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ABSTRACT: This paper aims to investigate the strength development in ordinary Portland cement (OPC) and Fly ash (FA) admixed Bangkok 
clay. The role of cement is to stabilize and enhance the compressive strength of Bangkok soft clay. The OPC is replaced by FA which is a 
sustainable method since FA is an industrial waste product from Mae Moh power plant in the northern of Thailand. Bangkok soft clay was 
mixed with OPC content of 20% by weight and varied FA content from 0, 10, 15, 20, 25 to 30% by weight, after curing time for 7, 14, 28 and 
90 days. The initial shear modulus (G0) was determined from the shear wave velocity (Vs) measured by a non-destructive bender element 
testing. For comparison and ensuring the results, the strength development of the tested clay samples was also determined by destructive 
unconfined compression test (UCS). From the results, it was found that the optimum of replacement fly ash is about 15-20% and showed that 
the strength development of this Bangkok clay admixed with OPC and FA is increased with increasing the curing time. Moreover, the research 
found the linear relationship between G0 (MPa) and qu (MPa) as G0=27.57qu. Last but not the less, the linear relationship between the 
normalized G0/G0(28) and the qu/q28 was noted as G0/G0(28) = 0.9073 qu/q28. 
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1. INTRODUCTION 

Bangkok is the economic center and the capital city of Thailand. It is 
located on a very soft clay layer known as Bangkok clay. Mairaing 
and Amonkul (2010) studied the floodplain area of the river basin 
from the lower Chao Phraya River to the mouth of the river. Using 
data from 4,000 exploration boreholes, it was found that the soft clay 
is thicker than along the Gulf of Thailand coast, and its thickness 
decreases with distance to the north. In the Bangkok area, the 
thickness of this soft Bangkok clay layer ranges from 10 to 20 meters. 
Due to soft clay soil characteristics, Bangkok clay has a high moisture 
content near the liquid limit, resulting in high settlement and low 
shear strength. There are several studies on these issues. For example, 
a group of soil mechanical researchers, Horpibulsuk et al. (2007), 
evaluated several engineering characteristics of Bangkok soil and 
found that the compaction lines of the newly molded Bangkok clay 
were real and based on clay minerals and porous fluids. It was 
concluded that the liquid limit increases with its compressibility. So, 
there is a need to improve clay properties by increasing its strength 
for various civil engineering applications. A group of civil engineers, 
El-Kassasa et al. (2020), compared two case studies of the Sukhumvit 
subway station in Bangkok, Thailand, and the Chicago subway 
station in Chicago, United States of America. It was found that the 
shrinkage of the supporting slabs affected by thermal shrinkage 
affected the walls of the subway station, causing deformation and 
subsidence of the soft soils at all stages of the construction of the 
subway station. 

Cement stabilization of clay soils, namely “soil-cement”, can be 
used to enhance soil strength properties and reduce the ground 
settlement. The deep mixing method (DMM) is a popular soil 
improvement method that involves mixing Ordinary Portland Cement 
(OPC) into soft soils. However, the use of OPC results in carbon 
emissions, as described by Suksiripattanapong et al. (2022).  

A group of soil engineers, Madhyannapu et al. (2010), studied the 
improvement in the quality of Bangkok soft clay by stabilizing it with 
calcium Fly Ash (FA) geopolymer in soil-cement columns. It was 
noted that the undrained compressive strength of the treated 
geopolymer sample increased significantly with the increase in OPC 
for the design of the soil-cement column. Naweena et al. (2013) 
studied strength development of stable sandy clay with high water 
content. The clay to water/additive ratio was found to be important 
for strength development. Whenever the liquidity index was between 
1 and 2. A group of researchers, Saadeldin et al. (2013), examined the 
characteristics of the soil-cement mixing and developed a general 
tendency for clay-cement mixtures. It was found that the reduction of 
the plasticity index was effective in demonstrating stability in 
cementitious soil strength. Firoozi et al. (2017) investigated the 
properties of soils with different additives and identified the stabilized 
soil as a composite material, whose properties can be obtained by 
mixing and optimizing the additives. It was noted that the treatment 
of clay with cement can reduce volume change. However, it is not 
suitable for clay with a high plasticity index in developing soil 
strength. Several predictive models have been proposed in recent 
decades. A group of researchers, Tsuchida and Tang (2015), assessed 
the compressive strength of cement-treated marine clays with varying 
initial values and water content. Using the gel-space ratio theory, a 
new formulation was proposed based on the results of six Japanese 
marine clays. Moreover, Kang et al. (2015) studied the mobilization 
of cement-treated Japanese soils during the early stages of curing 
times. Four samples of Japanese clay were examined by boundless 
compression and shear tests. It was found that the mobilization 
process can be divided into 2 phases, before and after 3 days of curing 
time, introducing useful predictive equations based on the initial 
water content and specific volume ratios. Yao et al. (2019) proposed 
a general hyperbolic formula to calculate the power and magnitude of 
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stabilized soil-cement hardening. This model works with different 
cement types, soil types and curing times. A group of engineers, 
Correia et al. (2013), studied the Unconfined Compressive Strength 
(UCS) of chemically stabilized soft soils using wet and dry methods. 
It was noted that this method was successful for a wide range of soils. 

Miura et al. (2001) studied the influence of cement mixed with 
high tide content of Bangkok clay. It was found that the cement-clay-
water ratio is important in controlling the characteristics of soil-
cement, especially when the liquidity index ranges from 1 to 2. The 
water to cement ratio of 1 is also quoted for the Bangkok soft clay 
wet mix method. Por et al. (2017) found that the addition of cement 
significantly reduced the spatial and vertical contractile strain stress 
free swelling. In addition to the obvious improvement in the strength 
and hardness of expanded clay (a mixture of Na-montmorillonite, 
bentonite and non-expanding Bangkok clay), the cement had a greater 
vertical reduction effect on the swelling pressure than the lateral 
pressure during one-dimensional swelling. 

Pozzolan is used as a substitute for cement recently and it has a 
chemical appearance similar to cement. Ahmed et al. (2019) found 
that pozzolanic materials rely on secondary reactions with free 
calcium hydroxide to form the calcium silicate hydrate (C-S-H) 
phase, which is an important factor in increasing the compressive 
strength of concrete. Pozzolan materials take 91 days to form and 
have a strong capacity from mixing and casting. Li et al. (2012) 
evaluated the strength improvement of cement-based organic soils 
containing a stabilizer called GX07. This compound is a mixture of 
gypsum, lime, water glass, sodium hydroxide, super plasticizer and 
triethanolamine. It was noted that GX07 improves soil-cement 
strength and is cheap. A group of civil engineers, Liu et al. (2019), 
verified the performance of soil-cement, metakaolin, and slag at 
different clay fractions, water content, and curing times. The strength 
of the newly developed material was found to be as good as that of 
soil-cement. A group of geologists, Nakayenga et al. (2021), 
investigated the influence of rock content, powder content, and 
particle size of different granite powders on the strength of soil-
cement. It was found that the compressive strength of the 
geosynthetic material containing granite particles was higher than that 
of the control sample, owing to the increased surface area and 
pozzolanic reactivity of the rock powder. This new material can 
reduce cement consumption by 28.6% using stone powder. A group 
of material researchers, Chindaprasirt et al. (2021), studied the 
rejuvenating properties of recycled soil-cement with FA. It was noted 
that the optimum fly ash content was between 20% and 25%, 
corresponding to a prediction model. A team of geotechnical 
researchers, Cong et al. (2014), investigated the strength 
improvement of soil-cement by UCS and SEM. The data showed that 
binder enrichment was effective in promoting pozzolanic reactions 
and could improve the UCS of soil-cement. Vichan and Rachan 
(2013) used calcium carbide residue and biomass ash to stabilize the 
soft clay soil of Bangkok. It was found that the pozzolanic reaction 
occurred at a high pH and resulted in higher strength than the fly ash 
cementitious clay (FA) and biomass (BA) soil-cement mixture after 
28 days of curing. A group of researchers, Jamsawang et al. (2017), 
studied the improvement of the properties of Bangkok soft soil mixed 
with cement and bagasse ash (BA), a waste product (obtained from 
the sugar industry). It was found that replacing cement with 20% BA 
was the most suitable proportion to increase strength. The finding 
confirms the use of industrial waste materials to replace ordinary 
Portland cement. A group of engineers, Tural et al. (2024), studied an 
eco-friendly material using Ground Granulated Blast Furnace Slag 
(GBS), fly ash, and silica fume. It was found that greenhouse gas 
emissions were reduced from 13% to 43%. 

Fly ash (FA) has played an increasing role in sustainable soil-
cement mixtures over the past few decades. Much research has used 
FA to improve the strength of soil-cement. For example, two studies 
by Horpibulsuk et al. (2009 and 2010) investigated the strength and 
microstructure in soil-cement mixtures. It was found that fly ash in 
soil-cement causes large soil-cement clusters to disperse into smaller 
clusters. It was noted that the maximum strength was found at 10% 
FA. Horpibulsuk (2012) studied the effect of curing time, cement and 
fly ash content on the strength and microstructure of soil-cement. It 

was stated that the development of the force consists of three zones: 
active area, inertial area and decomposition area. In the active area, 
the pore area with diameters less than 0.1 μm is reduced by increased 
cement content, resulting in higher strength. In the inertial area, the 
pore area and cement products will gradually change with increasing 
cement content. As a result, the rigidity changes slightly. In the 
degraded area, there is no moisture due to a lack of water, resulting in 
a decrease in strength. Chompoorat et al. (2022) studied the 
improvement of mechanical properties and shrinkage cracking 
characteristics of Bangkok soft clay in deep mixing with ordinary 
Portland cement (OPC) and fly ash (FA). The UCS tests were 
performed after 7 and 28 days of curing time, together with 
consideration of the effect of wet/dry spinning on the admixture 
durability based on the preliminary test of deep mixing with OPC. It 
was recommended to replace 15% FA content in the binder with the 
proposed water ratio of 0.4. A group of soil mechanical researchers, 
Chompoorat et al. (2021), have shown that cement and lime are 
effective in improving swelling behavior and other engineering 
properties of naturally expanded clay. The scanning electron 
microscopy analysis revealed an increase in the formation of particle 
clusters with curing time, and X-ray diffraction patterns showed 
moisture and pozzolanic chemical particle products. A group of 
material engineers, Wungsumpow et al. (2018), used the electrical 
resistivity tomography measurement in a landfill. The waste left over 
from these industrial plants needs to be mined in landfills by mining 
to dig landfills, some of which can be used to make recyclable 
materials as FA. Nowadays, industrial waste and synthetic fibers are 
commonly used in soil-cement mixing, as described by Pochalard et 
al. (2024a) and Pochalard et al. (2024b). 

Bender Element (BE) testing has been using to determine the 
strength of geomaterials for many years. There are many advantages 
to this technique, as it is a Non-Destructive Testing (NDT) method. 
Piriyakul and Pochalard (2012) studied the strength development of 
Bangkok clay mixed with cement and fly ash by using the BE test. It 
was noted that the optimum fly ash content was approximately 15–
20%. A group of environmental engineers Iamchaturapatr et al. 
(2021) studied on the bio-cement reaction in sand by using BE test. It 
was found that BE technique can be used to monitor the strength 
development of bio-cemented sand. Iamchaturapatr et al. (2022a) and 
Iamchaturapatr et al. (2022b) used the BE technique to determine the 
shear modulus of geomaterials.  

The aforementioned reviews reveal that cement’s role is to 
stabilize soft Bangkok clay. FA, on the other hand, is a waste by-
product from power plants, so replacing cement with it serves a 
sustainable purpose. This study uses BE test to measure the initial 
shear modulus of Bangkok soft clay stabilized with OPC and FA 
replacement. The shear wave velocity is recorded at 7, 14, 28, and 90 
days after the curing time. UCS tests are another method used to 
determine the strength development of tested clay samples for 
comparisons. In addition, the UCS and shear modulus of stabilized 
Bangkok clay are examined and correlated. 

 
2. MATERIALS 

2.1 Bangkok Clay  

All soft Bangkok clay materials were sampled in the northern part of 
Bangkok, near King Mongkut's University of Technology North 
Bangkok (KMUTNB) Bangkok Campus, at a depth of about 10-12 
m, where the material was near the liquid limit and formed a 
homogeneous, thick clay layer. Tables 1 and 2 show the basic 
properties of those Bangkok clay samples and the main chemical 
composition. This Bangkok clay has the unit weight of 1.47 T/m3, the 
specific gravity of 2.68, the liquid limit of 88% and the plastic limit 
of 34%. It is noted that the natural moisture content of this Bangkok 
soft clay is about 81%, whereas the liquidity index of clay near the 
soil surface is about 1.0, but it decreases with depth. The Engineering 
properties of Bangkok clay were investigated by Horpibulsuk et al. 
(2007).  
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2.2 Portland Cement and Fly Ash 

In this research, Ordinary Portland Cement (OPC) was used to 
stabilize all Bangkok soft clay samples. The main chemical 
compositions of Ordinary Portland Cement are shown in Table 1. It 
consists mainly of CaO, SiO2, Al2O3, and Fe2O3. The specific gravity 
of OPC is about 3.14. In addition, Fly Ash (FA) is an industrial waste 
from the Mae Moh Power Plant in Lampang Province, which is 
located in the north of Thailand. This FA is classified as Type F 
according to ASTM C 618. Figure 1 shows the SEM image of this 
FA and its main chemical compositions are listed in Table 1. 
Additionally, the specific gravity of the FA is approximately equal to 
2.3; the average grain size (D50) of the Portland cement is around 0.6 
mm, and the fly ash is about 0.08 mm.   

 
Figure 1  Enlarged SEM image of Mae Moh fly ash type F 

 

Table 1  Chemical compositions of Bangkok clay, Portland 
cement and Fly ash (class F) 

Comp. OPC 
[%] 

FA 
[%] 

Bangkok clay 
[%] 

SiO2 
Al2O3 
Fe2O3 
CaO 
MgO 
SO3 

20.90 
4.76 
3.41 

65.41 
1.25 
2.71 

37.34 
18.63 
13.17 
17.85 
3.92 
3.51 

62.5 
18.4 
8.49 
1.07 
2.35 
1.86 

 

Table 2  Properties of Bangkok soft clay 
Unit 

weight 
[t/m3] 

UCS 
 

[kPa] 

Specific 
gravity 

[-] 

Liquid 
limit 
[%] 

Plastic 
limit 
[%] 

Moisture 
content 

[%] 
1.47 14.5 2.68 88 34 81 

 
2.3 Soil Cement Preparation 

To prepare all Bangkok clay samples, water content 20% Ordinary 
Portland cement (OPC) was mixed with water at a limiting fluid of 
88% (Horpibulsuk et al., 2010; Jamsawang et al., 2017; DOH, 1998) 
and then separated with FA at various contents (0%, 10%, 15%, 20%, 
25% and 30% FA) and cured for 7, 14, 28 and 90 days according to 
Table 3. Each test consisted of 3 samples. For example, 12 samples 
were mixed with 0% FA for 7-, 14-, 28- and 90-day curing times, so 
there were 72 samples in total. Representative mean for further 
calculations. It is noted that each test is performed with 3 samples, 
and all data are averaged with deviations not greater than ± 10%.  
 
3. METHODS 

3.1 Bender Element Test 

According to ASTM D8295–19, the bender element test measures the 
shear wave velocity, Vs, which is used to determine the stiffness of 

Bangkok clay samples in terms of the initial shear modulus, G0. This 
method was used to determine strength development, considering Vs, 
for all Bangkok clay samples containing a mixture of ordinary 
Portland cement and fly ash that underwent a pozzolanic reaction, as 
determined by shear modulus measurements. Figure 2  depicts the 
shear wave test method by arranging the device to generate a shear 
wave signal. The function generator converts the analog signal into a 
sine pulse signal, which is sent to the transmitter bender element via 
a signal cable installed with a Bangkok specimen. The signal will 
travel through the clay sample. Entering the receiver bender element, 
the signal travels into the oscilloscope and one more line is connected 
directly to the oscilloscope to convert the signal back into the 
computer to form a pattern of the signal traveling through the clay 
sample.  
 

 
Figure 2  Bender element test set-up 

 
Figure 3 shows an example shear wave measurement.  Pattern of 

sine pulse signals transmitted through an oscilloscope transmitter 
transmitting a sine pulse shear wave frequency generated by the travel 
of sine waves through clay samples back to the signal originating 
computer. The computer transmits a 10 V amplitude signal at a 
frequency of 10 kHz through a digital-to-analog converter, as 
recommended by the manufacturer. Once the wave travels through 
the clay sample, the receiver bender element detects the shear wave 
signal. In the shear wave journey, the time it takes for the wave to 
travel from the transmitter to the receiver is measured. Checking the 
travel duration of the shear wave. From Figure 3, the wave entering 
the highest point of wave 1 is used as the starting point for counting 
the travel time from sending to the peak of wave 2 as the end of the 
journey of the receiving wave. Therefore, Vs (expressed as Vs-Vh) can 
be found together (ASTM D1633–17 and ASTM D8295–19) using 
the following Equation (1). 

Vs = (Li - Lb)/(Ts - Tc)   (1) 

Where Vs is the shear wave velocity, measured in (m/s). Li is the 
length of the Bangkok clay sample used for testing (m). Lb is the 
overall length of the bender element test measured between the 
transmitter and receiver (m). Ts is the measured time of the shear 
wave travel through the object from the wave emission unit to the 
wave receiver unit. Tc is the delay correction factor. Initial shear 
modulus (G0, MPa) of clay samples corresponding to measured Vs 
Further calculations can be made as Equation (2).  

G0 = (ρ)(V 2s )/106     (2) 

where ρ is the stable soft soil density (kg/m3) as shown in Table 
3. 
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Figure 3  Examples of shear wave measurement 

 
3.2 Unconfined Compression Test 

According to ASTM D1633–17, the Unconfined Compressive 
Strength Test (UCS) is an execution of the unconfined compressive 
strength method. The purpose is to compare the ability of unconfined 
compressive strength to shear wave velocity, whose duration 
determines strength. It means that shear waves travel well in hard 
objects. Unconfined compressive strength testing has advantages, 
such as saving testing time and knowing test results quickly. The 
procedure for testing is simple. However, unconfined compressive 
strength testing destroys the tested sample. In the experiment with the 
Bangkok clay samples used in this study, the Bangkok clay samples 
were packed in cylinders with a diameter of 38 mm and a height of 
76 mm, and then incubated by encapsulating them in a plastic 
membrane to prevent moisture loss. Samples were stored in plastic 
containers with sealed lids, with curing times of 7, 14, 28, and 90 
days. At the end of each curing period, samples are tested using the 
UCS method according to ASTM D1633–17. The ratios used for soil-
cement mixing are shown in Table 3 and Figure 4. 

 
Table 3  Mixing proportions of Bangkok clay samples 

Dry clay 
[g] 

Unit 
Weight 
[t/m3] 

OPC 
[g] 

FA 
[g] 

Water 
[%] 

Curing 
Time                                   
(days) 

101.36 1.4799 20.27 0 88 7, 14, 28, 90 
101.36 1.5732 18.24 2.027 88 7, 14, 28, 90 
101.36 1.4999 17.23 3.040 88 7, 14, 28, 90 
101.36 1.4765 16.21 4.054 88 7, 14, 28, 90 
101.36 1.4984 15.20 5.067 88 7, 14, 28, 90 
101.36 1.5749 14.18 6.081 88 7, 14, 28, 90 

 

 
Figure 4  Flow chart for sample preparation 

 
4. RESULTS AND DISCUSSIONS 

4.1 Effect of Aging 

Figure 5 shows the initial shear modulus, G0, varied with FA content 
between 0% (controlled sample), 10%, 15%, 20%, 25% and 30%, and 
the curing time at 7, 14, 28 and 90 days. It was again found that the 
G0 has the tendency to increase with increasing the curing time. At 7 
days, the G0 results were 123.55, 142.74, 91.66, 104.82, 146.33 and 
113.68 MPa, respectively. It was noted that the replacement of 
Ordinary Portland Cement with 25% FA resulted in a maximum of 
146.33 MPa. Then at 14 days, G0 data were 165.97, 145.51, 154.47, 
145.40, 144.08 and 107.93 MPa. The controlled sample showed the 
maximum G0 of 165.97 MPa. However, the replacement of 10%, 
15%, 20% and 25% FA data also presented their good results of 
145.51, 154.47, 145.40 and 144.08, respectively which was as good 
as the results of the controlled sample. Later, at 28 days, G0 results 
of 197.00, 149.26, 157.91, 159.69, 148.59, and 111.44 MPa were 
calculated, respectively. It was observed that the controlled sample 
had a G0 value of 197.00 MPa, the maximum value. However, the 
replacement of 10%, 15%, 20%, and 25% FA also showed good 
results of 149.26, 157.91, 159.69, and 148.59 MPa, respectively. 
Lastly, at 90 days, the G0 results were 213.00, 213.89, 328.93, 
438.11, 211.26, and 214.98 MPa, respectively. It was noted that 
samples with FA replacement of 15-20% showed the greatest 
improvement, reaching 328.93 and 438.11 MPa, which were also 
higher than the data for the control samples. It seems the hydration 
reaction of the controlled sample ended at 28 days, resulting in no 
significant change in G0. 
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Figure 5  Development of G0 with curing time of FA stabilized 

Bangkok soft clay 
 

In the same way, Figure 6 presents the Unconfined Compressive 
Strength, UCS, varied with FA content between 0% (controlled 
sample), 10%, 15%, 20%, 25% and 30% and the curing time at 7, 14, 
28 and 90 days. This UCS test revealed the compressive strength 
development behavior of the samples cured for 7-90 days. Again, it 
was found that, in general, UCS tends to increase with increasing 
curing time. At 7 days, the UCS results were 539.53, 267.73, 417.66, 
319.02, 311.93 and 267.53 kPa, respectively. It was noted that the 
maximum UCS result of 539.53 kPa was found at the controlled 
sample, while the replacement Ordinary Portland Cement with 15% 
FA had the second UCS data of 417.66 kPa. Then, at 14 days, UCS 
values were 632.55, 303.33, 623.27, 443.05, 451.06, and 345.95 kPa. 
The controlled sample showed the maximum UCS of 632.55 kPa. 
However, the replacement of 15% and 25% FA also yielded good 
results of 623.27 kPa, respectively, which were as good as the 
controlled sample. Later at 28 days, UCS results of 703.23, 455.33, 
676.69, 522.80, 370.77, and 409.21 kPa were calculated, respectively. 
It was observed that the controlled sample had a UCS result of 703.23 
kPa and was the maximum value. However, the replacement of 15% 
FA data also showed good results of 676.69 kPa, which was as good 
as the results of the controlled sample. Lastly, at 90 days, the G0 
results were 1300.00, 681.41, 1249.87, 973.09, 1019.58, and 690.15, 
respectively. It was noted that samples with FA replacement of 15% 
had the UCS of 1,249.87 kPa, which was as good as the UCS data of 
the controlled samples, which was 1,300 kPa. Therefore, it was 
recommended to use a 15% FA replacement in the mix.  

 

 

Figure 6 Development of qu with curing time of FA stabilized 
Bangkok soft clay 

 
4.2 Effect of FA Content 

Figure 7 reveals the effect of a replacement of FA content with curing 
time and the change of Vs and G0 on the Bangkok soft clay mixed 
with the 20% OPC and varied replacement FA content of 0 
(controlled sample), 10, 15, 20, 25 and 30%. Figure 8 depicts the Vs 
with FA content. It was observed that at 90 days the maximum Vs 
result of 534.1 m/s was found at 20% replacement FA. The second 
Vs test data of 468.3 m/s was found at 15% replacement FA. So, it is 
recommended that 15-20% replacement FA should be used for the 
soil-cement mixing. Similarly, Figure 9 shows G0 with FA content. It 
was noted that at 90 days, the maximum G0 result of 534.1 MPa was 
found at 20% replacement FA. The second G0 test data point of 468.3 
MPa was observed at 15% FA replacement. Therefore, it was 

confirmed that 15-20% replacement FA should be used for the soil-
cement mixing, which is in good agreement with the studies of 
Horpibulsuk et al., 2010 and DOH, 1998.  

 

 
Figure 7  Variation of G0 and FA contents of stabilized Bangkok 

soft clay 
 

In the same way, Figure 8 presents the UCS data vs FA content, 
showing the UCS data with different curing time of the Bangkok soft 
clay mixed with the 20% OPC and varied replacement FA content of 
0 (controlled sample), 10, 15, 20, 25 and 30%. It was noted that the 
UCS data at 15% FA content were as good as those for the controlled 
sample. It was recommended to use this replacement with 15% FA 
content for soil-cement mixing, and this was agreed with the work of 
A. Ahmed et al. (2019). 

 

 
Figure 8  Variation of qu and FA contents of stabilized 

Bangkok soft clay 
 
4.3 Relationship between G0 and qu 

Figure 9 shows the regression analysis of the experimental data to 
establish the relationship between G0(MPa) and qu(MPa). Kim's et al. 
(2017) data were used to compare the relationship between the 
normalized G0/G0(28) and qu/q28, modeled as the natural logarithmic 
function. Equation (3) and Equation (4) were compared in the form 
of a linear natural logarithmic function with slopes of 0.287 and 
0.8972, respectively. However, it was observed that the inconsistency 
of the linear natural logarithmic function to the experimental data is 
not suitable, as shown by R2 of 0.5436. Therefore, it is necessary to 
revise this equation. So, Equation (4) was revised into Equation (5), 
showing the R2 value of 0.9073 as shown in Figure 11. 
   

𝐺𝐺0
𝐺𝐺0(28)

= �0.287 ln � 𝑞𝑞𝑢𝑢
𝑞𝑞28
� + 1�    (3) 

 
𝐺𝐺0

𝐺𝐺0(28)
= �0.8972 ln � 𝑞𝑞𝑢𝑢

𝑞𝑞28
� + 1�    (4) 

 
𝐺𝐺0

𝐺𝐺0(28)
= �0.9526 𝑞𝑞𝑢𝑢

𝑞𝑞28
�    (5)   
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Figure 9  Relationships between G0/G0(28) and qu/qu(28) 

 
Although consistency of the three relationships is achieved, there 

may be discrepancies due to different soil-cement mixture ratios. Kim 
et al. (2017) also tested two materials from Busan clay and Ulsan clay. 
Using additives to increase soil stability, Kim et al. (2017) proposed 
that Ordinary Portland Cement (OPC) of 10–16% was used for Busan 
clay and 16–22% OPC for Ulsan clay together with blast furnace slag 
(BFS). However, Bangkok clay used an additional admixture of 20% 
Ordinary Portland Cement (OPC), mixed with different replacement 
cements including coal fly ash (FA).  A group of concrete experts, 
Chindaprasirt et al. (2021), proposed the relationship between the 
deformation modulus, E50, in MPa and the Unconfined Compressive 
Strength, qu, in MPa for recycled clay from Nakhon Ratchasima 
Province (Thailand) with Ordinary Portland cement (OPC) and fly 
ash (FA) at a curing time of 2 8  days. Equation (6) can be written as 
follows. 

𝐸𝐸50 = 50 𝑞𝑞𝑢𝑢     (6) 

The bender elements were used for testing in this study, where the 
shear velocity could be set and later converted to G0 using Equation 
(2), and in an unconfined compression test, qu could also be given. 
Figure 10 shows a regression of experimental data, establishing a 
relationship between G0 (MPa) and qu (MPa). This study will show 
that linear functions are used to optimize the data obtained from the 
experiment, which can be expressed in Equation (7) as follows. 

𝐺𝐺0 = 27.57 𝑞𝑞𝑢𝑢    (7) 

The relationship between the elastic modulus E and the initial 
shear modulus G0  can be found using Equation (7), which can be 
rewritten as Equation (8) as follows. 

𝐸𝐸
2(1+𝜗𝜗) =  𝐺𝐺0 = 27.57𝑞𝑞𝑢𝑢    (8) 

The Poisson ratio of ϑ is equal to 0.3–0.5. When we substitute 
the values into Equation (8), we obtain the following equation. 

𝐸𝐸 = [71.68 𝑡𝑡𝑡𝑡 82.71]𝑞𝑞𝑢𝑢   (9) 

 
Figure 10  Relationships between G0 and qu 

 
5. CONCLUSIONS 

Bangkok soft clay was stabilized with 20% OPC and varied 
replacement FA content between 0%, 10%, 15%, 20%, 25% and 30% 
and curing time at 7, 14, 28 and 90 days. Based on the shear wave 
velocity data from the bender element test and the UCS test results, 
the research can be summarized as follows: 

1. It was recommended to use the replacement FA content of 15-
20% in the soil-cement mixing since the bender element and the UCS 
data confirmed the optimum and maximum results.  

2. When FA content was added to the soil-cement mixing, it was 
noted that at 90 days, the maximum Vs and G0 results were obtained. 
This confirms that 15-20% FA replacement improves the soil-cement 
strength in the long term, which was also higher than the data of the 
controlled samples. It seems the hydration reaction of the controlled 
sample was over at 28 days; there was no significant increase in Vs 
and G0.   

3. Regression analysis is performed with experimental data to 
establish the relationship between G0(MPa) and qu(MPa). It was noted 
that the relationship between G0 (MPa) and qu (MPa) was G0=27.57qu 
which is a linear function that fits the experimental data this time. 
Moreover, the relationship between the normalized G0/G0(28) and the 
qu/q28 relationship of the natural logarithmic function. It was 
addressed that it is a linear relationship with a slope of 0.9073 and R2 
= 0.9073 which was in good agreement with Kim's et al. (2017). 

4. A linear relationship between the normalized G0 and the 
normalized UCS is instead suggested due to the error in curve fitting 
with the experimental data and is equal to 0.8972.  

5. It is recommended that the findings of this study be applied to 
construction practice and compared to other sustainable materials, 
specifically waste and recycled materials. 
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