
Geomechanics and Engineering, Vol. 33, No. 1 (2023) 41-51 

https://doi.org/10.12989/gae.2023.33.1.041                                                                                                                                              41 

Copyright © 2023 Techno-Press, Ltd. 
http://www.techno-press.org/?journal=gae&subpage=7                                                                                                              ISSN: 2005-307X (Print), 2092-6219 (Online) 

 
1. Introduction 
 

Soil improvement has been used to enhance the 

engineering behavior of soil by increasing its stability, 

compressibility, and bearing capacity. For example, 

numerous researchers have investigated cementitious 

materials such as lime, fly ash, biopolymer, plastic waste, 

and ordinary portland cement (OPC) to develop a more 

effective soil-stabilizing material (Chang and Cho 2014, 

Chang et al. 2016, Ghiyas and Bagheripour 2020, Kazmi 

2020, Mahedi et al. 2020, Singh et al. 2018). Moreover, 

several studies have highlighted the need to examine how 

the degree of cementation affects the strength and 

mechanical properties of cemented-treated soils 

(Armaghani et al. 2020, Marri et al. 2012, Schnaid et al. 

2001, Ud-din et al. 2011). However, despite its durability 

and strength, OPC is becoming less desirable for 

construction and geotechnical applications because of its 

significant carbon emissions. The world mean temperature 

has been continuously rising, and geotechnical applications 

account for roughly 7% of carbon dioxide emissions from 

cement production (Sargent et al. 2016).  

   Given the yearly increase in cement usage and the  
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anticipated production of 3340 million metric tonnes by the 

end of 2030, there is an urgent need for an environmentally 

friendly binder that does not compromise the improved 

soil's engineering properties (Schneider et al. 2011). For 

example, calcium sulfoaluminate (CSA) cement, which has 

the primary component of ye'elimite, produces a lesser 

carbon footprint than OPC (Juenger et al. 2011). 

Furthermore, because CSA cement possesses admirable 

characteristics such as fast strength gain, excellent 

resistance to freeze-thaw cycles, and resistance to harsh 

environments, CSA has been examined as one of the 

options for soil stabilization and improvement (Assel et al. 

2020, Bazarbekova et al. 2021, Bisserik et al. 2021, 

Jumassultan et al. 2021, Moon et al. 2020, Pooni et al. 

2020, Sagidullina et al. 2022a, b, Subramanian et al. 2018, 

Vinoth et al. 2018). 

Although few studies on cemented soils have 

investigated the behavior of soils under low to moderate 

confining pressures, just a few have examined the impact of 

high confining pressures (Airey 1993, Amini and Hamidi 

2014, Clough et al. 1981, Consoli et al. 1996, Schnaid et al. 

2001). Even though most engineering problems occur at 

low confining pressures, studying soil behavior at high 

pressure is essential to understand better conditions, such as 

deep pile foundations, tunnels, high earth dams, and 

offshore piling (Marri et al. 2012). Therefore, this study 

aims to investigate the shear strength and mechanical 

behavior of CSA cement-treated sand using a consolidated 

drained (CD) triaxial test with high confining pressure. 

Different confining pressures ranging from 0.5 MPa to 1.5 

MPa were employed to represent different depths of the 

deep foundation. The behavior of the cemented sample  
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Abstract.   Cementitious materials such as Ordinary Portland Cement (OPC), fly ash, lime, and bitumen have been employed 

for soil improvement over the years. However, due to the environmental concerns associated with the use of OPC, substituting 

OPC with calcium sulfoaluminate (CSA) cement offers good potential for ground improvement because it is more eco-friendly. 

Although earlier research has investigated the stabilizing effects of CSA cement-treated sand, no attempt has been made to 

examine soil behavior under high confining pressure. As a result, this study aimed to investigate the shear strength and 

mechanical behavior of CSA cement-treated sand using a consolidated drained (CD) triaxial test with high confining pressure. 

The microstructure of the examined sand samples was investigated using scanning electron microscopy. This study used sand 

with CSA cement contents of 3%, 5%, and 7% and confining pressures of 0.5, 1.0, and 1.5 MPa. It revealed that the confining 

pressures and CSA cement content significantly affected the stress-strain and volumetric change behavior of CSA cement-treated 

sand at high confining pressures. 
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Fig. 1 Quartz sand particle distribution curve used for this 

research 

 

Table 1 Quartz sand physical properties 

Properties Value 

Effective diameter (D10) (mm) 0.65 

Effective diameter (D60) (mm) 0.95 

Coefficient of uniformity Cu 1.46 

Coefficient of curvature Cc 

USCS 

Specific gravity 

0.96 

SP 

2.64 

 

 

under stress-strain and volumetric change during the CD 

triaxial test was also discussed. 

 

 

2. Materials and method 
 
2.1 Materials 
 

In this study, quartz sand, with the Unified Soil 

Classification System (USCS) classified as "SP" (poorly 

graded), was used. Table 1 lists the basic properties of the 

quartz sand. The particle size distribution curve is 

illustrated in Fig. 1. 

Calcium sulfoaluminate (CSA) and gypsum were also 

used to prepare test samples. The CSA cement primarily 

contains ye’elimite (C4A3S or 4CaO3Al2O3), belite, and 

gehlinite. The ye'elimite permits the manufacturing process 

to be environmentally beneficial, whereas the alite in 

conventional ordinary Portland cement produces roughly 

2.7 times as much carbon dioxide than ye'elimite (Gartner 

2004, Jumassultan et al. 2021). According to Subramanian 

et al. (2019), (Ukrainczyk et al. 2013), the amount of 

gypsum in a binder has been shown to impact the hydration 

of CSA cement significantly. Based on the presence of 

gypsum, the reaction shows the hydration process of 

ye’elimite (Jumassultan et al. 2021). The end product of the 

hydration process is ettringite, and its chemical formula is 

6CaO · Al2O3 · 3SO3 · 32H2O or C3A · 3CS·32H.  

4CaO ∙ 3Al2O3 ∙ SO3 + 2CaSO4 ∙ 2H2O + 32H2O → 

6CaO ∙ Al2O3 ∙ 3SO3 ∙ 32H2O + 4Al(OH) 
(1) 

Subramanian et al. (2019) examined a considerable 

increase in initial strength and a sustained rise in strength 

when 30% of CSA cement was substituted with gypsum.  

 

Fig. 2 Compaction curve of CSA-treated soil 

 

Table 2 Standard Proctor Test results for CSA-treated sand 

CSA content (%) 
Optimum Moisture 

Content (OMC) (%) 

Maximum Dry Density 

(MDD) 

(kN/m3) 

0 19.00 1.56 

3 17.25 1.59 

5 16.75 1.61 

7 15.75 1.65 

 

 

Hence, for this study, the optimal gypsum content of 30% 

was employed to replace a portion of the CSA contents. 

 

2.2 Sample preparation 
 
For sample preparation, the sand was mixed with cement 

contents of 3%, 5%, and 7% and gypsum, respectively, by the 

total mass of the dry sand. The CSA cement-sand mixture was 

mixed for 5 minutes with an automatic mixer until a uniform 

appearance was achieved. Then, based on the standard proctor 

test (ASTM/D698, 2012) water was added to the mixture and 

mixed for 10 minutes. The optimum moisture content (OMC) 

for sand samples containing 0%, 3%, 5%, and 7% CSA cement 

are shown in Table 3, which were 19%, 17.25%, 16.75%, and 

15.75%, respectively. After mixing, the samples were 

compacted in three layers in a cylindrical mold with a 38 mm 

diameter and 76 mm height. The inner walls of the cylindrical 

steel molds were lubricated with oil to facilitate specimen 

extrusion. Each of the three layers was compacted 25 times 

using a rammer. The top of the first and second compaction 

layers was scarified to avoid problems associated with smooth 

compaction planes and to provide enough surface-to-surface 

contact before the placement and compaction of the subsequent 

layer (Ding et al. 2018). After three days, the samples were 

extruded, wrapped in a plastic membrane to prevent moisture 

loss, and stored in a humidified room. Due to the rapid increase 

in strength of CSA-stabilized soils, 7 and 14 days were chosen 

as the curing period. 
 
2.3 Testing system  
 
The testing was performed by an Environmental Triaxial 

Automated System (ETAS) manufactured by GDS. Fig. 3 
shows the testing system and a photograph of the high-
pressure triaxial cell after it was assembled. The system  
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components include the triaxial cell, pressure/volume 
controllers, velocity-controlled load frames, pedestal, top 
cap, PWP/axial displacement transducer, GDSlab control 
software, and data logger. The two digital pressure/volume 
controllers apply and regulate the cell and back pressure 
during the test. Using a digital hydraulic force actuator, the 
load was applied to the system from the bottom of a loading 
frame. The pore water pressure transducer measured the 
PWP at the sample's base. The cell and back 
pressure/volume controllers utilized in this study have a 
pressure capacity of 4 MPa, while the triaxial cell and load 
cell have a capacity of 4MPa and 50kN, respectively. 

 

2.4 Test procedure 
 
After curing, the test sample was positioned on the top 

of the base pedestal of the ETAS triaxial cell. The sample 

was then covered with a rubber membrane to separate it 

from the pressured chamber oil, and two filter papers and 

porous stones were placed beneath and on top of it. Two o-

rings were fitted around the sample and the base pedestal to 

prevent cell oil from entering. The high-pressure cell was 

then assembled and then filled with distilled oil. For 

saturation, the sample was flushed with de-aired water from 

top to bottom for two hours, with the back pressure 10kPa 

lower than the cell pressure. Next, the back and cell 

pressure were increased simultaneously until Skempton's 

value was greater than or equal to 0.90 (Lee1a et al. 2019, 

Schnaid et al. 2001). After which, it was then consolidated 

to the required confining pressure at 0.5, 1.0, and 1.5 MPa, 

respectively, and sheared under drained conditions. The test 

samples were sheared by applying an axial strain at a 

constant rate of 0.1mm/min. The consolidated drained (CD) 

triaxial test was carried out in accordance with 

ASTM/D7181-20 (2015). 

 

 

3. Results and analysis 
 

This study conducted consolidated drained (CD) triaxial 

tests on CSA-treated and untreated sand samples. The 

samples were consolidated to mean effective stresses of 0.5, 

1.0, and 1.5 MPa and shear under a drained condition with 

σ’3 remaining constant. The stress-strain and volumetric 

strain curves for the tested treated sand samples containing 

3%, 5%, and 7% CSA cement are shown in Figs. 4 and 5. 

Figs. 4 and 5 show that the treated sand behavior is highly 

influenced by the addition of CSA cement and confining 

pressure. It can be observed that increasing the confining 

pressures also increases the treated samples' initial stiffness 

and peak deviator stress. As cement content increases, the 

peak deviator stress increases, and the peak axial strain 

decreases. Hence, the treated samples' stress-strain curve 

changes from ductile to brittle as the CSA cement content 

increases. It can be seen from the figures that there is a 

tendency for the stress-strain curves to reach a peak 

deviator stress followed by subsequent strain-softening for 

all tested samples for 5% and 7% CSA cement content at 

the curing periods of 7 and 14 days. For the samples treated 

with 3% CSA, the stress-strain curves reach a peak deviator 

stress followed by subsequent strain-softening for 14 days 

of curing. However, depending on the confining pressure 

range, it shows a different trend for 7 days of curing as the 

strain-softening changed into a strain hardening for samples 

sheared at 1 and 1.5 MPa. Nevertheless, a strain-softening 

stress-strain behavior was observed for samples treated 

between 3% CSA under 0.5 MPa and 5% CSA under 1 

MPa, and 7% CSA under 1.5 MPa. These differences were 

due to the degree of cementation, different confining 

pressure, and the effect of curing days. 

  
(a) (b) 

Fig. 3 GDS Triaxial Automated System: (a) Schematic diagram and (b) Photograph of the high-pressure triaxial cell in the 

loading frame 
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The volumetric strain curves of the tests carried out on 

the CSA-treated sand samples are also shown in Figs. 4 and 

5. A volumetric compression was observed in experiments 

done for 3% and 5% at σ’3 = 1.0 MPa and 1.5 MPa, and 1.5 

MPa for 7% samples for 7 days of curing. For all of the 

tests conducted at 0.5 MPa, there was an initial compression 

followed by a gradual volumetric dilatation. 

In addition, an initial volumetric compression was 

observed, followed by a slow dilatation for samples tested 

after 14 days of curing, except for 3% and 5% samples 

sheared at σ’3 = 1.5 MPa, which exhibited a volumetric 

compression. Also, it can be observed from the volumetric 

strain curves that as the cement content increases, the tested 

 

 

samples experience a more dilative behavior during 

shearing. Hence, with an increase in the cement content, 

there is a reduction in the compression of CSA-treated 

samples under various confining pressures. Figs. 4 and 5 

also show that the volumetric strain curves attained a 

constant value toward the end of each test. In light of this, 

the ultimate state obtained from stress-strain curves might 

be similar to the critical state for the CSA-treated samples 

used in this study. In addition, the confining pressure 

increases the peak deviator stresses, the peak axial strain, 

and the compression level during shearing. Therefore, with 

increased confining pressure, the stress-stress behavior 

becomes ductile. However, the CSA cement concentration  

  
(a) (b) 

 
(c) 

Fig. 4 Stress-strain relationship and volume change behavior of the CSA-treated sand sample: (a) 3%, (b) 5% and (c) 

7%, for 7 days of curing 
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increases the peak deviator stresses, while the axial strain is 

decreased to the peak and increases dilatation during 

shearing. Therefore, as the CSA cement content increases, 

the stress-stress behavior of the treated samples shifts from 

ductility to brittleness. 

After the triaxial testing, CSA-treated samples 

underwent scanning electron microscope (SEM) analysis to 

assess the material deformation, particle crushing, and 

cement bond breaking caused by shearing. Figs. 6 and 7 

show typical photomicrographs of samples sheared at 

various CSA cement contents and confining pressures, 

respectively. 

 

 

Fig. 6 shows that the magnitude of particle crushing and 

bond breakage is relatively large in the loose condition (Fig. 

6(a)) and gradually decreases as the relative density 

increases (Figs. 6(b) and 6(c)). It shows the effect of density 

on the particle crushing and bond breaking of the CSA-

treated samples. Also, Fig. 6 shows that the level of particle 

breakage in the CSA-treated samples at high confining 

pressures decreases with decreasing void ratio.  

Hence, the amount of particle crushing and bond 

breakage decreases during shearing with an increase in 

cement content. On the other hand, it can be observed from 

Fig. 7 that as the confining pressure increases, the particle  

 
 

(a) (b) 

 
(c) 

Fig. 5 Stress-strain relationship and volume change behavior of the CSA-treated sand sample: (a) 3%, (b) 5% and (c) 

7%, for 14 days curing 
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Table 3 Summary of the CD triaxial tests results 

Test ID  
Initial state  Failure condition  Ultimate condition 

cc, % 𝜎′3, kPa t, days  
𝑞𝑝𝑒𝑎𝑘, 

kPa 

𝑝′𝑝𝑒𝑎𝑘, 

kPa 

𝜑′𝑝𝑒𝑎𝑘, 

º 

𝑐′𝑝𝑒𝑎𝑘, 

kPa 
 𝑞𝑢𝑙𝑡, kPa 𝑝′𝑢𝑙𝑡, kPa 𝜑′𝑢𝑙𝑡, º 

𝑐′𝑢𝑙𝑡, 
kPa 

CD-0/0.5 0 500 -  1006.6 845.3 24.9 7.1  714.1 747.1 23.4 3.6 

CD-0/1 0 1000 -  1738.4 1588.7 24.9 7.1  1607.4 1544.6 23.4 3.6 

CD-0/1.5 0 1500 -  2174.8 2232.8 24.9 7.1  1871.4 2131.5 23.4 3.6 

CD-3/0.5/7 3 500 7  1211.5 913.0 28.9 79.6  906.1 812.2 30.0 4.3 

CD-3/1/7 3 1000 7  2104.6 1711.6 28.9 79.6  2052.0 1693.2 30.0 4.3 

CD-3/1.5/7 3 1500 7  3087.0 2537.8 28.9 79.6  3038.5 2521.5 30.0 4.3 

CD-3/0.5/14 3 500 14  1254.4 928.1 33.6 117.9  1063.3 864.8 26.7 9.3 

CD-3/1/14 3 1000 14  2260.6 1762.6 33.6 117.9  1750.2 1593.2 26.7 9.3 

CD-3/1.5/14 3 1500 14  2892.9 2474.2 33.6 117.9  2554.6 2361.4 26.7 9.3 

CD-5/0.5/7 5 500 7  1580.6 1036.3 29.1 178.6  991.7 839.1 29.1 18.6 

CD-5/1/7 5 1000 7  2424.3 1817.9 29.1 178.6  1916.3 1647.3 29.1 18.6 

CD-5/1.5/7 5 1500 7  3483.4 2670.4 29.1 178.6  2894.6 2474.6 29.1 18.6 

CD-5/0.5/14 5 500 14  1696.8 1075.8 30.0 194.3  880.8 801.5 28.5 31.4 

CD-5/1/14 5 1000 14  2607.5 1879.3 30.0 194.3  1750.2 1593.2 28.5 31.4 

CD-5/1.5/14 5 1500 14  3694.7 2740.9 30.0 194.3  3514.3 2680.8 28.5 31.4 

CD-7/0.5/7 7 500 7  2152.4 1227.4 28.5 341.4  1065.8 863.7 28.3 42.1 

CD-7/1/7 7 1000 7  2975.2 2000.9 28.5 341.4  1921.1 1648.4 28.3 42.1 

CD-7/1.5/7 7 1500 7  3863.0 2796.8 28.5 341.4  2870.9 2465.3 28.3 42.1 

CD-7/0.5/14 7 500 14  2186.4 1238.6 29.2 358.2  1057.1 861.5 28.2 42.9 

CD-7/1/14 7 1000 14  3185.6 2072.9 29.2 358.2  2311.5 1778.6 28.2 42.9 

CD-7/1.5/14 7 1500 14  4079.8 2869.8 29.2 358.2  2851.9 2459.8 28.2 42.9 

Note: CD-A/B/C: “CD” is consolidated drained triaxial test. “A” is cement content, “B” is confining pressure in MPa and “C” is number of 

curing days 

  
(a) (b) 

 
(c) 

Fig. 6 SEM photographs of cemented sand samples (a) 3% (b) 5% (c) 7% after shearing at 1 MPa confining pressure 
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crushing and bond damage of the CSA-treated samples 

increases. This finding is consistent with the previous 

experimental research on cemented sand (e.g Marri et al. 

2012, Schnaid et al. 2001). 

 

 

 

 

4. Discussion  
 

4.1 Stress-strain behavior 

  
(a) (b) 

 

(c) 

Fig. 7 SEM photographs of samples with 7% cement content after shearing (a) 0.5 MPa, (b) 1.0 MPa and (c) 1.5 MPa 

 
 

(a) (b) 

Fig. 8 Stress-strain relationship and volume change behavior of the CSA-treated sand sample for σ3' = 1.5 MPa at the 

curing periods of (a) 7 days and (b)14 days 
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Fig. 9 Failure envelopes of CSA cemented and 

uncemented sand 

 

 

The stress-strain behavior of sand is influenced by the 

addition of CSA cement, as illustrated in Figs. 4 and 5 from 

the previous section. To better explain the effect of cement 

on the stress-strain and volumetric strain relationship of the 

sand, three results of tests carried out at various cement 

contents at the same effective confining stress σ3' = 1.5 MPa 

are compared in Fig. 8. 

The tests conducted at the same confining pressure of 

1.5 MPa were used to explain further the effect of confining 

pressure on the treated samples because it is the maximum 

confining pressure employed in this study. Understanding 

soil behavior at high pressure would be beneficial to 

comprehend better settings like deep pile foundations and 

tunnels, among others. 

Fig. 8 shows that, as the degree of cementation 

increases, the axial strain at failure for the tested sample 

also decreases. Furthermore, the initial stiffness and peak 

deviator stress of the treated sand samples increase as 

CSA cement content increases. For instance, the 

peakdeviator stress at σ′3 = 1.5 MPa increased from 3,477 

kPa to 3,856 kPa (11% increase) when CSA cement content 

increased from 5% to 7%. 

The volumetric strain curves of the tests carried out 

onthe CSA-treated sand samples at 1.5 MPa confining 

pressure are also compared in Fig. 8. From Fig. 8(a), it can 

be observed that all of the samples exhibited compression. 

However, all samples exhibited compression in Fig. 8(b) 

except for 7%, which had an initial compression followed 

by a slow dilation. Hence, as the cement content increase, 

there is a reduction in the compression behavior of the sand 

at high confining pressure. Also, with the addition of 

various CSA cement content to the uncemented sand, there 

was an increase in the initial stiffness, peak deviator stress, 

and a decrease in the axial strain at failure. Similarly, the 

stress-strain behavior of the samples changes from ductility 

to brittleness as the CSA cement increases. Furthermore, 

with an increase in the confining pressure, there was an 

increase in the peak deviator stress and amount of 

compression during shearing. Hence, the stress-strain and 

volumetric strain behavior of the CSA cement-treated 

sample was greatly influenced by the degree of cementation 

and high confining pressure (e.g., Clough et al. 1981, Lee1a  

 
Fig. 10 Effect of CSA cement content on cohesion 

intercept 

 

 
Fig. 11 Suppression of the dilatancy by increasing 

confining pressure for untreated sand 

 

 

et al. 2019, Marri et al. 2012, Schnaid et al. 2001, Ud-din et 

al. 2011). 

 

4.2 Failure characteristics 
 

Because of its cohesive-frictional nature, the friction 

angle and cohesion intercept significantly alter the failure 

behavior of CSA-treated sand samples. In addition, all of 

the tests done in this study were conducted under drained 

conditions. Hence, the peak state achieved from each test 

reflects the failure condition of the treated sand samples.  

Fig. 9 shows the failure states obtained from all the tests 

conducted in this study on the deviator stress at the failure-

mean effective stress plane. The failure data from tests with 

cement contents of 0%, 3%, 5%, and 7% were used to 

generate the best-fitting failure envelopes. Additionally, the 

failure envelopes were extrapolated to zero confinement. 

Fig. 9 shows that the failure envelopes are curved. 

However, there is an increase in the curvature of the failure 

envelopes as cement content increases. Meanwhile, several 

researchers have reported curved envelopes for cemented 

soils and almost linear for uncemented sandy gravel 

material (Asghari et al. 2003, Haeri et al. 2005, Marri et al. 

2012, Ud-din et al. 2011). 

Moreover, Fig. 9 illustrates that with the increase in 

CSA cement content, there is an increase in the curvature of 

the failure envelope. The failure envelopes move to higher 

stress with increasing CSA cement content, indicating that  
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(a) 

 
(b) 

Fig. 12 Suppression of the dilatancy by increasing 

confining pressure for CSA-treated sand samples with 

3% cement content at (a) 7 days curing and (b) 14 days 

curing 

 

 
Fig. 13 Suppression of the dilatancy by increasing 

confining pressure for CSA-treated sand samples with 

7% cement content at (a) 7 days curing and (b) 14 days 

curing 

 

 

cohesion intercept and intercept particle cohesion of the 

sand increases with CSA cement content (Fig. 9). It also 

indicates that the slope of the failure envelopes changes 

from a linear to a non-linear curve as the CSA cement 

content decreases. It could result from the particle and bond 

breakage during the shearing of the treated samples at high 

confining pressure. Consequently, the effect of cementation 

on treated sand samples is significantly more significant at 

low confining pressures than at high confining pressures. 

However, the observation would be verified with higher 

confining pressures in the future study compared to 

confining pressures used in this study. 

Considering the cohesive-frictional characteristics of the 

sand samples treated with CSA, the shear strength may be 

described as a function of the friction angle and the 

cohesion intercept. Fig. 10 illustrates the relationship 

between the cement content and cohesion intercept. The 

frictional angle and cohesion intercepts were obtained by 

plotting the mohr-coulomb diagram for all tests with 

different cement contents sheared and at different confining 

pressures ranging from 0.5 to 1.5 MPa. It can also be 

observed from Fig. 10 that as the cement content increase, 

the cohesion between the particles of treated samples also 

increases. The friction angle and cohesion intercept  

 

obtained from the mohr-coulomb diagrams are shown in 

Table 3. 

 

4.3 Stress-dilatancy relationship 
 

Whenever a dense sand sample is sheared in a triaxial 

test, there is an increase in volume, often referred to as 

dilation. It is due to the geometrical constraints placed by 

the fabric against applied stresses during shearing. 

Nevertheless, as shown in Figs. 11 to 13, at higher 

confining pressures, the volumetric behavior of sandy 

material is often suppressed during shearing. Hence, the 

dilatancy of the CSA-treated sample can be influenced by 

the presence of CSA cement, which increase the cohesion or 

bonding between the particles of treated sand.  

Also, it can be observed from the Figures that an 

increase in confining pressure suppresses the amount of 

dilation in the volumetric strain curve of the tested samples. 

Samples sheared under 1 MPa all exhibited an initial 

compression behavior followed by subsequent dilation. The 

volumetric strain of sand, as shown in Figs. 11 and 12, 

agrees well with the experimental results published in the 

literature (Marri et al. 2012, Ud-din et al. 2011). 

 

 

5. Conclusions 
 
This study investigated the effect of CSA cement 

content on its shear strength and mechanical behavior by 
conducting consolidated drained (CD) triaxial tests with 
high confining pressures. The effect of both CSA cement 
content and confining pressure on the stress-strain and 
volumetric behavior during shearing and failure 
characteristics were discussed. The following conclusions 
were drawn based on the results of the tests: 
1. The CSA cement content and confining pressure 

significantly influence the stress-strain and volumetric 
behavior of the CSA-treated sand samples. As the 
CSA cement content increases, the peak deviatoric 
stress increases, although it reduces the amount of 
compression during shearing. However, with an 
increase in confining pressure, there is an increase in 
the peak deviator stress and amount of compression 
during shearing. Hence, the q-εa behavior of the 
treated samples becomes ductile with an increase in 
confining pressure. But brittle with an increase in 
CSA cement content. 

2. The CSA cement content and the confining pressure 
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also impact the failure characteristic of the sand. With 
an increase in the CSA cement content, the failure 
envelopes move to higher stress, indicating that the 
cohesion intercept of the sand will increase. Also, 
with an increase in confining pressure, the slope of the 
failure envelopes reduces, meaning that confining 
pressure influences the curvature of the failure 
envelopes. Hence at high confining pressure, the shear 
strength of the CSA-treated sample decrease.  

3. The CSA cement content and the confining pressure 
also affect the stress-dilatancy of the CSA-treated 
sand samples. With the addition of CSA cement 
content, there is an increase in cohesion and bonding 
between the sand particle at specific confining 
pressures. Hence, the peak deviatoric stress increases 
with an increase in the CSA cement content. The 
increase in confining pressure reduces the amount of 
dilation at specific CSA cement content. 

4. The scanning electron microscopy (SEM) analysis 
revealed that shearing causes the crushing of the sand 
particles and the rupture of the cement bond. 
Consequently, the degree of sand particle breaking 
during shearing increases as confining pressure 
increases and decreases as CSA cement content 
increases. 
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