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ABSTRACT:

This paper presents a model that describes the gradual yielding of unsaturated cemented soils subjected to
isotropic loading. The model relies on the definition of a “cementation bonding function” which accounts for
the progressive breakage of inter-granular cementation caused by loading. The combination of this
cementing bonding function with the unsaturated model of Gallipoli and Bruno [1] leads to the formulation
of a “cemented unified normal compression line” (CUNCL), which describes the virgin behaviour of both
cemented and uncemented soils under saturated and unsaturated conditions. Gradual yielding is described
by assuming that, as the soil state moves towards the CUNCL, the slope of the loading curve tends towards
the slope of the CUNCL. The model describes the hysteretic variation of void ratio for both cemented and
uncemented soils under saturated and unsaturated conditions by using only seven parameters, i.e. five
parameters for the uncemented behaviour plus two extra parameters accounting for the effect of
cementation. The model has been calibrated and validated against the experimental data of Arroyo et al. [2]
demonstrating a good performance to describe the uncemented and cemented behaviour of soils under

saturated and unsaturated conditions.

KEYWORDS: Cemented soils; partial saturation; bounding surface plasticity; constitutive modelling; soil

yielding; soil mechanics.



INTRODUCTION

Structured soils display attributes of the transition zone from soils to rocks and are widely found in nature.
The behaviour of structured soils is relevant to many civil engineering applications from mining to tunnelling
and from road construction to the analysis of landslides [3-5]. A feature of structured soils is the presence of
inter-particle bonding or cementation, which contributes to their strength and stiffness, and tends to
progressively deteriorate as the application of loads damage the bonds between particles [6]. Many
structured soil deposits are also found in the superficial ground layer and often exists in a partially saturated
state. Partial saturation affects the mechanical behaviour of structured soils by causing irrecoverable
degradation and softening of structured soils during loading [7]. The combined effects of partial saturation
and cementation have been the object of increasing scientific interest thanks also to the development of

advanced and accurate measurement techniques of suction and water content in unsaturated soils [8-9].

A number of constitutive models have been proposed to predict the mechanical behaviour of structured soils
including the progressive loss of cementation under increasing stress levels [10-20]. These models consider,
however, only saturated conditions and neglect the influence of partial saturation on the mechanical
behaviour. In contrast, other models predict the mechanical behaviour of unsaturated soils without
accounting for the effect of cementation [21-29]. Only a handful of elastoplastic models account for the
combined effects of both cementation and partial saturation on the mechanical behaviour of natural soils [5-
7,30-32]. These models provide, however, a limited description of mechanical hysteresis and introduce

unrealistic discontinuities at the transition point between elastic and plastic states.

This paper presents a new model that describes the mechanical behaviour of natural soils in the presence of
both partial saturation and cementation within the framework of bounding surface plasticity. The model
predicts the progressive yielding (i.e. the development of irreversible plastic strain) of cemented soils
subjected to isotropic stresses under both unsaturated and saturated conditions. The model requires a total
of seven parameters, all of which have a clear physical meaning and are relatively easy to calibrate from

experimental tests. Five of these seven parameters are needed to describe the uncemented behaviour of the



soil under both saturated and unsaturated conditions. Two additional parameters are instead required to

describe the effect of cementation.

An important feature of the proposed model is the introduction of a single normal compression line,
formulated in terms of a “cemented scaled stress”, which describes the virgin behaviour of both cemented
and uncemented soils under unsaturated and saturated conditions. The cemented scaled stress is based on
a physical interpretation of the mechanism through which inter-granular bonds are damaged under
increasing stress levels. The cemented scaled stress reduces to Terzaghi’s effective stress for an uncemented
saturated soil, i.e. when the degree of saturation is equal to one and at least one of the two parameters
governing cementation is equal to zero. A bounding surface formulation is also proposed to predict the
progressive yielding of the overconsolidated soil towards virgin conditions. The formulation differentiates
between loading and unloading paths, which results in the prediction of a hysteretic behaviour consistent
with experimental observations. The model has been tested for its capabilities to reproduce a series of
laboratory results reported by Arroyo et al. [2], who performed isotropic loading-unloading tests on
artificially cemented and uncemented soil samples under saturated and unsaturated conditions. The
comparison between the simulations and experimental data confirms the good performance of the model in
capturing the main features of behaviour such as the gradual yielding of the material towards an uncemented
state as stress levels increase and inter-granular bonds are destroyed. The proposed framework lays the basis
for a general constitutive model of unsaturated cemented soils accounting for non-isotropic stress states and

incorporating the interaction between water retention and mechanical behaviour.

BOUNDING SURFACE MODEL

Bounding normally consolidated behaviour

Gallipoli and Bruno [1] proposed a unified normal compression line (UNCL) to describe the virgin loading of

uncemented soils under both saturated and unsaturated conditions:
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Eq. (1) relates the void ratio e, of the unsaturated uncemented soil to the mean scaled stress p by means of
two material parameters, A,and py.r, which are the slope and the intercept (i.e. the mean scaled stress at a
reference void ratio of one) of the UNCL in the log e,, — log p plane. The mean scaled stress p is defined as
the product of a power function of the degree of saturation S, and the mean average skeleton stress p’ =
p — ug + Sps (where p — ug is the mean net stress and s = u, — u,, is the suction with p, u, and u,, being

the mean total stress, the pore air pressure and the pore water pressure, respectively):
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In Eq. (2), the model parameter A, describes the effect of partial saturation on the mechanical behaviour,

with larger values of A, corresponding to a stronger capillary bond between particles. In particular, as

detailed in [1], the parameter A, represents the slope of the linear relationship between 2 and Sy ina

eu,s

double-logarithmic plane, where 2 is the ratio between the unsaturated uncemented void ratio e, and the

€u,s

uncemented saturated void ratio e,, ; at the same mean average skeleton stress, p’. Therefore, the parameter
A, describes the loss of the extra porosity sustained by capillarity with increasing saturation levels. When the
degree of saturation becomes one, the mean scaled stress, p,reduces to Terzaghi’s effective stress and the

unified normal compression line (UNCL) reduces to the normal compression line (NCL) of saturated soils.

The above formulation describes the virgin behaviour of unsaturated uncemented soils and is here extended

to include the effect of cementation. This is achieved by introducing a “cementation bonding function” which

relates the ratio ei, between the cemented void ratio e and the uncemented void ratio e,, at the same mean

u

scaled stress p, to the mean scaled stress itself according to the following monotonically decreasing function:

e 5\ (3)



where R and A, are two additional parameters whose values depend on the degree of cementation. From a
physical point of view, Eq. (3) describes the progressive reduction of the extra porosity sustained by
cementation as the mean scaled stress increases and inter-granular bonds are destroyed. In the limit, when
the mean scaled stress tends to infinity and the inter-granular bonds are completely destroyed, Eq. (3)
predicts a ratio é = 1, which means that no extra porosity is sustained by cementation. By applying

logarithms to both sides of Eq. (3), one obtains the following alternative expression of the cementation

bonding function:

lo L. —Aclo (L) (4)
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Inspection of Eq. (4) indicates that the parameter 1. defines the rate with which cementation degrades as

. . . e
the mean scaled stress increases while the parameter R defines the value of mean scaled stress when — =

ey

2%¢ . The physical meaning of parameters A, and R is graphically illustrated in Figs. 1a and 1b, which provide

two different representations of the cementation bonding function in the double-logarithmic planes logei —
u

log% and logé — log p, respectively.
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Figure 1. Cementation bonding function in the double-logarithmic planes logei - log% (a) and logei -
u u

logp (b)

Combining Egs. (1) and (4) leads to the following expression of the cemented unified normal compression
line (CUNCL), which can be used to predict the variation of the cemented void ratio, e,during virgin loading

under both saturated and unsaturated conditions:

2
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In Eq. (5), only two additional parameters, R and A, are required to describe the cemented behaviour in
addition to the three parameters 4, 4, Py Which describe the uncemented behaviour of the unsaturated

soil. The CUNCL reduces to the UNCL of Eq. (1) if at least one of the two cementation parameters (i.e. R and

A¢) is equal to zero.

A new constitutive variable p, called the “mean cemented scaled stress”, can therefore be defined as:
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which, once substituted in Eq. (5), results in the following simpler form of the CUNCL:

loge = —4, log<=p > (7)
pref

where pf is the reference value of the mean cemented scaled stress corresponding to a void ratio of one.
Note thatin Eq. (7) Dreyf = Pres but the symbol p,..r has been retained for consistency with that of the mean

cemented scaled stress.
Overconsolidated behaviour

The CUNCL of Eq. (7) delimits the region of overconsolidated soil states in the log e — logp plane. Inside this
region, loading and unloading paths correspond to the increase and decrease of mean cemented scaled

stress, respectively.

Similar to Gallipoli and Bruno [1], it is assumed that during loading the derivative of the logarithm of void
ratio with respect to the logarithm of the mean cemented scaled stress (i.e. the slope of the loading path in
the log e —log p plane) changes monotonically towards the derivative (i.e. the slope) of the CUNCL as this is

approached. This condition is mathematically expressed as:

dloge 5\’
B — a4, (3> (8)
dlogp i

where the slope of the loading path is equal to the slope of the normal compression line 4, reduced by a

=\Y =

power factor (5) smaller than one. The argument g is always smaller than one as it is the ratio between
i L

the current value of mean cemented scaled stress p and its image value p; on the CUNCL at the same void

ratio (Fig. 2). Moreover, the ratiopé tends to one as the soil state approaches the CUNCL, which ensures a

1

smooth transition towards the CUNCL as shown in Fig. 2. The exponent y is instead a positive material

parameter that controls the rate with which the loading path tends towards the CUNCL.
8
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Figure 2. Generic loading path and bounding CUNCL in the double-logarithmic plane log e — logp

The image value of the mean cemented scaled stress is obtained from Eq. (7) as:

_ P
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Substituting Eq. (9) into Eq. (8) leads to the following differential equation:
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T
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which is analytically solved to yield the following closed form expression of the void ratio which is valid for

all loading curves:
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In Eq. (11), C;, is a constant of integration that is unique to each loading curve and is calculated by imposing
a suitable boundary condition, i.e. by introducing a pair of known values of void ratio, ¢y, and mean cemented

scaled stress, py, as:

e = \V
Co—o W _ _Po (12)
k 0 ﬁref

According to the definition of mean cemented scaled stress (see Egs. (6) and (2)), a loading path may,
therefore, be produced by the increases of net stress, degree of saturation or suction. This means that inter-
granular cementation may be damaged not only by external loads but also by changes of degree of saturation

and suction.

During unloading, the model assumes that the derivative of the logarithm of void ratio with respect to the

logarithm of the cemented scaled stress is constant and equal to —«k:

dloge

_ = — 13
dlogp K (13)

This implies that all unloading paths are linear in the loge — logp plane and the swelling coefficient, k is
unaffected by the degradation of inter-granular cementation. This is consistent with the work of Gallipoli and
Bruno [1], who assumed that the swelling coefficient, k is unaffected by capillary bonding. The assumption
of a constant swelling coefficient, k is justified by the fact that the effects of cementation and capillarity are

already included in the definition of the scaled stress and is also supported by experimental evidence.

Similar to loading paths, Eq. (13) can be integrated in a closed form giving:

)

(14)
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where Cy; is a constant of integration that is unique to each unloading curve and is calculated by imposing a
suitable boundary condition, i.e. by substituting known values of void ratio e, and mean cemented scaled

stress p, in Eq. (14) as:

10



Cy = eoPo (15)

In summary, the proposed model requires a total of five parameters, Ap, Ar, 5ref, y and k, to predict the
smooth hysteretic variation of void ratio in unsaturated uncemented soils and two extra parameters, R and

A, to describe the effect of inter-granular cementation.
MODEL CALIBRATION

Model parameters were calibrated against two sets of isotropic loading-unloading tests performed by Arroyo
et al. [2] on samples of silty sand compacted at the same water content of 13%. In the first set of tests,
samples were compacted at a dry density of 1684 kg/m?3, either uncemented or with 2% and 7% of cement.
In the second set of tests, samples were compacted at a lower dry density of 1526 kg/m?, either uncemented
or with 4% of cement. All unsaturated tests were performed at constant water content without measurement
of suction. Knowledge of suction is however necessary in the proposed model to calculate the mean
cemented scaled stress and was therefore estimated from the measured values of water content and void
ratio using the soil-water retention model of Gallipoli et al. [33]. This retention model uniquely relates the

degree of saturation S, to the void ratio e and suction s by means of the following equation:

1 m
S =|— 16a
" [1 +(®s ell’)n] (162)
which is recast in terms of gravimetric water content w as:
(%) ° [ ! ]m 100 (16b)
=—|— | X
WAz Gsl1 + (@ se¥)n

where @, 1, m and n are four model parameters and G; is the specific gravity of the soil equal to 2.72 for
the material tested by Arroyo et al. [2]. This relatively simple retention law was preferred to a more
sophisticated hysteretic model (e.g. [34]) due to the availability of only drying tests. There is, in principle,
no difficulty in extending the developed model to account for the effects of pore size on capillarity

through a suitable retention law (e.g. [35,36]), but this level of complexity was considered outside the

11



scope of the present work. The retention model of Eq. (16) was calibrated against data from drying tests
on samples with different proportions of cement equal to 0% (uncemented), 2%, 4% and 7% [2]. The
retention behaviour was measured, at different values of void ratio, up to a suction level of 1000 kPa by
means of Mercury Intrusion Porosimetry (MIP) tests (Fig. 3). For suctions beyond 1000 kPa, only one
drying curve at a single value of void ratio was measured, for each cementation level, by means of
psychrometer tests. This is enough because, when suction is large, the variation of water content
becomes independent of void ratio as observed by Barrera [37], Lloret et al. [38] and Salager et al. [39],
among others. The data of Arroyo et al. [2] also show that the drying curves at different values of void
ratio tend to merge as suction increases (Fig. 3). Note that Arroyo et al. [2] assumed that soil porosity did
not vary during MIP tests and that each drying curve obtained from these tests corresponds to a constant

void ratio, an assumption that is retained in the present work.

Four different sets of retention parameters were selected, one set for each cementation level, by best-
fitting Eq. (16b) to the drying tests in Figs. 3. As suggested by Gallipoli [40] and Gallipoli et al. [34], the
product of the three parameters 1, m and n was fixed to one to ensure that the retention behaviour
becomes independent of void ratio over the high suction range. The choice of distinct sets of parameters
for different percentages of added cement accounts for the effect of cementation on the retention
behaviour and is also consistent with the subsequent calibration of the mechanical model. It should be
noted that at the highest void ratio the retention model does not capture well the sudden drop of water
content in correspondence of the air entry value of the soil (Fig. 3). This is, however, irrelevant to the
subsequent mechanical predictions as all loading-unloading tests considered in this work have been

performed at relatively high levels of suction, well above the air entry value of the soil.

The above retention law of Eq. (16b) was then used to estimate the suction values corresponding to
experimental measurements of water content and void ratio during the subsequent calibration and

validation of the mechanical model.

12



—_
W]
S
[43]
o
J

Water content w (%), natural scale

_—
2

Water content w (%), natural scale

25 1

20 -

15 4

10 1

MIP - e, =0.378
MIP - e,=0.452
MIP - e = 0.581
MIP - e, =0.748

+ X B 0O O

Psychrometer - e, = 0.594

- \/\/ater retention model

&= 0.089 kPa"
¥=2.10
n=0.931

5
Uncemented
D L L LI LA} L L LI LELELEL R ] | LELELE BN | L L ll
1 10 100 1000 10000 100000
Suction s (kPa), log scale
30 O MIP - e,=0.601
0 MIP -e = 0.454
25 1 A MIP-e,=0.373
+ Psychrometer - e ;= 0.604
20
- \/Vater retention model
15 - _
- St - -1
A A A g Y @=0.064 kPa
- Y=2.51
10 1 n=0.910
m=0.438
5 -
Cemented - 2% ey
0 ——rrrr—— it

10 100 1000 10000 100000
Suction s (kPa), log scale

13



30 A

o)

MIP - e = 0.417
MIP - e =0.508

25 A MIP - e = 0.771

+ > 0O O

Psychrometer- e;= 0.753

20 - —Water retention model

Water content w (%), natural scale

15 4
@®=0.182 kPa™'
W= 3.37
10 - - n=1.08
o m=0.275
5 - G
Cemented - 4% +""'H=|-
0 ¥ LI LR | ¥ LI LR | ¥ LI L ELELL | ¥ ¥ LI | ¥ LI LR |
1 10 100 1000 10000 100000
Suction s (kPa), log scale
(d) 30 - O MIP - e,=0.645
O MIP-e,=0.508
A MIP -e,=0438
+ Psychrometer - e = 0.649

—\Nater retention model

@=0.391 kPa"
Y=4.37
n=0.929

m=0.246

Water content w (%), natural scale

Cemented - 7%

0 L L L] L L LENLERLEL LR E | L L L] L L LENLERLEL LR E | L L L]

1 10 100 1000 10000 100000
Suction s (kPa), log scale
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The proposed mechanical model was calibrated in two stages to highlight the different physical meaning of
the five parameters governing the uncemented behaviour in both saturated and unsaturated states
(Ap, Drefs Ar, ¥ and k) and the two parameters describing the effect of cementation (R and A;). In the first
stage, the uncemented parameters A,, pcr, A, ¥ and k were selected by best-fitting Egs. (11) and (14) to
loading-unloading tests on unsaturated uncemented samples, with parameters R and A, set to zero inside
the expression of the mean cemented scaled stress. In the second stage, the previously selected uncemented
parameters were maintained constant while the values of R and 1, were calibrated by best-fitting Eqs. (11)
and (14) to loading-unloading tests on cemented samples under saturated and unsaturated conditions. This
two-stage calibration process emphasizes the distinct effects of model parameters on material behaviour but
an alternative procedure, where all parameters are simultaneously selected from tests on unsaturated

cemented samples, could have also been employed.

The uncemented parameters A,, Dref, A, ¥ and k were calibrated against two isotropic loading-unloading
tests on unsaturated uncemented samples (Fig. 4). The two samples were compacted at the same water
content of 13% under slightly different loads to produce two distinct dry densities of 1684 kg/m? and 1526
kg/m3, respectively. The identical compaction water content suggests the existence of a similar material
fabric and justifies the assumption of the same uncemented parameters for both density levels. In Fig. 4, the
higher density sample (triangular markers) was initially dried to a water content of 4.4% and subsequently
loaded at constant water content. The lower density sample (circular markers) was, instead, initially dried to
a water content of 8.0% and subsequently loaded at constant water content. Fig. 4 also reports the values of
degree of saturation measured at the beginning and end of each loading/unloading path, together with the
corresponding values of suction calculated by Eqg. (16b) from the measurements of water content and void
ratio. Inspection of Fig. 4 indicates a good agreement between simulations and experiments, which confirms
the ability of the model to predict the void ratio of the uncemented soil along stress paths involving large
variations of mean net stress, degree of saturation and suction. This is, however, an expected result because,
when R and A, are set to zero, the present model reduces to that of Gallipoli and Bruno [1] for unsaturated

uncemented soils, which has already been validated against multiple sets of experimental data. Table 1
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summarizes the values of the five uncemented parameters, which are identical for both density levels as

discussed earlier.
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Figure 4. Calibration of the uncemented behaviour of samples compacted at the dry densities of 1526 kg/m?

and 1684 kg/m?

In the second stage, the two parameters governing the cemented behaviour, i.e. R and 4., were estimated
as the best-fitting of isotropic loading-unloading tests on cemented samples under both saturated and
unsaturated conditions. Results are plotted in Figs. 5, 6 and 7 for the three cementation levels of 2%, 4% and
7%, respectively. The samples stabilised with 2% and 7% of cement were compacted at a dry density of 1684
kg/m?3, while the samples stabilised with 4% of cement were compacted at a lower dry density of 1526 kg/m?3.
Also, all samples were compacted at the same water content of 13% under slightly different loads to achieve

the distinct density levels.

Two loading-unloading tests were simultaneously best-fitted for each cementation level, namely one test
under saturated conditions (Figs. 5a, 6a and 7a) and one test under unsaturated conditions (Figs. 5b, 6b and

7b). Given the saturated state of the material, Figs. 5a, 6a and 7a also show the initial values of water content,

16



Wy, which changed during the subsequent loading-unloading paths. Similarly, for the unsaturated tests, Figs.
5b, 6b and 7b show the initial values of water content, w, which were kept constant throughout the
subsequent loading-unloading paths. Figs. 5b, 6b and 7b also report the values of degree of saturation
measured at the beginning and end of each loading/unloading path, along with the corresponding values of
suction calculated using Eq. (16b) from the measurements of water content and void ratio. Note that, in the
best-fit of the above tests on cemented samples, the five uncemented parameters were maintained constant
and equal to the values estimated from the first calibration stage. Inspection of Figs. 5, 6 and 7 indicates a
good agreement between simulations and experiments for all cementation levels under both saturated and
unsaturated conditions. This confirms the ability of the model to predict the progressive decay of

cementation with increasing load levels and the associated variation of void ratio.

Table 1 summarizes the values of the parameters governing the behaviour of the unsaturated cemented soil.
The parameters R and A, depend on the initial degree of cementation and therefore differ for the three
percentages of added cement.
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Figure 7. Calibration of cemented behavior of samples with 7% of cement under saturated conditions (a)

and unsaturated conditions (b)

Table 1. Values of model parameters

Ay 0.327
Uncemented Dref 266 kPa
behaviour parameters Ay 0.177
14 1.49
K 0.018
Percentage of added cement
2% 4% 7%
Cemented behaviour Ac 0.147 0.134 0.245
parameters R 67227 kPa 124670 kPa 151221 kPa

In the above interpolations, the constant of integration C; of the initial loading path was treated as an
additional fitting variable of Eq. (11) like Gallipoli et al. [34]. Conversely, during the subsequent unloading
path, the constant of integration Cy; of Eq. (14) was calculated by imposing the continuity of the predicted
curve at the reversal point, i.e. by imposing that the start of the unloading path coincides with the end of the

loading path. Note also that experimental values of the degree of saturation were used to calculate the mean
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cemented scaled stress in all unsaturated simulations. This implies that the predicted water content is no
longer constant during the tests but tends to change slightly from the initial value. This approach is, however,
considered acceptable as it allows to separate the effects of cementation on mechanical behaviour, which
are the focus of the present paper, from the effects of capillarity, which have already been studied in a

previous publication [1].

MODEL VALIDATION

The predictive capabilities of the proposed model were assessed by simulating additional tests (i.e. tests not
used during calibration) with the previously selected parameter values (Table 1). As before, these additional
tests were performed on samples compacted at the same water content of 13% under slightly different loads

to achieve two distinct levels of dry density equal to 1684 kg/m? and 1526 kg/m?3, respectively.

As during calibration, the soil suction was estimated from the experimental values of water content and void
ratio by using Eq. (16b) with the parameters corresponding to each cementation level (Fig. 3). This estimated
value of suction was subsequently used to calculate the mean cemented scaled stress and, hence, to predict

the variation of void ratio during each test.

Fig. 8 demonstrates the good performance of the model in predicting the uncemented behaviour of the soil
under saturated conditions during two loading-unloading cycles on samples compacted to dry densities of
1684 kg/m3 (triangular markers) and 1526 kg/m?3 (circular markers), respectively. In these simulations, the
parameters R and A, were both set equal to zero and the degree of saturation was set to one inside the

expression of the mean cemented scaled stress to reflect the saturated uncemented state of the soil.
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Figure 8. Prediction of the saturated uncemented behavior of samples compacted at the dry densities of

1526 kg/m? and 1684 kg/m?

The ability of the model to predict the behaviour of the cemented soil under unsaturated conditions was

subsequently assessed for the three cementation levels of 2%, 4% and 7%.

Fig. 9 shows the good match between the predicted and experimental behaviour of two samples compacted
at a dry density of 1684 kg/m3 with 2% of cement, which were dried to water contents of 6.7% and 11%,
respectively, before being subjected to a loading-unloading cycle at constant water content. Fig. 9b also
demonstrates the capability of the model to capture the transition from unsaturated to saturated states

during loading [41-42].

Similarly, Fig. 10 demonstrates the ability of the model to capture the behaviour of two samples compacted
at a dry density of 1526 kg/m3 with 4% of cement by comparing predicted and experimental data for two

loading-unloading cycles at constant water contents of 8.4% and 12%, respectively.
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Finally, Fig. 11 compares the predicted and experimental behaviour of a sample compacted at a dry density

of 1684 kg/m3 with 7% of cement during a loading-unloading cycle at constant water content of 7.2%.

Figs. 9, 10 and 11 also show the predictions of: a) the uncemented unsaturated behaviour (dotted line)
obtained by setting both parameters R and 4. equal to zero in Eqg. (6) and b) the uncemented saturated
behaviour (dashed line) obtained by setting both R and 4. equal to zero in Eq. (6) and the degree of saturation
equal to one in Eq. (2). As expected, the inspection of Figs. 9, 10 and 11 indicates that the cemented soil
sustains higher values of void ratio compared to the uncemented soil. This extra porosity reduces as the
applied load increases due to the progressive breakage of inter-granular bonds, which causes the cemented
curve to converge towards the uncemented ones. Also, the difference between cemented and uncemented
curves becomes larger as the percentage of cement increases. This is due to the higher degree of cementation
which enables the material to sustain a higher porosity. The model also suggests that, as the percentage of
cement increases, the extra porosity sustained by capillarity tends to reduce compared to the extra porosity
sustained by cementation. In other words, the contribution of capillarity to inter-granular bonding becomes

less important as the degree of cementation increases, which is also consistent with previous studies [7].
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Figure 11. Prediction of cemented behavior of sample with 7% of cement tested at constant water content

of 7.2%

In all validation tests, the integration constant C;, of Eq. (11) was calculated during the initial loading path by
imposing that the predicted curve passes through the point defined by the experimental values of void ratio
and mean cemented scaled stress after compaction [2]. These post-compaction values of void ratio and mean
cemented scaled stress are slightly different from those at the beginning of the test, which explains why the
predicted and experimental curves do not coincide at the onset of loading. Moreover, the same constant of
integration C; was used to predict the initial loading paths of the uncemented curves under both saturated
and unsaturated conditions. This produces the observed differences between the three curves, which reflects
the extra porosities sustained by capillarity and cementation, respectively. During subsequent unloading, the
integration constant Cy of Eq. (14) was calculated by imposing the continuity of predictions at the reversal

point for all curves, i.e. by imposing that the start of unloading coincides with the end of loading path.

As during calibration, experimental values of degree of saturation were used to calculate the mean cemented

scaled stress in all simulations. This implies that the predicted water content is no longer constant during the
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test but changes slightly from its initial value. This approach has, however, been taken since it has the
advantage of separating the effects of cementation from those of capillarity. This is important in the
validation of the proposed constitutive framework, which looks particularly at the effects of cementation on
the mechanical behaviour of unsaturated soils. It is worthwhile mentioning that the developed model will
facilitate the implementation of suitable soil-water retention laws, which will allow the prediction of degree
of saturation and the formulation of a fully coupled hydro-mechanical model, as has been demonstrated by
Bruno and Gallipoli [43] for unsaturated uncemented soils. This will also allow to study the effects of structure

loss on the variation of suction and degree of saturation.

Finally, a cementation factor was defined as:

_ (e - eu)
B (e - eu)O

(17)
where (e — e,) is the difference between the current values of cemented and uncemented void ratio at a
given mean net stress while (e — e,), is the difference between the cemented and uncemented void ratio
at a reference mean net stress. The reference net stress state may be arbitrarily chosen, but it must
correspond to a state where there is significant breakage of inter-granular cementation during loading. The
cementation factor is, therefore, equal to one at the reference state but it tends to zero as the mean net

stress increases causing the progressive destruction of inter-granular bonds and the consequent convergence

of void ratio towards the uncemented value.

The cementation factor ¢ defined by Eq. (17) was calculated for all the loading paths in Figs. 9, 10 and 11. For
each loading path, the reference value of the mean net stress was made to coincide with the maximum
difference between the cemented and uncemented void ratio predicted by the model. Table 2 summarises
the maximum difference (e — e,,), for each test and the corresponding reference values of the mean net

stress (p — Ugy)o-
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Table 2. Values of (e — e,)o and (p — u,), for all loading paths

Compaction dry

Percentage of ) Water content (p—uy)o (e—ey)o
density
added cement (%) (kPa) O]
(kg/m?)
6.7 6574 0.132
2% 1684
11 5063 0.134
8.4 5251 0.180
4% 1526
12 4137 0.193
7% 1684 7.2 11755 0.221

Fig. 12 plots the variation of the cementation factor ¢ with the ratio (;’_—:‘1) between current and reference
—HYalo

values of mean net stress for all loading paths. Fig. 12 shows that, for each cementation level, samples at
different water contents show similar destructuration trends. For 2% and 4% cement content, the drier
samples show higher values of the reference mean net stress compared to the wetter samples (Table 2),
which suggests that partial saturation affects the onset of destructuration but it has only a negligible effect
on the subsequent destructuration trend. Finally, Table 2 indicates that the two samples with an intermediate
cement content of 4% exhibit the lowest values of the reference mean net stress. This apparently
counterintuitive finding is explained by the lower compaction density of the samples with 4% cement
compared to the samples with 2% and 7% of cement (Table 2). The low value of the reference mean net

stress (p — u, ), for samples stabilised with 4% of cement also explains why the curves corresponding to this

P—Uqg

cement content exhibit , for a given cementation factor, slightly higher values of the ratio S
~—Yalo

compared

to the samples with 2% and 7% of cement (Figure 12).
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Figure 12. Variation of the cementation factor for samples with 2%, 4% and 7% of cement tested at different

water contents

CONCLUSIONS

This paper has presented a bounding surface model that predicts the mechanical behaviour of unsaturated
cemented soils under isotropic stress states. The model relies on the definition of a cementation bonding
function that calculates the fraction between the cemented and uncemented void ratio at the same scaled
stress as a monotonically decreasing function of the scaled stress. This fraction, which is always bigger than
one to reflect the extra porosity sustained by cementation, decreases as the stress level increases due to the
progressive breakage of inter-granular bonds. The definition of the cementing bonding function leads to the
subsequent introduction of a cemented unified normal compression line (CUNCL), which is valid for both
cemented and uncemented soils under unsaturated and saturated conditions. This cemented unified normal

compression line is expressed in terms of a new constitutive variable named the “cemented scaled stress”,
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which depends on the mean average skeleton stress and degree of saturation. The mean cemented scaled

stress reduces to Terzaghi’s effective stress when the soil is fully saturated and cementation is absent.

The cemented unified normal compression line delimits the region of overconsolidated soil states, where
loading and unloading paths correspond to increasing and decreasing changes of the mean cemented scaled
stress, respectively. The model simulates the gradual yielding of overconsolidated cemented soils by
assuming that, as the stress state approaches the normal compression line, the slope of the loading path
tends monotonically to the slope of the normal compression line. During unloading paths, swelling of the soil
is instead modelled by assuming a linear response in the logarithmic plane of void ratio versus mean
cemented scaled stress. This formulation results in the prediction of a hysteretic mechanical behaviour where

each loading and unloading path is uniquely defined by a closed form mathematical expression.

The model requires a total of seven parameters to simulate the behaviour of the unsaturated cemented soil
under isotropic stress states. Five of these parameters (i.e. Ay, A, Pres, ¥, k) control the uncemented
behaviour while two additional parameters (i.e. R and 4.) govern the cemented behaviour. The performance
of the model has been validated against a set of tests performed on both uncemented and cemented soil
samples under saturated and unsaturated conditions. Results show that the proposed model is capable of
accurately reproducing the mechanical behaviour of the cemented soil including the progressive transition
towards the uncemented condition as loading increases. Results also show that, for a given cementation
level, partial saturation influences the level of stress required to initiate breakage of inter-granular bonds,
but it has only a limited effect on the subsequent destructuration. Future research will focus on the extension
of the model to non-isotropic stress states and on the development of a comprehensive material framework

for the coupled prediction of the mechanical and retention behaviour of unsaturated cemented soils.
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