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� Gypsum is a cement setting regulator,
it is also a cement hydration
accelerator.

� The use of gypsum at the optimum
content, improves several cement
properties.

� Its use below or above the optimum,
affects adversely the cement
properties.

� The optimum gypsum content is not
fixed at 5%, it varies from a cement to
another.

� The optimum gypsum content
depends mainly on: SO3 %, C3A %,
Alkali % and cement SSB.
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Portland cement CEM I is obtained from (95–97%) of clinker and (3–5%) of gypsum, according to EN 197-1
(2011) standard. Sulfur trioxide SO3 is the main component of gypsum (Calcium Sulfate Dihydrate
CaSO4�2H2O), it may also originate from clinker, the previous standard has limited its content in cement
at 4%. It is known that the gypsum acts as a cement setting regulator, however, an appropriate gypsum
quantity (optimum) may improve other properties such as: mechanical response, dimensional variations
and hydration process. This optimum gypsum content is related to several parameters, namely: SO3 %,
cement SSB (specific surface Blaine), C3A % and alkali %. The aim of this work is to find, through an exper-
imental protocol, the optimum gypsum content of an Algerian Portland cement CEM I. 10 variants con-
taining various % of gypsum were formulated, where properties of anhydrous cements, cement pastes
and normalized cement mortars were studied. Results show that when gypsum is added below or above
the optimum, water demand for normal consistency, setting times, compressive strength, heat of hydra-
tion, swelling, drying shrinkage and hydration degree were adversely affected. It has been experimentally
demonstrated that this optimum gypsum content is 5.5% by weight.

� 2017 Elsevier Ltd. All rights reserved.
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1. Introduction After exhaustion of gypsum, the residual C3A reacts with the
The Portland cement CEM I is a powdery substance made from
clinker and gypsum. Clinker is formed after firing a raw mill of
limestone and clay at around 1450 �C, where chemical reactions
take place to form essentially, calcium silicates (C3S, C2S) and alu-
minates (C3A, C4AF). Cement hydration is the chemical process that
allows these minerals to react with water, giving rise to new
cementitious compounds called hydration products, where the
major phases are: calcium silicate hydrates (C-S-H) and calcium
hydroxide (CH). On complete hydration, 50–70% by weight of ordi-
nary Portland cement is converted to C-S-H and up to 28%, to CH
[1]. Contrary to CH crystals that do not participate much in the
matrix resistance, C-S-H is the main compound of cement bonding
properties. This mineral with a low crystallinity degree, even
amorphous, is formed from reactions of C3S and C2S with water
according to reactions 1 and 2.

2C3Sþ 11H ! C� S�Hþ 3CH ð1Þ

2C2Sþ 9H ! C� S�Hþ 2CH ð2Þ
The tricalcium aluminate (C3A) has a very high reactivity with

water, which is the main cause of flash setting. Without gypsum
in the binder, it can dissolve rapidly in water leading to an inter-
mediate phases of hexagonal calcium aluminate hydrates (C2AH8,
C4AH19 and C4AH13) which turns into a more stable phase, Hydrog-
arnets C3AH6, according to reactions 3 and 4.

2C3Aþ 27H ! C2AH8 þ C4AH19 ! 2C3AH6 þ 15CH ð3Þ

2C3Aþ 21H ! C2AH8 þ C4AH13 ! 2C3AH6 þ 9CH ð4Þ
Gypsum is an indispensable component in the cement manu-

facture, it’s used mainly for regulating the setting time of cement.
However, some of the mechanical properties of cement, namely
strength, shrinkage and expansion in water may be affected by
its level in the matrix [2]. Also, and in order to reduce the grinding
energy required to produce cement, the gypsum is often added to
the clinker upon its cooling and during the final grinding process in
cement plants. Gypsum is a transparent or translucent sulfate min-
eral composed of calcium sulfate, found and mined, primarily from
sedimentary deposits. Usual form of gypsum in nature is Dihydrate
(CaSO4�2H2O), more rarely Anhydrite (CASO4), but Hemihydrate
(CaSO4.1/2H2O) is extremely unusual due to its unstable character.

To obtain cement, the sulfate source can be determinative. It is
known that anhydrite dissolves very slowly in water, which affects
the formation of ettringite and consequently, the resistance evolu-
tion, particularly at a very early age [3,4]. According to Agabgbou
et al., [5], mechanical properties of cement pastes and mortars
were more affected when hemihydrate is used, especially, in terms
of dimensional variations where a greater drying shrinkage was
found. In the field of cement industry, term of gypsum refers gen-
erally to calcium sulfate dihydrate (CaSO4�2H2O). The gypsum con-
tent in cement is expressed in terms of its trioxide sulfate (SO3)
level. Portland cement contains usually around 5% of gypsum, but
its level from SO3 must be less than 4%, according to the European
standard EN 197-1.

In the presence of water, gypsum reacts quickly with C3A (Reac-
tion (5)) to generate an Aft phase known as Ettringite (C6AS3H32).
The retardation mechanism of gypsum is forming these very fine
grained crystals of ettringite, which develop a protective film on
the cement particle surface to reject the movement of water [6]
and delay the setting time of cement.

C3Aþ 3C�SH2 þ 26H ! C6A�S3H32 ð5Þ
formed ettringite giving rise to an AFm phase (calcium monosul-
foaluminate) according to reaction 6:

2C3Aþ C6A�S3H32 þ 4H2O ! 3C4A�SH12 ð6Þ
Similarly, the tetracalcium aluminoferrite (C4AF) reacts without

(Reaction (7)) and with gypsum (Reactions (8) and (9)), but more
slowly than C3A and releasing a lower hydration heat.

C4AFþ 10H ! C3AH6 þ CHþ FH3 ð7Þ

C4AFþ 3C�SH2 þ 30H ! C6A�S3H32 þ CHþ FH3 ð8Þ

2C4AFþ C6A�S3H32 þ 12H ! 3C4A�SH12 þ 2CHþ 2FH3 ð9Þ
The effect of gypsum on the hydration of C3S is widely studied

by Menetrier et al., [7]. It has been demonstrated that the dissolu-
tion rate of C3S increased in the presence of gypsum. Kurdowski
[8], reported that the gypsum accelerates the C3S hydration mainly
in the pre-induction period, its effect on cement hydration takes
two aspects. It improves the amount and constitution of C-S-H
gel, on the other hand, the C-S-H cohesiveness, being the function
of C/S ratio, is reduced.

In some recent studies, it appears that the authors have chosen
arbitrarily the percentage of gypsum in the formulation of their
cements. Although these percentages vary between 3 and 5, the
SO3 content in gypsum varies from one research to another
(Table 1). In cementitious system, a low gypsum content should
not ensure sufficiently the retardation effect, while high gypsum
level will affect considerably the cement strength and its dimen-
sional stability. Moreover, the gypsum over dosage may have long
term negative consequences that adversely affect the durability of
cement concrete causing its serious damage.

Leklou et al. [14] reported that the Delayed Ettringite Formation
(DEF) is a type of Internal Sulfate Attack (ISA) observed in cemen-
titious materials and caused by heat-induced decomposition and/
or prevention of normal ettringite formed during the initial hydra-
tion of cement at elevated temperature (above about 70 �C) and its
re-crystallization in the hardened matrix. This physico-chemical
phenomenon induces an expansion of the cement paste and leads
to cracks in concrete. These cracks result in a decrease of the
mechanical performances and durability parameters of the
material.

High content of gypsum in cement may be considered as one of
the main causes of DEF. That’s why and according to Paris et al.
[15], limiting sulfate additions in cement is common to avoid
DEF. The same authors noted that when excess soluble sulfates
do not react completely, and when temperature reaches 70 �C,
the DEF phenomenon occurs. In the set concrete, the unbound sul-
fates present in the microstructure react to form more voluminous
chemical products, causing internal stresses in the concrete to
build until cracks in the hardened concrete are formed, thus, com-
promising the structure. Furthermore, the high gypsum content
favors the internal corrosion of concrete, particularly intensive
for cements with high is C3A content and low fineness [8]. There-
fore to limit this risk of expansion, especially in areas like Algeria
where climatic conditions (high temperature, sun exposure and
humidity) favor ettringite re-crystallization and DEF, it would be
advantageous to avoid the use of cements with high sulfate
contents.

In reality, there is an optimum % of gypsum, which ensure for
the matrix, a maximum strength and minimum shrinkage without
excessive expansion in water [2,6]. According to Soroka and Abay-
neh [2], the gypsum content involves two opposing effects. Gyp-
sum was shown to accelerate the cement hydration, particularly



Table 1
Variation of the gypsum content in cement and that of the SO3 in gypsum, according to some references.

Reference Gypsum % (By weight of clinker) SO3 content (%) C3A (%) C4AF (%)

In Clinker In Gypsum In Cement

Assaad Joseph Jean [9] 5 0.22 43.1 / 9.47 13.08

Naceri and Hamina [10] 5 0.54 27.83 11.2 8.2
Hamidi et al. [11] 4.8 / / 3.4 8.7 8.1
Hamidi et al. [11] 4.5 / / 4.8 7.4 11.2
Ghiasvand et al. [12] 4 0.75 28.1 / 7.49 8.98
Yilmaz and Ediz [13] 3.5 1.21 46.12 / 7.4 11.72
Hamidi et al. [11] 3 / / 2.2 10.4 6.9
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at the early ages up to 3 days, which improves the strength at an
early age. As for the adverse effect, the formation of excessive
amounts of ettringite, and the possible internal cracking, may be
considered as a possible explanation when the SO3 content exceeds
a certain threshold (Optimum). This optimum depends on the SO3

content in gypsum, but also on the amounts of SO3, C3A and C4AF in
the clinker, % of alkali in raw materials and the cement fineness.
The literature contains several analytical formulas allowing to cal-
culate this optimal content of SO3 as a function of all these param-
eters. According to Kurdowski [8], the % of SO3(Optimum) can be
calculated by one of these formulas:

% SO3ðOptimumÞ ¼ 0:556Na2O2 þ 0:0017659 SSB

þ 0:1072Fe2O3 � 3:6004 ð10Þ

% SO3ðOptimumÞ ¼ 0:093Al2O3 þ 1:71Na2O2 þ 0:94K2Oþ 1:23 ð11Þ

% SO3ðOptimumÞ ¼ 6:810�5 SSB:C3A ð12Þ

% SO3ðOptimumÞ ¼ 1:841þ 0:095C3Aþ 1:6364 Na2O2 ð13Þ
However, ASTM C563-07 standard proposed an approximation

to calculate the % of SO3(Optimum) based on the compressive
strength:

% SO3ðOptimumÞ ¼ ½a=ða� bÞ�c þ dþ ðc=2Þ ð14Þ
Where:

a: average strength both rounds of Mixture No 2 minus Mixture
No 1.
b: average strength both rounds of Mixture No 3 minus Mixture
No 2.
c: (% SO3 in gypsum)/100, and d = % SO3 in test cement.

The aim of this paper is to find experimentally this SO3(Optimum)

for an Algerian Portland cement CEM I.

2. Materials and methods

2.1. Clinker and gypsum

The used clinker was an ordinary Portland cement clinker, it
was provided by Lafarge cement company of M’sila in Algeria. It
was crushed with a ball mill until a fineness of 3270 cm2/g. In
terms of mineralogical composition, the clinker contains 66.43%
of C3S, 11.55% of C2S, 6.24% of C3A and 12.08% of C4AF. Moreover,
Table 2
Chemical compositions (%) and physical properties of clinker and gypsum.

SiO2 Al2O3 Fe2O3 CaO MgO SO

Clinker 21.5 4.89 3.97 65.92 1.59 0.7
Gypsum 3.37 0.82 0.32 32.19 4.20 37
the chemical analysis (Table. 2) shows its conformity with the
requirements specified in EN 197-1 standard, as the mass ratio
(CaO)/(SiO2) is greater than 2.0 and moreover, the content of
MgO is less than 5.0% by weight.

The gypsum (Calcium sulfate dihydrate CaSO4�2H2O) was pro-
vided from the same cement plant. Its Blaine fineness and density
were 4680 cm2/g and 2.52 g/cm3, respectively. The gypsum chem-
ical composition is summarized in Table 2.

In this study, a total of 10 variants of cement were prepared, in
which levels of 0%, 2%, 3%, 4%, 5%, 5.5%, 6%, 7%, 8%, and 9% respec-
tively, of the clinker weight were substituted by gypsum. To obtain
these cements, the materials, clinker and gypsum, were separately
grounded in a laboratory ball mill, then, sieved, mixed and homog-
enized according to the selected cement formulations.

2.2. Anhydrous cements

The chemical compositions of cement variants were determined
by X-ray fluorescence (XRF) according to NF P15-467, the confor-
mity of obtaining cement results was deemed with the EN 197-1
standard. Furthermore, anhydrous cements were subject to specific
gravity and Blaine specific surface tests by using of NF P 94-054
and NF EN 196-6 respectively, where each recorded result was
the average value of three successive measures.

2.3. Cement pastes

Cement pastes containing 500 g from each one of the cements,
with different ratios of w/c, were subjected to normal consistency
and setting time tests, according to NF EN 196-3. The aim was to
pull the influence of gypsum amounts on water-cement ratios
(w/c) in each paste, needed for obtaining normalized consistency,
characterized by a distance of 6 ± 1 mm between the plunger and
the base-plate of Vicat apparatus. As gypsum is mainly used as a
cement setting regulator, the setting time test was carried out in
order to appreciate this material effect on cements initial and final
setting times, measured by a numerical Vicat apparatus for the
same pastes.

2.4. Mortars

The cements were used in the confection of mortar specimens
(4 * 4 * 16 cm3) by using normalized sand, with a cement-sand
weight ratio (S/C) of 1/3 according to the NF EN 196-1 standard,
the w/c ratio was 0.5. In the fresh state, the hydration heat of
3 K2O Na2O LOI SSB (cm2/g) q (cm3/g)

3 0.69 0.10 0.3 3270 3.17
.52 0.15 0 26.86 4680 2.52
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mortars after 41 h was measured by isothermal calorimeter,
according to NF EN 196-9. The hardened specimens were subjected
to tests of compressive strength, swelling and shrinkage in accor-
dance with NF EN 196-1 and NF P-15-433 standards respectively.
The compressive strengths were determined using a 3 R press with
a loading speed of 2400 (±200) N/s. For each mixture and hydration
time, the compressive strength was the average of six test results.
Dimensional variations were determined on 4 * 4 * 16 cm speci-
mens, formulated with each cement variant according to NF EN
196-1 and cured at 3 and 28 days. For the swelling test, specimens
were placed in water bath (20 ± 2 �C), while for the draying shrink-
age one, specimens were kept in a curing chamber at 20 �C and 50%
relative humidity. The retained value for each test was the average
of three results.

The thermogravimetric analysis (TGA) was carried out by a
LABSYS EVO STA 1600 device, it used to assess the hydration
degree of cured samples in water at 3 and 28 days, which pre-
sents the ratio of chemically bound water of cement paste at a
given time, to that of fully hydrated paste [16]. At the testing
times, a 50 to 200 mg taken from specimens of each mortar vari-
ant, broken in the compressive strength test, was grounded then
placed into the crucible device. The TGA tests were performed
under a dynamic heating ramp up to 1000 �C with a heating rate
of 10 �C/min. During the test, the cement hydrates are decom-
posed and the relative mass losses are recorded on TGA curves.
Three main phases summarize these decompositions (Fig. 1):
the dehydration of hydrates C-S-H, C2ASH8, C4AH13 and C3AH6

(105–400 �C), the Portlandite dehydroxylation (400–600 �C) and
the carbonates decarbonation (600–900 �C) [17–19]. However,
the main difficulty of this technique is to determine the border
temperature between free and chemically bound water which
varies from one author to another between 105 [16] and 145
�C [18,20].

In this paper, the hydration degree is calculated using the mod-
ified method of Bhatty [18,20] in which, the hydration degree a (%)
is given at time t by the following formula:

aðtÞ ¼ WcðtÞ
W100 �mc

ð15Þ

Where:
� Wc: Mass losses due to the chemically bound water at time t,
measured by TGA curves (%):

Wc ¼ ðD145�1000�CÞ � ðD600�800�CÞ þ ðd145�1000�CÞ �mc � LOI ð16Þ
Fig. 1. Main decomposition phases of cement paste under th
Where:
� ðd145�1000�CÞ: The mass change of empty crucible between 145
and 1000 �C (Device’s drift).

� mC: Mass of cement included in the sample (g):

mc ¼ msample

1þ W
C

� �ð1þ LOIÞ ð17Þ

� W100: The proportion of water mass required for complete
(100%) cement hydration, calculated with the Bogue formula
(g/g of cement):

W100 ¼ 0:24ðC3SÞ þ 0:21ðC2SÞ þ 0:4ðC3AÞ þ 0:37ðC4AFÞ:
3. Results and discussion

3.1. Anhydrous cements

3.1.1. Chemical analysis
Table 3 shows the chemical compositions of cements as a func-

tion of their gypsum content. These results indicate the cements
conformity with the chemical requirements of EN 197-1, as the
LOI, % of Cl and % of SO3 were less than 5%, 0.1% and 4%, respec-
tively, except for variant with 9% of gypsum were the SO3 content
was 4.03%.

The addition of gypsum caused an absolute increase in LOI and
SO3 content in cements, contrary to their contents from CaO, SiO2,
Al2O3 and Fe2O3 which decreased with the gypsum content
increase. Furthermore, Na2O and K2O % are not influenced by the
gypsum content in cements, which have a beneficial effect in
reducing the expansion of mortar and concrete caused by the
alkali-silica reaction. The effect of gypsum content on MgO % in
cements is not obvious, though results of Table 2 indicate that free
MgO % in gypsum is 4.2%. Thus, more investigations through resis-
tance and swelling tests are required.

3.1.2. Cements specific gravity and Blaine fineness
The effect of gypsum content on specific gravity and SSB of

cements is graphically plotted in Figs. 2 and 3 respectively. It
seems that the obtained results were influenced by the gypsum
physical properties. The decrease in cements specific gravities is
mainly due to the difference between densities of clinker
(3.17g/cm3) and gypsum (2.52g/cm3). However, the incorporation
of gypsum, which is finer than clinker (4680 to 3270 cm2/g) had
e temperature effect between 105 and 1000 �C by TGA.



Table 3
Chemical analysis (%) of studied cements.

Gypsum content (%) SiO2 Al2O3 Fe2O3 CaO MgO SO3 Cl K2O Na2O LOI

0 (Clinker) 21.5 4.89 3.97 65.92 1.59 0.73 0.02 0.69 0.1 0.3
2 19.86 4.96 3.41 63.97 1.53 1.53 0.02 0.57 0.1 0.8
3 20.06 4.63 3.28 63.94 1.54 2.04 0.03 0.58 0.11 0.85
4 19.96 4.76 2.96 61.37 1.54 2.52 0.02 0.59 0.11 1.12
5 19.95 4.72 2.98 61.86 1.55 2.78 0.02 0.6 0.12 1.44
5.5 19.86 4.71 3.13 59.42 1.56 3.02 0.03 0.61 0.12 1.42
6 19.46 4.73 3.18 60.47 1.57 3.22 0.01 0.61 0.11 1.74
7 19.19 4.79 3.27 59 1.58 3.48 0.03 0.62 0.12 2.1
8 19.31 4.74 3.25 58.7 1.61 3.78 0.01 0.63 0.11 2.39
9 19.03 4.54 3.07 58.75 1.6 4.03 0.01 0.64 0.11 2.4
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increased the cement fineness. Except variants with 4% and 6%,
cements SSB were in an absolute increase as a function of their
gypsum content. It should be noted that theoretical values,
obtained from the mixture law, show a great agreement with those
experimental one, which present a sign of the homogeneity of
cement mixtures.

3.2. Cement pastes

3.2.1. Water demand for normal consistency
The evolution of the water-to-cement ratio for normal consis-

tency as a function of the gypsum content is represented in Fig. 4.
As can be seen from these results, the water demand increasedwith
the increase of gypsum content in cements. It increased from 122 g,
recorded for variant without gypsum, to 130 g and 136.5 g for those
containing 5.5% and 9% of gypsum respectively, which is equivalent
to 6.56% and 11.88% of growth, respectively. The increase of water
requirement can be attributed to two main factors: cements fine-
ness [12] and hydration process [20].

As reported by Schiller and Ellerbrock [21], the water demand is
divided in three main parts: the most large fraction is needed to
lubricate the surfaces of the cement grains, a lower fraction to form
the initial hydration products, and another one to lubricate these
hydration products. That’s what we can deduce from the hydration
process presented above. In the presence of gypsum, the formation
of hydrates ettringite and calcium monosulfoaluminate from C3A
and C4AF (Reactions 3, 4 and 7), requires more quantity of water
compared to that of other hydrates (C2AH8, C4AH19, C4AH13 and
C3AH6), formed in the absence of gypsum (Reactions 5, 6, 8 and 9).
The increase in gypsum content leads logically to increase in water
demand.

On the other hand, and as seen from Fig. 3, cements fineness
increased with their gypsum content. The fineness expresses the
surface to be surrounded by water molecules, the increase in fine-
ness leads to a larger wetting surface, hence a higher w/c ratio.
Similar findings have been reported by other researchers [12,22].

3.2.2. Setting time
It is well known that the onset of significant C-S-H formation is

the main cause of cement setting, the mechanism that governs the
transition from plastic phase to hardened one is characterized by
an increase in the system’s viscosity. It is true that the cement set-
ting time depends to the w/c ratio [23,24] and the cement fineness
[25], but the SO3 content remains more efficient. The effect of gyp-
sum content on setting time of cements is presented in Fig. 5. It is
obvious from results that gypsum had delayed the cement initial
and final set when used up to 5.5%, beyond this content, the
increase in gypsum, remains insignificant with regard to the set-
ting times. Compared to cement without gypsum, the cement with
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5.5% of gypsum required an additional time of 150 mn, for its ini-
tial set, and 215 mn, for its final one. Whereas, the retardation
was +35 mn and +65 mn for initial and final set, respectively, in
the case of cement with 2% of gypsum.

The shorter setting times of cements with 0, 2 and 3% of gypsum
are mainly attributed to the high C3A level without sufficient gyp-
sum. That means, with less than 2% of SO3 in cements, low amount
of ettringite (C6A�S3H32) is formed, which is insufficient to regular-
ize the setting. Beyond 5.5% of gypsum, the setting time remains
approximately constant and the gypsum becomes overdose.
Although the setting time does not seem to be affected by the high
gypsum contents, it should be noted that the gypsum excess have a
long term negative effect, since it may lead to delayed ettringite
formation (DEF). Thus, limiting the gypsum content at 5.5% is
required to avoid this phenomenon.

In view of these results, it can be concluded that the optimum of
gypsum content for this cement is 5.5% (3% of SO3). It must be
noted that the EN 197-1 limit the initial setting time at 45 mn
for CEM 52.5 and 60 mn for CEM 42.5, therefore, all studied
cements satisfied this requirement except that without gypsum.
Similar findings are reported by other researches [6,26].

3.3. Mortars

3.3.1. Heat of hydration
The formation of hydration products is a complex mechanism of

exothermic reactions leading to a heat release. Table 4 represents
the hydration heat evolved from different cements at 41 h. It must
be pointed that the NF EN 197-1/A1 (2004) standard limits the
hydration heat of low heat Portland cements after 41 h at 300 J/g.
The results indicate that the highest heat release is obtained for
cement without gypsum (315 J/g) and cements manufactured with
8% (320 J/g) and 9% (367 J/g) of gypsum, while the variant contain-
ing 5.5% of gypsum released the lowest hydration heat quantity
with 235 J/g.

As the released hydration heat depends on the cements compo-
nent reactions such us C3S, C2S, C3A, C4AF and free lime, the gyp-
sum content was probably the main cause of these findings. It is
known that without gypsum, the C3A release the highest hydration
heat (�1300 J/g), which justifies the result found for the variant
containing 0% of gypsum. The higher the gypsum content, the
lower the heat released decreases, up to a gypsum content of
Table 4
Effect of gypsum content on the hydration heat.

Gypsum content 0% 2% 3% 4%
Heat of hydration (J/g) 315 274 257 243
5.5%. This is attributed to the delaying effect of gypsum on the
C3A and C4AF reactions. Beyond 5.5% of gypsum, the hydration heat
increases due to the excessive formation of Brucite and Portlandite
from gypsum that not used in ordinary hydration of cement com-
ponents described in reactions 5 and 8. It should be noted that this
formation can have a negative effects on performances of mortar,
especially compressive strength and swelling. It can be concluded
that the optimum gypsum content is 5.5%, because the high values
of hydration heat cause cracking and increase the thermal shrink-
age of hardened mortars and concretes [27] and the improvement
of durability means according to Hossain et al., [28] reduced heat
of hydration.

3.3.2. Compressive strength
The effect of gypsum content on compressive strengths of nor-

malized mortar specimens (4 * 4 * 16 cm) is shown in Fig. 6. As
expected, the compressive strength increased with age, the rate
of increase depended upon the gypsum content and age. The
results show that the compressive strength increases with the
increasing gypsum content at all ages up to 5.5% of gypsum con-
tent. Above this content, the compressive strength increases with
age and decreases with increasing gypsum content. Compared to
variant without gypsum which recorded the lowest strengths at
all ages, that one containing 5.5% of gypsum exhibited the highest
strength values at 2, 7 and 28 days with increasing rates of
127.17%, 86.5% and 61.08% respectively.

It is known that the gypsum improves the dissolution of alite
and belite [7] and accelerates their hydration [2,8] giving C-S-H
and Portlandite according to reactions 1 and 2. Besides, gypsum
had a beneficial effect on the formed C-S-H amount [8]. As the
compressive strength depends on the resulted hydration products,
mainly C-S-H [29], results of Fig. 6 can be attributed to the pres-
ence of gypsum, but also, to its level. It seems that gypsum favored
a better production of hydrates generators of bonding properties
which led to increase in compressive strength with increase in
gypsum content up to 5.5%. The decrease of resistance beyond
the level of 5.5% from gypsum confirms that there is an optimum
content above which the strength gradually decreases.

As reported by Menetrier et al., [7], in the presence of gypsum,
the rate of C3S dissolution increases especially at early age, there-
fore, the precipitation of hydration products will be improved. Sor-
oka and Abayneh [2] established that it accelerates the rate of
cement hydration when added below its optimum. They added
that the use of an appropriate content of gypsum improves the
quality of C-S-H, while excess gypsum results in an inferior gel
with a higher C/S ratio, which decreases the compressive strength.
In a recent study [26], where the authors varied the gypsum con-
tent between 2 and 6%, the optimum corresponding to maximum
compressive strengths at 3 and 28 days was 4%. It should be high-
lighted that, as a function of gypsum content, the increase in 2 days
compressive strength corresponds to a decrease in hydration heat
at 41 h, up to 5.5%, beyond which, the trends reverse. As shown in
Fig. 7, resistance is negatively correlated with heat of hydration,
the gypsum content of 5.5% seems optimum because it led to max-
imum strength and minimal heat of hydration.

3.3.3. Swelling
The swelling of mortar specimens made with the cement vari-

ants and placed in water bath (20 ± 2 �C), at 3 and 28 days, as a
function of gypsum content is illustrated in Fig. 8. The swelling
5% 5.5% 6% 7% 8% 9%
239 235 241 281 320 367
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increases with curing period and gypsum content. Variant without
gypsum presented the lowest swelling at both ages, while variant
with 9% of gypsum content recorded the highest one. Growing
rates were not the same, between 0 and 6% of gypsum content,
the swelling is slightly increased, but above to 6% of gypsum con-
tent, the increasing rate is higher. For example, at the age of 28
days, the swelling of sample with 6% of gypsumwas 18.94% greater
than that of comparable mortar without added gypsum, whereas
the swelling of that one containing 9% of gypsum was 1.22 times
over.

It is clearly obvious that the gypsum content is the main cause
of these swelling results, especially when gypsum is used above its
optimum content. According to Kurdowski [8], the optimum gyp-
sum content should react completely and at early age with C3A
to form ettringite, while the high content of gypsum content
causes a risk of mortar swelling. The main cause of this swelling
according to Soroka and Abayneh [2] is the continued formation
of ettringite in the set cement. The authors established that, for
cements with high gypsum content, a topochemical reaction
occurs between residual gypsum and C3A at later stages (more
than 48 h), to form excessive amounts of ettringite which may lead
to sulfate expansion.

It should be pointed that the unreacted gypsum, used in the
present study, contains significant amounts of free CaO and MgO
(Table 2). Brucite and Portlandite thus formed have a high swelling
potential which may be at the origin of results found for the over-
dose gypsum variants. Similar findings were reported by other
authors [2,30,31].

3.3.4. Drying shrinkage
Samples of mortar, made with the different cements, were kept

in a curing chamber at 20 �C and 50% relative humidity in order to
evaluate their drying shrinkage at 3 and 28 days, the results are
plotted in Fig. 9. As the SO3 content is known by its reducer effect
of shrinkage [2,8,32], the obtained results are mainly attributed to
the gypsum content in samples.

At the age of 3 days, sample without gypsum showed a high
drying shrinkage (234.61 mm/m). This is probably due to its low
hydration, which is in agreement with its low compressive
strength (Fig. 6) and its high release of hydration heat (Table 4).
For this variant, it appears that the fast hydration of C3A, main
cause of the high value recorded for hydration heat, prevented
the hydration of all C3S and C2S, which led to a low compressive
strength at early age. The hydration water of this mortar was not
well consumed, so, its evaporation under the drying conditions
was the main cause of the recorded shrinkage.

For other variants, the gypsum content had two contradictory
effects. It led to a decrease in drying shrinkage when added at 3%
(for measurements taken at 3 days) and 6% (for measurements
taken at 28 days). Above these contents, the gypsum caused, again,
an increase in the drying shrinkage. For the first case, the variants
are apparently well hydrated, which is in accordance with results
of hydration heat and compressive strength, while for the second,
it seems that the gypsum surplus was unfavorable. It should be
noted that the NF P 15-301 standard, limits the drying shrinkage
after 28 days at 1000 mm/m.

3.3.5. Degree of hydration
The hydration degrees of different samples, calculated using Eq.

(6) at 3 and 28 days of curing, are given in Table 5 and Fig. 10. As



Table 5
Samples hydration degrees at 3 and 28 days.

Gypsum content (%) msample (mg) mc (mg) W100 Dð145�1000�CÞ (mg) Dð600�800�CÞ (mg) Wc (mg) a (%)

0 (3d) 56.101 37.289 0.228 3.125 0.937 2.116 25
0 (28d) 189.171 125.737 0.228 14.774 3.424 11.013 38
2 (3d) 163.81 108.34 0.216 10.074 2.926 6.332 27
2 (28d) 145.392 96.159 0.216 11.442 2.486 8.227 40
3 (3d) 128.804 85.146 0.216 9.093 2.421 5.988 33
3 (28d) 162.996 107.748 0.216 15.012 2.901 11.235 48
4 (3d) 132.541 87.382 0.204 9.172 2.24 5.993 34
4 (28d) 109.249 72.026 0.204 12.902 2.174 9.961 68
5 (3d) 111.365 73.189 0.206 9.310 2.461 5.835 39
5 (28d) 98.634 64.822 0.206 10.485 2.032 7.56 57
5.5 (3d) 153.201 100.704 0.2 13.037 3.094 8.553 42
5.5 (28d) 134.068 88.127 0.2 14.935 3.191 10.53 60
6 (3d) 171.056 112.087 0.204 14.54 3.438 9.191 40
6 (28d) 134.456 88.104 0.204 14.911 3.079 10.34 58
7 (3d) 110.22 71.969 0.199 9.534 2.689 5.373 38
7 (28d) 135.144 88.243 0.199 14.906 3.392 9.701 55
8 (3d) 132.623 86.351 0.198 11.724 3.66 6.04 35
8 (28d) 107.428 69.947 0.198 11.108 2.782 6.694 48
9 (3d) 134.695 87.692 0.198 12.621 4.499 6.057 35
9 (28d) 141.428 92.075 0.198 15.656 5.417 8.07 44
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expected, the degree of hydration increased with age, but it also
depended on the gypsum content in cements. At 3 days, variant
without gypsum gave the lowest degree of hydration (24.89%).
The low amount of chemically bound water in this variant, means
that it has formed little quantity of hydration products, which is at
the origin of its low compressive strength at 2 days (12 MPa), its
high hydration heat (315 J/g) and shrinkage (234.61 mm/m). How-
ever, with 5.5% of gypsum, the 3-days hydration degree was
Table 6
Optimum gypsum content.

Studied properties

Anhydrous cements Chemical composition
SSB
Density

Cement pastes Normal consistency
Setting time

Cement mortars Heat of hydration
Compressive strength
Swelling
Drying shrinkage
Degree of hydration

Theoretical formulas Formula (1)
Formula (2)
Formula (3)
Formula (4)
(42.46%), which was beneficial in terms of resistance at 2 days
(25.8 MPa). The increase of gypsum content, more than 5.5%, led
to a decrease in the hydration degree. At 28 days, it appears that
4% is the optimum content of gypsum, the hydration degree
decreases below and above this content value.

As gypsum accelerates the C3S hydration [8,33], the increase in
degree of hydration can be attributed to the gypsum beneficial
effect. Without gypsum and when gypsum is used below to its
optimum, the dissolution of the anhydrous components (C3S and
C2S) is slow due to fast hydration of C3A, therefore, the formation
of hydration products (mainly C-S-H and CH) is prevented, which
leads to a low hydration degree. The use of gypsum with content
exceeding the range of 5.5% at 3 days and 4% at 28 days, signifi-
cantly retarded the cements hydration [2], which decreased their
hydration degrees.

4. Conclusion

The effect of gypsum content on properties of anhydrous
cements, cement pastes and mortars was studied using various
contents of gypsum. The main conclusions that can be drawn from
this study are:

� Physical properties of cement are affected by the gypsum con-
tent, the higher the gypsum %, the higher the fineness, the more
Optimum gypsum % Optimum SO3 content in cement

From 2 to 8% 1.53% to 3.78%
Not obvious Not obvious
Not obvious Not obvious

Not obvious Not obvious
From 4 to 9% 2.52% to 4.03%

From 2 to 7% 1.53% to 3.48%
5.5% 3.02%
From 2 to 6% 1.53% to 3.22%
From 3 to 6% 2.04% to 3.22%
4 and 5.5% 2.52% and 3.02%

1.81%
2.51%
1.39%
2.6%
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the decrease in cement density. Similarly, the influence of gyp-
sum content on chemical compositions was obvious, especially
in terms of CaO, SO3, SiO2 and LOI. Except for variant with 9% of
gypsum, all cements were in accordance with the requirements
stated in EN 197-1.

� When gypsum is used in cement pastes, water demand for nor-
mal consistency increased obviously with the increase of gyp-
sum content. At the same time, gypsum has a significant
delaying effect, with the increase of its content, setting times
increased up to the optimum gypsum % (5.5%). When the gyp-
sum % exceeds the optimum, setting times remains not
influenced.

� The gypsum optimum was more obvious from compressive
strengths results. The mortar containing 5.5% of gypsum
recorded the highest values at 2, 7 and 28 days. When gypsum
is more or less than the optimum, strengths are gradually
reduced. The addition of 5.5% of gypsum led to low values of
hydration heat, swelling and drying shrinkage.

� As the gypsum has a beneficial effect on cement hydration, the
optimum gypsum %, that ensure higher hydration degree was
5.5% at 3 days and 4% at 28 days.

� The gypsum content that ensured the highest strength and the
lowest heat of hydration was 5.5%. Furthermore, this content
led to high hydration degree and produced only low values of
swelling and drying shrinkage. Thus, and according to results
of this study (Table. 6), the optimum of gypsum content for
the studied cement is 5.5% (3.02% of SO3).
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