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1. Introduction 
 

Clay that displays volume changes with variation in its 

water content is known as expansive clay (Nelson and 

Miller 1997). Expansive soils defined as geological 

formation problem are found in many countries of the world 

such as USA, China, Brazil (Jiang et al. 2013, Khan et al. 

2017, Freitas et al. 2020). Such volume changes can cause 

damage to structures built atop the expansive clay, leading 

to financial loss (Wayne et al. 1984, Avsar et al. 2009). 

Clays, particularly those classified as low plasticity clay 

(CL) and high plasticity clay (CH), are expansive (Komin 

and Ogata 1996, Khattab et al. 2007, Souza and Pejon 

2020) and experience softening and a decrease in strength 

when saturated (Ghose and Subbarao 2007). As such,  

                                           

Corresponding author, Professor 

E-mail: fceslk@eng.chula.ac.th 
aPh.D. 
bM.Eng 
cPh.D. 
dPh.D. 
ePh.D. 

 

 

buildings built on top of expansive clays are subject to 

increased stress levels and damages due to volumetric 

changes in the clay with changing water content. 

For more than two decades, Thailand has undergone 

tremendous development in its infrastructure. However, the 

issue of expansive clays has not been considered in the 

design and construction of some of these infrastructure 

projects. As a result, increased stress and damage has been 

seen in some structures in northern Thailand; in some worst 

cases, some houses and roads were destroyed. 

The Mae Moh Lignite mine is the largest mine in 

Thailand and the largest open-pit lignite mine in Southeast 

Asia, operated under the responsibility of the Electricity 

Generating Authority of Thailand (EGAT). The mine is also 

the main fuel source in Thailand, producing 2,400 MW or 

8% of the electricity consumed in the country. Some parts 

of Mae Moh mine are situated on a layer of expansive clay 

known as Mae Moh yellow clay, which has a shallow depth 

of around 3 to 5 m below ground surface. This expansive 

soil layer experiences shrinkage and swelling with seasonal 

changes of clay moisture and has previously caused stability 

and deformation problems for pavement structures in the 

mine. Recently, the Mae Moh mine began planning a road 

construction atop the expansive soils in the mining area to 

improve its transportation network and facilitate access for 
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Abstract.  Expansive soil is the most predominant geologic hazard which shows a large amount of shrinkage and swelling with 

changes in their moisture content. This study investigates the macro-mechanical and micro-structural behaviours of dredged 

natural expansive clay from coal mining treated with ordinary Portland cement or hydrated lime addition. The stabilised 

expansive soil aims for possible reuse as pavement materials. Mechanical testing determined geotechnical engineering 

properties, including free swelling potential, California bearing ratio, unconfined compressive strength, resilient modulus, and 

shear wave velocity. The microstructures of treated soils are observed by scanning electron microscopy, x-ray diffraction, and 

energy dispersive spectroscopy to understand the behaviour of the expansive clay blended with cement and lime. Test results 

confirmed that cement and lime are effective agents for improving the swelling behaviour and other engineering properties of 

natural expansive clay. In general, chemical treatments reduce the swelling and increase the strength and modulus of expansive 

clay, subjected to chemical content and curing time. Scanning electron microscopy analysis can observe the increase in 

formation of particle clusters with curing period, and x-ray diffraction patterns display hydration and pozzolanic products from 

chemical particles. The correlations of mechanical properties and microstructures for chemical stabilised expansive clay are 

recommended. 
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passengers and businesses. In addition, this expansive soil 

has never been involved in construction before. The 

construction of the road embankment has become a 

challenge for geotechnical engineers, causing some to 

consider shallow cement and lime mixing methods to 

improve the expansive soil’s properties.  

Many studies in literature describe improving the 

physical and engineering properties of expansive clay by 

addition of lime, ordinary Portland cement (OPC), fly ash 

or other stabilisers, mostly from a macroscopic point of 

view (Osinubi 2000, Phanikumar 2009, Sharma et al. 2012, 

Mutaz and Dafalla 2014, Zaimoglu et al. 2015, Jamsawang 

et al. 2017, Guidobaldi et al. 2017, Jiang et al. 2017, Wei et 

al. 2019, Sun et al. 2020). In addition, several researches 

also studied the cyclic behaviour of clay and sand (Thay et 

al. 2013, Chompoorat and Likitlersuang 2016, Mase et al. 

2019). Mixing clays with stabilisers leads to reactions that 

affect cation exchange and pozzolanic reactions that 

stabilise the clay (Al-Mukhtar et al. 2012). While cation 

exchange quickly stabilises the clay and improves its plastic 

and compaction properties, pozzolanic reactions increase 

the shear strength of clay by bonding close particles 

together after some curing time (Arabi and Wild 1986, Bell 

1996, Boardman et al. 2001, Rao and Shivananda 2005). 

Studies in literature have quantified the improvement of 

clay properties according to the Atterberg limits and other 

soil properties such as the volume change, shear strength, 

and coefficient of permeability of the improved expansive 

clay (Diamond and Kinter 1965, Brandl 1981, Locat et al. 

1990, Sivapullaiah et al. 2000, Por et al. 2015, 2017, 

Bozbey et al. 2021).   

The treatment of clay with lime is of particular interest 

around the world because lime usage oftentimes employs 

local materials and involves low costs of lime, while the 

clay is improved in its technical capabilities and 

competitiveness. Mixing lime into clay causes four types of 

reactions: cation exchange, flocculation, carbonation, and 

pozzolanic reactions. Cation exchange occurs between the 

cations affixed to clay surface particles and the calcium 

cation (Ca2+) of the lime; it causes the clay particles to get 

closer to each other due to flocculation and attraction. 

Flocculation is primarily accountable for the changes in 

engineering properties when lime is added to clays; adding 

lime causes a marked decrease in a clay’s swelling 

potential, liquid limit (LL), plasticity index (PI), and 

maximum dry density of the soil, while the optimum water 

content, shrinkage limit, and strength are increased (Croft 

1967, Alrubaye et al. 2018, Türköz 2019). The same results 

are seen when clay is treated with cement, where the clay’s 

LL, PI, and swelling potential decrease, while the shrinkage 

limit (SL) and shear strength increase (Nelson and Miller 

1997, Ghiyas and Bagheripour 2020). Finally, it has been 

found that applying cement stabilisation to soils promotes 

the creation of cementitious bonds between calcium silicate 

or aluminate hydration products with soil particles which 

further promotes soil stability (Chompoorat and 

Likitlersuang 2016, Julphunthong et al. 2018, Thomas and 

Rangaswamy 2020, Chhun et al. 2020, Chompoorat et al. 

2019a, 2021).  

The objective of this paper is to study the engineering  

Table 1 Geotechnical index properties of the expansive clay 

used in this study 

Property Measured value 

Silt content (%) 1 

Clay content (%) 99 

Liquid limit (%) 66 

Plastic limit (%) 22 

Plastic index (%) 44 

Specific gravity 2.75 

Optimum moisture content (%) 14.21 

Maximum unit dry unit (kN/m3) 18.05 

Soil classification (USCS) CH 

 

Table 2 Summary of the chemical compositions of materials 

Name of chemical Symbol 

Portion (wt.%) in the sample (%) 

Expansive 

clay 

Portland 

cement 

Hydrated 

lime 

Silicon dioxide SiO2 49.63 23.72 1.94 

Aluminium oxide Al2O3 19.14 4.28 - 

Ferric oxide Fe2O3 10.67 2.06 - 

Calcium oxide CaO 14.15 62.97 96.04 

Magnesium oxide MgO 1.37 1.85 1.57 

Sodium oxide Na2O 0.24 0.64 0.04 

Potassium oxide K2O 2.67 0.67 0.08 

Phosphorous oxide P2O5 0.10 0.12 0.12 

 

 

properties with macro- and microscopic data of a lime- and 

cement-stabilised expansive clay obtained from the Mae 

Moh Power Plant. Lime-soil and cement-soil reactions were 

studied using mechanical tests and microstructural 

investigations. Mechanical tests included California bearing 

ratio (CBR), unconfined compression strength (UCS), 

resilient modulus (MR), and free-free resonance (FFR) tests. 

An attempt was made to differentiate the extensively 

debated hydration and pozzolanic reactions to confirm and 

analyse each one’s effects on the microstructure of clays; 

analyses included the use of scanning electron microscopy 

(SEM), x-ray diffraction (XRD), and energy dispersive 

spectroscopy (EDS), as well as measurement of 

macroscopic properties of the lime- and cement-blended 

expansive clays. 

 

 

2. Materials and methods 
 

2.1 Materials  
 

The expansive clay employed in this study was collected 

from a depth of 0.5-1.5 m below the ground surface from 

the Mae Moh Lignite Mine in Lampang province of 

northern Thailand. The geotechnical index properties of the 

expansive clay are summarized in Table 1. The clay’s 

plasticity index of approximately 44% was considered high, 

and indicative of high-volume change potential for the soil.  
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Table 3 Mixture proportion 

Symbol Cement (wt.%) Lime (wt.%) 

S (Untreated) - - 

SC6 6 - 

SC8 8 - 

SC10 10 - 

SC12 12 - 

SL6 - 6 

SL8 - 8 

SL10 - 10 

SL12 - 12 

 

 

Based on the unified soil classification system (USCS), this 

expansive clay was categorized as a CH. The chemical 

composition of the clay, as determined by x-ray 

fluorescence (XRF), is shown in Table 2. The expansive 

clay contained 49.63% silicon dioxide (SiO2), 18.14% 

aluminium oxide (Al2O3), 8.49% ferric oxide (Fe2O3), 

2.35% magnesium oxide (MgO), and 1.07% calcium oxide 

(CaO). The XRD analysis in Fig. 1(a) revealed that the 

major composition of the expansive clay was quartz (SiO2) 

whereas montmorillonite, which is known as the most 

active clay mineral, was the major clay mineral. In addition, 

kaolinite and illite were also detected. Fig. 1(b) shows the 

SEM image of the untreated expansive clay before 

inundation. The particle size, shape and surface of each 

major components were definitely different. The SEM 

images showed evidence of randomly oriented flaky 

montmorillonite clay particles forming multi-particle 

aggregates of expansive clay. 

Ordinary Portland cement (OPC) type I and hydrated 

lime were used as stabilisers in this study; their physical 

characteristics are presented in Figs. 1(c) and 1(d), 

respectively. The chemical composition data of the cement  

 

Table 4 Testing program 

Test Test sample Curing time (d) Sample condition 

Free  

swelling 
All samples 7 Soaked 

CBR S, SC10, SL10 7 
Soaked and 

unsoaked 

UCS All samples 7, 28, 60, 90 Unsoaked 

MR All samples 7, 28, 60, 90 Unsoaked 

FFR All samples 7, 28, 60, 90 Unsoaked 

SEM All samples 7, 28, 60, 90 Air-dried 

XRD 
S, SC6, SC10,  

SL6, SL10 
7, 28, 60, 90 Air-dried 

EDS S, SC10, SL10 7, 28, 60, 90 Air-dried 

 

 

and lime obtained from XRF tests are shown in Table 2. 

Although the expansive clay contained a high SiO2 content, 

their SiO2 content is considered comparatively inert and 

unreactive to cement and lime. Both the cement and lime 

contained high CaO contents of 62.97% and 96.04%, 

respectively. CaO is the main chemical component involved 

in creating cementitious products; therefore, the selected 

cement and lime should be good candidates as clay 

stabilisers that can reduce the swelling potential and 

improve the strength and stiffness of the expansive clay for 

use as road material. 

 

2.2 Method 
 
2.2.1 Specimen preparation  
The expansive clay was passed through a No. 40 sieve 

(0.425 mm) to remove coarse aggregates then dried for 24 h 

to make sure that its initial moisture content was zero before 

mixing with cement, lime, and water. Table 3 shows the 

mixture proportion of specimens. Engineering properties of 

the admixtures were determined in the laboratory; standard 

 

Fig. 1 (a) XRD pattern, (b) SEM image (3,000X magnification) of the expansive clay used in this study; (c) ordinary 

Portland cement type I and (d) hydrated lime used in this study 
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methods were used to measure pH (ASTM 1999), free 

swelling test (ASTM 2003), CBR (ASTM 2016a), UCS 

(ASTM 2016b), and MR of soil (AASHTO 2017). Dynamic 

modulus was measured from FFR tests according to the 

recommendation of ASTM C597 (ASTM 2016c). 

Considering the microstructure of each material, XRD, 

EDXRF, and SEM/EDS analyses were also performed. All 

test results are summarized in Table 4. 

The optimum moisture content (OMC) and maximum 

dry unit weight (γd,max) of untreated and treated expansive 

clays with different amounts (wt.%) of cement and lime 

were determined by a series of compaction tests performed 

according to the modified Proctor test method in ASTM D 

1557 (ASTM 2012). pH was measured for expansive clays 

with 0-18% of lime in accordance with ASTM D 6276 

(ASTM 1999); special attention was given to control the 

room temperature at 25°C because the pH of lime-clay 

mixtures is temperature dependent. CBR tests were 

performed on clay with optimum lime content (OLC), 

which was 10% cement content and 10% lime content by 

soil dry weight (wt.% DW); tests were performed under 

unsoaked and soaked conditions with a curing period of 7 d. 

Free swelling, UCS, MR, and FFR tests was carried out 

on clays mixed with cement and lime contents of 6, 8, 10, 

and 12 wt.% DW. Predetermined OMCs were used as the 

water content for different cement and lime contents. A 

mixer was used to mix dry expansive clay, cement, lime, 

and water. Test samples were compacted to achieve the 

γd.max of the modified Proctor test in a cylindrical mould 50 

mm in diameter and 100 mm in high. The samples were 

forced out of the mould after 24 h, then cured for 7, 28, 60 

and 90 days while wrapped in plastic sheets and stored in a 

foam box to avoid moisture loss. 

 

2.2.2 pH test 
The OLC is defined as the lowest percentage of lime 

required to keep a soil-lime-water solution at pH 12.4 or 

constant at 25°C (Bell 1996, Sharma et al. 2012). The 

simple Eads and Grim pH test (Eades and Grim 1966, 

ASTM 1999) was performed to identify the OLC of the 

clay. Clays with lime contents from 0-18 wt.% were 

evaluated. The OLC was found to be 10% lime by soil dry 

weight (wt.% DW) at pH 12.37. However, since this test 

does not provide reliable information on the potential 

reactivity of a particular expansive clay, or the magnitude of 

increased strength after its treatment at the OLC (Cherian 

and Arnepalli 2015), the percentage of lime or cement was 

varied between 6-12 wt.% DW for subsequent experiments 

in this study. 

 

2.2.3 Free swelling test 
Tests were conducted on expansive clays with different 

amount of cement and lime as summarized in Table 4. After 

7 days curing, specimens with a diameter of 50 mm and a 

height of 100 mm were placed between two porous stones 

and then soaked by inundating it with water from both ends. 

No seating stress was applied during test. The vertical swell 

movements were recorded at different times through a dial 

gauge. Tests were stopped when swell movement ceased to 

be detected through the dial gauge readings for a period of 

24 h. All tests were carried out at room temperature. 

 

2.2.4 CBR test 
CBR test samples measured 152 mm in diameter and 

177 mm in height were cured for 7 days. Tests were 

performed under unsoaked and soaked conditions as shown 

in Table 4. For CBR tests performed under soaked 

conditions, test molds were immersed in water with a 

surcharge of 4.5 kg for 4 d. A Universal testing machine 

(UTM) with a capacity of 50 kN was used to test both 

soaked and unsoaked test specimens. A load rate of 1.27 

mm/min was applied by the UTM’s penetration plunger, 

and the resultant stress and displacement data were then 

plotted. To calculate CBR values, stress data was divided by 

reference stresses and multiplied by 100. 

 

2.2.5 UCS test 
UCS tests were carried out on clays with different 

cement and lime contents as summarized in Table 4. After 

curing, test specimens were placed in an automatic UTM 

with a capacity of 50 kN. Specimens were placed under 

strain at a rate of 1.0%/min until the specimen failed or 15% 

strain was reached, whichever occurred first. Triplicate tests 

conducted for specimens of each curing time. 

 

2.2.6 MR test 
MR test was performed using a dynamic UTM. A load 

duration format of 1:9 (0.1 s loading and 0.9 s rest periods) 

was applied to each specimen based on the haversine shape 

function. A seating stress at 10% of the deviator stress was 

also used during the loading duration. As samples changed 

with the state of stress, two linear variable deferential 

transducers (LVDT’s) were used to measure the vertical 

permanent strain, while the loading cell measured the 

deviator stress. To account for changes to the samples as 

stress was applied, each individual test was operated in 15 

sequences in which each sequence had a different confining 

and axial stress level (for more details see AASHTO 

(2017)). The tests were stopped when either specimen 

failure occurred or the vertical permanent strain of the 

specimen reached 5%. 

 

2.2.7 FFR test 
FFR assay was performed to determine the dynamic 

modulus of clay samples under a small strain. The testing 

method involved hanging a sample on a rigid frame in the 

horizontal direction and suspending it with a tendon to 

approach free boundary conditions. To measure vibrations, 

an accelerometer was set in contact with one end of the 

sample, while the other end was knocked with a light 

hammer. E0 and G0 values were calculated from Eqs. (1) 

and (2), respectively. 

𝐸0 = ρ𝑣𝑝
2 = ρ(2𝐿𝑓𝐿)

2 (1) 

𝐺0 = ρ𝑣𝑠
2 = ρ(2𝐿𝑓𝑇)

2 (2) 

where ρ is the bulk density, L is the length of the specimen, 

fL is the longitudinal resonant frequency, fT is the torsional 

resonant frequency, vp is the longitudinal (compressive) 

wave velocity, and vs is the torsional (shear) wave velocity. 
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Fig. 2 Compaction curve of expansive clay admixed with 

6, 8, 10 or 12 wt.% of (a) cement (SC) or (b) lime (SL) 

 
 
2.2.8 XRD test 
XRD test was performed to determine the structure of 

crystalline materials in the expansive clay mixed with 

cement and lime. XRD analyses were carried out on small 

piece of samples obtained from selected specimen. The 

samples were freeze-dried and passed through a No. 200 

(0.075 mm) sieve. Particles smaller than 0.075 mm were set 

on a sample holder for testing. XRD data were collected at 

every 0.02° between 2°-80°. 

 

2.2.9 EDXRF and SEM/EDS tests 
EDXRF and SEM/EDS were performed to identify 

microstructural changes in the expansive clay stabilised 

with cement and lime. Small pieces of sample were 

collected from the failure position of the UCS tests. 

Samples were selected to be approximately 5 mm long. 

Once collected, the samples were stored in a zip bag with 

desiccant to dry. Then, a selected dry sample would be 

coated with a thin layer of gold using a sputter-coater before 

being placed on a sample holder for the EDXRF and 

SEM/EDS tests. 

 

 

3. Results and discussion 
 

3.1 Compaction test 
 

The compaction curves of untreated and treated 

expansive clay are illustrated in Fig. 2. The compaction 

curve of expansive clay was clearly dependent on cement 

content, as the expansive clays with 6, 8, 10 and 12 wt.% of 

cement all had significantly higher γd,max and lower OMC 

than that of the pure expansive clay. For comparison, the 

un-stabilised expansive clay had a γd,max of 1.84 g/cm3 at an 

OMC of 14.21%, while the clay blend with cement had  

 
Fig. 3 Swelling versus time of expansive clay admixed 

with 6, 8, 10 or 12 wt.% of (a) cement (SC) and (b) lime 

(SL) 

 

 

γd,max values in the range of 1.87-1.89 g/cm3 with OMCs 

between 12.33-13.44%. On the other hand, the expansive 

clays with 6, 8, 10 and 12 wt.% of lime expressed a 

decrease in γd,max and a slightly higher OMC. The γd,max 

values of the lime-treated expansive clay were between 

1.80-1.82 g/cm3 with OMC values between 13.50 and 

15.15%. This is very similar to the result obtained from 

previous research (Bell 1996, Al-Taie et al. 2015) where the 

addition of lime affected the flocculation process into 

producing card-house type clay structures that resisted 

compaction and gave way to a lower density and higher 

moisture content as the lime-stabilised clay required more 

water for pozzolanic reactions to occur. Moreover, since 

lime is generally composed of CaO, lime particles are quite 

small compared with the expansive clay. 

 

3.2 Free swelling test 
 

Swelling behaviour can be separated into three stages 

(Azam and Wilson 2006): (1) A beginning low swelling 

stage due to low unsaturated hydraulic conductivity; (2) a 

main intermediate swelling stage related to a confirmed 

wetting front; and (3) a lesser, low swelling stage caused by 

near-saturation conditions. Fig. 3 displays the relation 

between swelling values and time for untreated and treated 

expansive clays with different cement and lime contents of 

6, 8, 10 and 12 wt.%. As expected, expansive clay 

admixtures with cement exhibited three swelling stages: An 

initial swelling that increased slowly with time, then 

swelling which occurred more quickly, and finally practical 

cessation of swelling at a constant terminal value.  

The untreated expansive clay, with had a maximum 

swelling of 10.9%, is unsuitable for road construction 

because its swelling value is higher than 9% (Seed et al.  
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1962, Puppala et al. 2004). However, when cement was 

used to treat the expansive clay, as in samples of SC6, SC8, 

SC10, and SC12, maximum swelling values were reduced 

to 4.11, 3.53, 2.42 and 1.93%, respectively. Likewise, when 

lime was used to treat the expansive clay, maximum 

swelling values were recorded as 6.5, 6.0, 5.0 and 3.0 % for 

SL6, SL8, SL10 and SL12, respectively. These results show 

that both cement and lime treatment will abate the swelling 

problems of pure expansive clay, making admixtures of clay 

and cement or lime suitable for use as road construction 

material. 

SC12 showed over 8% of decrease in maximum 

swelling value over pure expansive clay, the most  

improvement of any cement-treated expansive clays. This 

was mainly the result of the hydration gels formed in the  

 

 

initial hydration reaction progressively crystallizing to build 

an interlocking clay structure. The cementation between  

clay minerals and cement slowly induces the substitution of 

sodium ions (Na+) with calcium ions (Ca2+) in 

montmorillonite. As for lime-treated clay, lime addition 

actually seemed to increase the initial swelling of the 

admixture, but the final maximum swelling values of the 

admixtures eventually exhibited 4.5-8% improvement over 

pure expansive clay. This improvement in swelling behavior 

was caused by the lime promoting pozzolanic reactions 

while the specimens were soaking in water. 

 

3.3 Evaluation of the CBR 
 

The CBR of the untreated expansive clay and the  

Table 5 Summary of the different test results for the pure clay (S) and that admixed with different wt.% levels of cement (SC) 

and lime (SL) 

Test Condition S SC6 SC8 SC10 SC12 SL6 SL8 SL10 SL12 

CBR 

(%) 

Unsoaked 
59.0 

± 0.6 
- - 

198.8 

± 6.1 
- - - 

93.5 

± 5.1 
- 

Soaked 
3.8 

± 0.6 
- - 

17.5 

± 1.0 
- - - 

11.4 

± 0.8 
- 

UCS 

(kPa) 

7 d 
680.0 

± 27.4 

2,899.8 

± 113.8 

3,229.0 

± 149.0 

3,380.0 

± 160.0 

3,837.4 

± 59.8 

1,865.1 

± 130.4 

2,049.8 

± 92.4 

2,512.3 

± 162.3 

2,013.5 

± 87.5 

28 d - 
3,446.5 

± 283.6 

4,377.7 

± 327.2 

5,372.9 

± 312.0 

5,615.5 

± 218.4 

3,563.0  

± 237.5 

3,595.9 

± 302.4 

3,111.7 

± 172.2 

3,137.0 

± 311.7 

60 d - 
4,970.1 

± 27.8 

6,026.3 

± 237.9 

6,185.0 

± 286.0 

6,475.9 

± 638.5 

3,690.5 

± 85.0 

4,492.3 

± 126.3 

4,735.9 

± 70.4 

3,984.2 

± 127.8 

90 d - 
6,013.5 

± 159.3 

7,174.7 

± 156.0 

7,289.3 

± 828.6 

7,684.7 

±190.2 

4,480.2 

± 169.2 

4,410.9 

± 310.1 

3,985.6 

± 110.8 

3,900.0 

± 163.0 

E0 

(MPa) 

7 d 
581.0 

± 28.9 

3,178.0 

± 62.4 

3,670.0 

± 99.7 

4,850.8 

± 72.9 

4,838.5 

± 183.7 

1,661.8 

± 58.1 

1,746.0 

± 20.8 

2,022.9 

± 39.6 

2,298.3 

± 72.2 

28 d - 
4,366.8 

± 157.8 

4,820.1 

± 55.6 

5,760.3 

± 57.4 

6,378.0 

± 69.6 

3,223.6 

± 30.2 

3,599.4 

± 24.7 

3,739.0 

± 15.9 

3,395.6 

± 3 5.7 

60 d - 
4,788.5 

± 108.5 

5,590.2  

± 87 .5 

5,426.0 

± 157.9 

6,148.2 

± 205.3 

3,730.2 

± 16.6 

2,992.0 

± 44.8 

4,066.7 

± 28.9 

3,112.1 

± 37.9 

90 d - 
5,107.8 

± 80.5 

5,901.1 

±199.4 

5,542.6 

± 140.3 

6,915.5 

± 195.6 

2,933.9  

± 46.3 

2,851.9 

± 53.7 

2,916.7 

± 88.2 

2652.8 

± 79.0 

MR 

(MPa) 

7 d 
345.0 

± 35.2 

848.5 

± 46.0 

924.3 

± 52.3 

975.9 

± 41.3 

987.6 

± 3.8 

873.3 

± 57.6 

950.1 

± 44.2 

777.3 

± 54.8 

847.7 

± 56.2 

28 d - 
816.1 

± 4.0 

959.0 

± 22.4 

1,008.7 

± 26.0 

931.7 

± 54.7 

876.8 

± 34.4 

852.8 

± 18.3 

969.3 

± 26.6 

902.6 

± 36.5 

60 d - 
1,028.2 

± 3.7 

950.2 

± 7.1 

912.1 

± 65.5 

932.1 

± 45.1 

933.5 

± 16.4 

847.6 

± 17.3 

921.6 

± 7.2 

865.1 

± 43.2 

90 d - 
981.3 

± 11.4 

917.5 

± 11.4 

944.9 

± 10.9 

969.2 

± 24.5 

945.7 

± 19.5 

938.3 

± 30.8 

898.9 

± 35.7 

736.0 

± 58.7 

G0 

(MPa) 

7 d 
186.0 

± 24.8 

1,232.8 

± 109.4 

1,370.7 

± 35.4 

1,821.1 

± 56.4 

1,916.1 

± 25.0 

1,133.5 

± 108.0 

1,247.0 

± 58.0 

1,274.5 

± 55.9 

884.9 

± 18.8 

28 d - 
1,772.3 

± 102.1 

1,840.0 

± 23.6 

2,111.6  

± 28.2 

2,336.9 

± 56.2 

1,367.8 

± 27.0 

1,335.7 

± 10.9 

1,391.4 

± 49.5 

1,407.7 

± 6.4 

60 d - 
1,854.8 

± 71.1 

2,137.5 

± 289.7 

2,054.3 

± 54.9 

2,428.5 

± 119.5 

1,363.3 

± 23.8 

1,553.8 

± 10.2 

1,611.3 

± 10.3 

1,082.8 

± 192.9 

90 d - 
1,942.9 

± 52.3 

2,131.1 

± 117.2 

2,050.2 

± 117.2 

2,480.8 

± 90.0 

1,576.0 

± 28.2 

1,497.7 

± 82.1 

1,632.1 

± 22.4 

1,572.2 

± 140.8 

Note: Data are shown as the mean ± standard error (SE), derived from triplicate trials 
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Fig. 4 Normalised UCS against time 

 

 

expansive clays admixed with cement or lime at 10 wt.% 

optimum level were evaluated in the laboratory; results are 

shown in Table 5. The CBR value of the pure expansive 

clay in unsoaked and soaked conditions were 59.0% and 

3.8%, respectively. When the expansive clay was blended 

with 10 wt.% cement or lime and, after 7 days of curing, 

CBR of unsoaked samples were 198.76% and 93.50%, 

respectively, while CBR of soaked samples were 17.5 and 

11.4%, respectively. The increase in CBR values after 

addition of these stabilisers was attributed to the hydration 

reaction after cement addition, which resulted in a reduced 

plasticity and strength gain, and the pozzolanic reaction 

between the soil’s silica and alumina with lime, which 

formed various types of cementing agents. 

 

3.4 UCS test 
 

The UCS of samples were measured after 7, 28, 60 and 

90 d curing. The base UCS of the untreated specimen was 

680 kPa, while the UCS values of all treated specimens 

increased regardless of curing time, as present in Table 5. In 

expansive clay samples treated with cement, the UCS 

values clearly increased in the first 28 d. This UCS increase 

was due to the cement’s hydration process taking up and 

decreasing the mixtures’ water content, causing the cement-

treated clay to harden. Furthermore, additional curing time 

allowed the cement-clay admixtures to harden further, 

providing further UCS improvements. UCS was also 

expected to rise in accordance with increased cement 

content (Chompoorat and Likitlersuang 2016, Julphunthong 

et al. 2018, Chompoorat et al. 2019a); therefore, as 

expected, the increases in UCS were larger as cement 

content increased in this study as well.  

The UCS of expansive clay stabilised with different 

wt.% of lime after different curing periods are also shown 

in Table 5. The shear strength of specimens continually 

increased with curing time; for example, the UCS of 

specimens with 6 wt.% lime content increased from 1865 

kPa after 7 d of curing, to 4480 kPa after 90 d. When 

comparing admixtures with different lime contents, the 

UCS of specimens with 6, 8, 10 and 12 wt.% lime content 

after 28 days of curing were 3563, 3595, 3111 and 3136 

kPa, respectively. As such, it was concluded that, although 

all specimens with lime displayed UCS improvements over 

pure expansive clay, the added benefit starts to decline at 

beyond 10 wt.% lime content; in other words, 10 wt.% lime  

 

Fig. 5 Relationship between E50 and UCS 

 

 

was the OLC according to this study’s results. The loss in 

strength at higher lime contents may be due to the fact that 

lime itself does not have either appreciable friction or 

cohesion. As a result, a high lime content would serve as a 

lubricant in between soil particles, leading to reduced 

strength. It should also be noted that long-term reactions 

between lime and sulphate-rich soils can lead to the 

generation of secondary minerals, such as ettringite (Et) and 

thaumasite; crystallization of these materials may cause 

expansion of the treated soils over longer periods of time 

(Bell 1996, Nicholson 2015).  

The gradual development of UCS in the cement- and 

lime- admixed expansive clays were normalised by the UCS 

at 28-days of curing (UCS28), as suggested by Horpibulsuk 

et al. (2011, 2012). Normalised values expressed a linear 

correlation on a semi-log plot, with a correlation coefficient 

(R2) of 0.84. The normalised correlation found in this study 

was quite close to correlations found in previously studies, 

specifically studies on dredged sediments stabilised with 

cement and fly ash (Yoobanpot et al. 2020), and soft clay 

stabilised with cement kiln dust and fly ash residue 

(Yoobanpot et al. 2017) as shown in Fig. 4. It is noted that 

UCS increases over time should be similar in samples made 

up of the same soil type because the development of soil 

strength is essentially controlled by the degree of chemical 

reactions. 

Similar to UCS values, the secant Young’s modulus at 

50% strength (E50) determined by UC tests also increased 

with curing period. The ratios between the stiffness and 

strength (E50/UCS) were rather constant for both cement- 

and lime- improved clays as illustrated in Fig. 5. The 

E50/UCS ratios of this study were 56.5 with an R2 value of 

0.80, which is consistent with the findings of past studies 

(Yoobanpot et al. 2020), with small differences being 

ascribed to different clay minerals and water-per-binder 

ratio used. 

 

3.5 MR test 
 

MR tests were performed based on the MR protocol of 

the AASHTO T307 (AASHTO 2017) standard for unbound 

material. Table 5 shows the mean value of resilient modulus 

after 15 cycles for both the control (untreated) specimen 

and the 6-12 wt.% cement-admixed expansive clay 

specimens after 7, 28, 60 and 90 d of curing. The average 

MR achieved for the control was 340 MPa, with cement  
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Fig. 6 Relationship between E0, G0 and UCS 

 

 
Fig. 7 (a) Relationship between MR and UCS, (b) 

relationship between MR and E50 and (c) relationship 

between MR and vs 

 

 

treatment increasing sample MR values by approximately 

35-45%, and lime treatment increasing MR values by 

approximately 40-45%, both compared to the control. 

Neither the resilient moduli of soil- or lime-cement mixes 

showed clear dependence on curing time (Chompoorat et al. 

2018). 

 
Fig. 8 Representative SEM images (12,000X magnifi-

cation) of the expansive clay admixed with cement after 

curing for (a) 6 wt.% and (b) 10 wt.% 

 
 
3.6 FFR test 
 

The FFR test was performed to observe the processes of 

the hydration and pozzolanic reactions that caused strength 

increase through microstructure formation. An observable 

increase in wave velocity over time through the FFR test 

would imply an increased stiffness owing to the hydration 

and pozzolanic reactions (Chompoorat et al. 2019b).  

E0 and G0 values were calculated from measured values 

of vp and vs using Eqs. (1) and (2), respectively; results are 

displayed in Table 5 for each mixture after different curing 

periods. The increased dynamic modulus, which 

corresponded to the increased resonance wave velocity, 

indicated that cement had initially set after 7 d of curing. As 

anticipated, the calculated small-strain stiffness moduli 

increased with curing time due to cement hydration. The 

order of magnitude and increasing rate of the evaluated 

moduli agree well with results previously published in 

literature on cement-stabilised soft clay (e.g., Verástegui-

Flores et al. 2010, Fatahi et al. 2013). Amongst all mixtures 

after 7 d of curing, the E0 and G0 values of mix SC12 (12 

wt.% cement) was the highest, while mix SC6 (6 wt.% 

cement) had the lowest values.  

E0 and G0 values versus curing time for five different 

wt.% of clay-lime mixes are also shown in Table 5. For pure 

expandable clay (0 wt.% lime), the E0 and G0 values did not 

change significantly between different curing periods, 

indicating no effect based on curing period. The expansive 

clay without lime also had the lowest E0 and G0 values. 

However, once lime was added to form clay-lime mixtures, 

there was considerable variation in E0 and G0 values 

dependent on lime content, indicating a strong influence of  

7 days

28 days

90 days

7 days

28 days

90 days

(a) (b)
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Fig. 9 Representative SEM images (6,000X magnifi-

cation) of the expansive clay admixed with lime after 

curing for (a) 6 wt.% and (b) 10 wt.% 

 

 

lime content on E0 and G0. At 7, 28 and 60 d of curing, the 

clay with 10 wt.% lime showed the highest values of E0 and 

G0 (consistent with the OLC). These results show that 

deviating from the OLC of 10 wt.%, whether decreasing or 

increasing lime content to 8 or 12 wt.%, E0 and G0 values 

will decrease. It was also observed that after 90 d of curing, 

6 wt.% lime clay showed the highest E0 and G0 values. This 

may be indicative of long-term reactions between the lime 

and the soil’s sulphate content, which can lead to the 

generation of secondary minerals such as Et and thaumasite; 

the crystallization of these secondary minerals may cause 

cracking of the treated soils over longer periods of time. 

Fig. 6 illustrates the relationship between E0 obtained 

from UC tests, and E0 and G0 values obtained from FFR 

tests. There is a clear trend of E50, E0, and G0 values all 

increasing as the amount of cement or lime in the clay 

mixtures increase. As pore fluids in the cement- and lime- 

improved expansive clays changed, they were expected to 

influence vs, and consequently G0 as well. Likewise, as the 

skeleton stiffness of the improved expansive clays 

developed after 28-days of curing, vp and E0 were also 

expected to raise. Therefore, it can be concluded that 

cement and lime content both play significant roles in the 

increment of E50, E0 and G0. 

 

3.7 Strength and stiffness correlations 

 

This section presents the correlations of this 

experiment’s quantitative results. The resilient moduli (MR) 

were plotted against UCS, as shown in Fig. 7(a). It was 

found that MR nonlinearly increased with UCS for both 

cement- and lime- stabilised expansive clays. The empirical  

 
Fig. 10 XRD patterns for the expansive clay admixed at 6 

wt.% (black) and 10 wt.% (red) cement after being cured 

for (a) 7 d, (b) 28 d and (c) 90 d 

 

 

equation between MR and UCS was well fitted by a power 

function as shown in Fig. 7(a), which is different to the 

linear functions found in previous studies involving organic 

soil treated with fly ash (Tastan et al. 2011) and dredged 

sediments stabilised with cement and fly ash (Yoobanpot et 

al. 2020). The relationship between MR and E50 was fitted 

well by a power function with an R2 value of 0.81, as shown 

in Fig. 7(b). MR versus E50 data points laid within the data 

range of a previous study involving organic soils admixed 

with fly ash (Tastan et al. 2011). Fig. 7(c) shows the 

relationship between MR and G0 from FFR tests, which 

fitted well to a power function with an R2 value of 0.88. In 

general, the MR value increased with G0 as the latter ranged 

within 500-2,500 MPa. 

 

3.8 Microstructure 

 

Since changes in the macro-properties of the clay are 

fundamentally controlled by microstructural changes, SEM 

images of the expansive clay admixtures were captured to 

analyse these microstructure changes. Fig. 8 shows 

representative SEM images of the expansive clay admixed 

with different amounts of cement after curing for 7, 28 and 

90 d. After 7-d of curing, the original structure of the 

expansive clay had already completely changed. In Fig. 

1(b), it can be seen that flake-shaped particles had almost 

disappeared, and the structure was denser with particles 

connected to each other more strongly; this represents the  

7 days

28 days

90 days

7 days

28 days

90 days
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(b)
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Table 6 Effect of cement- and lime-stabilisation on the CSH 

and Et intensities of expansive clay 

Stabiliser 
Content 

(wt.%) 

Curing  

(d) 

CSH intensity 

(%) 

Et intensity 

(%) 

Cement 

6 

7 0.09 0.04 

28 0.60 0.07 

60 1.46 1.35 

90 7.14 3.15 

10 

7 3.81 0.34 

28 7.29 1.05 

60 8.91 3.53 

90 9.96 4.48 

Lime 

6 

7 0.11 0.02 

28 1.05 0.08 

60 2.32 0.59 

90 7.41 2.93 

10 

7 5.26 0.42 

28 5.58 1.13 

60 6.64 1.87 

90 8.90 2.46 

 

 

hardening phase of the cement hydration products and 

involves the formation of Et crystals and CSH. As hydration 

products connected to one another, they formed a network 

to support any load acting on the stabilised clay, increasing 

the strength of the clay admixture as reflected by the UC 

and MR test data obtained in this study. After 28 d of curing, 

solid structures were observable in the cement-admixed 

expansive clays, while the hydration products (Et and CSH) 

continued to solidify. After 90 d of curing, many rod-shaped 

hydration products had formed and protruded out from the 

cement particles (Fig. 9). The plate-shaped particles of CSH 

were also observed. Et crystals and CSH formations had 

inserted between clay particles and bonded to one another 

to form a large cluster; this reduced the pore size as 

formerly empty spaces were now occupied by new, mature 

crystal products of cement hydration (Horpibulsuk et al. 

2010, Jamsawang et al. 2017, Chompoorat et al. 2019a, 

2021). 

Comparing admixtures with different cement content, as 

the relative amount of cement increased, the amount of 

cementitious hydration products that were observable in the 

pore spaces increased. Cementitious products not only 

improved the inter-cluster bonding strength, but also filled 

pore spaces. Thus, pore volume was significantly reduced 

with increasing cement content while shear strength 

increased. 

SEM images of expansive clay stabilised with different 

amounts of lime and cured for different amounts of time are 

shown in Fig. 9. The microstructures of the 6 wt.% and 10 

wt.% lime admixed clays showed the formation of smaller 

clusters of clay particles after 7 d of curing. The formation 

of these clusters was brought about by the pozzolanic 

activity initiated at the borders of the clay particles. After 

curing for 28 d, larger clusters were evident, as was the  

 
Fig. 11 XRD patterns for the expansive clay admixed at 6 

wt.% (blue) and 10 wt.% (green) lime after being cured 

for (a) 7 d; (b) 28 d and (c) 90 d 

 

 

hardening of pozzolanic products (Et and CSH) which 

contributed to the improved strength of the clay. After 90 d 

of curing, there was still a larger increase in the size of the 

clay-lime clusters. It should be noted that the pozzolanic 

products increased and expanded from the lime grains to 

connect and surround the clay particles and form a strong 

bond between them. 

SEM images taken at 6,000X magnification were used 

to analyse the soil-lime clusters formed. An increase in the 

size of clusters with increasing curing time served as 

evidence of particle aggregation and the formation of 

cementitious compounds taking place. In addition, after 90 

d of curing, the samples depicted foil-like leafy structures 

with cemented clusters, which may be the intermediary 

formation of gel of the cementitious compounds. The SEM 

images distinctly showed the bonding filaments of the lime 

soil mixes. Previous studies by Arabi and Wild (1986), and 

Al-Rawas and McGown (1999) revealed a gradual 

breakdown of the clay particles and the formation of small 

to large interconnected aggregations, connectors and pore 

spaces. Although distinct clusters could not be found in our 

SEM images, an overall cemented morphology could be 

seen with higher proportions of lime. At 10 wt.% lime 

content, large interconnecting clusters were observed 

forming a composite material. This showed that the amount 

of transformation from a stacked structure to a leafy 

aggregated structure increased with higher lime content and 

longer curing times. This corresponds to the decreased 

strength observed in the UC, MR, and FFR tests data. 

Fig. 10 shows the XRD profiles of the un-stabilised 

expansive clay and clays stabilised by 6 and 10 wt.% of 

cement. XRD profiles can qualitatively indicate the level of 
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(c)
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mineralogy in samples by comparing the intensity of sample  

signals with those of a reference powder. Several signal 

peaks for the cement-admixed expansive clays confirmed 

the formation of CSH, calcium hydroxide (Ca(OH)2) and Et 

(Fig. 10), while the nonexistence of those peaks in the un-

stabilised clay (Fig. 1(a)) showed that these formations did 

not occur in the pure clay, and that cement stabilisation was 

indeed related to hydration reactions. There was also a 

correlation between the diffraction intensities of CSH and 

Et with increasing cement contents. Furthermore, the 

intensities of these XRD signal peaks increased with curing 

time. The diffraction intensities of Et and CSH increased 

most markedly during the first two weeks of curing time, 

then increased more gradually before becoming almost 

constant for the long term (Fig. 10 and Table 6). Combining 

XRD and physical property test results, the amounts of CSH 

and Et that formed increased proportionally with UCS, MR, 

and modulus. Thus, it could be concluded that these 

reaction products importantly contributed to the 

development of shear strength for the cement-treated clays.  

Likewise, representative XRD profiles of the expansive 

clay stabilised with 6 and 10 wt.% lime after 7, 28, 60 and 

90 d of curing are shown in Fig. 11. Compared with the un-

stabilised clay (Fig. 1(a)), the lime-stabilised clay showed 

many more XRD signal peaks of low to moderate intensity, 

indicating the formation of new compounds. Among these, 

the major cementitious compounds were CSH, Ca(OH)2, 

and Et, where stabilisation occurred due to the pozzolanic 

reaction. In the pozzolanic reaction, the calcium from lime 

reacts with soluble alumina and silica from clay in the 

presence of water to produce stable CSH, which creates 

long-term strength. The formation of Et is a result of the 

formation of CSH, which was a new pozzolanic compound 

in the lime-treated expansive clays. The visual reduction of 

XRD peaks at higher lime contents indicated the decay of 

the crystalline structure and formation of relatively 

amorphous compounds. At 6 and 10 wt.% lime content, the 

micrograph showed clear evidence of thorough CSH and Et 

development in a reticulated and flocculated form that 

allowed the clay to support a higher load (Table 6). 

Unfortunately, further increasing the lime content and 

curing time led to the formation of patches of reaction 

products that diminished the crystalline structure and 

developed strength. 

Table 6 show the EDS results of the soil admixed with 

10 wt.% cement and lime, respectively. The results showed 

that calcium (Ca), silica (Si), and aluminium (Al) were 

present in all specimens. The Ca content in both cement- 

and lime-stabilised expansive clay allowed for the 

formation of CSH gel that increased with an increasing 

curing period. At the same time, increasing the curing 

period tended to reduce the silicon and aluminium contents, 

but residual levels clearly remained. In conclusion, the 

shear strength of the expansive clay blended with cement or 

lime was mostly related to the amount of Ca. Additionally, 

the Si/Al ratio is important for building the bond strength of 

treated specimens. An increase in the Si/Al ratio helps to 

buffer the Ca content, helping treated samples develop 

greater shear strength through the increased creation of 

CSH gels and their associated bond strength (Bilondi et al.  

Table 7 Gel phase compositions 

Stabiliser 
Content 

(wt.%) 

Curing 

(d) 

Ca 

(wt%) 

Si 

(wt%) 

Al 

(wt%) 
Si/Al 

Cement 10 

7 13.43 21.83 9.29 2.35 

60 13.84 18.73 7.43 2.52 

90 21.58 14.64 6.30 1.47 

Lime 10 

7 14.30 15.51 7.06 2.20 

60 13.13 23.72 10.44 2.27 

90 19.00 10.63 8.21 1.29 

 

 

2018). Therefore, the parameters affecting the shear 

strength of the stabilised samples are Ca content and the 

Si/Al ratio. Table 7 presents gel phase compositions of 

expansive clay stabilised with 10 wt.% admixtures. The Ca 

content and Si/Al ratio of the expansive clay admixed with 

10 wt.% cement after curing for 7 d were 13.43% and 

2.35%; these parameters increased at 28 d to 13.84% and 

2.52% because of hydration reactions. On the other hand, 

the Ca content of the expansive clay admixed with 10 wt.% 

lime after 28 d of curing was 14.30%; this content slightly 

decreased after 60 d to 20.44% due to pozzolanic reactions. 

The Si/Al ratio of the expansive clay with 10 wt.% lime 

content after 7 d of curing was 2.2%, which increased with 

curing time to 2.27% at 28 d and 2.43% at 60 d. 

 

 

4. Application of treated expansive clay as pavement 
materials 

 

In its natural form, the Mae Moh expansive clay 

experiences swelling higher than 9%, making it necessary 

to mitigate the clay’s swelling potential before it can be 

used as road material. It is also unsuitable as a subgrade 

layer due to its CBR value being lower than 5%. According 

to the Thailand Department of Highway’s standard, after 7 

days of curing, the required swelling value of clay should 

be lower than 4%, and the UCS of soil-cement bases and 

subbases should be higher than 1,724 and 689 kPa, 

respectively. Fig. 12 summarizes the property requirements 

(i.e., swelling, CBR, UCS and MR values) for pavement 

materials according to the Thailand Department of 

Highway’s standard. Comparing the results of this study 

with the requirements listed in Fig. 12, it is observed that 

the mixture of SC10 satisfies the requirements for both soil 

cement base and soil cement subbase. Furthermore, 

Austroads (2017) provides guideline values of MR for 

unbound materials beneath a thin bituminous layer. The 

required MR values for high standard crushed rock base 

course, normal standard crushed rock base course, base 

quality gravel, and subbase quality materials are 500, 350, 

300 and 250 MPa, respectively. The results of this study 

show that the untreated expansive clay is appropriate for 

use as base quality gravel and subbase quality material; 

however, the cement- and lime- stabilised expansive clay 

will be required for use as high standard crushed rock base 

course and normal standard crushed rock base course, as 

shown in Fig. 12(d). 
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5. Conclusions 
 

The stabilisation of expansive clay with cement or lime 

was studied and the effects of the stabilisation on the 

mechanical and microstructural behaviour of the expansive 

clay were investigated.  

• An improvement in the mechanical properties of the 

expansive clay was obtained by treatment with different 

wt.% of cement and different curing times. The treatment 

with cement increased the CBR, UCS, MR and wave 

velocity, as well as the dynamic modulus of the clay. The 

magnitude of improvements aligned with increasing cement 

content and curing time. 

• The OLC of a soil plays an important role in the 

progression of lime reactions. The OLC of the studied clay 

was found to be 10 wt.% through the Eades and Grim pH 

test. Less lime content than the OLC could not invoke 

permanent reactions due to an insufficient quantity of lime. 

Sufficient lime content, at the OLC or higher, can bring 

about pozzolanic reactions, which are more permanent and 

cause an increased strength and modulus. However, 

additional lime above the OLC reduces the overall strength 

gained due to the long-term reactions of the lime with the 

soil’s sulphate content which lead to the generation of 

secondary minerals, such as ettringite (Et) and thaumasite. 

Crystallization of the secondary minerals lead to expansion, 

cracking, strength loss, and disintegration of the lime-

treated expansive clay. 

• SEM analysis supports the above conclusions and 

depicts more abundant formation of particle clusters with 

increasing curing time. A gradual breakdown of clay 

particles, as well as the formation of small to large 

interconnected aggregations, connectors, and pore spaces 

are characteristics of the microfabrics of cement- and lime-

treated soils. A transformation from a stacked structure to a  

 

 

leafy-aggregated structure occurs with higher lime contents 

and longer curing times, which coincides with decreased 

strength of the admixed clay. 

• XRD patterns show the formation of CSH, Ca(OH)2, 

and Et in expansive clay stabilised with 6 and 10 wt.% 

cement or lime, with the CSH peak being predominant.  

• Correlations between engineering properties and 

design parameters such as UCS, E50 and MR can be 

suggested based on the comprehensive experimental results. 

• It should be noted that based on the recommendation 

of Thailand’s Department of Highways, the CBR, UCS and 

swelling values should meet the requirements for cement-

treated base and subbase. In this study, both lime and 

cement stabilised dredged expansive soil met the CBR and 

UCS requirements, but only SC10 and SC12 satisfy the 

requirement of swelling. Therefore, the SC10 is highly 

recommended to use as base and subbase materials. 
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