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Abstract

A comprehensive study on the stress-dilatancy behavior of cemented sand and its modeling is presented. The effect of confining pres-
sure, relative density, and cement content on stress-dilatancy behavior are studied from the published experimental results and an addi-
tional series of experiments performed in this study. To facilitate a contrast and comparison of stress-dilatancy behavior between these
datasets, a normalized stress ratio is proposed which removes the effect of mineralogy and morphology of parent sand. A set of key
insights were obtained from this comparative study which aided in improving the stress-dilatancy relation; for example, the effect of ini-
tial conditions on stress-dilatancy behavior was found to be captured by the ratio of cohesion intercept (or tensile strength) and mean
effective stress before shearing. The limitations of stress transformation, often used in modelling of cemented sand, were also systemat-
ically studied by a set of carefully designed experiments; it was found to be only applicable before gross yielding of cementation. After
gross yielding, it is necessary to take in account of the breakage of bonds/cementation. The gross yield locus was identified from 70 exper-
imental datasets and a cohesion/bond degradation model was formulated to model the stress-dilatancy behavior of cemented sand. The
efficacy of stress-dilatancy relations (after including the gross yield locus and bond degradation behavior) is evaluated from the exper-
imental results; the Rowe’s stress-dilatancy relation was found to be most suitable with the proposed bond/cohesion degradation model.
� 2023 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Geomaterials such as cemented sand, structured soils,
and soft sandstones are often encountered in the infrastruc-
ture, offshore, mining and petroleum sectors. While such
geomaterials are ubiquitous in the field, soil constitutive
models of various degrees of complexity have predomi-
nantly focused on clean sand and soft clays. In order to
predict the mechanical behavior of geomaterials such as
cemented sands, which neither belong to the class of
soils or rocks, constitutive models developed for sand are
https://doi.org/10.1016/j.sandf.2023.101328
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suitably modified by introducing the inter-particle cohe-
sion/bond strength to account for cementation. Kim and
Lade (1984); Houlsby (1986); Reddy and Saxena (1992);
Matsuoka and Sun (1995); Yao et al. (2004) have extended
constitutive models or failure criterion of sand to cemented
sand by accounting for the cohesion/cementation (as an
additional confinement).

As is the case with sand, experimental studies on cemen-
ted sand have also revealed that the response is governed
by mean effective stress p’, void ratio e, and intermediate
principal stress ratio b (Reddy and Saxena, 1992;
Cuccovillo and Coop, 1999; Abdulla and Kiousis, 1997;
Bachus et al., 1981; Schnaid et al., 2001; Kandasami
et al., 2021). In addition, type and amount of cementation
Japanese Geotechnical Society.
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Nomenclature

a Nova-Wood stress dilatancy parameter
b intermediate stress ratio
c cohesion intercept
c0 initial cohesion intercept
CC cement content
D dilatancy
D50 mean grain size
Dmax maximum dilatancy
Dp plastic dilatancy
Dr relative density
e void ratio
emax maximum void ratio
emin minimum void ratio
ev volumetric strain
eq deviatoric shear strain

ffiffiffiffiffiffiffiffiffi
4
3 J2e

q
or 2

3 e1 � e3ð Þ
epv plastic volumetric strain

epq plastic deviatoric shear strain
J2T second invariant of deviatoric part of tensor T
g stress ratio
gp peak stress ratio
gyield stress ratio for gross yield
u friction angle
G shear modulus
K bulk modulus
M critical state stress ratio
M�g
a normalized stress ratio

m Poisson’s ratio
p0 mean effective stress
p0i initial mean effective stress
q deviatoric shear stress

ffiffiffiffiffiffiffiffiffiffi
3J 2r

p
or r1 � r3ð Þ
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also contributes to the mechanical response of cemented
sand (Schnaid et al., 2001; Ismail et al., 2002; Consoli
et al., 2007). There are very many constitutive models that
carefully parse the various behavioral facets of cemented
sands (Yu et al., 2007; Tengattini et al., 2014; Rahimi
et al., 2016; Gao and Zhao, 2012), however most of these
constitutive models require significant experimental effort
to arrive at the model parameters and the overall imple-
mentation is computationally expensive.

The stress-dilatancy relations plays a crucial role in con-
stitutive modeling of sand; it forms a basis for evolution of
plastic strains. These relations are often modified to accom-
modate the effect of cementation for modelling the behav-
ior of cemented sand. The cementitious bonds restrain the
movement of sand particles which leads to an increase in
the normal and tangential stiffness at the contact. This
presence of cementation is akin to presence of an addi-
tional confinement to an equivalent sand element -- the
effect of cementation is modelled by using a coordinate
transformation in stress space i.e., state boundary surfaces
(used in modelling of sand) are translated along the hydro-
static axis by a distance of ‘‘bond or tensile strength. To
determine bond strength for this coordinate transform
(stress transformation), laboratory techniques such as
Brazilian tests (Das et al., 1995), triaxial extension tests
(Airey, 1993), and uniaxial extension tests (Lade, 1982)
have been used. The bond strength of cemented sand is also
estimated from intercept of Mohr-Coulomb peak state
envelope on the r-axis (Gao and Zhao, 2012). This
approach of stress transformation is simplistic and does
not capture the complex response of cemented sands; while
this has been recognized, a careful examination of the lim-
itations and disadvantages of such a stress transformation
approximation has been missing. In this paper, a study has
been made through a series of experiments, wherein the
2

adequacy and limitation of stress transformation is criti-
cally examined.

Among the stress dilatancy relationships available for
cemented sands, Rowe, 1962; Zhang and Salgado, 2010
are all simple extensions of or identical to stress dilatancy
relations of sand. In this article, a large dataset (a series
of triaxial experiments conducted in this testing program
and triaxial tests digitized from literature) - is used to assess
the efficacy of these stress-dilatancy relations and to high-
light various aspect of stress-dilatancy behavior of cemen-
ted sand. A new normalized stress ratio is proposed to
facilitate the comparison of stress dilatancy behavior of
cemented sand with different parent sand (for digitized
experiments). Additionally, cohesion degradation, which
is well documented in experiments, has been incorporated
into the stress-dilatancy relations after the gross yielding
of bonds. This incorporation of cohesion degradation sig-
nificantly improves the quality of predictions.

2. Experiments and theory

2.1. Experiments

In this experimental programme, three suites of mono-
tonic drained triaxial compression tests are performed to
examine the efficacy of utilizing an equivalent confining
pressure (stress transformation) to replicate inter-particle
cohesion and to examine the stress-dilatancy response of
cemented sand.

2.2. Materials

Quartzitic angular sand (with particle sphericity = 0.42
and roundness = 0.17, specific gravity = 2.65, mean grain
size D50 = 0.45 mm, emax = 0.97 and emin = 0.54) was used



Fig. 1. Morphological characteristics of sand and cemented sand.
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along with ordinary Portland cement (OPC-53 grade,
specific gravity = 3.15) as a binder material (4% by weight
of sand) for preparing the cemented sand specimens (cured
in moist environment for 14 days) in this experimental pro-
gram (Fig. 1). All the sand and cemented sand specimens
(diameter – 100 mm, height – 200 mm) were prepared to
the same unit weight of 15 kN/m3 (relative density Dr –
46.5%) prior to testing. All the specimens were saturated
at an effective stress of 20 kPa followed by isotropically
consolidating it to a desired effective mean stress and shear-
ing at a displacement rate of 0.1 mm/min.
2.3. Test matrix

In series #1 (cemented sand), weakly cemented sand
specimen, prepared in the laboratory, were consolidated
to a mean effective stress of 50, 150, 300, 450 kPa before
shearing. In series #2 (control sand), triaxial compression
tests were performed on water-pluviated clean sand speci-
mens consolidated to same mean effective stresses as in ser-
ies #1. In series #3 (equivalent sand), using the hypothesis
that cementation can be treated as an additional
3

confinement on the specimen, tests on clean sand were per-
formed at an ‘‘equivalent confining pressure”.

The bond strength for cemented sand was estimated to
be 114 kPa from intercept of peak state envelope on p’-
axis in the triaxial stress space (p’-q) (Appendix A). Using
this value, an ‘‘equivalent confining pressure”, which
accounts for the cohesion, i.e., 164, 264, 414 and 564 kPa
(50 + 114 = 164; 150 + 114 = 264; 300 + 114 = 414 and
450 + 114 = 564) was utilized in series #3.

A direct comparison of cemented sand and clean sand
(without adding the fines in sand) was possible for 4%
cement content, because such small content of fines does
not change the sand behavior of significantly (Rad and
Clough, 1982).

3. Stress transformation for weakly cemented sand

In this section, stress transformation is studied – the
state of a cemented granular material subjected to a uni-
form stress state is identical to the state of the frictional
granular material subjected to same boundary conditions
and additional confining pressure equivalent to the bond
strength of cemented granular material (Caquot, 1934) –
to carefully establish its limitations and advantages.

Fig. 2 shows the stress–strain and volumetric response
(contraction is positive), respectively for the experiments
carried out on the control clean sand, equivalent sand,
and cemented sand. At low strain levels (up to 1–2.5%),
the behavior of the cemented sand and of the correspond-
ing equivalent sand is almost identical (Fig. 2a and
Fig. 2b), however, at larger strains the deviation in
response increases. Cemented sand specimens reach a
peak in the deviatoric stress much earlier (i.e., at much
lower strains) than the equivalent sand. Further, the peak
strength of cemented sand is much lower than corre-
sponding equivalent sand. At low confining pressures,
the post peak response i.e., rate of softening of cemented
sand is higher than the equivalent sand. However, this
increased softening in cemented sand is suppressed at
higher confining pressures. The volumetric strain
responses between the cemented sand and the equivalent
sand are similar through the entire strain range (Fig. 2c
and Fig. 2d).

Fig. 2 suggests that stress-transformation is effective at
low strains since the stiffness of cemented sand and equiv-
alent sand are similar. The reason behind this similarity lies
in the fact that, at low strain ranges, the inter-particle
cementation imparts an additional stiffness to the ensemble
which is akin to the effect of increase in confining pressure.
At slightly larger strains, this inter-particle cementation
begins to break down causing a deviation in the response
of cemented sand and equivalent sand. The breakage of
bond events can be identified by drastic change in the linear
stress–strain response (Coop and Atkinson, 1993;
Cuccovillo and Coop, 1997, 1999; Coop and Willson,
2003); in Fig. 2, this can also be seen as a diversion of
cemented sand from equivalent sand response.



Fig. 2. Stress transformation for cemented sand (a) Stress–strain behavior of cemented sand, control sand, and equivalent sand (b) Volumetric strain vs
shear strain behavior of cemented sand, control sand, and equivalent sand.

Table 1
Comparison of observed response between sand and cemented sand.

Effective confi
ning pressure
(kPa)

Specimen Initial stiffness
(kPa)

eq at
qpeak
(%)

qpeak
(kPa)

Dmin gp qfinal
(kPa)

50 Cemented sand
Control sand
Eqvt. sand

2.47E04
6.19E03
3.12E04

1.86
5.56
6.17

353
151
544

�0.34
�0.24
�0.15

1.97
1.24
1.49

192
57
180

150 Cemented sand
Eqvt. sand

3.69E04
3.85E04

4.34
6.18

483
755

�0.20
�0.22

1.51
1.44

239
631

300 Cemented sand
Control sand
Eqvt. sand

5.21E04
3.51E04
5.86E04

8.82
8.55
9.28

946
775
1083

�0.07
�0.09
�0.09

1.44
1.33
1.35

588
589
661

450 Cemented sand
Control sand
Eqvt. sand

6.40E04
6.40E04
6.33E04

9.05
8.62
10.75

1146
1179
1463

�0.09
�0.08
�0.13

1.34
1.38
1.36

895
778
632
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Table 1 presents the comparison of the drained shear
response of cemented sand, corresponding equivalent sand,
and control sand experiments. The initial stiffness of
cemented sand is comparable to equivalent sand at low
confining pressure. Peak strength of cemented sand occurs
much sooner and is significantly lesser than equivalent sand
4

at low confining pressure whereas at higher confining pres-
sure peak strength of cemented sand and control sand
appears to collapse. Cemented sand specimens are more
dilative when compared to control or equivalent sand at
low confining pressure. The peak stress ratio of cemented
sand is much higher than control and equivalent sand at



Table 2
Nova and Wood stress dilatancy parameters M and a obtained by fitting
gþ aD ¼ M to the all the sand data available for corresponding study.

Experimental study M a

Rad and Clough (1982) 1.20 �0.69
Abdulla and Kiousis (1997) 1.29 �0.55
Schnaid et al. (2001) 1.35 �0.64
Wang and Leung (2008) 1.16 �0.95
Marri et al. (2010) 1.28 �0.62
Current study 1.30 �0.95
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low confining pressure. At higher confining pressure, the
peak stress ratio for cemented sand converges to control
sand.

4. Stress-dilatancy in cemented sand

A detailed discussion on stress-dilatancy behavior of
cemented sand from this experimental study and data from
existing literature is presented. The data with axial strain,
volumetric strain, and deviatoric stress are digitized from
Rad and Clough (1982); Abdulla and Kiousis (1997);
Schnaid et al. (2001); Wang and Leung (2008); Marri
et al. (2010); Porcino et al. (2012). The digitized values were
interpolated to obtain the deviatoric stress (q) and volumet-
ric strain (ev) at finite constant increments of axial strain
(ea); stress-dilatancy behavior was obtained from these

variables. For the calculation of dilatancy ðD ¼ dev
deq
), slope

of the (eq - ev) plot is obtained by fitting a line locally to
a set of points.

In this article, the term ‘‘stress-dilatancy” is used for the
description of the behavior at each state, while ‘‘strength-
dilatancy‘‘ is used for the state corresponding to the peak
stress ratio (gp) – maximum dilatancy (Dmax) point associ-
ated with data from different experiments. Due to
unknown elastic parameters for digitized studies, total dila-
tancy (D) instead of plastic dilatancy (Dp) is used; this is
also common for studies on cemented sand (Coop and
Willson, 2003; Dalla Rosa et al., 2008; Consoli et al.,
2011; Rios et al., 2014).

4.1. Normalized stress ratio

To remove the effect of sand mineralogy and morphol-
ogy (due to different parent sand in different studies) on
stress-dilatancy response of cemented sand, a normalized

stress ratio (M�g
a ) is used where M is the critical state stress

ratio and a is the Nova-Wood stress-dilatancy parameter
(Nova and Wood, 1979) for sand. The form of stress-
dilatancy equation used here is.

D ¼ f
M � g

a
; v

� �
ð1Þ

where v represents other variables which control the dila-
tancy of cemented sand such as relative density, cement
content, cement type, and mean effective stress.

In establishing and quantifying the effects of structure
on the compression behavior of soils, Burland (1990) used
void index (Iv, a normalized void ratio) to eliminate the
effect of soil type and to bring forth effect of structure on
one dimensional compression characteristics of soils. This
was later modified to be expressed in terms of stress invari-
ants (Baudet and Stallebrass, 2004; Xu and Coop, 2016; Xu
et al., 2018) to accommodate more generalized stress paths.
Here, the normalized stress-dilatancy plot also highlights
the effect of structure due to cementation and removes
the effect of intrinsic parameter related to composition of
5

sand. In this normalized plot, the ‘‘intrinsic” behavior of
the reconstituted or clean sand will plot on a unique line,
by definition, which is termed as the ‘‘intrinsic stress-
dilatancy line”.

Nova and Wood stress dilatancy parameters M and a
are obtained by fitting aDþ g ¼ M to stress-dilatancy
response of all the sand experiments (0% cementation, dif-
ferent confining pressures and/or relative density) in each
study. As the Nova and Wood stress dilatancy response
is only applicable for frictional plastic response, the regres-
sion is performed post elastic response and before maxi-
mum dilatancy (behavior is affected by localization after
maximum dilatancy). Table 2 lists parameters M and a
for each dataset.
4.2. Stress-dilatancy of cemented sand from experiments

Fig. 3a and Fig. 3b presents dilatancy (D) vs. normalized

stress ratio M�g
a

� �
for cemented sand and sand. The initial

part of the plot represents elastic contractive response fol-
lowed by linear response for sand and curved response for
cemented sand. The linear stress-dilatancy response of sand
is independent of the initial mean effective stress, and rela-
tive density (Been and Jefferies, 2004). In Fig. 3a, a linear

trend M�g
a þ D ¼ 0

� �
is fitted to intermediate part of

stress-dilatancy response to evaluate the critical stress ratio
(M) for sand as 1.3. The curved response of cemented sand
in Fig. 3b can be explained by an additional requirement of
work in breakage of bonds (Cuccovillo and Coop, 1999).
The energy necessary to break the bonds is a function of
instantaneous bond strength (number of instantaneous
bonds present) which degrades during isotropic compres-
sion or during shearing of specimen. The stress-dilatancy
response of cemented sand converges to a clean sand
response at high confining pressures: the inter-particle
bonds break down during the isotropic compression phase
at high confining pressures.

In addition to the experiments performed in this
research program, a detailed analysis of stress-dilatancy
behavior is presented from the data extracted from litera-
ture (Rad and Clough, 1982; Abdulla and Kiousis, 1997;
Schnaid et al., 2001; Wang and Leung, 2008; Marri et al.,
2010) to understand the response with varying confining
pressure, relative density, and cement content. The details
of extracted data are given in Table3. Specifically attempts



Fig. 3. Stress-dilatancy behavior of sand and cemented sand.
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to highlight the breakage of cohesive bonds which may
occur during isotropic compression if the bond strength
is less than the confining pressure or otherwise during the
shearing process are made. In case of breakage during
shearing, a gross yield point can be identified to explain
the response.
6

4.3. Effect of confining pressure

As discussed in the previous paragraphs, with increase
in confining pressure the stress-dilatancy plots converge
towards a sand response. This behavior can also be
observed in Fig. 4 for triaxial experiments performed over
a range of confining pressures. The response shown in
Fig. 4a corresponds to experiments performed at low con-
fining pressures (Rad and Clough, 1982) on 4% cemented
sand prepared at a relative density of 75% (cohesion inter-
cept � 143 kPa, bond strength � 204 kPa). The experi-
ments corresponding to an initial mean effective stress
lower than the bond strength show distinct stress-
dilatancy response. For specimens consolidated to a stress
level above the bond strength, the stress-dilatancy response
mirrors that of sand. At very high confining pressures
(Marri et al., 2010) as reported in Fig. 4b and Fig. 4c, par-
ticle breakage may also play an important role. The exper-
iments shown in Fig. 4b corresponds to 5% cemented sand
with cohesion intercept of 1080 kPa and bond strength of
906 kPa. Fig. 4c presents response of 15% cemented sand
(cohesion intercept � 7431 and bond strength �
6235 kPa), for confining pressure below the bond strength,
stress-dilatancy response is quite distinct whereas at higher
confining pressure response tend to become frictional.

4.4. Effect of relative density

The increase in relative density increases the number of
contact points between sand particles and consequently,
bond strength is higher for high relative density because
of the increased propensity of bond formation (Rad and
Clough, 1982; Qabany and Soga, 2013). The higher bond
density (number of bonds per unit volume of specimen)
results in higher stress ratio and in turn will affects the
stress-dilatancy response. Fig. 5 shows the effect of relative
density (Rad and Clough, 1982) on stress-dilatancy
response for different cement content and confining pres-
sure. The maximum stress ratio increases with increase in
relative density and cemented sand becomes more dilatant
(Fig. 5a). The stress-dilatancy response for 1% and 2%
cemented sand tend to collapse on a unique path (Fig. 5b
and Fig. 5c) for confining pressure higher than their respec-
tive bond strength (Table3).

4.5. Effect of cement content

Fig. 6 shows the effect of cement content on stress-
dilatancy response of cemented sand. With increase in
cement content, the peak normalized stress ratio and max-
imum dilatancy increases both at high (Fig. 6a – Marri
et al., 2010) and low initial mean effective stress (Fig. 6b
– Schnaid et al., 2001). The effect of cement content on
the stress-dilatancy response is similar to the effects of rel-
ative density. This suggests that at a given confining pres-
sure, a unique stress-dilatancy behavior can be achieved
either by increasing cement content (or cement volume)



Table 3
Details of data extracted from literature (CC - cement content, Cp - curing period, ei - initial void ratio, Dr - relative density, c - cohesion intercept, UCS -
unconfined compressive strength, Pi’- initial mean effective stress.

Sand &
Reference

CC,
Cp

Index
properties

Method,size
(mm)

ei or
Dr

c (kPa),
upeak

UCS
(kPa)

P’
i (kPa)

Rounded to subrounded
Monterey Sand
& Rad and Clough (1982)

4%,
14 Days

D10-0.30 mm,
D50-0.58 mm,
D60-0.67 mm,
Gs - 2.65

Tamping
procedure
D - 70 ± 2
H - 147 ± 1

60% 123, 29� 203 35, 60, 120, 252,
345, 414

75% 143, 35� 275 35, 120, 252,
414

90% 153, 41� 350 35, 60, 120, 252,
276, 345

2%,
14 Days

D10-0.28 mm,
D50-0.36 mm,
D60-0.40 mm,
Gs - 2.65

Constant
height
drop
D - 70
H - 165

25% 12, 34� 25 35, 103, 207
50% 20, 36� 42 35, 103, 207,

345
80% 30, 39� 55 35, 103,207

1%,
14 Days

D10-0.28 mm,
D50-0.36 mm,
D60-0.40 mm,
Gs - 2.65

Constant
height
drop
D - 70
H - 165

25% 5, 33� 7 35, 103, 207,
345

50% 9, 35� 2 35, 103, 207,
345

80% 14, 38� 30 103, 207, 345
0%,
N.A.

D10-0.28 mm,
D50-0.36 mm,
D60-0.40 mm,
Gs - 2.65

Air
pluviation

32% 0, 33� 0 103, 207, 345
45% 0, 35� 0 103, 207, 345
77% 0, 39� 0 103, 207, 345

Abdulla and Kiousis (1997)
6%,
14 Days

Cu - 2.3,
Cc - 0.76,
D50- 0.67 mm,
Gs - 2.66

Tamping
procedure
D - 100
H - 100

81% 221, 40� – 15, 100,
200, 300

4%,
14 Days

81% 90, 40� – 15, 100,
200, 300

2%,
14 Days

48% 35, 40� – 15, 100,
200, 300

Schnaid et al. (2001)

5%,
7 Days

D10-
0.0028 mm,
D60-0.09 mm,
Gs - 2.70

Tamping
procedure
D - 50
H - 100

0.51 277, 39� 1168 20, 60, 100

3%,
7 Days

0.52 138, 44� 737 20, 60, 100

1%,
7 Days

0.51 57, 41� 305 20, 60, 100

0%,
N.A.

-
D - 50
H - 100

0.52 9.9, 35� 0 20, 60, 100

Rounded sand & Wang and Leung (2008)
3%,
7 Days

D10-0.64 mm,
D50-0.83 mm,
D60-0.90 mm,
Gs - 2.65

Tamping
procedure
D - 70
H -140

0.72 43.9, 32.1� – 50, 80, 100

2%,
7 Days

0.72 11.5, 32.1� – 50, 80, 100

1%,
7 Days

0.72 7.5, 30.1� – 50, 80, 100

0%,
N.A.

-
D - 70
H - 140

0.72 0.0, 28.6� – 50, 80, 100

Angular, subangular, and rounded sand & Marri
et al. (2010)

15%,
14 Days

D10-0.19 mm,
D50-0.40 mm,
D60-0.42 mm,
Gs - 2.65

Tamping
procedure
D - 50
H - 100

0.50 7431, 50� 5541 1E3, 4E3,
8E3, 12E3

10%,
14 Days

0.50 3186, 50� 2213 1E3, 4E3,
8E3, 12E3

5%,
14 Days

0.50 1080, 50� 564 1E3, 4E3,
8E3, 12E3

0%,
N.A.

Moist
tamping
D - 50
H - 100

0.50 268, 50� 0 1E3, 4E3,
8E3, 12E3
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or increasing relative density (or decreasing the void vol-
ume). This provides an explanation for Consoli et al.,
(2011)’s conclusion that at a given confining pressure and
cement-void ratio (ratio of cement volume to void volume),
stress-dilatancy relation can be uniquely described for
7

weakly cemented sand. Consoli et al’s observation is also
validated by Rios et al. (2014). The observation that for ini-
tial mean effective stress higher than bond strength results
in collapse of cemented sand and sand response (Fig. 6a)
also holds well for different cement content (in the regime



Fig. 4. Effect of confining pressure on stress-dilatancy behavior.
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of weakly cemented sand). This suggests that an important
controlling variable in stress-dilatancy response of cemen-
ted sand is the ratio of initial cohesion intercept to initial
mean effective stress co

p0i
(where c0 captures both the effect

of cement content and relative density). Similar results were
also obtained from Abdulla and Kiousis (1997) and Wang
and Leung (2008).

4.6. Characteristics of stress-dilatancy response for cemented

sand

Fig. 7a shows the normalized stress-dilatancy plots cor-
responding to each study examined in this work. Further,
8

to establish a dependence of stress-dilatancy relation on
co
p0i
, the responses are plotted with varying co

p0i
in Fig. 7b.

The dash line in these two Figures shows the stress-
dilatancy fit for clean sand response (intrinsic stress-
dilatancy line). Fig. 7a shows points (black circular mark-
ers) corresponding to gross yield of cementation (Coop
and Atkinson, 1993; Cuccovillo and Coop, 1999; Coop
and Willson, 2003; Alvarado et al., 2012a,b; Gutierrez,
2007). In the elastic domain prior to the gross yield, either
a constant dilatancy response with increasing normalized
stress ratio or a contractive response is observed. Follow-
ing the point of yielding, the slope of stress-dilatancy
response changes significantly for high values of co

p0i
, whereas



Fig. 5. Effect of relative density on stress-dilatancy behavior, Data-Rad and Clough (1982).
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for low values of co
p0i
the response converges towards sand

behavior. The cemented sand reaches a peak stress ratio
well before maximum dilatancy i.e., a significant lag is
observed which diminishes for low values of co

p0i
(detailed

in Fig. 8). The stress-dilatancy response of cemented sand
shows a clear relation with co

p0i
, as co

p0i
? 0 response is similar

to clean sand and with increasing co
p0i

the response tends

towards a bi-linear behavior (Fig. 7b). The gross yield
points are extracted from Fig. 7a or Fig. 7b and the nor-
malized stress ratio at gross yield is plotted with co

p0i
in

Fig. 7c; and following fit for the locus of gross yielding is
obtained.

M � g
a

����
bond yield

¼ a exp �b
co
p0i

� �
þ c ð2Þ
9

where a = �3.0, b = 0.33, c = 2.32 are constants.
The experimental data points suggest that the normal-

ized stress ratio at yield tends to saturate with increasing co
p0i
.

4.7. Locus of peak stress-ratio and maximum dilatancy

Fig. 8 presents normalized stress ratio vs. dilatancy plots
with locus of peak stress ratio and maximum dilatancy for
different experimental studies. At high cement content, the
locus of peak stress ratio does not converge to the locus of
maximum dilatancy. However, with low cement content,
the two loci tend to coincide and for clean sand the two loci
merge. This is observed for all the data used in this study
(Fig. 8).

The two divergent loci (for peak stress ratio and maxi-
mum dilatancy) for cemented sand suggest that a



Fig. 6. Effect of cement content on stress-dilatancy behavior.
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strength-dilatancy relation, similar to sand, cannot be used
in the context of cemented sand.
4.8. Stress-dilatancy relations for cemented sand

In this section, a summary of Rowe’s (Rowe, 1962) and
Zhang-Salgado (Zhang and Salgado, 2010) stress-dilatancy
relations is provided. These relations are further explored
to simulate stress-dilatancy behaviour of cemented sand.

Rowe’s stress-dilatancy relation (Rowe, 1962) has been
source of sand constitutive models (Wan and Guo, 1998;
Yu, 1998). The formulation of Rowe’s stress-dilatancy rela-
tion uses the minimum energy principle along with equilib-
rium consideration for granular systems. The Eq. (3)
presents the Rowe’s stress-dilatancy relation.

D ¼ 9 M � gð Þ þ 3Rc

9þ 3� 2gð ÞM þ 2Rc
Rc ¼ 2c 3�Mð Þ
p0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2M þ 3

3�M

r
ð3Þ
The assumption of applicability of minimum energy
principle for a frictional dissipative system was criticized
by de Jong (1976). de Jong proposed an alternative
approach based on the friction laws and equilibrium con-
siderations which resulted in same relation (Eq. (3)) as of
Rowe’s for sand.

Zhang and Salgado (2010) observed that for cemented
granular system, following the de Jong’s approach and
using stress transformation, the form of stress-dilatancy
relation (Eq. (4)) does not remain same to Rowe’s (Eq. (3)).

D ¼ 9 M � gð Þ � 3mc

9þ 3� 2gð ÞM þ mc
10
mc ¼ 6 3�Mð Þ
3� gð Þ

c
p0

� �2

þ 2c 3�Mð Þ
p0

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3c
p0

3� g

 !2

þ 2gþ 3

3� g

vuut ð4Þ

Refer to Appendix B and Appendix C for conversion of
stress-dilatancy equation from rendulic or triaxial plane to
D vs. g form. A comparison of performance of these stress-
dilatancy equations is given in the Fig. 9 for cemented sand

(M = 1.0, stress path dq
dp ¼ 3). Zhang-Salgado’s stress dila-

tancy relation shows more contractive response before zero
dilatancy point and more dilative response later in compar-
ison to Rowe’s stress-dilatancy relation. The difference
between two relations increases with increase in c=p0i.

4.9. Key points

The main observations on the mechanical response of
cemented sand are presented below as obtained in this
study. These observations form a basis for modification
in existing stress-dilatancy relation.

� Stress transformation for weakly cemented sand only
works for low strain range (until bond yield). For larger
strains, stress transformation should be accompanied by
the cementation degradation.

� Stress-dilatancy plots of triaxial compression test for un-
cemented sand collapse along a unique line i.e. intrinsic
stress-dilatancy line, whereas the point of peak stress
ratio or minimum dilatancy changes with relative den-
sity and confining pressure. For cemented sand, it is
observed that
o For p’i less than c0, stress-dilatancy response varies

with confining pressure, cement content, relative
density.



Fig. 7. Normalized stress ratio vs. dilatancy (black circular markers corresponds to gross yield) and gross yield locus.
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o If the p’i is higher than c0, stress-dilatancy responses
converge to sand response.

o Further increase in p’i results in a behavior similar to
sand.

� The stress-dilatancy plot for pure sand is often linear
(Been and Jefferies, 2004) i.e., a linear stress-dilatancy
behavior might also suggest a purely frictional interac-
tion. For cemented sand, if the bond strength is signifi-
cantly higher than initial mean effective stress, shearing
results in a linear or bi-linear stress-dilatancy plot,
whereas if the bond strength is in the range of initial
mean effective stress, stress-dilatancy plot is predomi-
nantly curved except for the post peak behavior which
appears to be linear in most plots discussed here.
11
� The stress-dilatancy response for cemented sand shows a
lower dependence on the initial density than the initial
mean effective stress.

� The use of normalized stress ratio facilitates the com-
parison of effect of cementation between different
cemented sand by removing the component of sand
composition.

� The normalized stress ratio corresponding to gross
yielding of cementation increases with increasing co

p0i
and

goes towards a constant value as co
p0i
? 1.

� A strength-dilatancy relation cannot be used for
cemented sand since occurrence of maximum dilatancy
does not correspond to the occurrence of peak stress
ratio.



Fig. 8. Locus of peak stress ratio and minimum dilatancy points from extracted data and current study.

Fig. 9. Stress-dilatancy relations for cemented sand and equivalent sand.
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12
� Rowe’s or Zhang-Salgado’s stress-dilatancy response,
for cemented sand, shows a similar trend as obtained
in experiments for increasing co

p0i
(Appendix D) where

cohesion intercept is a function of cement content, type
of cement, curing period, and relative density.

While it is observed that the Rowe’s and the Zhang-
Salgado’s stress-dilatancy relations can be used for first
order estimate of the response, the predictions are not sat-
isfactory, due to the assumption of persisting cohesion or
cementation through the shearing process.
4.10. Prediction of stress-dilatancy behavior

To predict the stress-dilatancy response, the
elastic region (before yielding of bonds) is demarcated from
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plastic region (after yielding of bonds) with yield locus as
discussed in the ensuing.

4.11. Volumetric response before gross yield

Cemented sands show a constant ratio of incremental
volumetric strain to incremental deviatoric strain before
gross yield (Fig. 7a). This behaviour can be explained using
theory of elasticity:

For an isotropic elastic solid

dp ¼ Kdeev ð5Þ
dq ¼ 3Gdeeq ð6Þ
where K, G are bulk and shear modulus respectively. dev

e

and deq
e are the incremental elastic volumetric and effective

deviatoric strains.
For a triaxial compression stress path (q = 3 (p-pi))

dq
dp

¼ 3 ð7Þ

From Eq. (5), Eq. (6), and Eq. (7)

Gdeeq ¼ Kdeev ð8Þ

De ¼ G
K

ð9Þ

De ¼ 1� 2m
2 1þ mð Þ ð10Þ

where De is the ratio of incremental elastic volumetric
strain to increment elastic deviatoric strain, nu is the Pois-
son’s ratio.

Before the gross yield, De remains constant as eta
increases for a linear elastic isotropic solid.
Fig. 10. Performance of stress-dilata

13
4.12. Stress-dilatancy – post yield

As discussed in previous section, the post yield behavior
is primarily characterized by degradation of cementation.
For an accurate prediction, a precise model with bond
degradation would require more exploration of physics of
damage of bonds with different boundary conditions. For
simplicity, cohesion softening (Eq. (11)) is introduced
based on the idea that the rate of degradation is inversely
proportional to the instantaneous bond strength and the
inter-particle bonds (participating in shearing process) are
completely broken down before the specimen reaches a
peak strength i.e. c(g > gp) = 0 (or for g > g(Dmax) which
are nearly equal). This assumption is supported by experi-
mental and numerical studies (Coop and Willson, 2003;
Wang and Leung, 2008) which suggest that post peak
response is frictional. The gross yield curve (Fig. 7c) is used
to demarcate the elastic and plastic region i.e., co remains
constant till g � gyield. The following relation is derived
based on the above assumptions -

c ¼ co at g ¼ gyield

c ¼ co

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gp � g

gp � gyield

s
for gyield � g � gp

c ¼ 0 for g > gp ð11Þ
where co is the initial bond strength, gyield is the stress ratio
at which gross yielding commences - estimated using Eq.
(2) and gp is the peak stress ratio. The parameters, co and
gp (65 and 1.19, Fig. A1) can be determined experimentally
along with critical stress ratio M (1.30, Fig. 3a and Table2).
Although, it is established in the previous sections that ini-
tial bond strength is a function of relative density, cement
ncy relations post yield points.
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content (also type of cement and curing period), and initial
mean effective stress but due to lack of experimental data, a
constant co is assumed at the end of isotropic compression.
A relation of co with Dr, pi’, CC, if known, can readily be
incorporated into Eq. (11).

This simple degradation effect (Eq. (11)) is incorporated
into Rowe’s stress-dilatancy relation. Fig. 10 shows the
prediction of post yield stress-dilatancy behavior for vary-
ing values of co

p0i
; Fig. 10a shows the experimental stress-

dilatancy response post-yield and Fig. 10b shows corre-
sponding predictions. It is quite apparent that at small val-
ues of co

p0i
the predictions are very good while at very large

values, experimental results show excessive dilation which
crosses the dilatancy bounds of Rowe’s stress-dilatancy
relation (Appendix D).
5. Conclusions

The stress-dilatancy response of cemented sand is stud-
ied from the experiments carried out in this study and from
the data published in the literature; effect of cement con-
tent, confining pressure, and relative density is discussed.
The parent sand in these studies were different, and a direct
comparison of stress-dilatancy responses was not viable: a

normalized stress ratio M�g
a is proposed to bring out similar-

ities and facilitate the comparison in stress-dilatancy
responses. The responses are found to be a function of co

p0i
where co is the cohesion intercept which accounts for the
effect of cement type, cement content, curing period, and
relative density. The characteristics of stress-dilatancy
response are discussed with respect to occurrence of yield
points, points of peak stress ratio, and points of maximum
dilatancy.

The currently available suite of stress-dilatancy relations
is examined for cemented sand. It is concluded that the
Rowe’s or Zhang-Salgado’s stress-dilatancy relations are
most suitable for cemented sand although not in their orig-
inal form which assumes persistence nature of cohesion. A
gross yield curve is identified and used to delineate the elas-
tic domain of stress-dilatancy response to plastic domain.
The gross yield curve provides the stress ratio at yield for
different values of co

p0i
, the degradation of cohesion is intro-

duced after stress ratio reaches its yield value. A simple
cohesion degradation model is introduced that improves
the prediction of stress-dilatancy response.
Fig. A1. Peak stress state plot for cemented sand, control sand, and
equivalent sand for initial density of 15 kN/m3. Intercept on p’-axis, bond
strength-114 kPa.
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Appendix A. Cohesion intercept and bond strength

Fig. A1 presents the peak stress state, the locus of the
peak stress state has an intercept of 135.6 kPa on q-axis
with peak stress ratio of 1.19 and the evaluated bond
strength (defined as tensile strength or intercept on p’ axis
- Gao and Zhao (2012)), and cohesion intercept (c) are
114 kPa and 65 kPa, respectively. The cohesion intercept
for control sand is 0 and peak stress ratio is 1.37.
Appendix B. Rowe’s stress-dilatancy relation

The original form of Rowe’s (Rowe, 1962) stress-
dilatancy relation for a stress path lying on the rendulic
plane or triaxial plane (Rowe, 1962)

r1

r3

¼ tan2
p
4
þ /

2

� �
1� _ev

_e1

� �

þ 2c
r3

tan
p
4
þ /

2

� �
1� _ev

_e1

� �
ðB1Þ

To convert this equation into a three-dimensional stress-
dilatancy relation, assuming independence from lode angle,
r1 and r3 are substituted in terms of q and p. Where q = r1
- r3 and p ¼ r1þ2r3

3
. Also, r1 ¼ 3pþ2q

3
, r3 ¼ 3p�q

3
,

r1

r3

¼ 3p þ 2q
3p � q

¼ 3þ 2g
3� g

ðB2Þ

where g is the stress ratio, ratio of q to p. Similarly, _e1 is
written in terms of _ev and _eq with _eq ¼ 2

3
_e1 � _e3ð Þ.

_e1 ¼ _ev þ 3_eq
3

¼ _eq
Dþ 3

3

� �
ðB3Þ

where D is the dilatancy, ratio of _ev to _eq. Now, a relation

between tan2 p
4
þ /

2

� �
and crtical state stress ratio M qCS

pCS

� 	
is

established. As specimen reaches critical state, cohesion



Fig. D1. Rowe’s stress-dilatancy relation with initial mean effective stress
and cement content.
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will be completely destroyed and rcs
1 ¼ rcs

3 tan
2 p

4
þ /

2

� �
i.e.

tan2 p
4
þ /

2

� � ¼ rcs
1

rcs
3
. From Eq. (B2),

tan2
p
4
þ /

2

� �
¼ 3þ 2M

3�M
ðB4Þ

Substituting these into Eq. (B1),

3þ 2g
3� g

� �
¼ 3þ 2M

3�M

� �
3� 2D
3þ D

� �
þ 6c

3� gð Þp

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3þ 2M
3�M

r
3� 2D
3þ D

ðB5Þ

on simplifying,

D ¼ 9 M � gð Þ þ 3Rc

9þ 3� 2gð ÞM þ 2Rc
ðB6Þ

Rc ¼ 2c 3�Mð Þ
p0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2M þ 3

3�M

r
ðB7Þ
Appendix C. Zhang-Salgado’s stress-dilatancy relation

The form of Zhang and Salgado’s (Zhang and Salgado,
2010) stress-dilatancy relation is,

r1

r3

¼ tan2
p
4
þ /

2

� �
1� _ev

_e1

� �

þ 2c
r3

tan
p
4
þ /

2

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� _ev

_e1

� �s
ðC1Þ

using a similar procedure as above, following can be
derived.

D ¼ 9 M � gð Þ þ 3mc

9þ 3� 2gð ÞM þ mc
ðC2Þ

mc ¼ 6 3�Mð Þ
3� g

c
p0

� �2

þ 2c 3�Mð Þ
p0

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3c
p0

3� g

 !2

þ 2gþ 3

3� g

vuut ðC3Þ
Appendix D. Effect of confining pressure and cement content
on Rowe’s and Zhang-Salgado’s relation

Fig. D1 shows the variation of Rowe’s stress-dilatancy
response with changing c

p0i
. With increase in cohesion inter-

cept, the cemented response diverges from sand whereas
with increase in initial mean effective stress, the cemented
sand response converges towards sand response. For a very
high value of c or a very low value of p0i such that c

p0i
?1

dilatancy tends towards 1.5. As specimen is further sheared
in triaxial compression p’ increases and Rc ? 0. Also note

that for triaxial compression g ¼ 3 1� p0i
p0

� 	
, with increasing

p’, g ? 3. For Rc ? 0 and g ? 3, D tends to �3. So, for
15
triaxial compression test on cemented sand, Rowe’s rela-
tion predicts bounds D � 1.5 and D � -3 and g � 3. All
the results (except a few, Fig. 7a) present in this study fol-
lows these bounds.

A very similar response was obtained from Zhang-
Salgado’s relation.
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