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Abstract: The permeability (k) of lime- and cement-treated clayey soils was investigated in the laboratory by ﬂexible-wall
permeability tests and oedometer tests. Test results indicate that for the cement-treated soils (with up to 8% cement content by
dry weight), the value of k is almost equal to that of untreated soils under identical void ratio (e) conditions, and the k value
decreases signiﬁcantly when the cement content is higher than 8%. For lime-treated soils, the threshold lime content is about 4%.
Investigation of the soil microstructure using the mercury intrusion porosimetry (MIP) test and scanning electron microscope
(SEM) imaging indicates that when the cementation products formed by the pozzolanic reaction ﬁll mainly the intra-aggregate
pores, the value of k is comparable for the treated and untreated samples. When the cementation products begin to ﬁll
the interaggregate pores, the value of k of the treated sample becomes smaller than that of the untreated soil sample under the
identical e value condition. An indication that the cementation products have ﬁlled the interaggregate pores is the rapid increase
in strength of the treated soil.
Key words: permeability, clay, soil improvement, lime, cement.
Résumé : La perméabilité (k) de sols argileux traités avec de la chaux et du ciment a été étudiée en laboratoire à l’aide d’essais
de perméabilité à paroi ﬂexible et d’essais oedométriques. Les résultats de ces essais montrent que dans le cas des sols traités avec
du ciment (pour une teneur en ciment allant jusqu’à 8 % en poids sec) la valeur de k est presque égale à celle des sols non traités
dans des indices des vides (e) identiques et que la valeur de k diminue de manière importante lorsque la teneur en ciment est
supérieure à 8 %. Dans le cas des sols traités à la chaux, la teneur seuil est environ de 4 %. L’analyse de la microstructure du sol
à l’aide de la porosimétrie au mercure (PM) et de l’imagerie par microscopie électronique à balayage (MEB) révèle que lorsque les
produits de cimentation formés par réaction pozzolanique comblent essentiellement les pores internes aux agrégats la valeur de
k des échantillons traités et non traités est comparable. Quand les produits de cimentation commencent à remplir les pores
internes aux agrégats, la valeur de k de l’échantillon de sol traité devient inférieure à celle de l’échantillon de sol non traité pour
des valeurs de e identiques. Une indication du remplissage des pores internes aux agrégats par les produits de cimentation est
l’augmentation rapide de la résistance du sol traité. [Traduit par la Rédaction]
Mots-clés : perméabilité, argile, amélioration du sol, chaux, ciment.

Introduction
Several researchers (McCallister and Petry 1992; Locat et al.
1996; Yamadera 1999; Chew et al. 2004; Al-Mukhtar et al. 2012)
have investigated the inﬂuence of lime and cement treatment
on the permeability (k) of treated soils. In comparisons under the
same void ratio (e) conditions, some of these studies indicate that
the k values of treated soils were lower than those of untreated
soils (e.g., Locat et al. 1996; Chew et al. 2004); while others show
that the k value of treated soils was almost identical to those of
untreated soils (e.g., Yamadera 1999). Meanwhile, some results
indicate that at a lower cement or lime content (e.g., 3%–4% by dry
weight), the treated soils had higher k values, whereas at a higher
cement or lime content, the treated soils had lower k values
compared with untreated soils (McCallister and Petry 1992;
Al-Mukhtar et al. 2012). Most studies in the literature have reported directly measured k values by using a device modiﬁed from
an oedometer consolidation cell. However, for this kind of device,
water may leak through the microgaps between the rigid container wall and the treated soil specimen that may form during
the curing period. This leakage may be one of the possible reasons
underlying the reported variations in k values of treated soils.
In this study, the permeability of lime- and cement-treated
clayey soils was measured in the laboratory using a ﬂexible-wall
permeameter and also deduced from oedometer consolidation

test results. The microstructures of the specimen were investigated using scanning electron microscope (SEM) imaging and
mercury intrusion porosimetry (MIP) testing, and the relationship
between the k value and the corresponding microstructure was
studied.

Laboratory permeability test
Materials used
Two types of clayey soils, namely Ariake clay and riverbed deposit, were used in this study. The Ariake clay sample was obtained from approximately 2 m below the ground surface at
Ashikari, Saga, Japan. The riverbed deposit sample was obtained
at Nishiyoga, Saga, Japan, and is referred to hereafter as dredged
mud. The physical properties of the soils are listed in Table 1.
The oxide compositions of the cement and quicklime used are
listed in Table 2. The cement used was US10, which is commonly
used for soft ground improvement in Japan.
Preparing soil samples
After the soils were taken from the ﬁeld, they were mixed
uniformly by a mechanical mixer and kept in plastic baskets. To
partially prevent oxidation of the soils, a thin layer of water was
kept on top of the mixed soil in the baskets. Before taking the soil
samples from the basket to prepare the specimen, the soil was
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Table 1. Soil properties of Ariake clay and dredged mud.

Initial water content, w (%)
Liquid limit, wL (%)
Plastic limit, wP (%)
Plasticity index, Ip
Particle-size distribution (%)
Sand (2–0.075 mm)
Silt (0.075–0.002 mm)
Clay (<2 m)
pH
Ignition loss (%)

Ariake
clay

Dredged
mud

157
133
47
86

170
147
49
98

0.2
48.4
51.4
7.0
8.5

0.2
48.3
51.5
7.6
11.8

Table 3. Summary of tests conducted.
Lime or cement added

4.8
0.6

2.5
0.3

1.2
1.0

2%

4%

6%

8%

16%

28
28
28
28

⻬
⻬
⻬
—

⻬
⻬
⻬
⻬a

⻬
⻬
⻬
—

⻬
⻬
⻬
⻬a

⻬
⻬
⻬
⻬b

⻬b
—
⻬b
⻬b

only.
only.

bCement-treated

Oxide composition (%)
CaO SiO2 AL2O3 Fe2O3 MgO K2O

0%

Permeability test
Oedometer test
MIP test
SEM test
aLime-treated

Table 2. Oxide compositions of cement and quicklime used.

Cement (US10) 60.7 19.2
Quicklime
92.0 1.4

Test

Curing time
(days)

Na2O SO3

—
—
<0.1 <0.1

7.3
<0.1

mixed again and therefore, the initial water contents as listed in
Table 1 are slightly higher than their natural water contents. For
the cement-treated sample, cement slurry with a water/cement
ratio (w/c) of 1.0 was added to the clay slurry. For the lime-treated
sample, a lime/water ratio of 1.0 was added to the clay directly.
After thoroughly mixing again, the samples were placed into a
cylindrical polyvinyl chloride (PVC) mold with a diameter of
75 mm and a height of 200 mm. The tops and bottoms of the
molds were sealed with vinyl plastic sheets to prevent moisture
loss. The molds with the soil sample inside were then submerged
in a container of water for curing. All samples were cured for
28 days prior to consolidation and permeability testing (Table 3).
In the case of untreated soil samples, the samples were prepared
by consolidating under a pressure of 10 kPa.
Flexible-wall permeameter
Details of the ﬂexible-wall permeameter chamber are shown in
Fig. 1. The conﬁning (or cell) pressure is applied with air pressure.
The soil specimen is 60 mm in diameter, with a nominal height of
20 mm. The specimen is set into a rubber sleeve ﬁxed to the top
and bottom pedestals. The vertical pressure to the soil specimen is
applied using air pressure through a Bellofram cylinder system.
During the test, the vertical displacement of the soil specimen is
measured by a linear variable differential transducer (LVDT); porewater pressure is monitored by a pore-water pressure transducer.
The head difference on the soil specimen is applied using air
pressure through water in a burette (100 mL) connected to the
bottom of the specimen. During the permeability test, water ﬂows
from the bottom to the top of the specimen, and the ﬂow rate
is measured based on the water level in the burette (amount of
inﬂow).
Test procedure
Test setup
A soil specimen 60 mm in diameter and 20 mm in height was
cut from the pre-cured or pre-consolidated soil sample by the
stainless-steel oedometer ring. It was smeared with vacuum
grease to reduce friction between the ring and specimen. Then,
the specimen was saturated under 30 kPa vacuum pressure using
a container to which a vacuum pressure can be applied. The magnitude of vacuum pressure required to achieve a high degree of
saturation and to prevent considerable specimen deformation
was determined through several trials. After that, a rubber membrane was ﬁxed to the bottom pedestal using an O-ring. The po-

rous stone and ﬁlter paper were put on the top and bottom of the
specimen. Then the top pedestal was placed on top of the specimen. The rubber membrane was stretched upon the top pedestal
and fastened by an O-ring. The acrylic cylinder (chamber) was
installed on the base of cell and ﬁlled completely with distilled
water from the inlet water tank as shown in Fig. 1. Finally, the
loadcell and measurement systems were connected together.
Pre-consolidation
The specimen was pre-consolidated under approximate earth
pressure at-rest pressure coefﬁcient (K0) conditions according to
the following procedure.
Firstly, the predetermined vertical consolidation pressure (PL)
and an identical magnitude of cell pressure (Pcell) (conﬁning pressure) were applied to the specimen. Then the drainage valves were
opened to consolidate the specimen under two-way drainage conditions. The cell pressure was decreased gradually from PL to PL/2
using the following equation:
(1)

Pcell ⫽ (PL /2) ⫹ (ua /2)

where ua is the average pore-water pressure in the specimen,
as estimated based on Terzaghi’s one-dimensional consolidation
theory. Equation (1) was derived by assuming K0 = 0.5. The preconsolidation was maintained for 24 h.
Permeability test
Firstly, the upper pedestal was locked to prevent any vertical
movement and maintain the conﬁning cell pressure. Secondly,
the water ﬂow system was connected and 50 kPa pressure was
applied to the water in the burette, which was connected to the
inlet valve. Simultaneously, the cell pressure was increased by
50 kPa to prevent specimen bulging. The 50 kPa pressure difference generated a hydraulic gradient (i) of approximately 250 over
approximately 20 mm of specimen thickness. Then, the outlet
valve was opened and the water level was recorded in the burette
periodically until the measured ﬂow rate became steady (duration
of 10–24 h).
After the permeability test, the current specimen was consolidated under a higher pressure, and a new permeability test was
conducted; i.e., the pre-consolidation and permeability test procedures were repeated. In this way, the relationship between the
void ratio (e) and permeability (k) could be determined using a
single specimen.
Cases tested
The conducted tests are summarized in Table 3. Values of permeability were calculated from the oedometer test results also
and compared with the directly measured values. Here, microstructure investigations (SEM and MIP) were used to study the
mechanisms underlying the variations in permeability of the
cement- and lime-treated soils. Initial water content (wi) and initial void ratio (ei) of the untreated and treated soils before permeability and oedometer tests are given in Tables 4 and 5 for the
Ariake clay and dredged mud, respectively. Final void ratios (ef) of
Published by NRC Research Press
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Fig. 1. Detail of ﬂexible-wall permeameter.

Table 4. Initial water content (wi) and initial void ratio
(ei) of cement- and lime-treated Ariake clay.
Permeability
test

Oedometer
test

Material

Percent
added

wi

ei

wi

ei

Type

0
2
4
6
8
16
2
4
6
8
16

129.4*
159.2
155.5
150.0
122.4
110.4
158.8
154.7
153.5
153.5
118.1

3.00*
4.05
4.05
4.05
3.21
3.25
4.16
4.15
3.99
3.76
3.25

151.0
144.0
143.0
140.6
136.2
—
145.0
142.0
142.0
136.0
—

3.97
3.72
3.70
3.55
3.47
—
3.67
3.64
3.47
3.45
—

Cement

Material
Type
Cement

Lime

Table 5. Initial water content (wi) and initial void ratio
(ei) of cement- and lime-treated dredged mud.

*wi and ei of untreated Ariake clay were obtained by preconsolidating under a pressure of 10 kPa.

the cement- and lime-treated Ariake clay after permeability testing are listed in Table 6.

Results of permeability
The void ratio (e) versus permeability (k) relationships, deﬁned
by both the results of ﬂexible-wall permeameter tests and results
calculated from the oedometer tests, are depicted in Figs. 2 and 3
for Ariake clay treated with cement and lime, respectively. Figures 4
and 5 show results for the dredged mud. Based on these ﬁgures,
the following observations can be made:
1. Although these values are scattered, for both the cementtreated Ariake clay and dredged mud, the e–log(k) relationships are comparable to those in the untreated soils for cement
contents up to approximately 8% (Figs. 2 and 4). For the
lime-treated Ariake clay and dredged mud, there is an obvious
reduction in k value with increases in lime content above 4%
for a given e (Figs. 3 and 5).
2. The e–log(k) relationship is nearly linear, which implies that
Taylor’s (1948) e–log(k) relationship can be applied to the
cement- or lime-treated Ariake clay and dredged mud.

Lime

Permeability
test

Oedometer
test

Percent
added

wi

ei

wi

ei

0
2
4
6
8
16
2
4
6
8
16

139*
173.2
178.3
176.3
119.2
111.5
183.9
177.3
175.3
—
130.3

3.59*
4.44
4.42
4.32
3.15
3.25
4.31
4.47
4.56
—
4.00

175.0
171.0
167.0
162.0
145.0
—
165.0
164.0
155.5
151.4
—

4.60
4.23
4.16
4.09
3.70
—
4.21
4.09
3.98
3.90
—

*wi and ei of untreated dredged mud were obtained after preconsolidating under a pressure of 10 kPa.

Table 6. Final void ratio (ef) of cement- and
lime-treated Ariake clay after permeability
testing.
Material
Type
Cement
Lime

ef
Percent
added

MIP

SEM

8
16
2
6
8

—
2.13
—
2.46
2.86

1.94
2.13
1.71
2.46
—

3. The directly measured k values are comparable to those calculated from the results of the oedometer tests. However, the
results from the oedometer test appear more scattered at initial values than those from the direct measurements.
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Fig. 2. Permeability of cement-treated Ariake clay: (a) permeability test; (b) oedometer test.

Fig. 3. Permeability of lime-treated Ariake clay: (a) permeability test; (b) oedometer test.

Fig. 4. Permeability of cement-treated dredged mud: (a) permeability test; (b) oedometer test.
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Fig. 5. Permeability of lime-treated dredged mud: (a) permeability test; (b) oedometer test.

Fig. 6. MIP results of untreated, (a) cement-treated, and (b) lime-treated Ariake clay before permeability test.

Factors affecting permeability
Results shown in Figs. 2–5 raised the question of why the permeability of the lime-treated Ariake clay and dredged mud is obviously different from that of the cement-treated ones, as well as
the question of what factors inﬂuence the change in k values.
Fundamentally, the permeability of a porous medium is a function of the void ratio (e), the microstructure of the pores (sizes and
distribution), and the properties of the pore water. Under identical void ratio conditions, the effect of e can be excluded.
Pore-size distributions (PSD) and SEM images
For a given void ratio, larger pore sizes and more uniform pore
distribution are associated with higher permeability. The sizes
and distributions of the pores of treated and untreated Ariake clay
were investigated using MIP. In the case of the before-permeability
test, the soil samples used for the MIP tests and SEM imaging and
permeability test were cut from the soil sample in the same cylindrical PVC tube. After the permeability test, specimens for the MIP
tests and SEM imaging were cut directly from the specimens used
for the permeability test. All cement- and lime-treated Ariake clay
samples were cured for 28 days. Specimens for the MIP tests and
SEM imaging were well-prepared using the freezing and vacuum
drying method (Delage and Lefebvre 1984; Kang et al. 2003;
Tanaka et al. 2003).
MIP results of the samples before the permeability test are
shown in Fig. 6. The pore size range of the remolded Ariake clay is

approximately 2–10 m. In the Ariake clay samples treated with
cement or lime, most pore sizes are in the range of 0.1–10 m. The
vertical axis in Fig. 6 is the ratio of the increment volume (␦V)
injected into a unit mass of sample to the logarithmic increment
of pore diameter (␦logD). The dominant pore size decreased signiﬁcantly with the increase in cement or lime content. The limetreated Ariake clay samples exhibited a faster reduction rate and
a wider pore-size distribution. As shown in Fig. 6a, the dominant
pore size for the untreated sample is approximately 4 m, whereas
for the 8% cement treated sample, it is approximately 0.5 m. The
void ratios of the samples used for MIP tests are not exactly identical, and generally the cement- and lime-treated Ariake clay samples had a smaller initial e value. This partially explains the fact
that the pore-size distributions, as shown in Fig. 6, for the cementand lime-treated samples are different from those for the untreated samples. For the treatments with up to 8% of cement and
4% lime, the e–log(k) relationships are comparable to those of the
untreated samples.
The pores in clayey soils can be divided into two types: intraaggregate pores and inte-aggregate pores. Intra-aggregate pores
are the pores between soil particles within an aggregate (cluster)
and normally with smaller sizes, while interaggregate pores are
the ones between aggregates (clusters) with larger pore sizes
(Nagaraj and Miura 2001). It has been postulated that when a small
amount of cement or lime is added, the cementation products
formed by the pozzolanic reactions will ﬁll the intra-aggregate
Published by NRC Research Press
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Fig. 7. SEM images of (a, c) cement-treated and (b, d) lime-treated Ariake clay after permeability test.

Fig. 8. Comparison of variations of (a) pore-size distributions and (b) k values of cement- and lime-treated Ariake clay after permeability
testing.

pores or cement several small aggregates into a larger one. However, the entire sample is not yet bound together. With the increase in amount of additives, the cementation products will bind
the aggregates together and ﬁll the interaggregate pores. It is
widely believed that the k value of a clayey soil is mainly controlled by the interaggregate pores. When the cementation products begin to ﬁll the interaggregate pores, even under identical
void ratio conditions, the k value will begin to decrease.
The SEM images of the 8% and 16% cement-treated Ariake clay
samples and the 2% and 6% lime-treated Ariake clay samples
after permeability test are compared in Fig. 7. Assuming that the
“cloud”-shaped areas represent cementation products, some cementation products can be observed for the 8% cement- and
2% lime-treated samples; however, there are many open interaggregate pores that are not ﬁlled by the cementation products. How-

ever, for the 16% cement- and 6% lime-treated samples, the entire
cross section appears to be covered by the cementation products.
To conﬁrm the above observations, the pore-size distributions
of the samples after the ﬂexible-wall permeability test and the
e–log(k) relationships of the 16% cement- and the 6% and 8% limetreated Ariake clay samples are compared in Figs. 8a and 8b, respectively. The values of k and the pore size distributions were
similar and comparable. The 16% cement-treated sample had a
slightly smaller main pore size (Fig. 8a), but larger k values for e > 3
(Fig. 8b).
The stress–strain curves from the unconﬁned compressive tests
for the 16% cement-treated and the 6% and 8% lime-treated Ariake
clay samples are compared in Fig. 9. These curves are also similar
and comparable (especially for the 8% lime- and 16% cementtreated samples). The unconﬁned compressive strength (qu) is an
Published by NRC Research Press
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Ion concentration (mg/L)
Material

Ca2+

Na+

Mg2+

Ariake clay
2% cement
4% cement
2% lime
4% lime

170
294
366
230
301

381
229
206
187
206

485
14
7
11
4

k value, the ion concentrations of the pore water were measured,
and the soil microstructure was studied using MIP tests and SEM
imaging.
The test results indicate that the pore-size distribution of the
soil is the main factor inﬂuencing the k value. Under identical
void ratio (e) conditions, the k value begins to decrease when the
amount of cement or lime added is large enough that the cementation products formed during the pozzolanic reactions begin to
ﬁll the interaggregate pores. For the conditions tested, the threshold values are 8% cement and 4% lime by dry weight. Under the
identical e conditions, the reduction of the k value of treated soil
samples is associated with a sharp increase of unconﬁned compressive strength of the samples.
indicator of intra-aggregate and interaggregate bonds. Therefore,
the results shown in Fig. 9 support the argument that similar
interaggregate bonds will result in similar e–log(k) relationships.
From the above discussion, it can be concluded that the poresize distribution is a dominant factor inﬂuencing the e–log(k)
relationship. When cementation products begin to ﬁll the interaggregate pores, the k value will decrease even under conditions with identical e values.
Effect of pore-water properties
Clay particles carry negative charges at their surfaces. To balance the negative charges, cations will be attracted to surround
the clay particles to form an electric diffusive double layer (DDL).
The water within the double layer cannot move freely. For a given
void ratio, thicker double layers are associated with smaller spaces
for water to move freely and effectively and therefore smaller k
values (Anandarajah 2003; Schmitz 2006). The properties of pore
water can affect the thickness of the DDL.
For cement- or lime-treated clayey soils, whether the DDL
around clay particles is completely destroyed or there is DDL
around the wall of pores is not very clear. To provide some reference information, the cation concentrations in the pore water of
the untreated and treated Ariake clay samples are listed in Table 7.
Relatively speaking the cement-treated samples had a higher
concentration of Ca2+ and qualitatively a possibly thinner DDL
(Mitchell 1993; Mahanta et al. 2012), and under identical microstructure conditions they may tend to exhibit a higher permeability. In fact the results in Fig. 8 support this argument, i.e., that the
16% cement-treated sample had smaller pores than the 8% limetreated sample (Fig. 8a), but had higher k values (Fig. 8b).

Conclusions
The permeability (k) of lime- and cement-treated clayey soils was
investigated by laboratory ﬂexible-wall permeability tests and oedometer consolidation tests. To identify the main factors and understand the mechanisms underlying the observed changes in the
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