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INTRODUCTION 

The soil exhibits complex mechanical behavior influenced 

by factors such as density, confining pressure, grain size 

distribution, among others. Highway projects often 

encounter challenges related to soil behavior, such as low 

soil strength and excessive settlement. Sandy soil 

exemplifies poor characteristics due to its lack of cohesion, 

also known as frictional soil, owing to the absence of bonds 

between its particles [1]. Therefore, special techniques are 

necessary to stabilize sandy soil, one of which is the 

Cement Treated Sand (CTS) method. 

Cement Treated Sand (CTS) is a ground improvement 

method that extensively utilizes a cement mixture to 

enhance the mechanical properties of soil 

[2][3][4][5][6][7].Adding cement to sandy soil is more 

recommended compared to using other mixtures [2][3][8]. 

Various researchers have studied CTS and have reported 

satisfactory responses, as its engineering properties can 

significantly improve, including compressive strength, 

shear strength, elasticity modulus, and others 

[2][9][10][11]. 

It's crucial to carefully select the type of cement used 

for CTS, as it significantly affects the mechanical behavior 

of the treated sand. Ordinary Portland Cement (OPC) is one 

of the types commonly used by researchers for CTS 

mixtures [2][10][12][13][14]. Despite the advantages of 

adding cement to CTS, it's important to note that 

excessivecement can lead to brittleness and alter the 

cement can lead to brittleness and alter the mechanical 

characteristics of the treated sand  [3][11][15][16][17]. 

In this study, poorly graded sand (SP) from sea sand, 

classified according to ASTM D-2487 [18], was used. 

Stabilization with CTS was necessary because poorly 

graded sand requires treatment, with cement stabilization 

being one suitable method. This study formed the basis for 

the journal article, where four different cement percentages 

were tested: 6%, 8%, 10%, and 12%. Unconfined 

Compression Test and California Bearing Ratio Test were 

conducted to investigate the mechanical properties of CTS. 

 

RESEARCH SIGNIFICANCE 

Generally, sea sand is not commonly used as a subgrade for 

infrastructure due to its lack of cohesion, which increases 

the risk of liquefaction. However, Indonesia, being a 

maritime nation with extensive coastal areas, cannot avoid 

the construction of highways and other infrastructure 

projects. Given this background, there is a critical need for 

further research on soil reinforcement, particularly using 

cement mixtures. Research in this area is still limited, thus 

necessitating additional investigation as discussed in this 

study. Studies on adding cement mixtures with various 

percentages to non-cohesive sandy soil have shown 

significant results in improving such soil types. 

 

EXPERIMENTAL INVESTIGATION 

A. MATERIALS 

The materials employed in this study comprise sea sand 

and OPC cement. The sandy soil was sourced from 

Dalegan Beach, Gresik City, following successful 

screening through sieve analysis number 4. Ordinary 

Portland Cement (OPC) was utilized for the cement 

component. Both the sand and cement underwent 
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meticulous laboratory testing to ascertain their physical 

properties and constituents. 

 

1. PHYSICAL PROPERTIES OF SAND  

In this section, testing was conducted on the properties of 

sand, encompassing parameters such as specific gravity, 

soil classification, granulometry, and other variables. 

Through a series of relevant laboratory tests, sandy soil 

underwent analysis to ascertain its physical properties and 

classification in accordance with prevailing standard. The 

test results revealed  the moisture content is 7.143%, the 

specific gravity is 1.456 g/cm³, and the relative density is 

12.195%. The minimum and maximum density index 

values are 1.34 g/cm³ and 1.51 g/cm³, respectively. The 

specific gravity of the sand is 2.65, and the internal friction 

angle is 23.17°. The sand is classified as poorly graded sand 

(SP) according to the Unified Soil Classification System 

(USCS) and as A-3 according to the AASHTO 

classification. The composition of the sand is 98.4% sand, 

with 1.56% silt, and no clay or gravel fractions were 

detected. The Optimum Moisture Content (OMC) was 

recorded as 7.15%, with a Maximum Dry Density (MDD) 

of 1.352 g/cm³, and the California Bearing Ratio (CBR) 

was found to be 7.607%. These findings indicate that the 

beach sand possesses predominantly sandy physical 

characteristics, with good shear strength and suitable 

support capacity for engineering applications such as road 

construction. The results of this study can be compared 

with other research [19] regarding similar physical 

properties of beach sand, and further details can be viewed 

in Table 1. 

Table 1. Soil Properties of Gresik Sand 

Soil Properties Result Test 

Physical Properties 

Water Content, w (%) 7.143 ASTM D 1556 

Unit Weight, γ (gr/cm3) 1.456 ASTM D 1556 

Min Index Density, γmin  (gr/cm3) 1.34 ASTM D4254 

Max Index Density, γmax  (gr/cm3) 1.51 ASTM D4254 

Relative Density, Dr (%) 12.195 ASTM D 1556 

Spesific Gravity, Gs 2.65 ASTM D 854-58 

Shear Strength Parameter 

Internal Angle Frinction 23.17 ASTM D 3080 

Classification 

Unified Classification (UHCS) SP ASTM D 2487 

AASHTO Classification A-3 ASTM D 3283 

Granulometry 

Clay (%) 0 ASTM D 422-90 

Silt (%) 1.56 ASTM D 422-90 

Sand (%) 98.4 ASTM D 422-90 

Gravel (%) 0 ASTM D 422-90 

Compaction Characteristic 

OMC, wopt (%) 7.15 ASTM D 698-12 

MDD, γdmax 1.352 ASTM D 698-12 

CBR (%) 7.607 ASTM D 1883 

2. CEMENT CONTENT 

In this study, Ordinary Portland Cement (OPC) Type I, 

widely recognized for its extensive use in various 

construction projects, was selected. To thoroughly analyze 

and understand the complex chemical composition of the 

cement, comprehensive XRF testing was conducted. The 

results of this analysis have been meticulously documented 

and are presented in Table 2.  

The chemical composition of OPC Type I is outlined 

in detail, highlighting key components essential to its 

properties and performance. The high CaO (lime) content 

of 80.87% suggests a strong potential for forming calcium 

silicate hydrate (CSH), the primary component responsible 

for the cement's mechanical strength [20]. The SiO2 

content, at 7.8%, plays a crucial role in the formation of 

calcium silicate phases, which are vital for the cement's 

strength and durability [21]. Additionally, Al2O3 

(aluminum oxide) at 1.6% is noted for accelerating the 

setting reaction, thereby contributing to the early strength 

of the cement [20], while Fe2O3 (iron oxide) at 5.86% 

plays a role in forming calcium ferrite, which influences 

both the strength and color of the cement [21]. The low or 

undetected MgO content suggests a reduced potential for 

unwanted expansion, which could lead to CTS cracking 
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[22]. The SO3 content of 2% ensures that adequate gypsum 

is present to control the cement’s setting time. The low 

alkali content (K2O at 0.53% and Na2O undetected) 

minimizes the risk of alkali-silica reactions (ASR), which 

can cause cracking in CTS. Trace elements such as TiO2, 

V2O5, and others, although present in minimal amounts, 

generally do not significantly impact the main properties of 

the cement, though they may affect the color and some 

minor chemical characteristics [20], [21]. 

 

Table 2. The content of Ordinary Portland Cement 

(OPC) Type 1 

Coumpound Conc Unit 

MgO 0 % 

Al2O3 1.6 % 

SiO2 7.8 % 

P2O5 0.3 % 

SO3 2 % 

K2O 0.53 % 

CaO 80.87 % 

TiO2 0.35 % 

V2O5 0.03 % 

MnO 0.19 % 

Fe2O3 5.86 % 

CuO 0.063 % 

ZnO 0.02 % 

SrO 0.074 % 

Coumpound Conc Unit 

ZrO2 0.02 % 

BaO 0.1 % 

HgO 0.02 % 

PbO 0.13 % 

Na2O No Intensity  

 
B. UNCONFINED COMPRESSION TEST 

In this study, four cylindrical samples of 10x20 cm, as 

shown in Figure 1, were utilized with cement percentages 

of 6%, 8%, 10%, and 12% of the total dry sand weight.  

These percentages are based on the guidelines provided by 

the American Concrete Institute (ACI) No. 230, 2009 [23], 

which specifies that for SP-type soil, cement content can 

range from 7% to 11% of the total dry sand weight, as 

outlined in Table 3. 

 

Figure 1 Sample of CTS for UCS Test

 

Table 3. Typical cement requirements for various soil types (American Concrete Institute, 2009) [23] 

AASHTO 

soil 

classification 

ASTM soil 

classification 

Typical range of 

cement 

requirement*, 

percent by weight 

Typical cement content for 

moisture-density test 

(ASTM D558), percent by 

weight 

Typical cement contents 

for durability test 

(ASTM D559 and 560), 

percent by weight 

A-1-a 
GW, GP, GM, 

SW, SP, SM 
3 to 5 5 3-5-7 

A-1-b 
GW, GP, GM, 

SW, SP, SM 
5 to 8 6 4-6-8 

A-2 
GM, GC, SM, 

SC 
5 to 9 7 5-7-9 

A-3 SP 7 to 11 9 7-9-11 

A-4 CL, ML 7 to 12 10 8-10-12 

A-5 ML, MH, CH 8 to 13 10 8-10-12 

A-6 CL, CH 9 to 15 12 10-12-14 

A-7 MH, CH 10 to 16 13 11-13-15 

*Does not include organic or poorly reacting soils. Also, additional cement may be required for severe 

exposure conditions such as slope protection 

 

In the mixing de sign process, the water content for 

the natural sand used was determined from the results of 

the Standard Proctor Test, with an Optimum Moisture 

Content (OMC, wopt) of 7.150%, as shown in Figure 2. In 

addition to its role in the sand, water is also crucial for the 

activation and hydration of the cement, requiring an 

appropriate water-cement ratio for cement-treated sand. 

According to [24] the optimum w/c ratio for cement-treated 

sand is 0.33. The initial mix design is presented Table 4. 
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Figure 2 OMC of natural sand. 

Table 4. Materials proportions of Cement Treated Sand 

Code W/C 
OMC 

Sand 

Materials by weight (%) 

Cement Sand 
Water 

OMC W/C 

SO_6 0.33 7.15% 86.86 5.21 6.21 1.72 

SO_8 0.33 7.15% 84.90 6.79 6.07 2.24 

SO_10 0.33 7.15% 83.02 8.30 5.94 2.74 

SO_12 0.33 7.15% 81.23 9.75 5.81 3.22 

* OMC Sand from total weight of sand 

*For example, the test specimen SO_6 signifies S for Sand, 

O for Ordinary Portland Cement (OPC), and 6 indicating 

the percentage of cement used. 

 

 
Figure 3 UTM TORSEE 200 tF Mechine 

 

Based on Table 4, which outlines the material 

proportions for CTS, cylindrical test samples measuring 

100 x 200 mm were prepared using steel molds. The 

materials were first prepared according to the proportions 

specified in the mix design plan. The sand and cement were 

mixed until homogeneous, after which water was gradually 

added and thoroughly mixed until fully combined. The 

mixture was then placed into the cylindrical mold in five 

layers, with each layer being compacted 25 times. After 

compaction, the surface of each sample was carefully 

leveled. Upon completion of the compaction process, the 

samples were left undisturbed for 24 hours, remaining 

within the mold and wrapped in plastic to ensure airtight 

conditions. The samples were then removed from the mold, 

wrapped in plastic wrap, and stored at room temperature 

for 7 days to undergo curing. 

Following the curing process, compressive strength 

testing of the CTS was performed using a compressive 

testing machine located in the Civil Engineering Concrete 

Laboratory at ITS. The UTM TORSEE 200 TF was 

employed as the testing device, as shown in Figure 3. The 

compressive strength test for the CTS cylinders measuring 

10 x 20 cm was conducted by positioning the cylinder 

under the loading apparatus, as depicted in Figure 4.  

 

  
(a) (b) 

Figure 4 CTS on UTM Mechine. 

The test continued until the CTS cracked, with the 

maximum compressive strength displayed on the UTM 

TORSEE monitor. The compressive strength of the 

concrete was calculated using the formula specified in SNI 

03-2834-2018 as follows: 

𝑓′𝑐 =
𝑃

𝐴
 

Where 𝑓′𝑐 (compressive strength) is the value of the 

concrete's compressive strength in Mega Pascals (MPa), 𝑃 

is the maximum load applied during the laboratory test on 

the CTS cylinder, measured in Newtons (N), and 𝐴 is the 

cross-sectional area of the tested CTS cylinder, measured 

in square meters (m²). The results of the CTS compressive 

strength test using the UTM TORSEE 200 TF indicated the 

pressure generated (kgf) divided by the cross-sectional area 

of the cylinder. 

The UCS test on CTS was conducted to obtain 

optimal results from the various cement percentages 

specified in Table 4, which were then applied to the CTS 

samples. According to ACI guidelines outlined in Table 5 

Table , for the type of soil classified as poorly graded 

sand (SP) A-3, which is the focus of this study, the 

minimum compressive strength at 7 days was set at 300 psi 

(2.07 MPa), while the expected maximum value was 600 

psi (4.14 MPa), aligning with the planned strength. 

Then, the mixture is poured into a steel cylinder mold 

in 5 layers, with each layer compacted 25 times. The cast 

specimens are left at room temperature for 24 hours. 

Subsequently, the samples are wrapped in plastic wrap and 

placed in a container at approximately 26°C for curing. 

Compression tests are conducted following ASTM 1633 

standards. The requirement for soaking the samples in 

water for 4 hours before testing is disregarded due to 

potential sample damage by water. Compression strength 

testing is performed within a short period, specifically 
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when the samples are 7 days old. The Unconfined 

Compressive Strength (UCS) values for Cement Treated 

mixtures are obtained by testing cylindrical specimens 

measuring 100 mm in diameter and 200 mm in height (with 

a length-to-diameter ratio of approximately 2.00). 

According to ACI 2009, the unconfined compressive 

strength requirements for cement treated mixtures after 7 

days of curing must meet the criteria specified in Table 5 

Table 5. Ranges of unconfined compressive strengths of 

cement treated soil (American 

Concrete Institute, 2009) 

Soil Type 

Soaked compressive 

strength, *psi 

7-day 28-day 

Sandy soil and gravelly 

soils: 

AASHTO Groups A-1, A-2, 

A-3 Unified Groups GW, 

GC, GP, GM, SW, SC, SP, 

SM 

300 to 600 
400 to 

1000 

Silty soils: 

AASHTO Groups A-4 and 

A-5 

Unified Groups ML and CL 

250 to 500 300 to 900 

Clayey soils: 

AASHTO Groups A-6 and 

A-7 

Unified Groups MH and CH 

200 to 400 250 to 600 

*Specimens moist-cured 7 or 28 day, Note : 1 psi = 0.0069 

Mpa 

C. CALIFORNIA BEARING RATIO (CBR) TEST 

In this test, five cylindrical specimens measuring 15.3 x 

17.7 cm were prepared and kept within the mold, as 

illustrated in Figure 5. The mixing procedure closely 

followed that used for the preparation of specimens in the 

Unconfined Compression Strength (UCS) test. The mixture 

was placed into the mold in three layers, with each layer 

compacted 56 times. After compaction, the surface of the 

specimen was carefully leveled, covered with filter paper, 

and then fully submerged in water for four days. 

 
 

Figure 5 California Bearing Ratio Test 

The mix design used for the test samples is shown in 

Table 6. After being removed from immersion, the samples 

were drained, and the CBR test was performed in 

accordance with ASTM D-1883. 

Table 6. Materials proportions of CBR test  

Code W/C 

OMC 

Natural 

Sand 

Materials by weight (%) 

Cement Sand 
Water 

OMC W/C 

SO_0 0.33 7.15% - 93.33 6.67 - 

SO_6 0.33 7.15% 86.86 5.21 6.21 1.72 

SO_8 0.33 7.15% 84.90 6.79 6.07 2.24 

SO_10 0.33 7.15% 83.02 8.30 5.94 2.74 

SO_12 0.33 7.15% 81.23 9.75 5.81 3.22 

Following the completion of the CBR test, the CBR 

value was calculated using the equation provided in ASTM 

D-1883 as follows: 

𝐶𝐵𝑅 = (
𝑃

𝑃𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
) × 10% 

Where 𝑃 is the load applied to the test specimen for a 

specific penetration (kg), and 𝑃𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 is the standard load 

corresponding to the same penetration (kg). Based on the 

CBR value obtained, the soil classification level, as 

provided in Table 7, was determined. 

Table 7. Percentage of CBR Values for Subgrade, 

Subbase, and Base Layers 

  

CBR(%) Level Objective 

0-3 Very poor Subgrade 

3-7 Poor to fair Subgrade 

7-20 Fair Subbase 

20-50 Good Base or Subbase 

>50 Excellent Base or Subbase 

Sources: Bowles, 1996 [25] 

The CBR test was employed to determine the 

optimum cement content, ensuring that the required 

compressive strength and adequate load-bearing capacity 

of the CTS were achieved. The CBR value was used to 

verify that sufficient structural support was provided by the 

varying cement content for highway applications. Relevant 

field conditions were simulated in this test, allowing the 

results to be used as a reference for roadway construction 

planning. 

EXPERIMENT RESULTS AND DISCUSSIONS  

A. THE INFLUENCE OF CEMENT ON 

COMPRESSIVE STRENGTH 

Various cement percentages were utilized to evaluate the 

optimal composition for achieving maximum strength. The 

results of the UCS tests for Cement Treated Sand (CTS) 

with four different cement contents (6%, 8%, 10%, and 

12%) are presented in Table 8. This data provides valuable 

insights into the performance of CTS under varying cement 

content when subjected to loading. 
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Table 8. The compressive strength results of Cement 

Treated Sand 

Code 
Load Stress Displacement Strain 

(kN) (MPa) (mm) - 

SO_6 5.21 0.66 2.15 0.0110 

SO_8 14.49 1.84 1.84 0.0092 

SO_10 23.09 2.94 1.46 0.0073 

SO_12 30.02 3.82 1.37 0.0069 

 

 
Figure 6 Graphic Compressive Strength vs Cement 

Content 

According to Table 8 and Figure 6 the compressive 

strength test results for cement-treated sand with 6%, 8%, 

10%, and 12% of the total dry sand weight using a UTM 

machine are shown. The results indicate increases in 

compressive strength of 1.18 MPa, 1.1 MPa, and 0.88 MPa 

respectively for each cement percentage. Therefore, the 

optimal cement percentage in this study is 10% because the 

increase remains significant compared to lower cement 

percentages. Although 12% cement content provides 

higher compressive strength, the increase is no longer 

significant. Cement-treated sand with 10% cement content 

achieves a compressive strength of 2.94 MPa at 7 days, 

meeting the standards outlined by ACI as listed in Table 5. 

B. THE INFLUENCE OF CEMENT ON DUCTILITY 

Increasing the cement percentage in cement-treated sand 

can cause the sample to become more brittle and less 

ductile, as illustrated in Figure 7 and Table 8. 

It is evident that higher cement content results in 

higher compressive strength. However, this also leads to 

lower strain values, with higher cement content producing 

smaller peak strain values, indicating brittle behavior. 

Excessive brittleness may result in surface cracking, 

allowing moisture to penetrate the main road layers and 

sub-elements. Consequently, there is a decrease in road 

strength and durability, ultimately affecting structural 

performance and service life. Therefore, it is recommended 

to use cement proportions that offer adequate strength and 

durability at an affordable cost, with minimal cracking. 

Adhering to recommended cement usage proportions in 

cement-treated materials based on the soil type used can 

help anticipate excessive brittleness. As discussed earlier, 

the optimal cement content in this study is 10%, as 

indicated in Table 3, which specifies that for SP A3 soil 

type, cement content ranging from 7% to 11% of the total 

dry sand weight is suitable. 

 

 

 

 

Figure 7 Stress-Strain Graph Cement Treated Sand  

C. THE INFLUENCE OF CEMENT ON SOIL 

BEARING CAPACITY 

The California Bearing Ratio (CBR) test was conducted in 

this study to evaluate the soil bearing capacity resulting 

from various cement content variations, with a total of five 

test samples. The cement contents used in this test were 

6%, 8%, 10%, and 12%, as presented in Table 6. The soil 

bearing capacity values corresponding to each cement 

content can be observed in Table 9.. It was observed that 

natural sand without cement yielded a bearing capacity 
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value of 7.607%. According to the classification in Table 

7, this sand falls within the "fair" category, with a range of 

7-20%. This category indicates that the sand can be used as 

a subbase layer, although additional stabilization is 

required to enhance its bearing capacity for supporting 

greater loads, thus necessitating stabilization with cement, 

referred to as Cement Treated Sand (CTS). 

Table 9 CBR test results of Cement Treated Sand 

Code CBR (%) 

SO_0 7.61 

SO_6 19.42 

SO_8 26.06 

SO_10 30.79 

SO_12 38.48 

The addition of 6% cement increased the bearing 

capacity to 19.42%. Although this increase remains within 

the "fair" category, the sand-cement mixture at this 

percentage still offers a more stable subbase layer 

compared to natural sand without cement. Higher cement 

contents of 8%, 10%, and 12% resulted in significant 

increases in bearing capacity, reaching 26.06%, 30.79%, 

and 38.48%, respectively. At these percentages, the bearing 

capacity values fall within the "good" category. The "good" 

category signifies that the sand-cement mixture at these 

cement contents possesses sufficient strength for use as 

both base and subbase layers. 

Overall, this analysis demonstrates that increasing the 

cement content in the sand mixture significantly enhances 

the bearing capacity. This improvement enhances the 

quality and bearing capacity of the sand, allowing it to meet 

the technical requirements for use in road construction with 

higher loads. The selection of a 10% cement variation as 

the optimal mixture for Cement Treated Sand (CTS) with 

SP A-3 soil type was based on analysis results showing 

that, at 10% cement content, the bearing capacity reached 

30.79%, which falls within the "good" category. This 

indicates that the mixture has sufficient strength and 

stability to support higher road loads. 

CONCLUSIONS 

This study examined the mechanical behavior of Cement 

Treated Sand (CTS) with cement contents of 6%, 8%, 10%, 

and 12%, using Ordinary Portland Cement (OPC) as the 

stabilizing agent. Laboratory tests, including Unconfined 

Compressive Strength (UCS) and California Bearing Ratio 

(CBR), were conducted to determine the optimal mixture 

based on strength and bearing capacity. 

The findings show that 10% cement provides the most 

effective performance, consistent with ACI (2009), which 

recommends 7–11% for S–P soils. The UCS value of 2.94 

MPa satisfies ACI 230-2009 requirements, while the CBR 

value of 30.79% classifies the mixture as “good,” 

confirming its suitability for base and subbase layers. The 

increase in brittleness at higher cement contents further 

emphasizes the need to follow recommended limits to 

maintain adequate performance and durability. 

This study was limited to laboratory-scale testing with a 

single sand type (SP–A3) and a short curing period. Future 

research should examine long-term durability, 

environmental resistance, and field performance under 

varying climatic and loading conditions to provide a more 

comprehensive understanding of CTS behavior. 
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