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Abstract: As one of the important factors affecting the structural durability of cementitious materials,
sulphate erosion not only reduces the service life of the material but also poses a threat to the
structural safety of the project. At present, scholars around the world have conducted extensive
research on topics related to external sulphate attacks and have achieved fruitful results. However,
the process and mechanism of attack degradation of the gelling material are not clear. In this paper,
gypsum sand was introduced into the mortar. The effects of gypsum content, gypsum particle size
and curing temperature on physical properties such as expansion and strength of specimens were
investigated. X-ray diffraction (XRD), thermogravimetry (TG), differential scanning calorimetry
(DSC), Scanning Electron Microscopy (SEM) and energy dispersive spectrometry (EDS) were used to
analyse specimens’ phase composition and microstructure evolution at different attack ages. Finally,
cementitious materials’ degradation process and mechanism under internal sulphate attack (ISA)
were analysed. Through the above research, the following main conclusions are drawn: (1) The
swelling rate of cement mortar specimens all increased with the increase of gypsum dosing; (2) The
expansion of cement pastes and mortars does not increase with the increase in curing temperature;
(3) The gypsum particle sizes are smaller, the expansion of mortar specimens is larger, and the loss of
compressive and bending strength of mortar specimens is large; and (4) The main reaction product of
ISA is Ettringite (AFt). The gypsum formed during the ISA process does not cause expansion, while
AFt is the main reason for the destruction of the cementitious material.

Keywords: internal sulphate attack; cement; deterioration; mechanism

1. Introduction

In recent years, the structural durability of concrete has become a hot research topic
in materials science. Its importance to the social and economic benefits of our national
economy and to engineering safety has received increasing attention [1,2]. Engineering
safety accidents due to deterioration problems in concrete structures frequently occur [3–6],
and sulphate attack is one of the important causes of structural durability problems and
shortened service life of concrete materials [7]. Sulphate attack is a relatively complex
physicochemical reaction process, and there are many sources of sulphate ions. In general,
ions enter the cementitious material from the external environment and react with sub-
stances in the cement, such as seawater, industrial wastewater, acid rain, and sulphate ions
in the soil; however, nowadays, due to the special requirements of different projects for
cementitious materials as well as raw materials taken nearby, often with some chemical
admixtures and misuse of gypsum-containing aggregates, sulphate ions are already present
in the matrix when the concrete is mixed [8]. The ions can react directly with the hydration
products of cement and damage cementitious materials. Therefore, we can classify external
sulphate attack (ESA) and ISA according to how sulphate ions are sourced [9]. Tassiane
A. and others have pointed out that among the deterioration processes to which concrete
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structures are susceptible, internal attack by sulphate (ISA) is prominent [10]. Currently, the
hot direction of research on sulphate attacks has moved from external to internal [11]. ISA
occurs due to the iron sulfide minerals in the aggregate, which react with oxygen, water
and cement hydrates [12].

Gypsum rocks are widely distributed in China [13], so this type of rock will often be
misused in engineering construction, causing safety problems and economic losses [14–16].
This problem has occurred in dams and tunnels in Middle Eastern countries [17] and some
European countries [18]. A similar problem occurred in the Cross Pass Tunnel in Hubei,
China [19,20], which started construction in October 2002 and was forced to close for
remediation after an inspection found that the tunnel’s concrete had swelling, cracking and
damage such as softening after commissioning in July 2004 maintenance. Xing Zhishui [21]
and others studied the concrete removed through an on-site collection of remediation and
found that the concrete contained gypsum dolomite aggregate; it is this aggregate that
caused internal sulphate attack [22]. A large number of calcium alumina crystals were
found in the transition zone of the interface between the cement paste and the aggregate;
and carbon sulfur silica calcium products were also found, making the paste soften and
lose its cementitious properties without strength. Sulphate attack with gypsum-containing
aggregates also occurred in China’s Chengkun Railway tunnel [23,24], causing the train to
stop running.

At present, the research on sulphate erosion of cementitious materials is mostly on
external sulphate erosion, while the research on internal sulphate erosion is not very
comprehensive. However, many cases of sulphate erosion of gypsum-containing aggregates
have occurred in actual projects, yet we are not very clear about its erosion mechanism.
There are few methods to evaluate the index of such internal erosion, and only a few
methods to evaluate external sulphate erosion are suitable for evaluating internal sulphate
erosion. Therefore, this paper investigates the effects of gypsum admixture, gypsum
particle size and maintenance temperature on the performance of cementitious materials. It
also investigates the types of erosion products generated and the effects on microstructure
and analyses the process and mechanism of material performance deterioration under
internal sulphate erosion.

2. Materials and Methods
2.1. Raw Materials
2.1.1. Cement

The cement used in the test was Jiangnan Onoda P-II 52.5 silicate cement, whose main
chemical composition, XRD pattern and particle size are shown in Table 1, Figures 1 and 2,
respectively.
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Table 1. Chemical composition of P·II 52.5 Portland cement/wt%.

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Loss

64.00 19.46 4.73 2.96 2.35 2.59 2.81
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2.1.2. Gypsum Aggregate

The gypsum used in the experiment was produced in the Hubei gypsum mine, and
its main chemical composition and XRD patterns are shown in Table 2 and Figure 3,
respectively. It can be seen from the XRD patterns that the main composition of gypsum is
CaSO4·2H2O.

Table 2. Chemical composition of gypsum/wt%.

CaO SiO2 Fe2O3 Al2O3 MgO SO3

34.52 0.14 0.00 0.33 0.11 45.65
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2.1.3. Standard Sand

The sand used in the test is Xiamen ISO sand, and its main technical indexes and
particle size are shown in Tables 3 and 4.

Table 3. Technical indicators of standard sand.

Quality Index

SiO2 Content/% Burning Loss/% Mud Content/%

>96 ≤0.40 ≤0.20

Table 4. Particle size of ISO sand.

Samples <0.08 mm 0.08~0.16 mm 0.16~0.5 mm 0.5~1 mm 1~1.6 mm 1.6~2 mm >2 mm

ISO sand 0 6.68 22.79 24.72 23.86 9.14 12.81

2.1.4. Tricalcium Aluminate (C3A)

Tricalcium Aluminate (C3A) was obtained by calcination of chemical reagents CaCO3
and Al(OH)3 produced by Sinopharm. The analytically pure CaCO3 and Al(OH)3 were
weighed according to the molar ratio of 3:2, put into the mixing ball on the mixing machine
for 24 h, and then the mixed raw materials were weighed and pressed on the tablet press.
After the pressing was completed, it was placed in the drying oven at 105 ◦C for 4 h and
then placed in the high-temperature furnace for calcination. The heating rate was 6 ◦C/min,
and the temperature was raised to 900 ◦C for half an hour; the temperature then continued
to increase to 1350 ◦C for 2 h. After the end of the heating, the sample was naturally cooled
to room temperature, and the calcined sample was taken out, crushed and ground and
repressed; the calcination was repeated three times until the content of free CaO was less
than 0.5%. The XRD pattern of the calcined finely ground sample is shown in Figure 4, and
the sample was analyzed as C3A.
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2.2. Mix Proportion

According to GB/ T 749-2008 [25] “Test method of cement against sulphate attack”,
P-II 52.5 silicate cement produced by Nanjing Jiangnan Onoda Cement Factory Co., Ltd.
(Nanjing, China) was used to form the specimens, and the mortar specimens were formed
according to the fitting ratio of Table 5, with a water–cement ratio 0.50 and a cement–sand
ratio 1:2.5. The mortar was divided into 3 groups, and the first group is a partial replacement
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of standard sand with <0.3mm gypsum sand. The SO3 content introduced by gypsum in
the sand was controlled as 0.6%, 1.2%, 2.4%, 4.8% and 7.2% to evaluate the effect of SO3
content of aggregate on the degree of ISA caused by mortar specimens. The 2nd group was
to fix the SO3 content introduced by gypsum in the sand as 4.8% and adjust the particle
size of gypsum sand as <0.3 mm, 0.3–1.18 mm and 1.18–2.36 mm to evaluate the effect of
SO3 content of aggregate on the degree of ISA caused by mortar specimens, and 2.36 mm
to evaluate the effect of gypsum particle size on the ISA of mortar specimens. The 3rd
group was to fix the SO3 content introduced in the sand at 4.8%, the particle size of gypsum
sand was <0.3 mm, and the mortar specimens are maintained in water at 20 ◦C, 40 ◦C and
60 ◦C to evaluate the effect of maintenance temperature on the ISA of mortar specimens.
According to GB/T17671-1999 [26] in the mortar mixer to mix the material, the prepared
material was filled into 25 mm × 25 mm × 280 mm and 40 mm × 40 mm × 160 mm mortar
moulds, pounded and vibrated on the shaking table; the surface of the mould was then
smoothed with a spatula, placed in a standard maintenance box (20 ◦C, RH ≥ 97%) and
maintained, and demoulded after 1 day. The size of the mould for testing the expansion
rate of the mortar specimen was 25 mm × 25 mm × 280 mm, with nail heads preburied at
both ends of the specimen; the size of the specimen for testing the strength of mortar was
40 mm × 40 mm × 160 mm.

Table 5. Mix proportion of cement mortars.

Samples SO3/% W/C Gypsum Particle Size/mm Water/g Cement/g Sand/g Gypsum/g

M0 0

0.5

— 250 500 1250 -
M06 0.6 0.15–0.30 250 500 1233.6 16.4
M12 1.2 0.15–0.30 250 500 1217.1 32.9
M24 2.4 0.15–0.30 250 500 1184.3 65.7
M48 4.8 0.15–0.30 250 500 1118.6 131.4
M72 7.2 0.15–0.30 250 500 1052.8 197.2

ML1.18 4.8 0.30–1.18 250 500 1118.6 131.4
ML2.36 4.8 1.18–2.36 250 500 1118.6 131.4

M48-40 ◦C 4.8 0.15–0.30 250 500 1118.6 131.4
M48-60 ◦C 4.8 0.15–0.30 250 500 1118.6 131.4

2.3. Formation Conditions of AFt and Gypsum

The pH values of the solutions were adjusted by NaOH to 7.0, 11.0, 12.0, 12.6, 13.0,
13.2 and 13.6, respectively. Then, 1.2 g of C3A was added to 100 mL of solutions with
different pH values and hydrated by magnetic stirring for 12 h. Then, 7.6 g of CaCl2
was added and stirred well, and 0.1 g/0.5 g/1.2 g of Na2SO4 was added by magnetic
stirring for 12 h. Three solutions with different pH values of SO4

2− concentrations of
<1000 mg/L, 1000~8000 mg/L and >8000 mg/L were designed. The reaction products of
the C3A-CaCl-Na2SO4 ternary system in water were studied at different pH and sulphate
concentrations. To prevent the effect of air on the experiment, the beaker was sealed with
cling film throughout the stirring process, the filter residue was filtered out, dried under
vacuum at 45 ◦C, ground finely and analyzed for its main components using XRD. The pH
value and sulfate ion concentration required for Aft and gypsum phase formation were
determined by this method.

2.4. pH Value of Mortar Test

The test pieces containing different amounts of gypsum were crushed and ground,
then sieved (0.08 mm square hole sieve), weighed 5 g, then dissolved into 10 times the
mass of distilled water, plugged tightly with rubber plugs to prevent carbonization, shaken
about every 5 min, left to stand for 2 h, filtered after 24 h, and the pH value of the filtrate
was determined using an acidity meter.
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2.5. Dissolution of Gypsum in Solution with Different pH Values

Solutions of pH 7.0 (deionized water), 11.0, 12.0, 12.6 and 13.0 were made using
Ca(OH)2 and NaOH, and gypsum powder was immersed in the solution with a solid-
liquid ratio of 1:6, sealed with a film, and the sulphate ion concentration in the solution
was measured after 180 d using an ion chromatograph.

2.6. Test Methods
2.6.1. Expansion Measurement

The durability of the cement-based material structure is closely related to its volume
stability because the volume of the specimen will change due to the effect of sulphate in the
material; thus, the measurement of the deformation performance of the mortar specimen
has some significance for the study of internal sulphate attacks. In this test, the nail head has
been buried in the axial at both ends of the specimen in advance, and the lengths of mortar
specimens at different ages during the process of sulphate attack have been measured
using BC-II ratio meter to calculate the expansion rate of the specimens. Measurement and
calculation method: After the specimen is demoulded, it is placed in water for 30 min to
measure its initial length L0, and then its length Lt is measured at different ages of attack.
The expansion rate of the specimen is calculated according to the Formula (1), and the
average expansion rate of each group of three specimens is taken as the expansion value of
the group, accurate to 0.001%.

Pt =
Lt − L0

L
× 100% (1)

where Pt: expansion rate of the specimen at age t, 100%.
L0: the initial length of the specimen, mm.
Lt: length of the specimen at age t, mm.
L: the effective length of the test piece and the effective length of the mortar is 250 mm.

2.6.2. Strength Test

In this paper, the compressive and flexural strengths of mortar specimens with different
gypsum contents, different gypsum particle sizes and different curing temperatures were
measured. The strength of the specimens was measured in accordance with GB/T 17671-
1999 “Test Method for Strength of Cementitious Mortar”.

2.6.3. Mineral Components Analysis

The mineral composition in specimens with different gypsum dosing and different
attack times were analyzed by XRD and TG–DSC. The mortars cut from the concrete
samples were immersed in absolute ethyl alcohol for 12 h to terminate hydration, before
being vacuum dried at 60 ◦C for 24 h and then ground into powder. The test powders were
passed through an 0.08 mm sieve. The XRD data were collected in the range of 10◦–70◦, 2θ
at a counting time of 15 s/step, and a divergence slit of 1◦. TG–DSC data were obtained
from 50 to 950 ◦C at a rate of temperature increase of 10 ◦C/min in a N2 atmosphere.

2.6.4. SEM Analysis

Because of the ISA caused by gypsum aggregates, the internal structure and the
products of cement mortar specimens were changed, and the samples were observed under
SEM, while dispersive EDS could be used to analyze the attack products. At different
ages of attack, the surface of the specimen was excised, cracked and selected with fresh
sections, soaked in anhydrous ethanol for 48 h to terminate hydration, and removed and
dried under vacuum for 24 h. The samples for backscattering observation also required
sandpaper for grinding, using 800–5000 grit sandpaper respectively. The cracks occurring
inside the cementitious material after suffering from ISA were observed by backscattering,
the morphology inside the transition zone of the interface between gypsum and slurry,
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cracks and holes were observed by SEM, and the damage caused by the attack products to
the microstructure was analyzed by combining with EDS energy spectroscopy.

2.6.5. MIP Analysis

The specimens were removed at different ages, the surface layer was removed by
2 mm, small pieces of about 2 mm were made with scissors, soaked in anhydrous ethanol
for 48 h to terminate hydration, and finally dried in a vacuum-drying oven at 45 ◦C for
24 h. Liquid mercury was pressed into the pores of the slurry using a mercury press and
the properties of the solid material were characterized as a function of mercury entering
the pore size and pressure. The data were processed and analyzed using Porowin software
for the internal effect of the sulphate attack on the pore size distribution and porosity of the
cement slurry.

3. Results and Discussion
3.1. XRD Analysis
3.1.1. Samples with Different Contents of Gypsum

Figure 5 shows the XRD patterns of mortar specimens with different SO3 contents in
the aggregate at 28 d and 360 d under 20 ◦C maintenance. Figure 5a shows that all mortar
specimens have calcium alumina and calcium hydroxide diffraction peaks at 28 d, and the
intensity of calcium alumina and calcium hydroxide diffraction peaks is weaker for 0% SO3
content in the aggregate. When the SO3 content in the aggregate was 0%, 0.6% and 1.2%,
no gypsum diffraction peaks were detected in the mortar specimens at 28 d, indicating
that all the gypsum was dissolved. When the SO3 content in the aggregate was greater
than or equal to 2.4%, there were gypsum diffraction peaks in the specimens, and the
higher the SO3 content in the aggregate, the stronger the intensity of the gypsum diffraction
peaks. From Figure 5b, it can be seen that the intensity of the calcium alumina peak of the
mortar specimen with SO3 content greater than or equal to 0.6% in the aggregate at 360 d is
stronger than that of the specimen with 0% SO3 content in the aggregate, indicating that
the mortar specimen mixed with gypsum sand generates more calcium alumina than that
of the mortar specimen without gypsum sand. The gypsum diffraction peak of the mortar
specimen with 2.4% SO3 content in the aggregate has disappeared, indicating that all the
gypsum has dissolved. The gypsum diffraction peaks of the mortar specimens with SO3
content of 4.8% and 7.2% SO3 in the aggregate still existed, indicating that the gypsum was
not completely dissolved, and the gypsum of the two groups of mortar specimens with
SO3 content of 4.8% and 7.2% SO3 in the aggregate was sufficient within 360 d.
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3.1.2. Samples Curing in Different Temperatures

Figure 6 shows the XRD patterns of mortar specimens with 4.8% SO3 in the aggregate
at 28 d and 360 d under different temperature maintenance. From Figure 6a, it can be
seen that the gypsum-doped sand specimens cured at 28 d, 20 ◦C, 40 ◦C and 60 ◦C all
have calcium alumina, gypsum and calcium hydroxide diffraction peaks, indicating that
the gypsum aggregate failed to dissolve completely. From Figure 6b, it can be seen that
after 360 d of curing, there are still gypsum diffraction peaks in the gypsum-doped sand
specimens cured at 20 ◦C, 40 ◦C and 60 ◦C. The intensity of gypsum diffraction peaks in the
specimens cured at 20 ◦C >, those cured at 40 ◦C > and those cured at 60 ◦C, indicating that
increasing the curing temperature accelerates the rate of gypsum dissolution. In general,
the calcium alumina diffraction peak tends to be enhanced and the gypsum diffraction
peak tends to be weakened as the age of maintenance increases.
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3.1.3. Samples with Different Size of Gypsum Sand (<0.3 mm)

Figure 7 shows the XRD patterns of mortar specimens mixed with gypsum aggregates
of different particle sizes with 4.8% SO3 content in the aggregate at 28 d and 360 d of
maintenance. The results show that calcium alumina, gypsum and calcium hydroxide are
present in mortar specimens mixed with 0.15–0.30 mm, 0.3–1.18 mm and 1.18–2.36 mm
gypsum sand at 28 d and 360 d. The smaller the particle size of gypsum sand, the weaker
the diffraction peak of gypsum. The weakest intensity of the gypsum diffraction peak is
in mortar specimens mixed with less than 0.3 mm gypsum sand and the slightly stronger
calcium alumite diffraction peak, which indicates that the smaller the particle size of
gypsum aggregate, the faster the dissolution rate of gypsum, and the rate of calcium
alumite formation is also accelerated.
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3.2. TG–DSC Analysis

Figure 8 shows the TG–DSC curves of cement mortar specimens with 7.2% SO3 content
at 56 d, 120 d and 240 d under 20 ◦C maintenance. Because the heat absorption decom-
position temperature of each phase is different, the heat absorption peaks in different
temperature intervals can reflect the changes of the phases. In the DSC curves, the dehy-
dration temperatures of calcium alumina, gypsum and calcium hydroxide ranged from
80 to 120 ◦C, 120 to 150 ◦C and 390 to 470 ◦C, respectively. From Figure 8a, it can be seen
that there are heat absorption peaks of calcium alumite, gypsum and calcium hydroxide at
56 d, 120 d and 240 d. Combined with Figure 8b, the contents of calcium alumite, gypsum
and calcium hydroxide can be calculated according to Equations (2)–(4).

AFt(%) = WAFt ·
MAFt

26MH2O
(2)

G(%) = WG · MG
2MH2O

(3)

P(%) = WP · MP
2MH2O

(4)

WAFt, WG and WP are the dehydrated mass loss of calcium alumina, gypsum and
calcium hydroxide, respectively, and MAFt, MG, MP and MH2O are the relative molecular
masses of calcium alumina, gypsum, calcium hydroxide and water, respectively.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 10 of 20 
 

 

(a) DSC 

 

(b) TG  

Figure 8. TG–DSC curves of cement pastes added with 7.2% SO3. 

Figure 9 shows the contents of calcium alumina, gypsum and calcium hydroxide for 
cement mortar specimens with 7.2% SO3 content at 56 d, 120 d and 240 d under 20 °C 
maintenance. The results showed that the contents of calcium alumina were 9.40%, 12.28% 
and 17.75%, of gypsum they were 1.42%, 1.11% and 0.65% and of calcium hydroxide they 
were 8.79%, 8.96% and 8.87% at 56 d, 120 d and 24 d, respectively, which were similar to 
the results of XRD quantitative analysis. This indicates that during the internal sulphate 
attack, the gypsum content decreases, the calcium alumina content increases, and the cal-
cium hydroxide content remains relatively stable. 

 
Figure 9. Phase content of cement mortar added with 7.2% SO3. 

3.3. Expansion Measurements 
Figure 10 shows the swelling rate of cement mortar specimens with different SO3 

content in the aggregate at 20 °C. The results show that the greater the SO3 content in the 
aggregate, the greater the swelling rate of mortar specimens. When the SO3 content in the 
aggregate was 0.6% and 1.2%, the expansion rate of mortar specimens at 360 d did not 
exceed 0.1% and no longer had a significant expansion trend. The expansion rates were 
0.029% and 0.094% at 360 d. When the SO3 content in the aggregate was 2.4%, the expan-
sion rate of the specimens reached 0.33% at 360 d, and the expansion trend slowed down; 
and when the SO3 content in the aggregate was 4.8% and 7.2%, the swelling rate of the 
specimens at 360 d was 0.55% and 0.61%, respectively, and the swelling had not yet 

Figure 8. TG–DSC curves of cement pastes added with 7.2% SO3.

Figure 9 shows the contents of calcium alumina, gypsum and calcium hydroxide for
cement mortar specimens with 7.2% SO3 content at 56 d, 120 d and 240 d under 20 ◦C
maintenance. The results showed that the contents of calcium alumina were 9.40%, 12.28%
and 17.75%, of gypsum they were 1.42%, 1.11% and 0.65% and of calcium hydroxide they
were 8.79%, 8.96% and 8.87% at 56 d, 120 d and 24 d, respectively, which were similar to the
results of XRD quantitative analysis. This indicates that during the internal sulphate attack,
the gypsum content decreases, the calcium alumina content increases, and the calcium
hydroxide content remains relatively stable.
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3.3. Expansion Measurements

Figure 10 shows the swelling rate of cement mortar specimens with different SO3
content in the aggregate at 20 ◦C. The results show that the greater the SO3 content in the
aggregate, the greater the swelling rate of mortar specimens. When the SO3 content in
the aggregate was 0.6% and 1.2%, the expansion rate of mortar specimens at 360 d did
not exceed 0.1% and no longer had a significant expansion trend. The expansion rates
were 0.029% and 0.094% at 360 d. When the SO3 content in the aggregate was 2.4%, the
expansion rate of the specimens reached 0.33% at 360 d, and the expansion trend slowed
down; and when the SO3 content in the aggregate was 4.8% and 7.2%, the swelling rate of
the specimens at 360 d was 0.55% and 0.61%, respectively, and the swelling had not yet
stabilized. From XRD Figure 5, we know that the gypsum in the mortar specimens with
SO3 content less than or equal to 2.4% in the aggregate at 360 d has been consumed, and
the mortar specimens with SO3 content of 4.8% and 7.2% in the aggregate have remaining
unreacted gypsum. This indicates that when the gypsum admixture is small, the amount
of calcium alumina generated by ISA is limited and the volume deformation caused to the
specimens is limited; instead, calcium alumina is used to fill the cement paste pores [27].
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Figure 11 shows the expansion rates of mortar specimens with 4.8% SO3 content in the
aggregate at different curing temperatures. From Figure 11, it can be seen that the expansion
of the mortar specimens maintained at 20 ◦C grows linearly with age, the mortar specimens
maintained at 40 ◦C and 60 ◦C expand rapidly within 14 d, and then the expansion
development slows down, where the expansion of the mortar specimens maintained
at 40 ◦C continues to grow at a lower rate, and the expansion of the mortar specimens
maintained at 60 ◦C tends to stabilize after 14 d, with little expansion enhancement. The
expansion rate of the mortar specimens maintained at 20 ◦C was the smallest before 85 d,
and its expansion exceeded that of the mortar specimens maintained at 60 ◦C and 40 ◦C
at 86 d and 150 d, respectively; at 360 d, the expansion rates of the mortar specimens
maintained at 20 ◦C, 40 ◦C and 60◦C were 0.55%, 0.37% and 0.15%, respectively. From the
next section, we know that the higher the maintenance temperature, the higher the strength
of mortar specimens. In maintenance of mortar specimens at 60 ◦C with fast strength
development, the higher the maintenance temperature, the faster the rate of gypsum
dissolution reaction to generate calcium alumina, as the strength limits the expansion
of calcium alumina; while in maintenance of the specimens at 20 ◦C with slow strength
development, the gypsum dissolution to generate calcium alumina rate is slow. The
swelling value law is 40 ◦C > 20 ◦C > 60 ◦C. From XRD analysis in Figure 11, we know that
the gypsum in the mortar specimen with 4.8% SO3 content in the aggregate is sufficient,
which is higher than the gypsum content in the net mortar specimen with 4.8% SO3 cement,
which will generate more calcium alumina; thus, after 150 d, the swelling rate of the
specimen maintained at 20 ◦C exceeds 40 ◦C.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 12 of 20 
 

 
Figure 11. Expansion of mortars added with 4.8% SO3 at different curing temperature. 

Figure 12 shows the expansion rates of mortar specimens with 4.8% SO3 content in 
different gypsum particle size aggregates at 20 °C maintenance. From Figure 12, it can be 
seen that the swelling of mortar specimens mixed with gypsum sand of particle size < 0.3 
mm, 0.3–1.18 mm and 1.18–2.36 mm grows linearly with age and the swelling has not yet 
stabilized. The swelling of mortar increases as the particle size of gypsum aggregate de-
creases. At 360 d, the swelling of mortar specimens with gypsum particle size < 0.3 mm, 
0.3–1.18 mm and the expansion of mortar specimens with 1.18–2.36 mm were 0.55%, 0.36% 
and 0.24%, respectively. From XRD analysis in Figure 12, it is known that this is because 
the smaller particle size of gypsum aggregate accelerates the rate of calcium alumina for-
mation and causes more significant swelling. 

 
Figure 12. XRD patterns of mortars with different sizes of gypsum aggregate. 

3.4. Strength Measurements 
Figure 13a,b shows the compressive strength and flexural strength of mortar speci-

mens with different SO3 content in the aggregate when maintained at 20 °C, respectively. 
The results show that the higher the SO3 content in the aggregate, the lower the 

Figure 11. Expansion of mortars added with 4.8% SO3 at different curing temperature.

Figure 12 shows the expansion rates of mortar specimens with 4.8% SO3 content
in different gypsum particle size aggregates at 20 ◦C maintenance. From Figure 12, it
can be seen that the swelling of mortar specimens mixed with gypsum sand of particle
size < 0.3 mm, 0.3–1.18 mm and 1.18–2.36 mm grows linearly with age and the swelling has
not yet stabilized. The swelling of mortar increases as the particle size of gypsum aggregate
decreases. At 360 d, the swelling of mortar specimens with gypsum particle size < 0.3 mm,
0.3–1.18 mm and the expansion of mortar specimens with 1.18–2.36 mm were 0.55%, 0.36%
and 0.24%, respectively. From XRD analysis in Figure 12, it is known that this is because the
smaller particle size of gypsum aggregate accelerates the rate of calcium alumina formation
and causes more significant swelling.
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3.4. Strength Measurements

Figure 13a,b shows the compressive strength and flexural strength of mortar specimens
with different SO3 content in the aggregate when maintained at 20 ◦C, respectively. The
results show that the higher the SO3 content in the aggregate, the lower the compressive
strength and flexural strength of the mortar specimens, which is because gypsum replaces
part of the aggregate and its own low strength leads to the low strength of the specimens. In
the mortar specimens with 0% SO3 content in the aggregate, the compressive and flexural
strengths are enhanced with the extension of age. In the mortar specimens with 0.6%,
1.2%, 2.4%, 4.8% and 7.2% SO3 content in the aggregate, the compressive and flexural
strengths grow first and then decrease, which indicates that with the hydration reaction
of cement, the early filling of mortar pores by calcium alumina has a certain contribution
to the strength. However, after the strength of cement slurry rose and hardened 3 months
later, the expansion stress generated by the expansion of ettringite caused cracks in the
mortar and damaged the internal structure of mortar.When the SO3 content in the aggregate
was 0.6% and 1.2%, the compressive strength of mortar specimens at 28 d was 60.5 MPa
and 46.9 MPa, and the flexural strength was 10.0 MPa and 7.7 MPa, respectively. The
compressive strength at 360 d was 69.2 MPa and 57.0 MPa, and the flexural strength was
9.8 MPa and 9.3 MPa, respectively. As can be seen from Figure 10, the expansion rate
of mortar specimens with SO3 content of 0.6% and 1.2% in the aggregate did not exceed
0.1%, but there was a certain tiny expansion relative to the blank sample, so the strength of
mortar specimens had loss after 3 months, but the compressive and flexural strength of
mortar at 360 d was basically higher than the strength at 28 d. When the SO3 content in the
aggregate was 2.4%, 4.8% and 7.2%, the compressive strengths of mortar specimens were
38.2 MPa, 36.9 MPa and 35.6 MPa, and the flexural strengths were 6.5 MPa, 6.3 MPa and
6.0 MPa at 28 d, respectively. The compressive strengths at 360 d were 36.6 MPa, 32.9 MPa
and 29.5 MPa and flexural strengths of 5.0 MPa, 4.6 MPa and 4.3 MPa, respectively. From
Figure 13, it can be seen that the swelling rates of mortar specimens with 2.4%, 4.8% and
7.2% SO3 content in the aggregate at 360 d were 0.33%, 0.55% and 0.61%, respectively, the
swelling of mortar was larger and caused greater strength loss, and the mortar compressive
and flexural strengths at 360 d were already lower than the strength at 28 d.
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The 28-d strength of mortar specimens was selected as the initial strength, and the
rate of change of strength at different curing ages was converted to obtain the trend of
the rate of change of strength, which is shown in Figure 14. It can be seen from the figure
that with the increase of curing age, the rate of change of compressive flexural strength
of mortar with 0% SO3 content in the aggregate was increasing, while the rate of change
of the strength of mortar specimens mixed with gypsum sand showed different degrees
of decreasing due to the internal sulphate attack. When the SO3 content in the aggregate
was 2.4%, 4.8% and 7.2%, the compressive and flexural strengths of the mortar specimens
decreased to a level lower than the initial strength at 360 d due to the sulphate attack,
with compressive strength losses of 4.2%, 10.8% and 17.1%, and flexural strength losses
of 23.1%, 27.0% and 28.3%, respectively; and the swelling rate of the specimens exceeded
0.1%, indicating that the swelling rate of cementitious materials with the introduction of
gypsum is harmful when it exceeds 0.1%, similar to the criteria for judging the activity of
alkali aggregates [28]. From the above, it can be found that the introduction of gypsum
sand as an attack source providing internal sulphate is harmful to mortar specimens in
relation to the amount of gypsum admixture.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 14 of 20 
 

0.1%, indicating that the swelling rate of cementitious materials with the introduction of 
gypsum is harmful when it exceeds 0.1%, similar to the criteria for judging the activity of 
alkali aggregates [28]. From the above, it can be found that the introduction of gypsum 
sand as an attack source providing internal sulphate is harmful to mortar specimens in 
relation to the amount of gypsum admixture. 

  
(a) Compressive strength (b) Flexural strength 

Figure 14. Ratio of strength change in mortars with different SO3 content in aggregate. 

3.4.1. The Effect of Maintenance Temperature on Strength 
Figure 15a,b show the compressive strength and flexural strength of mortar speci-

mens with SO3 content of 4.8% in the aggregate at different curing temperatures. The re-
sults show that the compressive strength and flexural strength of mortar specimens in-
crease by increasing the curing temperature, indicating that increasing the curing temper-
ature is beneficial to the compressive strength and flexural strength of mortar; the com-
pressive strength and flexural strength of mortar specimens cured in water at 20 °C, 40 °C 
and 60 °C grow first and then decrease. The compressive strength of specimens cured in 
water at 20 °C, 40 °C and 60 °C at 28 d are 36.9 MPa, 50.6 MPa and 59.6 MPa, respectively, 
and flexural strength is 6.3 MPa, 8.0 MPa and 8.8 MPa, respectively. At 360 d, compressive 
strength is 32.9 MPa, 58.9 MPa and 69.8 MPa, respectively, and flexural strength is 4.6 
MPa, 8.5 MPa and 9.0 MPa, respectively. From Figure 15, it can be seen that at 20 °C, 40 
°C and 60 °C, curing mortar specimens swell 0.55%, 0.37% and 0.15%, respectively; the 
mortar curing at 20 °C swells the most, the strength loss is larger, and the mortar strength 
at 360 d is lower than that at 28 d. The mortar swelling at 60 °C curing stabilizes faster and 
swells the least, causing a small strength loss, and the strength of the mortar is higher than 
that of the mortar curing at 20 °C and 40 °C. 

  

Figure 14. Ratio of strength change in mortars with different SO3 content in aggregate.



Appl. Sci. 2023, 13, 3982 14 of 20

3.4.1. The Effect of Maintenance Temperature on Strength

Figure 15a,b show the compressive strength and flexural strength of mortar specimens
with SO3 content of 4.8% in the aggregate at different curing temperatures. The results
show that the compressive strength and flexural strength of mortar specimens increase
by increasing the curing temperature, indicating that increasing the curing temperature
is beneficial to the compressive strength and flexural strength of mortar; the compressive
strength and flexural strength of mortar specimens cured in water at 20 ◦C, 40 ◦C and 60 ◦C
grow first and then decrease. The compressive strength of specimens cured in water at
20 ◦C, 40 ◦C and 60 ◦C at 28 d are 36.9 MPa, 50.6 MPa and 59.6 MPa, respectively, and
flexural strength is 6.3 MPa, 8.0 MPa and 8.8 MPa, respectively. At 360 d, compressive
strength is 32.9 MPa, 58.9 MPa and 69.8 MPa, respectively, and flexural strength is 4.6 MPa,
8.5 MPa and 9.0 MPa, respectively. From Figure 15, it can be seen that at 20 ◦C, 40 ◦C and
60 ◦C, curing mortar specimens swell 0.55%, 0.37% and 0.15%, respectively; the mortar
curing at 20 ◦C swells the most, the strength loss is larger, and the mortar strength at 360 d
is lower than that at 28 d. The mortar swelling at 60 ◦C curing stabilizes faster and swells
the least, causing a small strength loss, and the strength of the mortar is higher than that of
the mortar curing at 20 ◦C and 40 ◦C.
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3.4.2. Effect of Gypsum Sand Particle Size on Strength

Figure 16a,b show the compressive strength and flexural strength of mortar specimens
with different particle sizes of gypsum aggregates at 4.8% SO3 content in the aggregates
under 20 ◦C curing, respectively. The results showed that the smaller the particle size
of gypsum sand, the lower the compressive and flexural strengths of mortar specimens.
The strengths of mortar specimens mixed with <0.3 mm, 0.3–1.18 mm and 1.18–2.36 mm
gypsum sand grew first and then decreased; the 28-d compressive strengths of specimens
with particle sizes <0.3 mm, 0.3–1.18 mm and 1.18–2.36 mm were 36.9 MPa, 35.7 MPa and
41.5 MPa; and flexural strengths were 6.3 MPa, 6.4 MPa and 6.8 MPa, respectively. At 360 d,
compressive strengths were 32.9 MPa, 39.3 MPa and 43.7 MPa and flexural strengths were
4.6 MPa, 5.1 MPa and 6.4 MPa, respectively. From Figure 16, it can be seen that gypsum
with particle sizes <0.3 mm, 0.3–1.18 mm and 1.18–2.36 mm mortar specimens swelling rate
is 0.55%, 0.36% and 0.24%, respectively; <0.3 mm mortar expansion is the largest, causing
greater losses. Compressive strength and flexural strength at 360 d are lower than at 28 d,
because the smaller the particle size, gypsum and mortar slurry reaction contact area is
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large, accelerating the rate of calcium alumina formation and accelerating the attack on
the specimen.
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3.5. SEM Analysis

Figure 17 shows the microstructure inside the cracks of the lumpy gypsum buried into
the cement paste at 90 d greater than 2 mm. From Figure 17 conclusions (a) and (b), it can
be found that needle- and rod-like material of about 1–2 µm can be found at the junction of
gypsum and slurry as well as within the cracks of the slurry. This means that the gypsum
particles dissolve and react with the cement to produce a needle-like substance and that
this substance is the cause of the cracks. After the energy spectrum analysis, we know that
the needle- and rod-like material is AFt.

3.6. Deterioration Mechanism Analysis
3.6.1. Formation of AFt and Gypsum

The reaction products contain AFt, but the cement matrix still contains a certain
amount of gypsum. During the internal sulphate attack, whether there is a new gypsum
phase generated, to investigate this issue, we configured solutions with different pH values
and different sulphate ion contents to examine the pH and sulphate ion concentration
conditions for the formation of AFt and gypsum phases.

Figure 18a,c show the XRD patterns of the precipitation products at different pH values
when the SO4

2− concentration was <1000 mg/L, 1000~8000 mg/L and >8000 mg/L, respec-
tively. From Figure 18a, it can be seen that when the SO4

2− concentration < 1000 mg/L,
calcium alumina was present in the products at each pH condition, and there was no
gypsum peak. From Figure 18b, it can be seen that when the SO4

2− concentration is
1000~8000 mg/L, calcium alumina is present in the products at all pH conditions, and
there is a gypsum peak in the products with pH ≤ 12.6, while there is no gypsum peak
in the products with pH ≥ 13.0. From Figure 18c, it can be seen that when the SO4

2−

concentration > 8000 mg/L, both calcium alumina and gypsum peaks were present in the
products at all pH conditions.
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3.6.2. Dissolution of Gypsum

Figure 19 shows the concentration of sulphate ions in solution at 360 d. The results
show that the SO4

2− concentration in the solution increases with increasing pH, a conclu-
sion similar to that of Yuan Yuexue [29]. The SO4

2− concentration in the solution with
pH 13.0 was 4230 mg/L, while the SO4

2− concentration in the solution with pH 7.0 was
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1432 mg/L; thus, the SO4
2− concentration dissolved from gypsum is affected by the pH of

the solution.
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3.6.3. pH Value in Mortar

Figure 20 shows the pH values in different doping amounts of gypsum. From the
results, the pH value of the solution is gradually decreasing with the increase of gypsum
admixture, and the decrease of pH value gradually slows down with the increase of
admixture. In the case of 0% gypsum admixture, the pH is 13.2, while in the case of 7.2%
gypsum admixture, the pH is 12.5; thus, the gypsum admixture has an effect on the pH
value of the solution.
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4. Conclusions

The deterioration process of concrete exposed to ISA was investigated. The main
conclusions are as follows:

(1) The results of the swelling rate and compressive flexural strength of mortar speci-
mens show that the higher the SO3 content in the aggregate, the greater the swelling rate of
mortar specimens, the lower the strength and the more significant the strength loss, and
the more significant the effect of ISA on the mortar.

(2) The increase of the curing temperature makes the mortar specimen swell rapidly
and steadily on the one hand and promote increased strength on the other hand. In general,
it improves the resistance to internal sulphate attack.

(3) The increased contact area for the reaction between gypsum and slurry accelerates
the dissolution rate of gypsum and deepens the erosion of the specimen. This suggests that
ISA tests can be accelerated by reducing the particle size of the aggregates.

(4) The concentration of sulphate ions dissolved from gypsum aggregates in the pore
solution environment of cementitious materials is low enough to generate sulphate reaction
products of gypsum, and the main reaction product of ISA is calcium alumina.

(5) The generation of gypsum during ISA does not produce expansion, and the main
cause of cracking and damage of cementitious materials is the calcium alumina generated
during the reaction.
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