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Engineering practice has usually dealt with the treated soil bodies using simplistic constitutive models
(e.g. elastic perfectly-plastic Mohr–Coulomb). In this paper, a more refined bonded elasto-plastic model
is here applied, with emphasis on the ease of calibration. Empirical studies have identified the ratio of
cement content to the cured mixture void ratio as a controlling variable for mechanical response. This
observation is elaborated upon to show that measuring porosity and unconfined compressive strength
is enough to initialize the state variables of a bonded elasto-plastic model. Data from cement-improved
Bangkok clay is employed to illustrate and validate the calibration procedure proposed. The structure-
scale consequences of the constitutive model choice for the soil–cement are explored through the para-
metric analysis of an idealized excavation problem. A treated soil–cement slab is characterized by
increasing cement contents in the clay–cement mixture. Two sets of parametric analysis are run
characterizing the clay–cement either with a linear elastic-perfectly plastic model or with the bonded
elasto-plastic model. The same values of unconfined compressions strength (UCS) are specified for the
two models to make comparisons meaningful. Results from both series of analysis are compared high-
lighting the differences in predicted behaviour of the retaining wall and the excavation stability.

� 2012 Published by Elsevier Ltd.
1. Introduction

A number of soil improvement techniques result in soft clays
mixed ‘‘in situ’’ with cement. While other aims might be also
important (e.g. impermeabilization), frequently the prime role of
the treated soil bodies is structural. This is the case, for instance
of the soil–cement slabs often employed in deep excavations in
soft soils to reduce wall displacements and/or impermeabilize
the excavation bottom [11,32]. The slab has a structural role and
its geometry and resistance need to be specified. While some sim-
ple design rules are available [18,32] a more in-depth analysis is
sometimes necessary. A numerical simulation might be employed
for the purpose, particularly if the movement of the retaining wall
is required for design. The mechanical behaviour of the treated soil
bodies is generally represented with simple models, typically the
elastic perfectly plastic Mohr Coulomb model e.g. [15,25]. One
characteristic that is poorly represented by that type of models is
brittleness of mechanical response, a basic trait of cemented
geomaterials both natural and artificial.
Elsevier Ltd.

o).
On the other hand, brittleness is well captured by elasto-plastic
bonded soil models [12]. Bonded soil models have already shown
their value with very diverse natural materials, from soft rocks like
calcarenite [20] to very soft Holocene structured clays [29,1]. De-
spite some early examples [10], the application of bonded soil
models to cement-improved soils has received somewhat less
attention until recently [9,16].

One important obstacle to the practical application of bonded
soil models is that they appear hard to calibrate. Nevertheless it
is shown here that measuring porosity and unconfined compres-
sive strength of the soil–cement and having knowledge of the
amount of cement in the mixture is enough to initialize the main
state variables of a bonded elasto-plastic model. Most of the other
model parameters can be obtained from reconstituted samples of
the treated soil.

A finite element model of a deep underwater excavation in clay
partially sustained with a soil–cement slab is here employed as a
trial case to study the influence in the excavation response of mod-
el-ling the slab with a simple or a more refined constitutive model.
The same measured properties of the slab are always assumed
(unconfined compressive strength, porosity, cement content), but
they are interpreted differently to initialize the different constitu-
tive models being compared. We thus explore if the micro brittle
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response of the bonded model at the small scale has consequences
at the engineering scale.
2. A constitutive model for bonded clays

The bonded elasto-plastic model here employed is based on the
CASM (Clay and Sand Model) developed by Yu [34] and is fully de-
scribed by Gonzalez [14]. CASM is a versatile elasto-plastic harden-
ing model that incorporates concepts such as critical state and the
state parameter approach, and that, by a suitable selection of
parameters, allows modelling of both sand and clay within a uni-
fied formulation. However, in common with other single yield sur-
face models, CASM has some limitations and, for instance, is not
suitable for cyclic loading, where models based on kinematic hard-
ening formulations e.g. [29] would be more appropriate.

The original CASM has been here both extended, (by introduc-
ing a new scalar history variable, b, representing ‘‘bonding’’) and
modified (by using a different plastic potential formulation from
that originally proposed). The bonding variable enters the model
Fig. 1. Normal consolidation lines (NCL), critical state lines (CSL)
following closely the original proposal of Gens and Nova [12].
The yield surface is assumed to enlarge with increasing amount
of bonding in the soil. The reference material behaviour (unbond-
ed) is recovered when b goes to zero.

Fig. 1 shows the normal consolidation lines (NCL) and yield sur-
faces for both unbonded and bonded materials. The NCL for the ref-
erence material is given by k and N, two material parameters
representing its slope and its volume at unit pressure, respectively.
The slope of unloading–reloading lines for the unbounded clay, j,
is another material parameter. The yield surface can be expressed
as follows:

f ¼ q
Mhðp0 þ p0tÞ

� �n

þ 1
ln r

ln
ðp0 þ p0tÞ
p0t þ p0c

¼ 0 ð1Þ

Where, as in the following, all stresses are assumed effective. To
obtain the behaviour shown in Fig. 1,

p0c ¼ p0sð1þ bÞ
p0t ¼ p0sðatbÞ

ð2Þ
and yield surfaces for both unbonded and bonded materials.
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p0c controls the yielding of the bonded soil in isotropic compres-
sion and p0t the cohesion and tensile strength of the material; at is a
material parameter. p0s is the equivalent preconsolidation pressure,
or preconsolidation pressure of the unbonded reference material.
This can be easily related (Fig. 1) to the relevant values of void ratio
e0t and mean stress p00t as:

p0s ¼ exp
N � ð1þ e0tÞ � j lnðp00tÞ

k� j

� �
ð3Þ

The parameters n and r, inherited from CASM, control the shape
of the yield surface. Mh is a function of Lode’s angle h proposed by
Sheng et al. [30], establishing the shape of the failure surface in the
deviatoric plane. The plastic potential function, g, has a similar
form to the yield surface. One extra adjustment parameter, m, is
introduced to allow the possibility of non-associated behaviour:

g ¼ mq
Mhðp0 þ p0tÞ

� �n

þ 1
ln r

ln
ðp0 þ p0tÞ
p0t þ p0c

¼ 0 ð4Þ

A classic volumetric hardening law is here employed for the
unbonded material.

dp0s
p0s
¼ dep

m

k� � j�
ð5Þ

where k� = k/(1 + e) and j� = j/(1 + e). Since p0s is a state variable that
evolves only with plastic strain, its initial value for an artificially ce-
mented clay is given by (3) using the conditions (e0t, p00t) operating
when cementation took place. This initial value remains unaltered
until the first plastic yield occurs.

Bonding (b) decreases exponentially with a plastic strain dam-
age measure (h):

b ¼ b0e�h

dh ¼ h1jdep
mj þ h2jdep

s j
ð6Þ

h1 and h2 are material parameters (greater than zero) defining the
degradation rate. The parameters and state variables required by
this model are collected in Table 1.

The bonded soil model just described was implemented in the
finite element code PLAXIS, which has a facility to implement
user-defined (UD) soil models [5]. The model was implemented
using an explicit integration algorithm with automatic substepping
and error control techniques [31]. Further details can be found in
Gonzalez [14].

Despite several examples of good performance (Gonzalez et al.,
2007) [13] the model has some shortcomings. A significant one is
that the elastic parameters (j, m) are independent of bonding. Yu
et al. [35] propose a formulation where the elastic bulk modulus
is made dependent on bonding. With the notation employed here,
it reads

Kc ¼
ð1þ eÞp0

j
1þ

ffiffiffiffiffiffiffi
p0sb
p0

s !
ð7Þ
Table 1
State variables and parameters of the cemented CASM model and calibrated values for
the Bangkok clay case.

State
variables

Parameters

Bonding
related

Reference material (reconstituted clay)

r0 ps b h1 h2 at M k N r n j t m

a a a a a 0.5 1.2 0.282 4 1.25 3 0.03 0.2 3.7

a See text.
Following this suggestion, it has been recently shown by Rios
[28] that, for monotonic paths, the pre-yield performance of the
CASM-bonded model can be significantly improved if the reloading
line slope is chosen according to the following rule,

1
jc
¼ 1

j
1þ

ffiffiffiffiffiffiffi
p0sb
p0

s !
ð8Þ

where jc is the value corresponding for a cemented material and all
the state variables (p0, b, p0s) take their values. As shown in Section 4,
this rule has also proved useful here.

3. Empirical observations on cemented Bangkok clay

Cement-mixed Bangkok clay has benefited from a large experi-
mental work by Bergado and co-authors [21,17,22,4]. These
authors work with controlled mixtures of reconstituted Bangkok
clay and cement slurry, formed and cured in the laboratory.

Cement content on the mixture is specified by Aw, the ratio be-
tween cement weight and dry soil weight. It was observed that the
mechanical behaviour of the mixture was mostly controlled by the
ratio between current void ratio and cement content (e0t/Aw). This
mixing ratio accounts for the effects of initial clay water content,
slurry water/cement ratio, slurry/clay mixing ratio and, because
of using the current void ratio, curing time. Different combinations
of these variables that result in the same mixture ratio (e0t/Aw)
show, approximately, the same mechanical response.

The quantitative usefulness of mixture ratio (e0t/Aw) was further
established by obtaining good correlations with unconfined com-
pressive strength [21], oedometric yield points [17], peak resis-
tance for undrained triaxial tests [22] and yield points on
constant stress ratio drained triaxial tests [4]. The empirical rela-
tions reported are the following:

qu

p0a

� �
¼ 10:33e�0:046

e0t
Awð Þ ð9Þ

r0vy ¼ 1:4qu ¼ p0a14:46e�0:046
e0t
Awð Þ ð10Þ

qpeak

p0c
¼ 44:243e

�
p0c
p0a
þ0:0501

e0t
Aw

� �
ð11Þ

p0c ¼ 0:49
e0t

Aw

� �2

� 31:9
e0t

Aw

� �
þ 733 ð12Þ

where qu represents the unconfined compression strength, p0a is the
atmospheric pressure, r0my the oedometric yield stress, qpeak the peak
resistance for undrained triaxial tests and p0c the intersection of the
yield surface of the mixture and the isotropic axis. All stress vari-
ables in these relationships are expressed in kPa.

Apart from this comprehensive set of observations, Lorenzo and
Bergado [22] also report that E50, the secant modulus (at 50% qu) in
unconfined compression tests, can be expressed as

E50 ¼ dqu ð13Þ

for both laboratory samples and field cores of cement treated Bang-
kok clay. d is a proportionality constant that ranges between 115
and 150 for the Bangkok clay database. This kind of linear relation
between secant modulus and unconfined compressive strength
has been previously reported for other cement-treated clays e.g.
[27], with d values between 50 and 300 being very common.

4. Relating empirical observations and constitutive model

The constitutive model described above relates 3 state variables
through a set of equations involving 11 material parameters. On
the other hand, the empirical relations (9)–(13) include up to nine
different numerical coefficients. The objective of this section is to
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explore whether these two apparently disparate set of numbers
can be related in a manner that eases the task of model calibration.
This would represent a significant contribution towards the use of
advanced models in practice.

In Eq. (12) we employed deliberately the symbol p0c to highlight
the direct connection between this empirical relation and the mod-
el variables. The particular expression employed in (12) has a min-
imum when the ratio e0t/Aw is about 32 (Fig. 2). Such property
seems unphysical, since the isotropic yield stress cannot increase
indefinitely. To avoid this problem the same experimental data
can be advantageously fitted, for instance, by the following
expression:

p0c ¼ F
e0t

Aw

� �
¼ k1e�k2

e0t
Awð Þ þ k3 ð14Þ

where k1, k2 and k3 are empirical constants. An example of this type
of fit to the data reported by Bergado et al. [4] is given in Fig. 2.
Expression (14) is still not fully satisfactory from the model view-
point, because it predicts a constant isotropic yield stress when
the cement content, Aw, tends to zero. But in that situation, accord-
ing to the model, isotropic yield stress should recover the value of ps.
This argument suggests that an improved version of (14) should read

p0c ¼ F
e0t

Aw

� �
þ p0s ¼ k1e�k2

e0t
Awð Þ þ p0s ð15Þ

Bergado et al. [4] provide separate values of e0t/Aw and e0t for
their triaxial samples. Assuming that a p00t of 10 kPa is relevant at
sample formation (laterally confined in a PVC mould) the relevant
ps value can be estimated following Eq. (3) with remoulded clay
parameters N, k, j established as explained in the next section.
As illustrated in Fig. 3, a very good agreement between the p0c value
resulting from Eq. (15) and the experimental data is obtained if
k1 = 542 and k2 = 0.033.

The role of the empirical function F is crucial for the approach
here described. F links together a compositional measure, the ce-
ment content, Aw, with the model state variable representing bond-
ing. It follows from Eqs. (2) and (15) that

p0sb ¼ Fðe0t=AwÞ ð16Þ

As explained before, initialization of p0s requires knowledge of
(e0t, p0Ot). Then, for a given cement content Aw, the state variable
b, representing bonding in the model can be easily initialized.

However, if a large set of drained triaxial tests, (such as those
reported by [4], is required to establish the empirical function F,
the practicality of this approach might be questioned. A simpler
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means to establish F is desirable and that can be obtained by con-
sidering unconfined compressive strength from the model view-
point. Rearrangement of the yield surface expression (1) gives,

q ¼ Mðp0 þ p0tÞ �
1

ln r
ln

p0 þ p0t
p0c þ p0t

� �1=n

ð17Þ

Unconfined compression tests are carried out quickly and un-
drained behaviour can be assumed. For specimens close to satura-
tion the residual mean initial stress at testing is almost zero
(p0 � 0) and, because the elastic behaviour of the model is isotropic,
the stress path is vertical (see Fig. 6). The unconfined compression
strength (q at yield) is thus given by

qu ¼ p0sbMat �
1

ln r
ln

atb
1þ bþ atb

� �1=n

¼ p0sbAðbÞ ð18Þ

where A(b) depends on the model parameters (M, r, n, at) and the
state variable representing bonding, b, through

A ¼ Mat �
1

ln r
ln

atb
1þ bþ atb

� �1=n

ð19Þ

It turns out that, for the relevant range of b values, A is almost
constant (for instance, Fig. 4 represents the case for Bangkok clay
parameters shown later, and it can be seen that A � 1 for b > 1).
Using this fact and taking (16) into account

qu ¼ AFðe0t=AwÞ ð20Þ

If we now substitute Eq. (8) in Eq. (14) we obtain an expression
that is already very close to the empirical relation between uncon-
fined compression strength and e0t/Aw ratio.
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Table 2
Calibration of function F using isotropic yield data and unconfined compressive
strength.

IYL UCS

k1 k2 k1 k2

543 0.033 1025 0.046
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Fig. 5. UCS results from Lorenzo and Bergado [21], and their fit with Eq. (20)
calibrated directly with UCS (method B, Fig. 6), or indirectly, on the basis of
isotropic yield (method A, Fig. 6).
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qu ¼ Ak1e�k2
e0t
Awð Þ ð21Þ

This expression allows a much easier experimental determina-
tion of the empirical constants entering the F function; just on the
basis of unconfined compression data. The Bangkok clay correla-
tion (9) will suggest here k1 = 1046 kPa and k2 = 0.046. As shown
in Table 2, these values are different from those previously estab-
lished on the basis of isotropic yield points. On the other hand, if
the values calibrated from isotropic yield are used to evaluate Eq.
(21), the comparison with the data, (Fig. 5) is less favourable than
that obtained using the isotropic yield based calibration. Since the
UCS database was larger and wider in scope (in the range of mix-
ture ratios, e0t/Aw, that it covered) it is perhaps preferable to give
more credence here to the UCS-based calibration of F. The correct-
ness of this assumption will be checked in the next section, where
oedometric and triaxial undrained compression results will be sim-
ulated. Thus the validation would take place alongside different
stress paths (Fig. 6) than those involved in the calibration of F.

Before proceeding to that, however, it is worth presenting
one further analytical development, to explain the empirical
Fig. 6. Schematic approach showing the approximate stress paths of the tests employed
expression (13) relating secant modulus, E50, and qu. To do so, we
should first use (7) and the relation between Young’s and elastic
bulk moduli, to write

Ec ¼ 3ð1� 2tÞKc ¼ 3ð1� 2tÞ ð1þ eÞp0
j

1þ

ffiffiffiffiffiffiffi
psb
p0

s !
ð22Þ

At the point where E50 is defined, the mean stress in the sample
is p0 = qu/6. Also, Eq. (18) above, shows that p0s b = qu/A, It follows
then that

E50 ¼
ð1� 2tÞ

2j
1þ

ffiffiffi
6
A

r !
ð1þ eÞqu ð23Þ

Which has the same form of the empirical expression, (13), and
suggest that the proportionality constant between E50 and qu

would be given by

d ¼ ð1� 2tÞ
2j

1þ
ffiffiffi
6
A

r !
ð1þ eÞ ð24Þ

Interestingly, it will appear that the stiffness/strength ratio is
only lightly dependent on the amount of cement in the mixture
(through A) whereas is directly proportional to the specific volume
of the cemented material. It has been therefore established that it
is possible to make the advanced constitutive model consistent
with relationships of a purely empirical nature.

5. Calibration and validation

5.1. State variables

Apart from the current stress state, the model includes two
state variables: p0s and b. Therefore, using Eqs. (3) and (16) it is pos-
sible to initialize them if the void ratio and cement content of the
mixture is known. For all the tests simulated below the data on ce-
ment content and void ratio was directly available from the data-
base; the initial stress at the time of set-up, required to estimate
p0s was assumed equal to 10 kPa in all cases. The constants em-
ployed in the empirical function F are those obtained from the cal-
ibration using UCS data.

5.2. Parameters of the reference material

There are eight parameters in the model that describe the
mechanical response of the reference material (Table 1). Reconsti-
tuted Bangkok clay is assumed here as reference for the cement-
treated Bangkok clay. As many other soft clays, Bangkok clay is
naturally endowed with a certain amount of structure [33], and
therefore its response is not always representative of that of the
same reconstituted material. This made difficult the ideal approach
in the calibration and validation of the empirical function F and model parameters.
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to the calibration of these parameters, which is by examining tests
on the reference material only. Only for the critical state friction
angle such approach was possible (with data from [19].

Alternative approaches were then employed. The classical Bur-
land [6] correlation between plasticity and reconstituted com-
pressibility was used to obtain estimates of the relevant
parameters ðk;NÞ. The degree of non-associativeness (controlled
by parameter m) was established by forcing the stress-paths of
simulated oedometers on reconstituted materials to abide with
the Jaky K0 condition. The shape of the yield surface (and hence
parameters n and r), was inferred from observations of its shape
for the improved material [4]. This last procedure is consistent
with the model assumption that the shape of the yield surface is
not altered by cementation. Finally, the elastic parameters were
estimated as j � 0.03 and m � 0.2. The first guess is consistent with
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a ratio K = 1 � j/k of 0.89, which is within the typical range for
clays. The second estimate stems from relation (24) taking into ac-
count the range of d reported by Lorenzo and Bergado [22]. The
resulting parameter set is collected in Table 1. More details about
parameter calibration are given by Ciantia [9].
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Fig. 10. Schematic representation of the case study and finite element model employed for the analysis.

Table 3
Specific values for simulations using the MC model.

Unconfined compressive strength Cohesion Young’s modulus
qu (kPa) c (kPa) d E (MPa)

763.5 382 147 112
565.6 283 144 82
315.1 158 141 45

98.5 49 140 14

Table 4
Mixture properties for simulations using the CASM model.

Cement content
by dry weight

Total water
content

After curing
void ratio

Mixture
ratio

Aw (%) Cw (%) e0t (–) e0t/Aw (–)

48 168 3.29 6.9
24 144 3.21 13.4
12 132 3.13 26.1

6 126 3.08 51.4

Table 5
Initial state variables and parameters for simulations using the CASM model.

Equivalent
preconsolidation
pressure

Initial
bonding

Unconfined
compressive strength

Recompression
line slope

ps (kPa) F (kPa) b (–) qu (kPa) jc (kPa)

0.17 748.0 4280 763.5 0.0060
0.25 554.2 2254 565.6 0.0068
0.35 308.7 895 315.1 0.0085
0.43 96.5 227 98.5 0.0124
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5.3. Parameters of the cemented material

There are three parameters specific to the behaviour of the ce-
mented material: the tension intercept parameter, at and the deg-
radation rate parameters, h1 and h2 (6). The value of at was
estimated as 0.5 based on the yield surfaces reported by Bergado
et al. [4]. The ratio h1/h2 was assumed equal to 1, following results
for naturally cemented clay by Callisto and Rampello [7]. To eval-
uate the remaining parameter, h1, simulations of oedometer tests
for mixtures with a fixed cement content (Aw = 10%, Fig. 7) were
performed.

It appeared that a better fit was achieved if the h1 parameter
was made slightly dependent on the initial bonding of the material,
b0. The following dependency was observed

h1 ¼ 0:625 lnðb0 þ 1Þ ð25Þ
It is worth noting that the simulations of the oedometric tests
are made with displacement control (constant rate of strain tests);
the data, however, was obtained using load control (incremental
loading procedure). The simulations show a snap-back pattern in
the oedometric curve, particularly clear for the sample with high-
est porosity. This phenomenon would not be observed in a load-
controlled test, where a material instability in the form of a com-
paction band would instead appear. The appearance of compaction
instabilities in oedometric loading of bonded soils and soft rocks is
discussed and documented elsewhere [2,8].

5.4. Validation examples

With the parameters and state variable initialization criteria
that have been just described, numerical simulations of several test
results were used to validate the approach. First, different sets of
oedometric results (corresponding to Aw = 5% and Aw = 15%) re-
ported by Lorenzo and Bergado [21] were simulated. Example re-
sults are shown in Fig. 8. Further validation was obtained against
a set of undrained triaxial tests reported by Lorenzo and Bergado
[22]. An example of the results obtained is shown in Fig. 9.

The degree of approximation obtained with the element test
simulations was deemed satisfactory enough so that the next step
(simulations at the structure scale) could be attempted with
meaningful results. Note that the softening response evident in
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some stress paths would not be replicated by a Mohr–Coulomb
model. More details of the element test simulations are provided
in Ciantia [9].

6. Application to a structure-scale problem

6.1. Description of the case

In practice, jet grout slabs are not common in Bangkok, possibly
because deep excavations penetrate below the clay level into stif-
fer layers (Phienwej et al., [26]. A hypothetical case (Fig. 10) was
then built into a finite element model with the specific purpose
of exploring the sensitivity of the analysis to the material charac-
terization of the treated soil.

The developed case study involves three layers of clay, with
normally consolidated clay below excavation level, an over-consol-
idated layer on the surface and an intermediate medium-consoli-
dated layer (Fig. 10) at excavation level. All these clay layers
were modelled using the CASM model. The model parameters in
all layers were those previously established for the reconstituted
Bangkok clay (Table 1). The stress state was initialized with the
K0 � OCR relationship of Mayne and Kulhawy [23].

A thick (1 m) concrete (E = 30 MPa) retaining wall was supported
at 0.5 m below its top by a rigid strut (400 kN/m/m) and at its bot-
tom by a 3 m thick layer of cement treated clay. The excavation
maximum depth was set at 8 m. The excavation process is simu-
lated as a sequence of uniform excavation steps, of 1 m depth each.
The strut is activated during the first excavation step. All the simu-
lations assumed undrained behaviour of all the soil layers involved
(including the clay–cement). PLAXIS imposes the incompressibility
condition associated with undrained behaviour using a penalty for-
mulation in which a large volumetric stiffness is added to the effec-
tive-stress stiffness matrix derived from the model [24]. The mesh
(also illustrated in Fig. 10) was built using 15-noded triangular ele-
ments with 12 Gauss points (stress points) in each element.

6.2. Parametric analysis

A parallel parametric analysis, concerning the behaviour of the
clay–cement treated soil, was performed employing two
constitutive models. A linear elastic-perfectly plastic model with
Mohr–Coulomb yield (MC) and the model described in the previ-
ous sections (bonded CASM). The parameter is the unconfined
compressive strength (UCS, qu) of the clay–cement.
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When the clay–cement behaviour was represented using the
MC model the only state variable of the material is stress. The ini-
tial stress of the slab is assumed isotropic with value equal to the
initial vertical stress. Four values of unconfined compressive
strength were chosen for the parametric analysis (Table 3). Friction
and dilatancy were neglected and strength was given by the cohe-
sion which was equal to half the UCS. Young’s modulus was taken
to be directly proportional to the UCS, according to Eq. (13). For
each case, the constant of proportionality was evaluated through
Eq. (24). The resulting values (Table 3) are in the range 140–150,
in agreement with the Bangkok clay data reported by Lorenzo
and Bergado [22].

When the clay–cement mixture was modelled using the bonded
CASM model a larger number of state variables required initializa-
tion. Clay–cement mixtures with the same UCS as in the previous
case were the target. To achieve that it was first necessary to make
some assumptions about the initial clay water content (120% for
soft Bangkok clay, [3], the water/cement (W/C) ratio in the slurry
mixed with the clay (chosen as 1) and the curing time before the
mixture attained the specified UCS (90 days, to allow for a fast
but realistic construction schedule). Then, four values of cement
content Aw were specified to attain the target UCS. Of all the mix-
ture cement contents of Table 4, only the highest one (48%) is char-
acteristic of jet-grouted mixtures, whereas the others are within
the typical range observed in deep soil mixing treatments.

The initial void ratio for the simulation is the after curing void
ratio, e0t. Following Lorenzo and Bergado [21], e0t can be deduced
from the assumed curing time, the cement content, Aw and the to-
tal water content, Cw – itself a function of the slurry water/cement
ratio and the initial clay water content. The relevant values are col-
lected in Table 4. Note that in a real application this indirect eval-
uation can be advantageously replaced by direct measurements of
void ratio on representative samples of the treated clay body.

Once the mixture properties are specified the state variables can
be initialized using the procedure described above. The results ob-
tained for the cases here analysed are shown in Table 5. The
parameter jc, selected for each cemented-clay specification in
agreement with Eq. (8), is also indicated in the same table.

6.3. Simulation results

Only a few selected simulation results are presented here. In
Fig. 11 the movements in a point located at the contact between
the soil–cement slab (Fig. 10) and the retaining wall are
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represented for the four cases computed using the MC model,
against the excavation stage. As a reference the results obtained
in a simulation where no slab of soil–cement is present are also in-
cluded in the graph. Fig. 12 represents the same results but now for
the cases computed using the bonded CASM model.

The excavation is unstable without soil treatment. The model
representing the excavation with no slab of clay–cement exhibited
a numerical lack of convergence that is indicative of failure. For the
case with the lightest soil treatment, i.e. with the smallest amount
of cement in the clay–cement slab (Aw = 6%; UCS = 110 kPa) there
was a marked divergence in the response of the model, according
to which constitutive model was employed to represent the soil–
cement. When the slab was modelled using bonded-CASM there
was again a lack of convergence that indicates sudden failure. On
the other hand, for the same amount of soil improvement, the
MC model converged, exhibiting a more ductile structural re-
sponse, characterized by large displacements.

For the cases with a higher degree of soil improvement both
constitutive models resulted in almost the same, rather stiff,
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Fig. 15. Bonding variable ‘‘b’’ values at the final stage of the CASM simulation for
qu = 98 kPa.
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response. In these cases the behaviour of the slab is almost elastic
and the similar response is due to the deliberate matching of stiff-
ness obtained through relation (24).

Similar observations can be made if the movement of the whole
wall is considered (Figs. 13 and 14). For all cases the improved slab
stiffness is always well below that of the head strut support, and an
inverted cantilevered profile develops. Again, there is a marked dif-
ference between the cases where elastic behaviour predominates
in the slab, to the one where plasticity takes place. The small wall
motions of the first case are highly increased, particularly for the
MC case. It has been already mentioned, in this respect, that for less
cemented case the bonded-CASM simulation did not converge. An
image just before collapse illustrates a localized pattern of de-
bonding, which concentrates in a compression band close to the
wall (Fig. 15).
7. Conclusions

The use of bonded elasto-plastic models seems to reproduce
well the behaviour shown by cement-improved clay in the
laboratory. This paper shows that a direct relation can be obtained
between basic model variables (bonding, equivalent preconsolida-
tion) and simple experimental measures (unconfined compressive
strength, porosity). This greatly simplifies the application of this
type of models in boundary value problems, where the predicted
structural response can be also significantly affected.

The laboratory behaviour that has been matched by the model
corresponds to mixtures of relatively low-cement content. It would
need a separate study to show if the behaviour of the field mixtures
typical of most jet-grouted cases, which generally contain far more
cement than the experimental programs here examined would be
similarly matched. It is clear, however, that mixtures that use less
cement are more economically interesting and, also, require a
more accurate design.

From the results presented in this paper it can be already con-
cluded that the use of an advanced constitutive model like the
bonded CASM model would help in that purpose, at least for the
case of clay cement slabs supporting retaining walls. For the same
UCS, a more clear indication of the vicinity of failure would be gi-
ven by an analysis using bonded CASM than MC. These results also
suggest that caution should be exercised if the simplified MC ap-
proach is used as a base for design or for establishing safety criteria
based on monitoring observations.

The particular formulation here employed for the bonded elas-
toplastic model is perhaps less important than the calibration ap-
proach that has been exemplified. This approach has several
steps. First some knowledge of the basic mechanical properties of
the reference material (the remoulded soil being treated) is re-
quired. This might be obtained from standard tests on remoulded
– hence easily obtainable – samples. Secondly an empirical relation
between mixture ratio and UCS does provide the link between eas-
ily obtained treatment parameters and a nuanced representation of
the treated soil mechanical response via the basic state variables of
the model. Finally, for a more refined representation of the treated
soil behaviour, some tests – for instance oedometer – on cemented
samples would capture the parameters controlling the most spe-
cific aspects of cemented soil behaviour, such as bond degradation
rate. This stepwise approach seems well adapted to fit within the
staged design approach that is usually applied in large soil
improvement projects.
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