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Abstract. This paper presents a bounding surface model predicting the combined effects of
cementation and partial saturation on the mechanical behaviour of soils subjected to isotropic
loading. The loss of cementation caused by loading, wetting or drying of a normally consolidated
soil is described by a “cementation bonding function”. This states that, under virgin conditions, the
ratio between cemented and uncemented void ratios monotonically decreases with increasing levels
of scaled stress. The scaled stress is the variable governing the intrinsic behaviour of the soil under
both saturated and unsaturated conditions. Combination of the cementation bounding function with
a previously proposed model for unsaturated soil behaviour leads to the formulation of a “cemented
unified normal compression line” (CUNCL). This describes the virgin behaviour of both cemented
and uncemented soils under saturated and unsaturated conditions. Progressive yielding is modelled
by assuming that the slope of the generic loading curve tends towards the slope of the CUNCL as
the soil state moves from overconsolidated to virgin conditions. The model has been calibrated and
validated against existing experimental data demonstrating a good ability to predict the void ratio
of cemented soils during isotropic loading, unloading and wetting under both saturated and
unsaturated conditions.

rules that govern the transition between the two regimes.
1 Introduction At each stress increment, it is therefore necessary to
establish whether the soil is behaving elastically or elasto-
plastically in order to use the right set of equations, which
increases computational demands.
To overcome these limitations, this paper proposes a
bounding surface model that predicts the gradual yielding
of unsaturated cemented soils subjected to isotropic loads
without any discontinuity between elastic and elasto-
plastic states. The formulation is also able to predict the
smooth variation of void ratio during loading-unloading
cycles.
The model originates from the definition of a cementation
bonding function, which describes the progressive loss of
porosity sustained by cementation as the scaled stress
increases under virgin conditions, and the inter-particle
linkages are therefore destroyed. The scaled stress is the
constitutive variable governing the behaviour of the
uncemented soil under both saturated and unsaturated

Soils are often found in nature in a cemented state and
under partially saturated conditions. The evolution of both
cementation and partial saturation during loading, wetting
or drying paths strongly affects the mechanical behaviour
of soils. On one hand, cementation is progressively
damaged as the applied loads increase and the inter-
particle linkages are destroyed. On the other, rainfall
infiltration and evapotranspiration, change the degree of
saturation of the soil, thus modifying the capillary bonds
between particles.

Over the last three decades, researchers have developed
constitutive laws that predict the gradual loss of soil
cementation under increasing loads [1-11]. However,
these models neglect the effect of partial saturation on the
mechanical behaviour of cemented soils. Other authors
have instead devised mechanical models that predict the
unsaturated behaviour without accounting for the effect of conditions. The cementation bonding function is then

cementation [12-20]. Only a handful of studies have combined with the unsaturated model by [27] to define a

proposed elastoplastic models that take into account the Cemented Unified Normal Compression Line (CUNCL)
combined effect of cementation and partial saturation [21- describing the virgin behaviour of both cemented and

26]. These models adopt distinct sets of equations to uncemented soils under unsaturated and saturated
describe the soil behaviour in the elastic and elasto-plastic conditions.

regimes by introducing yielding surfaces and hardening
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Overconsolidated states are described by assuming that
the slope of a generic loading path tends asymptotically to
the slope of the CUNCL as the soil state moves towards
the CUNCL itself.

The complete model requires seven parameters, which
have a clear physical meaning and are therefore relatively
easy to calibrate. Three of these parameters govern the
mechanical behaviour of the unsaturated uncemented soil
under virgin conditions, which is here referred to as the
“intrinsic behaviour” [28]. Additionally, two parameters
describe the effect of cementation under virgin conditions,
i.e. the “cemented behaviour”. Finally, the remaining two
parameters describe the progressive yielding and
hysteretic behaviour of the overconsolidated soil.

The model has been calibrated and validated against
isotropic tests on cemented soil samples under both
saturated and unsaturated conditions [29]. Results show
that the model can predict the main features of cemented,
unsaturated soil behaviour such as the occurrence of
gradual yielding and wetting-induced collapse. Further
work is needed to couple the present mechanical law with
a water retention law (similar to [30]) and incorporate
non-isotropic  stress states so that a complete
hydromechanical framework for cemented unsaturated
soils can be developed.

2 Bounding surface mechanical model

2.1. Normally consolidated behaviour

The model originates from the Unified Normal
Compression Line (UNCL) [27], which describes the
virgin variation of void ratio e, in uncemented soils under
both saturated and unsaturated conditions in terms of a
single stress variable named mean scaled stress p:

loge, = —4,log 2 (1

Pref
where 4, and p,..¢ are two model parameters representing
the slope and intercept of the UNCL, respectively, in the
log e,, — log p plane.
The mean scaled stress p is defined by [27] as the product
of the mean average skeleton stress (also known as Bishop

stress) p’ and a power function of the degree of saturation
Sy:

Ar

p=S7"p )

where the mean average skeleton stress p’ is defined as
p'=p—u,+S,s,wheres = u, — u, is the suction, p
is the mean total stress, u,, is the pore air pressure and u,,
is the pore water pressure. The model parameter A,
defines the rate at which the porosity sustained by inter-
particle capillary bonds reduces as degree of saturation
increases [27].

Note that the scaled stress p in Equation (2) becomes
equal to the Terzaghi’s effective stress when the degree of
saturation is equal to one and, hence, the UNCL reduces
to the normal compression line (NCL) of saturated soils.

In this paper, the UNCL is further extended to take into
account the effect of cementation. To this end, the
following cementation bonding function is introduced to
describe the progressive reduction of the ratio between the

cemented and uncemented void ratio ei (calculated at a
u

given mean scaled stress) under virgin conditions, with
increasing levels of mean scaled stress p:

.y
£ _ Ri) ¢ 3
=== 3)
where the parameter A, defines the rate at which inter-
particle linkages are broken with increasing stress levels
while the parameter R is the value of mean scaled stress

. . e .
corresponding to a ratio = 2% An alternative
u

expression of the cementation bonding function is
obtained by applying logarithms to both sides of Equation
(3), thus giving:

e — _ P
log - = . log () )
which, after combination with Equation (1) leads to the
following form of the CUNCL.:

Ac
T,
loge = —/1p log|p L2 s 5)

Pref(R+D)"P

The definition of “mean cemented scaled stress” p as:

N
p=p(5)" (6)
leads to a more compact expression of the CUNCL:
_ P
loge = —2,log (5ref) (7

whose slope 4, in the log e, — log p plane is identical to
the slope of the UNCL in the log e,, — log p plane. In
Equation (7), pyes is the mean cemented scaled stress
corresponding to a unitary void ratio, and therefore
coincides with p,. ¢, although the symbol p,.. is used here
for consistency with the mean cemented scaled stress.
The virgin behaviour of uncemented and cemented soils
under both saturated and unsaturated conditions is
therefore described by a total of five parameters (i.e.
Aps Ay Drer, R and A;).

The CUNCL expressed by Equation (7) delimits the
region of overconsolidated soil states in the log e, —
log p plane. Inside this region, loading and unloading
paths are defined by increasing and decreasing values of
mean cemented scaled stress, respectively. The
mathematical formulation of both loading and unloading
paths is detailed in the following section.

2.2 Overconsolidated behaviour

Similar to [27], the model assumes that the slope of a
generic loading path in the log e, — log p plane tends
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monotonically towards the slope of the CUNCL as this is
approached, which is expressed as:

dloge__lp(ﬁ)y (8)

dlogp Pi

Equation (8) states that the derivative of the loading curve

dloge i equal to the slope A, of the CUNCL scaled by a
dlogp

factor smaller than one. The scaling factor is a power
function of the ratio between the current value of mean
cemented scaled stress p and the image value p;, while the
exponent y is an additional model parameter. The image
value of mean cemented scaled stress p; is obtained from
the CUNCL corresponding to the current level of void
ratio and is therefore obtained by inverting Equation (7)
as:

pi="4 ©)

p

e

Therefore, the ratio ﬁﬂ is always lower than one and tends
i

to one as the loading path approaches the CUNCL.
By substituting Equation (9) into Equation (8), the
following differential form is obtained:

dloge

RN
-7
— ) PP
dlogp - Ap <5ref> (10)

which can be integrated in a closed form, so that all
loading paths are described by the following expression:

p

el

The integration constant C;, is unique to each loading path
and is determined by imposing a suitable boundary
condition, i.e. by introducing a known pair of values of
void ratio and mean cemented scaled stress (e, P,) in
Equation (11) as:

_r o\
A Po
o=~ () B
L 0 13ref ( )
During unloading, the derivative of the logarithm of void
ratio with respect to the logarithm of mean cemented
scaled stress is assumed constant and equal to -k as
follows:

dloge

dlogp =K (13)
This assumption implies that all unloading paths are linear
with identical slopes in the log e, — log p plane. It also
means that the swelling index k is not affected by
cementation and capillary bonding, whose effects are
already incorporated in the definition of the cemented
scaled stress.

Similar to loading paths, Equation (13) can be integrated
in a closed form so that all unloading paths are described
by the following expression:

e=2 (14)
The integration constant Cy; is unique to each unloading
path and is determined by imposing a suitable boundary
condition, i.e. by introducing a known pair of values of
void ratio and mean cemented scaled stress (e, ,py) in
Equation (14) as:

Cy = eoPy (15)

In summary, the complete model for overconsolidated

soils requires seven material parameters:

a) three parameters (4,, 4, and pr.s) describing the
normally consolidated behaviour of the reference
unsaturated soil (i.e. the intrinsic behaviour);

b) two parameters (R and A.) describing the effect of
cementation on the normally consolidated behaviour
of the reference unsaturated soil (i.e. the cemented
behaviour);

c¢) finally, two additional parameters (y and k) describing
the gradual yielding and the hysteretic behaviour of
the overconsolidated soil.

Note that the intrinsic behaviour of the reference soil can

be recovered by setting one of the two cemented

parameters, i.e. R or A, to zero. This implies that the

mean cemented scaled stress p defined by Equation (6)

reduces to the mean scaled stress p and hence the

constitutive formulation reduces to that proposed by [27]

for uncemented unsaturated soils.

The following sections present the calibration and the

subsequent validation of the proposed model against the

experimental data published by [29].

3 Model calibration

Model parameters were calibrated against two sets of
isotropic  loading-unloading tests on samples of
compacted cemented sand [29]. Each set included two
tests, namely one loading-unloading cycle under saturated
conditions and one loading-unloading cycle under
unsaturated conditions at a constant suction of 50 kPa
(Figures 1 and 2).

The samples of the first set of tests were prepared by
mixing sand, filler and cement in the proportions of
96:3:1, while in the second set of tests these proportions
were varied to 96:2:2. The percentage of fines (i.e. filler
and cement) is therefore equal to 4% of the total mass for
both sets of tests, although the average specific gravity G
is 2.65 for the first set and 2.64 for the second set, due to
the slightly different proportions of cement and filler.
According to the nomenclature adopted by [29], each set
is identified by the corresponding cement ratio ¢, which is
the percentage of cement with respect to the total amount
of fines (i.e. cement plus filler). The cement ratio ¢ is
therefore 25% for the first set of tests and 50% for the
second set of tests.

Samples were compacted under a static pressure
comprised between 10 and 20 kPa at a water content of
4% to attain a target dry density of 1380 kg/m®. This
resulted in a post-compaction void ratio of 0.92 for the
first set of tests and of 0.91 for the second set of tests.
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The seven model parameters (i.e. Ay, Ay, Dres, ¥, K, R and
A¢) were simultaneously calibrated by means of a multi-
variate best-fit of Equations (11) and (14) to the loading
and unloading branches, respectively, of the tests from
both sets. Identical values of the intrinsic and
overconsolidated parameters (i.e. 4y, Ay, Prer, ¥ and k)
were imposed for both sets of tests to reflect the similar
nature of the reference soil. In contrast, the values of the
cemented parameters (i.e. R and 4.) were allowed to vary
between the two sets to account for the different
cementation ratios (i.e. ¢ = 25% and ¢ = 50%).

In each loading-unloading cycle, the integration constant
C; of the first loading path was treated as an additional
fitting parameter, while the integration constant C;; of the
subsequent unloading path was calculated using Equation
(15) to ensure the continuity of the stress path at the
reversal point between loading and unloading.

Table 1 summarises the values of all model parameters
together with the integration constants C; (treated as
independent fitting parameters) and C; (calculated by
means of Equation (15)) of all loading and unloading
paths performed on the two sets of samples (i.e. ¢ = 25%
and ¢ = 50%) under both saturated and unsaturated
conditions.

Note that experimental values of the degree of saturation
were used for the calculation of the cemented scaled stress
during the simulation of each test. Nevertheless, predicted
values of degree of saturation could be equally used if the
mechanical framework is coupled with a retention model
similar to [30].

Figures 1 and 2 show the very good fit of the calibrated
curves to the experimental data for both sets of tests, thus
confirming the ability of the model to reproduce the
variation of void ratio at different degrees of cementation
under both saturated and unsaturated conditions. Note
also that, for the saturated tests, the mean average skeleton
stress reduces to Terzaghi’s effective stress.

Table 1. Values of model parameters and integration constants

Cement ratio ¢

25% 50%
Ap 0.013
Virging intrinsic —
behaviour Pref 62.9 kPa
A, 422x 103
Virgin cemented Ae 0.170 0.869
behaviour R 1982 153
Overconsolidated 14 0.045
behaviour K 234 % 104
Integration Saturated  1.406 1.288
constants C},
(independent fitting = 50kpa  1.410 1.327
parameters)
Integration Saturated  0.883 0.893
constants Cy
(dependent fitting = 50kpa  0.875 0.892
parameters)
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Fig. 1. Model calibration against saturated and unsaturated
loading-unloading tests on samples with cement ratio ¢ =25%
(the unsaturated test was performed at constant suction of 50
kPa). Experimental data from [29].
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Fig. 2. Model calibration against saturated and unsaturated
loading-unloading tests on samples with cement ratio ¢ = 50%
(the unsaturated test was performed at constant suction of 50
kPa). Experimental data from [29].

4 Model validation

The capability of the proposed model to predict the
mechanical behaviour of cemented unsaturated soils is
assessed against additional tests which were not used in
the calibration. In all simulations, the first integration
constant was calculated by imposing that the experimental
and predicted values coincide at the beginning of the test
while the subsequent integration constant was calculated
by imposing the continuity of the predicted curves at the
transition between consecutive paths. As for the
calibration stage, experimental values of the degree of
saturation were used during the simulations for
calculating the cemented scaled stress.

Figure 3 shows the experimental and predicted curves of
a loading-wetting test on an unsaturated soil sample with
a cement ratio ¢ of 25%. The test consists of an isotropic
loading path AB, where the mean net stress increases from
40 kPa to 600 kPa at constant suction of 100 kPa, followed
by a wetting path BC, where the suction decreases from
100 kPa to 5 kPa at a constant mean net stress of 600 kPa.
Inspection of Figure 3 indicates that the proposed model
is able to capture both the gradual yielding during loading
and the small collapse upon wetting.

Figure 4 shows the experimental and predicted curves of
a loading-unloading test on an unsaturated soil sample
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with a cement ratio ¢ of 50%. During the test, the mean
net stress increases from 45 kPa to 615 kPa and then
decreases back to 110 kPa at a constant suction of 25 kPa.
Even though the model predictions slightly underestimate
the variation of void ratio during loading, the general
trends of yielding upon loading and swelling upon
unloading are reasonably well captured.

5 Conclusions

This paper has presented a bounding surface model
capable of predicting the combined effect of cementation
and partial saturation on the mechanical behaviour of soils
subjected to isotropic stress states. The model is based on
the definition of a cementation bonding function that
relates cemented and uncemented void ratios under virgin

a) 092
@ O Experiment
— Prediction
o 090
o
o
@
®
2 o088
o
c
L 086
8
kil
T
£ o084
c=25%
082
10 100 1000
Mean net stress p - u, (kPa), log scale
(b) 0.92
O Experiment
——Prediction
o 080
©
o
@
T
2 088
@
c
z
o
o 088
&
b=
2 oss
¢=25%
0.82
1 10 100 1000

Suction s (kPa), log scale
Fig. 3. Model prediction of unsaturated loading-wetting test on
sample with cement ratio ¢ = 25%: (a) void ratio vs mean net
stress and (b) void ratio vs suction. Experimental data from
[29].
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Fig. 4. Model prediction of unsaturated loading-unloading test
on sample with cement ratio ¢ = 50%. Experimental data from
[29].

conditions. According to this function, the extra porosity
sustained by cementation reduces as inter-particle
linkages are gradually broken under increasing stress.
The combination of the cementation bonding function
with a previously proposed model for unsaturated soil
behaviour has resulted in the definition of a cemented
unified normal compression line (CUNCL) that predicts
the virgin behaviour of both uncemented and cemented
soils under saturated and unsaturated conditions. The
CUNCL is expressed in terms of a single constitutive
variable, named the mean cemented scaled stress which
depends on both the mean average skeleton stress, and the
degree of saturation. The mean cemented scaled stress
reduces to Terzaghi’s effective stress in the case of a
saturated uncemented soil, i.e. when the degree of
saturation becomes equal to one and at least one of the
cemented parameters is zero.

The CUNCL defines a region of overconsolidated soil
states, where loading and unloading paths are respectively
defined by the increase and decrease of the mean
cemented scaled stress. Gradual yielding is reproduced by
assuming that the slope of the generic loading path tends
to the slope of the CUNCL as the soil state approaches the
CUNCL. Instead, during unloading, the model assumes a
linear relationship between the logarithm of void ratio and
the logarithm of the mean cemented scaled stress.
Loading and unloading paths are described by two closed-
form equations that can also predict the hysteretic
behaviour of soils during cycles of stress and/or suction.
The model is formulated in terms of seven parameters
describing the intrinsic behaviour of normally and
overconsolidated soils, under both unsaturated and
saturated conditions, and the effect of cementation on the
behaviour of the normally consolidated soil.

The model performance has been validated against
laboratory tests performed on cemented soil samples
under saturated and unsaturated conditions. Comparison
between experimental and predicted data has shown the
model is able to capture the main features of cemented and
unsaturated soil behaviour. Further work should be
directed towards the extension of the present formulation
to non-isotropic stress states and the incorporation of soil-
water retention in order to produce a robust
hydromechanical model for practical applications.
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