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Abstract
In nature, soils are often composed of varying amounts of clay, silt and sand. Variation of the percentage of these

compositions can affect the final strength of the soils when stabilised with cement. In this study, focus was placed on clayey

soils with different gradation of sand impurities up to 40% in mass. An extensive study of such clayey soils treated with

cement was investigated. For the results, it is noted that water:cement ratio was a major influence of strength development

of cement-treated clayey soils. In contrast, the soil:cement ratio was found to have minor effects on the strength devel-

opment. The presence of sand impurities has a significant reduction on the strength development of the cement-treated

clayey soil mixture due to more free water available for hydration. The use of free-water:cement ratio is adopted which was

shown to be capable of adjusting for such change in amount of free water and water holding capacity of the clay which is

determined with Atterberg’s liquid limit tests. The effects of gradation (fine, coarse and well-graded) of the sand impurities

were found to affect strength development minimally, owing to similarities in their liquid limits when mixed with clay.

Ordinary Portland cement (OPC)-treated clayey soils produced a more rapid gain in strength but lower final strength at 28

days of curing as compared with Portland blast furnace cement (PBFC). This is found to be persistent for different

gradation of sand impurities. A linear correlation can be established based on the log of the unconfined compressive

strengths developed at different curing age, with slopes of these linear trends found to be similar for PBFC and OPC-treated

clayey soil specimens. Finally, a strength prediction model comprising of these findings is developed. The parameters

adopted in this model coincide with values proposed by past studies, thereby validating the robustness of the model. The

practical benefits from this study offer a quality control scheme to forecast long-term performance of cement-treated clayey

soils as well as optimise cement dosage in cement stabilisation to produce a more cost-effective and less environmental-

invasive usage of the technology in geotechnical applications.
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1 Introduction

1.1 Background

Land reclamation has conventionally been carried out with

sand as the primary fill material. With the huge amount of

excavated soils generated from subterranean construction

and sea dredging, there are enormous benefits to reuse

these unwanted materials as fill materials so as to reduce

pressures on disposal grounds in Singapore. However,

these excavated materials are often highly compressible

and low in shear strength, which are both undesirable

qualities as reclamation fill material. Therefore, the engi-

neering properties of these excavated materials have to be

improved in order to be a viable solution. This can be

easily achieved by treating the soils with cement [8, 25].

Unfortunately, the excavated materials are often highly

heterogeneous in nature with the presence of granular

impurities. This could result in differences in engineering

properties of the cement-treated soil [9, 39].

The purpose of this study is to investigate the influence

of sand grain size on the strength development of cement-
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treated clay over a wide range of water:cement ratio,

soil:cement ratio and curing time. Additionally, the effects

of cement type and percentage of impurities by mass are

studied to provide a more holistic assessment. A total of

more than 1000 specimens were prepared to provide a

substantial database for objective comparison. Atterberg’s

limit tests were also carried out to measure the water

absorbing capacity with presence of sand impurities with

different quantities and grain sizes. Due to the nature of the

application for land reclamation, flowable mixes achieved

with high moisture content and low cement dosage was

adopted, in contrast to onshore ground improvement

operations. The unconfined compression test is the com-

mon yardstick in the industry to determine the quality of

mix and hence adopted as the basis of assessment in this

study to coincide with industrial practice. Fine, coarse and

well-graded sands were used in the mix to assess the

influence of grain size of sand impurities on the strength

development of cement-treated clay. The curing duration

considered ranges between 3 and 91 days. This permits

correlation of early and later age strength of the mix

specimens and can potentially serve as an early detection

for defective mixes. Two types of cement, ordinary Port-

land cement (OPC) and Portland blast furnace cement

(PBFC), are investigated to contrast differences in strength

gain.

2 Mechanism of soil cement stabilisation

Soft clay generally has low strength, high compressibility,

low permeability and high water content. Some studies [29]

have demonstrated that in soft clays, the microfabrics

consist of a collection of clay particle clusters enclosed by

intercluster spaces. When the cement bonds and strength-

ens, intercluster spaces are filled, forming a compact matrix

that offers higher strength and lower compressibility. There

are four main chemical components that influence the

strength of the cement clay mixtures: Tricalcium Silicate

(C3S), Dicalcium Silicate (C2S), Tricalcium Aluminate

(C3A) and Tetracalcium alumina-ferrite (C4A) [23]. The

cement-clay reaction can be broken down into 2 major

phases of chemical reactions: the primary cement hydration

reaction and the secondary pozzolanic reaction [3]. Equa-

tions (1) and (4) show the chemical reactions of the major

components involved:

Primary Cement Reaction

C3Sþ H2O ! CSHþ OHð Þ2 ð1Þ

C2Sþ H2O ! CSHþ OHð Þ2
OHð Þ2! Caþþ þ 2 OHð Þ� ð2Þ

Secondary Cement Reaction

Caþþ þ 2 OHð Þ � þ SiO2 Soil silicað Þ ! CSH ð3Þ

Caþþ þ 2 OHð Þ � þ Al2O3 Soil aluminað Þ ! CAH ð4Þ

When pore water in the clay reacts with the cement, the

primary cement hydration reaction occurs, producing the

primary cementitious products. These cement particles are

crucial in binding the adjacent cement grains together,

resulting in the hardening of the specimen. The hydration

of cement results in the dissociation of hydrated lime gives

rise to a strong basic pore water solution, resulting in the

mixture becoming more alkali. This encourages the sec-

ondary reaction to occur. Calcium hydroxides (Ca(OH)2)

are needed to trigger the pozzolanic reaction. The poz-

zolanic reaction consists of hydrous silica and alumina

from soil particles with the calcium ions that have been

liberated from the hydrolysis of cement. This new insoluble

compound formed hardens and stabilises the specimen. The

pozzolanic reaction can last for months or even years after

mixing, and thus the strength of cement-treated clay is

expected to increase with time [3]. In the case of cement-

treated clays, the clay particles participate in the secondary

reaction which enhances strength development. However,

the pozzolanic reaction requires sufficient calcium

hydroxides (Ca(OH)2) to proceed. Hence, the greater the

extent of cement hydration, the greater the extent of poz-

zolanic reaction and vice versa, assuming that the soil

particles are sufficient for pozzolanic reactions. If calcium

hydroxides (Ca(OH)2) are limited, a lower strength is

expected since the secondary reaction is reduced. The

pozzolanic reaction is also a much slower process as

compared to hydration reaction since it depends on the

presence of the hydrated lime-calcium hydroxide and silica

or alumina from hydration reaction and clay, respectively.

Similar to the pozzolanic reaction by lime treatment, the

pozzolanic reaction by cement treatment also further

increases in the formation of extra calcium–silicate–hy-

drates (C–S–H) and calcium-aluminates-hydrates (C–A–H

or C–A–S–H).

According to Saitoh et al. [38] and Horpibulsuk et al.

[17], the microfabric of cement-treated clay can be por-

trayed as an amorphous structure where the clay particles

are surrounded by the cement to form clusters. The soil

particles are embedded in a hardened cement paste which

binds to form a continuous structure, contributing to the

strength of the specimen. Over time, the clay particle

clusters themselves also harden due to their participation in

the pozzolanic reaction. This is supported with observa-

tions using the scanning electron microscope (SEM) on

Kaolin Clay by Verástegui Flores et al. [47].
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3 Factors influencing strength of cement-
treated clay

The strength of the cement-treated soils had been investi-

gated extensively and found to be dependent on a range of

factors. They can be broadly categorised into the four

aspects: soil, cement, water and preparation [20]. These

would be discussed in detail in the following sections.

3.1 Soil

The type of soil affects the strength development of the

cement-treated clay specimen. The pozzolanic reactivity of

soil has an influence on the secondary reaction. For the

soils of a higher pozzolanic reactivity, the strength char-

acteristic of the treated soil is governed by the strength of

the hardened cement rather than the hardened soils. Thus,

the higher the pozzolanic reactivity, the greater the strength

gained, providing that the improvement conditions are

equal. Among all the clayey soils, the kaolin clay used in

this study is considered to be an effective pozzolanic agent

over other soils [15]. Additionally, Taki and Yang [44]

observed that coarse materials such as sand and gravel

produced higher unconfined compressive strength than

finer materials such as silt and clay with the same amount

of cement added. However, Chian et al. [9] showed that a

sandy clay mix can potentially reduce the strength of the

cement-treated soil at a given moisture content. In this

study, further tests on different grading of sand impurities

will verify if the observation persists.

3.2 Cement

The effectiveness of the cement-clay mixture is also

dependent on the type of cement. Many researches

[7, 16, 24, 45] have studied the influence of artificial

cementation by Portland cement on cement-treated clay.

The adding of ordinary Portland cement (OPC) into a soil

sample would result in hydration reaction, followed by the

pozzolanic reaction. According to Bhattacharja et al. [2],

and Herzog and Mitchell [14], the former happens in any

mixture of cement and water. The latter occurs only in the

vicinity of soil particles between calcium hydroxide sup-

plied by the cement, and alumina or silica from the clay.

The calcium hydroxide produced by the Portland cement

during the hydration reaction is purer and finer than ordi-

nary lime which result in a stronger reaction with the soil

[2, 14]. Noble and Plaster [34] studied the chemical reac-

tions in OPC-treated clay mixtures and concluded that the

rate of cement hydration in clays mixed with cement was

slower than normal rate of cement hydration in concrete.

Their results also showed that the reaction of calcium

hydroxide with the soil minerals (pozzolanic reaction) was

related to the size of the clay fraction, while soil mineral-

ogy and size distribution control the strength development.

Portland cement has been widely replaced by the blast

furnace slag due to the ability of the blast furnace slag to

improve long-term performance and reduce impact to the

environment. According to Verástegui Flores et al. [47],

the Portland blast furnace cement has a slower rate of

strength development in the early stage as compared to

Ordinary Portland cement, although the long-term strength

is higher. Based on the studied from Escalante et al. [12],

as the slag replacement level was increased, the amount of

calcium hydrates was reduced. This is because the hydrates

produced by the cement were consumed by the slag in the

early couple of weeks. By 28 days, the hydration has

completed, however the slag continues to consume small

amounts of calcium hydrates to form C –S –H products

which enhances the strength of the matrix [12]. This study

will investigate if this is valid for cement mixed sandy-

clay.

3.3 Curing time

The unconfined compressive strength of cement-treated

soil increases with curing time. This behaviour can be

explained by the extent of reaction time of cement hydra-

tion and pozzolanic reactions that could take few months or

even years as long as sufficient water and alkaline condi-

tion are present. As stated by Nagaraj et al. [33], the nor-

malised unconfined compressive strength (UCS)

with curing time follows a linear semi-logarithmic rela-

tionship as shown in Eq. 5.

UCST
UCSTref

¼ aþ blnðTÞ ð5Þ

UCST is the unconfined compressive strength at t days,

UCSTref is the unconfined compressive strength at a ref-

erence day, while a and b are fitting constant obtained

through experiments. A similar function is also proposed

by Ahnberg [1] and Mitchell et al. [30]. Eq. 6 shows

the equation by Mitchell et al. [30].

qu tð Þ ¼ qu t0ð Þ þ K � logð t
t0
Þ ð6Þ

where qu (t) and qu (t0) are unconfined compressive

strengths at t days and t0 days, respectively. K is a function

of cement content (C) in % by mass (x�C), where x is

recommended to be 480 and 70 for granular soil and fine-

grained soil, respectively.
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3.4 Water:cement ratio

In past studies by Nagaraj et al. [32, 33], Matsuo et al. [26]

and Porbaha et al. [36], the water:cement ratio (w/c) of

cement-treated clays have been found to have an inverse

relationship with their unconfined compressive strength.

Gallavresi [13] proposed that the qu of cement-treated soils

can be correlated to the w/c as follows:

qu ¼
q0

ðw=cÞn ð7Þ

where qo = experimentally fitted coefficient

(5,000–10,000 kPa), and n is an experimentally fitted

coefficient within the range of 1.5–3.

This was then further modified by Horpibulsuk et al.

[16, 18] through conducting several unconfined compres-

sion tests. The proposed strength development model was

expressed by a power function similar to that of Gallaversi

[13]:

qu ¼
A

Bw=c
ð8Þ

where A and B are experimentally fitted coefficients,

depending on soil type.

3.5 Soil:cement ratio

According to Lu et al. [25], the effect of soil to cement

ratio (s/c) on the strength of cement-treated soil is minimal.

This is because for a given constant water to cement ratio, a

lower soil to cement ratio would infer a higher moisture

content as well as a larger amount of cement content. Thus,

the effect of soil to cement ratio on the strength of cement-

treated soil is insignificant.

However, based on a research study by Lee et al. [24],

the influence of the soil:cement ratio must also be included.

From their study, the qu strength of a cement-treated clay

increases with soil:cement ratio for a constant water:ce-

ment ratio. In a supporting work by Chew et al.’s [7]

research work, the scanning electron microscope (SEM)

showed that the release of Ca2? ions arising from the

hydration reaction of the cement leads to a flocculated

microstructure of the soil:cement mix. Moreover, for a

given constant water to cement ratio, lower soil to cement

ratio would give a higher water content, which would have

a higher void ratio in the sample. Hence, the flocculation

process would lead to more porous structure and lower the

qu strength. This phenomenon would be more prominent

for the samples with higher water:cement ratio.

Chian et al. [8] showed that the s/c would only affect the

parameter X in Eq. 9 linearly. Therefore, the model can be

described with the following equation consisting of 3

parameters:

qu ¼
aþ b s=cð Þ

Yw=c
� lnðtÞ ð9Þ

where a and b are y-axis and slope of parameter X against

s/c.

3.6 Sand impurities in clay

Several studies [22, 28, 44, 46] have investigated the effect of

different grain size on treated soils, however results reported

differ between them. According to Taki and Yang [44] and

Mitchell [28], larger coarse grain size would give a higher

strength to the cement-treated soil. However, according to

Lasisi and Ogunjide [22], smaller grains size of soil would

produce a higher compressive strength in the cement-sta-

bilised soils. According to recent study by Tang et al. [46],

larger maximum diameter of aggregateDmaxwould produce

lower small strain shear modulus G0 owing to the difference

in total surface of grains. On the other hand,McKissock et al.

[27] found out that adding clay into sandy soil would help to

reduce water repellency. The relationship between the

amount of clay applied and water drop penetration time

(WDPT) is logarithmic, i.e. a small initial additions of clay

produces a large reduction in water repellency. In other

words, the higher is the amount of sand content, the greater is

the water repellent effect and therefore a lower compressive

strength.

There is hence no conclusive outcome on the influence

of sand content and the strength development of cement-

treated sandy-clay at present. However, it appears that

larger coarse grain size soils tend to produce higher

strength when mixed with cement. On the other hand, more

amount of sand in the clayey soil would lead to greater

water repellent effect which affects the bonding formation

between the cement and clay. As a result, lower strength of

the cement-stabilised soil may be expected with increase in

amount of sand in the cement-treated soil. In order to

provide a more holistic analysis, this paper investigates the

effect of size and grading of sand impurities on the strength

development of cement-stabilised clayey soils.

4 Experimental procedures

4.1 Materials

Kaolin clay is selected for its common use in fundamental

studies of soil behaviour and in physical model tests

[37, 40].The Kaolin clay was procured from Kaolin

(Malaysia) Sdn Bhd. The minerals in Kaolin clay is pri-

marily kaolinite. According to the Unified Soil Classifica-

tion System (USCS), the clay is classified as high plasticity
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clay (CH). Tables 1 and 2 summarise the basic physical

and chemical properties of the clay, respectively.

Two types of cement were used in this study, namely the

ordinary Portland cement (OPC) and Portland blast furnace

cement (PBFC). EnGro Corporation Limited supplied the

CEM I Portland cement and CEM III Portland blast furnace

cement in this study. The details of the physical properties

and chemical compositions of the cements are tabulated in

Tables 3 and 4.

In order to ascertain the effect of sand grain size dis-

tribution in cement-treated clayey soils, which is the

emphasis of this study, 3 grading of silica sand were used:

fine, coarse and well-graded. For fine sand, the particle size

distribution was poorly graded, with a mean effective

diameter (D50) of 0.25 mm. In the case of coarse graded

sand, D50 was 0.90 mm. Well-graded sand samples had

D50 of 0.85 mm with coefficient of uniformity (Cu) of at

least 6 and coefficient of curvature (Cc) between 1 and 3.

More details on the gradation can be found in Table 5 and

Fig. 1.

4.2 Specimen preparation

More than a thousand samples were made for this study.

The target amount of cement, water and soil was measured

based on mass. In order to establish the influence of sand

impurities, 0–100%, 20–80% and 40–60% of sand-clay

proportions were adopted, while keeping the total mass of

soil consistent with the desired soil to cement ratio. In

order to ensure homogeneity of the soil batch, the mixture

was prepared by mixing the proposed amount of sand,

kaolin clay and water together using the Hobart N50 mixer

for 10 min. Next, the appropriate amount of cement is

added to the mix to achieve the desired cement content,

before mixing for a further 10 min. Additionally, the

mixing was paused for one minute in between to scrape off

contents left at the dead corners of the mixing blade, par-

ticularly soil attached to the side wall and bottom of the

mixer bowl by using a spatula, following the Japanese

Standard JGS 0821-2009 [19].

After the batch has been mixed, the mixture was then

poured into plastic moulds coated lightly with petroleum

jelly on the inside. These plastic moulds are disposable and

have a diameter and height of 50 mm and 100 mm,

respectively. The mix was poured into these moulds in 4

layers with compaction by manual tapping. Due to the

slurry condition of the mix, the manual tapping is effective

in avoiding formation of large pores within the specimen,

but do not actually densify the mix. This was ascertained

by the consistencies in density of the specimens prepared.

The top end was sealed with paraffin film and plastic cap to

prevent moisture loss in the mix. The specimens were then

fully submerged in water in a controlled room temperature

of 23 ± 2 �C till the desired curing ages.

Different mix ratios were prepared, by varying the

water:cement ratio (w/c), soil:cement ratio (s/c) and the

percentage of sand impurities as shown in Table 6. The

curing ages studied were 3, 7, 14, 28 and 91 days for both

OPC and PBFC specimens. It is interesting to note that

specimens with the same w/c and s/c but higher sand

percentage produced more slurry mixes than those of a

lower sand percentage. The amount of free water was

therefore more apparent in these mixes with higher sand

percentage [9].

4.3 Unconfined compression testing

The unconfined compression strength is commonly con-

ducted on cement-stabilised soils as a measure of strength

and quality control in practice. In this study, the test was

conducted in accordance to the BS 1377-7 [4]. When the

curing age was reached, the specimens were carefully

extruded out from the moulds. Minor trimming at the ends

of the specimens was carried out to ensure even contact

surfaces on the loading platens. Additionally, the diame-

ters, heights and weights of the specimens were measured

and recorded. A ratio of the height to diameter of about 2

was maintained for all specimens. The unconfined com-

pression apparatus is loaded at an axial strain rate of 1 mm/

min, measured with a linear variable displacement

transducer.

Table 1 Basic properties of Kaolin clay

Physical properties Values

Liquid limit (%) 62

Plastic limit (%) 30

Specific gravity 2.60

pH (30% solution) 3.5–6.0

Brightness (%) 75–82

Average particle size (lm) 3.0–3.3

Table 2 Chemical compositions of Kaolin clay

Chemical properties Concentration (%)

Silicon dioxide, SiO2 54.7

Aluminium oxide, Al2O3 41.2

Potassium oxide, K2O 1.83

Iron oxide, Fe2O3 0.93

Titanium dioxide, TiO2 0.66
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4.4 Atterberg limits

The Atterberg limits were also tested to determine the

plastic and liquid limits of the Kaolin clay with varying

percentages of sand impurities. A wide range of percent-

ages of sand were tested: 0%, 10%, 20%, 30%, 40% and

50% of the total mass of the soil. Figure 2 shows the plastic

and liquid limits at these percentages of fine, coarse and

well-graded sand impurities. The Atterberg limits are

measures of the amount of water content present in the soil

at the boundaries of each of the states (solid, semi-solid,

liquid). The procedures of obtaining the Atterberg limits

are according to BS 1377-2 [5]. Early study by Casagrande

[6] suggested that fine-grained soil consistency limit is

more important than soil gradation for the characterisation

of state and engineering properties of soils. In addition,

several other researchers have also indicated that the

composite effects of soil constituents and their interactions

with pore fluid are largely reflected in their liquid limit

[35, 41, 42]. Hence, the liquid limit forms a basis in the

assessment of soil characteristics, having taken into

account the presence of coarser fraction. Figure 2 shows

that the increase in sand percentage decreases the Atterberg

limits of the sandy clay specimens. This can be explained

by the lower specific surface area of sand as compared to

clay particles, hence lowers the physio-chemical interac-

tion with water. As a result, higher percentage of sand

impurities would lead to a reduction in gross-water holding

capacity or liquid limit. This is analogous to observations

by Dumbleton and West [11] who studied the addition of

quartz sand and silt in various clay types. More recent

studies by Srinivasa Murthy et al. [43] and Chian et al. [9]

Table 4 Chemical compositions of Portland blast furnace cement (PBFC)

Chemical properties CEM I OPC

(%, m/m)

CEM III PBFC

(%, m/m)

Loss of ignition 2.63 1.44

Sodium oxide, Na2O 0.23 0.07

Sulfate, SO3 1.78 1.45

Chloride, Cl- 0.01 0.01

Portland cement (CEM I) 100 10–19

(Iron Blast Furnace Slag 81–90%)

Table 5 Gradation of fine, coarse and well-graded sand samples

Parameters Fine sand Coarse sand Well-graded sand

D10 (mm) 0.17 0.65 0.15

D30 (mm) 0.22 0.75 0.60

D50 (mm) 0.25 0.90 0.85

D60 (mm) 0.27 0.95 0.90

Cu 1.59 1.46 6.00

Cc 1.05 0.91 2.67

Classification Poorly-graded Poorly-graded Well-graded

Specific gravity 2.63 2.65 2.64

Table 3 Physical properties of ordinary Portland cement (OPC) and Portland blast furnace cement (PBFC)

Physical parameter CEM I OPC CEM III PBFC

Appearance and odour Grey (or white) powder and no odour Light grey (or off-white) powder and no odour

Consistency of cement paste (%) 29.0 29.6

Penetration (mm) 4.0 7.0

Initial setting time (min) 140 125

Final setting time (min) 195 225

Soundness, expansion (mm) \ 0.5 \ 0.5

Fineness (m2/kg) 385 429

Specific gravity 3.15 2.88–2.90

Solubility in water (%) Slight (0.1–1.0) Slight (0.1–1.0)

Compressive strength, 7 days (MPa) 44.6 32.4

Compressive strength, 28 days (MPa) 55.1 43.3
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also produced similar outcomes for black cotton clay and

Singapore marine clay, respectively. Specific to this

present study, the values of these limits are similar for fine,

Fig. 1 Particle size distribution of fine, coarse and well-graded sand samples

Table 6 Mix proportions for cement-stabilised clayey soils

Mix Sand Water:cement Soil:cement Water content (%)

Content (%) w/c s/c w/s

K–0–7–7 0 7 7 100.0

K–0–9–7 0 9 7 128.6

K–0–11–7 0 11 7 157.1

K–0–13–7 0 13 7 185.7

K–0.2–5–7 20 5 7 62.5

K–0.2–7–7 20 7 7 87.5

K–0.2–9–7 20 9 7 112.5

K–0.4–5–7 40 5 7 62.5

K–0.4–7–7 40 7 7 87.5

K–0.4–9–7 40 9 7 112.5

K–0–7–8 0 7 8 100.0

K–0–9–8 0 9 8 128.6

K–0–11–8 0 11 8 157.1

K–0–13–8 0 13 8 185.7

K–0.2–5–8 20 5 8 62.5

K–0.2–7–8 20 7 8 87.5

K–0.2–9–8 20 9 8 112.5

K–0.4–5–8 40 5 8 62.5

K–0.4–7–8 40 7 8 87.5

K–0.4–9–8 40 9 8 112.5
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coarse and well-graded sand impurities, thereby indicating

comparable water holding capacity.

5 Strength development of cement
stabilised clayey soils

In order to establish a holistic analysis of the strength

development of cement stabilised clayey soils, the effects

of mix proportions of water, soil and cement were con-

sidered using the water:cement (w/c) and soil:cement (s/c)

ratios. The effect of sand impurities was accounted based

on its proportion out of the total dry soil in mass. Curing

ages as early as 3 days to 91 days were investigated to

provide a short to medium term strength performance of

these improved soils. The preparation was repeated for 3

different grain size gradation. Figure 3 shows a typical

stress–strain plot of specimens tested and typical mode of

failure after 28 days of curing. The stress–strain plots

demonstrate that the specimens are brittle, particularly the

pure clay-cement mix. Specimens with sand impurities

tend to produce a lower strength but more ductile failure.

Observations did not indicate significant differences in

strength development between specimens with different

grain sizes. More detailed discussions would be covered in

subsequent sections.

5.1 Effect of water:cement ratio

It was discussed earlier in the literature that the w/c ratio is

the governing factor of the strength development of

cement-stabilised soils. Hence, specimens with sufficient

range of water and cement contents were investigated.

Figure 4 shows a typical relationship between

water:cement ratio and unconfined compressive strength. It

can be observed that higher unconfined compressive

strength (qu) was obtained for specimens with lower w/c

ratio. The increase in strength was more rapid with lower

w/c ratio, resembling classic qu-w/c curves observed in

Gallavresi [13], Miura et al. [31], Horpibulsuk et al. [16]

and Chian et al. [8]. Interestingly, the strength development

trends for fine, coarse and well-graded appeared to be

rather similar. This applies also to higher percentage of

sand impurities at 40% of the total mass of the soil as

shown in Fig. 5.

Nagaraj et al. [33] suggested that more water would

induce a higher porosity or pore volume in the soil, hence

hampering the cementation bonding with the soil clusters.

On the other hand, lower porosity enables the mobilisation

of additional resistance from granular particles during

shearing, thereby resulting in higher strength obtained.

This is particularly the case with longer curing age where

more cementation bonding derived from hydration is

formed, as evident in the figures.

Fig. 2 Plastic and liquid limits at different sand percentages
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5.2 Effect of soil:cement ratio

In Fig. 6, it can also be observed that the effect of

soil:cement ratio (s/c) on the qu strength of cement-treated

soil is relatively lower as compared to w/c. In addition,

there was no apparent improvement in unconfined com-

pressive strength in either increasing or decreasing s/c

across the different mixture of clay and sand grain size. As

discussed by Tan et al. [45], for a given constant w/c, lower

s/c ratio results in higher w/s ratio. The former would

promote higher strength due to the higher density of

cement in soil body, while the latter reduces strength due to

higher porosity in the specimen. Hence, these effects

counteract each other and produced minor effect on the

resultant strength of the cement-treated soil as observed in

the figure. Similar observations are reported for cement

stabilised clays [17, 18, 39].

5.3 Effect of percentage of sand impurities

The percentage of sand impurities in the clayey soil was

also modified in this study to depict the effect of sand

impurities on the strength development after mixing with

cement.

Based on Taki and Yang [44], coarser-grained soils tend

to produce higher strength when mixed with cement. This

would infer that the strength of the specimen would be

stronger for higher percentage of sand. However, this

observation was contradictory to the results presented in

Fig. 7.

From the figures, it is observed that specimens with

higher percentage of sand impurities gave lower qu strength

values. This is attributed to the higher free water content

available due to the sand’s lower physio-chemical inter-

action with water which led to the inability to retain water

as much as clay as observed in Fig. 2, leading to a more

slurry condition. Such increase in available water for

cement hydration is detrimental to the strength develop-

ment of the specimen as observed in past studies [9]. As a

result, the porous soil clusters would easily slide over one

other when shearing, which results a lower qu.

In order to account for the change in water affinity, the

‘‘free-water:cement ratio’’ is used to replace the conven-

tional water:cement ratio (w/c). The free-water:cement

ratio is defined as the moisture content of the sample

divided by the liquid limit (wL) of the sample and thus

divided by the cement content (i.e. (w/wL)/c). This

parameter also offers the ability to account for different

clay types with different liquid limit where the amount of

water absorbed by the clay can be omitted from the cement

hydration process. According to Wroth [48], all the fine-

grained soils tend to equilibrate from the same high initial

water content to their respective liquid limit water content

at an effective stress state. Figure 8 shows the relationship

between qu versus w/wL/c of cement-treated samples. A

more unified trend can be observed where unconfined

compressive strength between pure clay, 20% and 40%

Fig. 3 Typical stress–strain plots of tested specimens and typical mode of failure (PBFC, water:cement 9, soil:cement ratio 8, curing time

28-days)
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sand impurities are aligned, thus postulating the free-wa-

ter:cement ratio as a more suitable relationship to encom-

pass the effects of sand impurities in cement-treated clayey

soils.

5.4 Effect of cement type

As mentioned earlier, two types of cement were used in

this study: Portland blast furnace cement (PBFC) and the

ordinary Portland cement (OPC). Their strengths of the

curing ages between 3 to 91 days are presented in Fig. 9. In

the early curing stage till about 14 day, the specimens

treated with OPC showed higher strength as compared to

the PBFC, but a lower later strength was observed instead

beyond that till 91-day. This is because OPC hydrates more

readily, forming strength enhancing calcium hydrate sili-

cates in this early stage of curing. On the other hand, PBFC

hydrates more slowly within the same period due to lower

amount of calcium silicates present. However, the mixture

continues to gain strength due to pozzolanic reaction

between the hydrated products and iron slag which produce

more secondary cementitious products. This resulted in a

much slower initial increase in strength but yielded higher

Fig. 4 Influence of water:cement ratio on unconfined compressive strength (PBFC, soil:cement ratio 8, 0% and 20% sand impurities)
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final age strength. The above observation holds for differ-

ent sand grain size.

5.5 Effect of curing time

Generally, strength enhancing reactions progress with time.

Thus, strength attained by cement-treated soils always

increases with curing age. Figure 9 shows that the strength

development of OPC and PBFC stabilised soil with dif-

ferent gradation of sand exhibit linear relationship with

logarithmic of time. Similar behaviour was reported for

cement-treated clayey soils [8, 30, 33]. This is caused by

the rapid gain in strength in the early phase of hydration,

followed by slower strength increase in the later phase of

pozzolanic reaction.

5.6 Effect of gradation of sand

In this section, comparisons are made with respect to the

difference in strength between cement-treated clay with

coarse, fine, well-graded soil specimens. According to

Fig. 9, coarse sand shows slightly faster early strength

development. While in Fig. 10, coarse sand specimens

produced a lower strength than the fine sand. This is

attributed to the fact that larger particle size has smaller

total surface area that results in the soil’s tendency to have

a lower optimum moisture content value and also greater

voids for the free-flow water in the mixture. Since the

hydration process is a chemical reaction between the

compounds in cement and water to form the chemical

bond, the cement-treated specimens with coarse sand

would have a faster rate of hydration process as compared

to well-graded and fine sand. According to Kuhlman [21],

the finer soils tend to have a higher optimum moisture

content which results in more cement contents are required,

making them more prone to drying shrinkage issues.

However, the greater voids caused by the presence of

coarse sand in the mixture prevents the clay particles bond

with cement and induce structural integrity in the samples.

The voids can be more significant when limited bonding

materials are produced. In this case, the effect of the latter

dominates the former and result in lower strength

Fig. 5 Influence of water:cement ratio on unconfined compressive strength (PBFC, soil:cement ratio 8, 40% sand impurities)
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development of coarse sand specimens. In contrast, results

showed samples with fine sand had a slightly higher

strength than the well-graded sand at low strength region,

and slightly lower strength than well-graded sand at high

strength region exceeding 1500 kPa. However, such

enhancement in strength is marginal which points to the

fact that the sand gradation has relatively minor influence.

Given that the liquid limits of the clay with either fine,

coarse and well-graded sand were similar, this infers that

the percentage of sand impurities has a far larger influence

on strength development of cement-treated clayey soils

than sand gradation.

5.7 Early versus later age strength of cement-
treated clayey soils (qu,t vs qu,3-day)

Further analysis on the unconfined compressive strength,

qu, of cement-treated clay with different gradation of sand

was carried out, particularly on its development with time.

Figure 11 shows the later age strength (7, 14, 28, 91-day)

versus early age strength (3-day) of OPC and PBFC sam-

ples with fine, coarse and well-graded sand impurities over

the entire range of water:cement and soil:cement ratios. A

linear trend can be observed in Fig. 11, thereby indicating

the prospect of estimating later age strength of cement-

treated clayey soils based on early age strength. The initial

Fig. 6 Influence of soil:cement ratio on unconfined compressive strength (PBFC, curing time 28-days)
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strength gained is dependent largely on the hydration

process between the compounds in cement and water to

form the chemical bond. According to Eqs. (1) and (2),

when cement hydration increases, more strength enhancing

products C–S–H and Ca(OH)2 are produced. The former

enhances the initial strength development while the latter

promotes the secondary pozzolanic reaction of soil parti-

cles and enhances the later strength development accord-

ingly. As a result, positive relationships can be observed

between early and later age strength development of

cement stabilised clayey soil.

In addition, the grain size appears to have negligible

effect on the relationship between early and later age

strength as evident in the figure. This infers that sand

gradation does not have apparent influence on the cement

hydration and pozzolanic reaction process. The cement

hydration involves cement and water while the pozzolanic

reaction occurs between Ca(OH)2 and soil particles.

According to Croft [10], pozzolanic reaction is highly

dependent on the surface area and activity of soil, while the

colloidal properties of soil are largely contributed by clay

fraction [42]. Granular particles such as sand are much less

chemically reactive and are thus less involved in poz-

zolanic reaction as compared to clay particles. Therefore,

the strength development contributed by pozzolanic reac-

tion is more dependent on the type of clay rather than type

of sand.

The slopes of the best fit linear trend lines in Fig. 11 can

be represented with curing duration as shown in Fig. 12. In

all cases of sand impurities percentage, water:cement,

soil:cement and cement type, the slope increases with

curing ages following a log function. This indicates that the

amount of strength enhancement slows down gradually

with curing time, which corresponds to the slower poz-

zolanic reaction in the long-term curing. Overall, PBFC

shows steeper slope as compared to OPC. This suggests

that PBFC stabilised clayey soils have greater amount of

strength increment during mid-to-long term curing

(C 7 days), which supports the observation in Fig. 9. In

addition, 40% sand shows slightly gentler slope than 20%

sand. This can be due to the fact that increasing sand

content increases the free water in the soil matrix and

Fig. 7 Influence of amount of sand impurities on unconfined compressive strength (PBFC, soil:cement ratio 8, curing time 28-days)

Acta Geotechnica (2021) 16:1127–1145 1139

123



prevents the formation of large cement-clay lump [9].

Thus, the reaction between compounds can occur more

readily and higher strength is developed in the early stage.

As a result, the ratio between late age and early age

strength is lower for specimens with higher percentage of

sand.

Figures 11 and 12 capture the relationships between

early and late strength development as well as their evo-

lution with time, thereby permitting quality control to be

carried out where defective mixes can be identified earlier

before they harden excessively, thereby avoiding high cost

of rectifying in field applications.

6 Strength prediction of cement-treated
clayey specimens

In view of the success in predicting strength development

of cement-treated clays using Eq. 9 over a wide range

clays, cement types and mixing ratios [8], the focus in the

section would be placed on determining the robustness of

extending a similar prediction methodology into cement-

treated clayey soils with sand impurities of different sand

grain sizes. The free-water:cement ratio, (w/wL)/c proposed

by Chian et al. [9] would be adopted to assess if the effect

Fig. 8 Relationship between unconfined compressive strength and free-water:cement ratio (PBFC, soil:cement ratio 8, curing time 28-days)

Fig. 9 Effect of cement type on unconfined compressive strength

(Water:cement ratio 7, soil:cement ratio 8, sand% 20)
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of sand grain sizes could be encompassed based on their

liquid limits.

Figure 13 shows the prediction versus measured

unconfined compressive strength of mixes consisting of

pure clays, clayey soils with sand impurities of fine, coarse

and well-graded sands at 20% and 40% of the total mass of

soils treated with PBFC. It can be observed that the

strength can be well predicted using the equation stated in

the figure in the form of:

qu;pred ¼
a

bðw=wLÞ=c
½a � ln tð Þ þ b� ð10Þ

This equation is aligned with the findings in this study

that: (1) water:cement ratio follows an exponential gain

with reduction of the ratio, (2) minimal influence of

soil:cement ratio, (3) linear relationship of strength with

logarithmic curing duration and (3) accounting of presence

of sand impurities and gradation with the free-water:ce-

ment ratio. Given similar form as Eq. 9, the a parameter is

dependent on the mixing method, type of clay and cement

types, while b parameter is a function of the liquid limit of

the clay, similar to the X and Y coefficients in Eq. 9. Hence,

estimates of a and b values may be made relying on the

choice of X and Y coefficients. Chian et al. [8] suggested a

Y value of 1.25 for Kaolin clay, which is similar to the b
estimate of 1.26 in this study. Likewise, a parameter of

20,000 in this study corresponds to X value of 19,256 with

reference to 28-day curing. This confirms the comparability

of these two parameters with X and Y coefficients estab-

lished by Chian et al. [8] based on a wide database pub-

lished in the literature comprising of Japanese Ariake clay,

Thai Bangkok clay, British Kaolin clay and Chinese

Yangtze River and Black clays. In view of the corre-

sponding prediction of strength development over a wide

range of variables, it is therefore evident that prediction of

unconfined compressive strength of cement-treated clayey

soils is promising based on the methodology proposed in

conjunction with the adoption of free-water:cement ratio in

order to account for presence of granular impurities. This

opens up opportunities to optimise cement dosage in order

to produce a more cost-effective and less environmental-

invasive usage of cement stabilisation technology in

geotechnical applications.

7 Conclusion

An extensive study of cement-treated clayey soils with

different gradation of sand impurities were conducted with

over 1000 specimens covering a wide range of influencing

factors. In this study, it is confirmed that water:cement ratio

remains to be the major influence of strength development

of cement-treated clayey soils. This is in line with cement

technology where more unreacted moisture in the cement

matrix leads to higher porosity and lower compressive

strength. The soil:cement ratio has minor effects on the

strength development of cement-treated clayey soils, which

is consistent with findings from past studies. According to

Atterberg’s limit test, the presence of sand impurities

decreases the water holding ability of the soil matrix and

lead to increased amount of free water at the same mix

ratio, which in turn lead to lower compressive strength. The

Fig. 10 Unconfined compressive strength between different gradation of sand (soil:cement ratio 8)
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use of free-water:cement ratio is therefore adopted which

was shown to be more suited as a proxy to adjust for the

amount of free water available for cement hydration and

water holding capacity of the clay. The effects of gradation

Fig. 11 Unconfined compressive strength between early and later age of curing
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(fine, coarse and well-graded) of the sand impurities were

found to affect strength development minimally, owing to

similarities in their liquid limits when mixed with clay.

This implies that laborious work to determine the particle

size distribution of the sand impurities may not be required

so long as the liquid limit of the clayey soil is established

for the purpose of strength prediction when stabilising with

cement. The effect of cement type, namely the PBFC and

OPC, on strength development of cement-treated clayey

soils follows similar to its hydration properties. OPC-

treated clayey soils produced a more rapid gain in ear-

ly strength but lower long-term strength as compared with

PBFC. With respect to early and later age curing strength

of cement-treated clayey soils, a linear correlation can be

established based on the unconfined compressive strengths

developed at different log of curing age. This observation

Fig. 12 Slope of unconfined compressive strength between early and later age with curing duration

Fig. 13 Predicted versus measured unconfined compressive strength of PBFC cement-treated clayey soils
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persists for both PBFC- and OPC-treated clayey soil

specimens. Finally, a strength prediction model comprising

of these findings is developed which shows good estimates

of the measured unconfined compressive strength obtained

from experiments. The relationship of the parameters

adopted in this strength prediction model is also found to

coincide with values proposed by past studies. The prac-

tical benefits from this study offer a quality control

scheme to forecast long-term performance of cement-

treated clayey soils as well as optimise cement dosage in

cement stabilisation to produce a more cost-effective and

less environmental-invasive usage of the technology in

geotechnical applications.
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