the higher
w0/h0 as shown in Fig. 7 can also be explained by Eq. (9), the generated gypsum needs longer time to be super saturated. The relation between the water amount and induction time found in this
study is shown in Fig. 7.
The inﬂuence of the water amount on the period of precipitation is reﬂected from the period duration and the velocity variation. With the w0/h0 of 0.65, the duration of this period is only
around 7 min and the ﬁnal velocity reaches to around 2500 m/s,
while with the w0/h0 of 1.25, the duration of this period is about
18 min and the ﬁnal velocity reaches about 2000 m/s. The duration
of the precipitation period indicates evidently that the water
amount inﬂuences greatly the hydration process of the hemihydrate. The result of the ending time of the hydration is shown in
Fig. 7 too. Results indicate that water content at a lower w0/h0
has a dominant inﬂuence on the ﬁnal setting of the hydrating system. This ﬁnding is conﬁrmed by Schiller [26] who reported a similar trend of the relation between water ratio and setting time. But

Table 2
Parameters of the paste model [1].
Substance

M (g/mole)

q (g/cm3)

x (cm3/mole)

vh/vw

wn/h

vn/vw

vnwn/vwh

vs/vh

Anhydrate
b-Hemihydrate
Dihydrate

136.14
145.15
172.18

2.58
2.62
2.32

52.77
55.40
74.22

0.39
0.38
0.43

0.265
0.186
–

0.60
0.71
–

0.16
0.13
–

0.106
0.054
–

a

b

c

Fig. 6. Ultrasonic velocity during b-hemihydrate hydration (a: w0/h0: 0.65; b: w0/h0: 0.80; and c: w0/h0: 1.25) [17].
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this ﬁnding is in contrast to Solberg and Hansen [9] who reported
that hydration of the gypsum is almost independent of water
amount within the w0/h0 range of 0.5–1.5.
Fig. 3b and c shows the XRD pattern of the hydrated gypsum
with w0/h0 of 0.65 and 0.80, respectively. The results show obviously that the hydrated system only include CaSO42H2O, which
indicates that the b-hemihydrate is fully hydrated and the water
content does not inﬂuence the ﬁnal composition of the hydrated
system. The difference between the ﬁnal velocities indicates the ﬁnal hydrated system has different microstructures due to the different initial water amount, which will be discussed in next
section. This also can be explained from the so called void fraction
of the system, which will be discussed in the next section as well.
3.4. Microstructure of the hydrating system
The chemical shrinkage of the hydrating system is computed
from the difference between the reactant water and the chemical
combined water following from Eq. (3). In this study a model proposed by Brouwers [1] is applied to describe the volume fraction of
chemical shrinkage as follows:

us ¼



n 1  vvwn whn
mh
mw

þ

w0
h0

ð10Þ

Table 2 lists the values of mn/mw, wn/h, mh/mw for CaSO4 systems [1].
Here the void fraction of the chemical shrinkage upon the
hydration is deﬁned as the proportion of the reaction shrinkage
to the total volume that is constant during the whole reaction process, which is in line with Schiller [6] who also studied the void
fraction of gypsum produced from a-hemihydrate based on the
same assumption. The speciﬁc volume (cm3/g) of the chemical
combined water (mn) used here is computed from the difference
of the speciﬁc volume between the generated gypsum and the bhemihydrate.
As discussed above, due to the requirement of the ﬂuidity, an
extra amount of water is needed. During the hydration reaction,
the extra water works as transport liquid, and then it is evacuated
during the curing period, which in turn leads to an open space of
the generated gypsum. The void fraction caused by this unhydrated
water reads

uw ¼

w0
h0

n

mh
mw

þ

wn
h
w0
h0



w0

 n mmwn

uv ¼ uw þ us ¼ h0 mh

mw

þ

wn
h

w0
h0

ð12Þ

Substituting the values of the b-hemihydrate for the mn/vw, xn/h, mh/
vw from Table 2, we obtain
w0

uv ¼ uw þ us ¼ h0

 0:13n

0:38 þ wh00

ð13Þ

It is evident from Eq. (13) that the void fraction is related to the
water content and the hydration degree (n) of the hydrating system. Unlike cement, b-hemihydrate hydration occurs very quickly,
for instance in the present study with the w0/h0 of 0.65 the full
hydration ends within 10 min (see Fig. 7). Therefore the inﬂuence
of water on void fraction in this study is mainly focused on the case
that the hydration degree is unity, i.e. the system experiences the
full hydration, yielding
w0

uv ¼ h0

 0:13

0:38 þ wh00

ð14Þ

Schiller [6] proposed a void faction model for gypsum, which is
in accordance with the model applied here (Eq. (13)), valid for the
special case of full hydration and a-hemihydrate only.
The applied model is veriﬁed by experiments in the case of bhemihydrate and full hydration. The measured void fraction of
the gypsum is plotted versus w0/h0, together with the computed
values from the applied model (Eq. (14)) shown as Fig. 8. The good
agreement between predicted value and experimental data reveals
the validity of the applied model.
The microstructure of the generated gypsum is shown in Fig. 9.
The gypsum in Fig. 9a and b was prepared with a w0/h0 of 0.65 and
0.80, respectively. It is clear that the crystals in Fig. 9a are much
tighter and homogeneous than that in Fig. 9b. This shows that
the gypsum produced with a lower water content has a better
bonding between the gypsum crystals which should lead better
mechanical properties. Gypsum in Fig. 9a also shows a smaller void
fraction compared to the gypsum in Fig. 9b, which is also in line
with the applied model above.
3.5. Mechanical properties of gypsum

ð11Þ

Therefore the void fraction during the hydration follows from the
addition of the two parts, reading

Fig. 7. Analysis of the hydration process.

As typical for many building materials, gypsum behaves elastically under a load before reaching its elastic limit. However, it is
obvious that the hardened gypsum is not a compact solid due to
its high void fraction. Lewry and Williamson [27] reported that
the gypsum strength develops during setting via a three-stage process: ﬁrst a development of an interlocking matrix of dihydrate
needles, then the relief of internal stress due to the build-up of
pressure as needles, and ﬁnal a strength increase during the removal of the excess water.
From the strength development process, one can see that the ﬁnal strength of the gypsum is related to the formation of the produced gypsum crystals and the bond between them. From here
we can assume that the water amount inﬂuences the strength of
gypsum by inﬂuencing the void fraction since it inﬂuences the formation of the gypsum crystals and the bonds, which is conﬁrmed
by the SEM pictures as shown in Fig. 9a and b.
The strength tests were performed using a Zwick test device
according to [14]. In this study the size of the samples was controlled strictly according to EN 13279-2 [14] to promise a representative value since Coquard et al. [28] reported that the sample
size has an obvious inﬂuence on the strength of gypsum.
The ﬂexural strength was measured with the three-point bending method, and the ﬂexural strength is calculated from
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a

Fig. 8. The void faction versus the water-hemihydrate ratio (w0/h0).

rf ¼

3F rupt L0
2WH2

ð15Þ

The compressive strength was determined by applying a load to
the broken parts of the original specimen (40 mm  40 mm 
160 mm) used for the ﬂexural strength test, and the compressive
strength is calculated from

rc ¼

Fc
1600 mm2

ð16Þ

The inﬂuence of the water content on strength of the gypsum
was investigated and the measured ﬂexural and compressive
strength values are plotted versus void fraction as shown in
Fig. 10. It is evident that the strength decreases with the increase
of the void fraction, which can be explained by the bond between
the crystals. When the water amount increases, the void fraction of
the generated gypsum increases as analyzed above which in turn
leads to a weaker bond between the gypsum crystals, which ﬁnally
results in a decreased strength.
Several models [16,28] were proposed to describe the relation
between the void fraction and the strength of gypsum, such as

r ¼ r0 ð1  b0 uv Þ
r ¼ r0 ð1  b0 uv Þa0

ð17Þ

b
Fig. 10. The strength of the specimen versus the void fraction (a: ﬂexural strength
and b: compressive strength).

ð18Þ

Fig. 9. The SEM picture of the gypsum (a: produced with w0/h0 = 0.65 and b: produced with w0/h0 = 0.80).
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Table 3
Comparison of the four applied models.
Flexural strength (rf, N/mm2)

Model

r
Lineal (Eq. (17))
Phani (Eq. (18))
Schiller (Eq. (19))
Exponential (Eq. (20))

r ¼ a0 ln



1

2

0.97
0.98
0.98
0.99

Compressive strength (rc, N/mm2)

a0

b0

r0

r2

a0

b0

r0

–
1.20
15.33
–

1.38
1.35
1.35
7.49

18.94
23.10
–
269.60

0.98
1.00
0.99
0.98

–
1.16
33.65
–

1.33
1.30
1.30
6.33

43.33
48.70
–
369.31



b0 uv

r ¼ r0 expðb0 uv Þ

ð19Þ
ð20Þ

In this study these models were applied and compared. The obtained coefﬁcient of determination (r2) and relevant parameters
(a0, b0, and r0) are listed in Table 3. One point should be mentioned
here is that both models from Schiller [6] and Phani et al. [16] were
proposed based on a-hemihydrate produced gypsum. Actually the
linear model (Eq. (17)) is one special case of the power model (Eq.
(18)), i.e. when the exponent is unity. The power model gives best
predictions in the present study. A critical void fraction value of
0.73–0.77 of the gypsum was obtained here (1/b0 in Eqs. (17)–
(19)). This value indicates that the produced gypsum will lose its
strength at this void fraction, which is in line with Schiller [29]
who reported a critical void fraction value of 0.79 for gypsum. This
ﬁnding also indicates the strength is independent on the type of
the used hemihydrate. An extreme strength (r0, ﬂexural strength
and compressive strength), i.e. the strength of gypsum at zero void
fraction, is also derived from the models, as listed in Table 3. We
can see that the Schiller model (Eq. (19)) has a limitation since it
only can predict the critical void fraction other than the extreme
strength, while the Exponential model (Eq. (20)) only gives an extreme strength other than the critical void fraction.
4. Conclusions
As an environmental friendly and sustainable building material,
gypsum is widely used in the construction ﬁeld. This study aims to
contribute to a better understanding of the microstructure and related mechanical properties of gypsum produced from b-hemihydrate. The following conclusions can be drawn:
1. Water demand of b-hemihydrate was determined using spread
ﬂow test, and results show that spread ﬂow test is a suitable
test method. The workability was investigated and the inﬂuence of water content on the ﬂowability was analyzed.
2. The deformation coefﬁcient of the b-hemihydrate was derived,
the thickness of a water layer around the particles to assure the
ﬂuidity of the hydrating system was discussed, and the shape
factor of the investigated b-hemihydrate was derived.
3. The ultrasonic wave method is suitable for b-hemihydrate
hydration measurement. A relation between the induction time
and ending time of b-hemihydrate hydration and water content
was found.
4. A model was applied to describe the microstructure of the
hydrating system, which was validated by experiments. Subsequently a relation between water amount and the strength of
generated gypsum was derived.
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