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Behaviour of sand under the constant shear drained stress path:
the role of fines

QUANYANG DONG*-and JUN YANGT

This paper presents a specifically designed experimental study aimed at exploring the role of
fines in altering the behaviour of sand under a constant shear drained (CSD) stress path. The
novelty of this study includes that the interplay of several key factors (fines shape, fines content,
void ratio) was investigated systematically and the true constant shear stress condition was
fulfilled by means of an advanced servo system, which allowed the entire loading response to be
captured. One of the marked findings is that the presence of fines not only alters the onset of
instability of loose sand but also affects the deformation development thereafter. Drained
instability can be triggered more easily in loose sand mixed with silica fines compared with the
sand on its own. At the same quantity of fines, instability can be triggered more easily for sand
mixed with rounded fines. However, the effect of fines appears to be marginal for sand at a
dense state. For all tested specimens, values of the axial strain rate at instability fall in a narrow
range (0-008-0-016%/min), meaning that the axial strain rate can potentially be a useful guide
for quantitatively determining the inception of instability under CSD conditions. The stress
ratio ¢/p’ at onset of instability under the CSD conditions is also state dependent, as under the

undrained conditions.
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INTRODUCTION

When loose saturated sand is sheared under undrained condi-
tions, it may undergo a dramatic loss of strength and a rapid
development of deformation before reaching the plastic limit.
This phenomenon, known as static or flow liquefaction, has
been extensively studied in the past decades owing to its cata-
strophic consequences in geotechnical applications (e.g.
Casagrande, 1971; Poulos et al., 1985; Sladen et al., 1985;
Ishihara, 1993; Yamamuro & Lade, 1997; Doanh & Ibraim,
2000; Yang, 2002; Rahman & Lo, 2012; Lashikari et al.,
2017). However, there is a growing concern that static lique-
faction can also be initiated under drained conditions, as evi-
denced by the flowslides of instrumented laboratory slopes
(Eckersley, 1990; Wang & Sassa, 2001; Take & Beddoe, 2014)
and in documented case histories (e.g. Morgenstern et al.,
2016). Such drained failures are thought to be caused by a
reduction in mean effective stress associated with rising water
table or redistribution of pore-water pressure due to rainfall
infiltration, irrigation or even snowmelt (Anderson &
Riemer, 1995; Leroueil, 2001). The changes of stress state of
the soil elements in these situations can be mimicked by a
constant shear drained (CSD) stress path (Brand, 1981;
Sasitharan et al., 1993; Anderson & Riemer, 1995). Since this
stress path is rather different from that of the conventional
undrained triaxial tests, there is increasing interest in soil
behaviour under CSD conditions (Zhu & Anderson, 1998;
Gajo et al., 2000; Chu et al., 2003; Daouadji et al., 2010;
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Junaideen et al., 2010; Monkul et al., 2011; Dong et al., 2016;
Rabbi et al., 2019; Fanni et al., 2022; Reid et al., 2024;
Fotovvat et al., 2024).

Compared with the large volume of undrained triaxial
tests, the number of CSD tests in the current literature is,
however, very limited, and the findings are also divergent.
Several studies have indicated that loss of stability can occur
for loose sand specimens under the CSD stress path
(Junaideen et al., 2010; Chu et al., 2012), whereas several
others have suggested that for any drained stress paths a loose
saturated sand specimen can remain stable prior to the classic
plastic limit (Monkul et al., 2011). What criterion should be
used to determine the initiation of instability is another con-
cern (Alipour & Lashkari, 2018; Rabbi et al., 2019). These
discrepancies provide evidence of the complexity of soil
behaviour under the CSD stress path; they also cause concep-
tual difficulties with reference to the existing theories for the
analysis of liquefaction and instability problems (Chen &
Yang, 2024). One of the reasons for this situation is the diffi-
culty and uncertainty involved in laboratory CSD tests. It has
been observed in many CSD tests that the deviatoric stress ¢
was not strictly constant — an example is shown in Fig. 1.
The variation of ¢ can be due to the fixed connection between
the top cap and the loading ram in the apparatus used, such
that the transmitted axial load is affected by decreasing con-
fining pressure (Skopek et al., 1994). Several studies have
attempted to maintain a constant axial load during the CSD
test, but the lack of cross-sectional area correction or the lack
of responsiveness of triaxial static load frames may cause a
decreased deviatoric stress (Monkul ez al., 2011; Rabbi et al.,
2019). There are concerns that the results obtained from such
tests may not represent the true CSD behaviour. The impor-
tance of maintaining a constant ¢ in CSD tests in relation to
the detection of onset of instability using Hill’s stability crite-
rion has been discussed in Chen & Yang (2024).

In the present study, the true constant shear stress (CSD)
conditions were achieved by means of an advanced servo con-
trol and a systematic experimental programme was carried out
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Fig. 1. Variation of deviatoric stress in constant shear drained
(CSD) tests: (a) after Skopek et al., 1994; (b) after Rabbi et al.,
2019

to investigate the CSD behaviour of sand at both loose and
dense states. The experimental set-up allowed the entry
response (before and after the onset of instability) along the
CSD stress path to be captured reliably — such information is
essential for the development of a constitutive relationship and
for the development of a comprehensive understanding of the
CSD behaviour. Particular attention was paid to the role of
adding fines of different shapes and percentages in the initia-
tion of instability. In most geotechnical applications, sand is
usually not clean but contains some quantities of fines — this is
particularly the case for waste tailings and hydraulic sand fills.
In recent years, catastrophic failures of large tailings dams in
the form of flowslides associated with rainfall have frequently
occurred (Morgenstern et al., 2016; Reid et al., 2022), underlin-
ing the insufficiency of current knowledge and the need for
research on the CSD behaviour of sand—fines mixtures. The
effect of adding fines on the static liquefaction of sand has
been discussed in several studies, mainly based on undrained
triaxial tests (Kuerbis ez al., 1988; Georgiannou et al., 1990,
Lade & Yamamuro, 1997; Thevanayagam et al., 2002). More
recently, several studies were conducted to investigate the effect
of plastic fines on the behaviour of sand under monotonic and
cyclic loading conditions (Goudarzy et al., 2022; Fardad
Amini & Yang, 2023; Tafili ez al., 2023). Of particular interest
is the finding that the undrained shear behaviour and collapsi-
bility of sand—fines mixtures is highly affected by the shape of
added fines (Yang & Wei, 2012) — sand containing rounded
fines tends to exhibit higher susceptibility to collapse or lique-
faction than sand mixed with angular fines of the same per-
centage. In this context, a question of considerable interest

arises: What role is played by fines of varying shape and quan-
tity under the CSD stress path?

This paper presents new data from specifically designed
experiments on a clean sand mixed with two non-plastic fines
of distinct shapes under the true CSD stress path, with the
aim to advance the fundamental understanding of the CSD
behaviour of granular soils and eventually to contribute to
the development of better solutions to the instability problems
of large earth structures. The systematic data can also be used
for the calibration and validation of advanced constitutive
models and discrete-element simulations.

EXPERIMENTAL PROGRAMME
Testing materials

Toyoura sand, a uniform quartz sand comprising angular
and sub-angular particles, was used as host sand in this
study. Two non-plastic fines of distinct shapes, angular
crushed silica fines and rounded glass beads, were used as
additives to produce two types of sand—fines mixtures. Their
physical properties are summarised in Table 1 and the grad-
ing curves and microscope images are shown in Fig. 2.

Specimen preparation and saturation

The moist tamping method, in which the sand was pre-
mixed to a moisture content of 5% with the under-
compaction technique, was used to prepare the samples.
This method was chosen because it is able to produce speci-
mens with a very wide range of density and has the advant-
age of preventing segregation (Yang & Wei, 2012). The
nominal dimension of specimens was 50mm dia. and
100 mm high. All specimens were saturated in two stages:
initially by flushing the specimen with carbon dioxide and
de-aired water, and then by applying back-pressure.
Specimens with a B-value greater than 0-96 were considered
saturated.

Test series

After saturation, each specimen was isotropically con-
solidated to the target initial mean effective stress, then was
brought to a predetermined stress state (i.e. p'=240kPa
and ¢ = 120kPa) under the conventional drained triaxial
path, after which the CSD stress path was commenced.

A wide range of void ratios was considered, from loose
(eq = 0-951) to dense (eq = 0-745). Here, ¢4 represents the
void ratio prior to applying the CSD stress path. Given the
important effect of void ratio, two methods were used to
determine the void ratios of the specimens, as suggested by
Yang & Wei (2012). The first method was based on the
measurements of the initial void ratio during preparation
and the volumetric strain that the specimen underwent dur-
ing consolidation. The second method was base on the
measurement of the water content at the end of the test. It
has been shown that the two methods can give a reasonably
good agreement (Yang & Wei, 2012). For mixtures with
high fines content and high compressibility, the second
method is recommended. In this study, two percentages of
fines, that is 5% and 10%, were considered. Cases of higher
fines contents will be studied in future. For convenience of
discussion, the abbreviation TS stands for Toyoura sand,
TSS(5) stands for Toyoura sand mixed with 5% silica fines
and TG(10) stands for Toyoura sand mixed with 10% glass
beads. The testing programme is summarised in Table 2.
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Table 1. Physical properties of test materials

Materials Gy Dsg: pm Cy Cmax €min
Toyoura sand 2:65 201-2 1-31 0977 0-597
Crushed silica 2:68 24-1 2:63 — —
Glass beads 2-65 37-4 2-34 — —

100 TESTING APPARATUS AND CSD STRESS PATH
Testing apparatus
All the CSD tests were performed by a triaxial appara-
tus, which was equipped with an advanced servo control to
strictly maintain the constant deviatoric stress path. Both
the deviatoric stress and confining pressure could be varied
accurately and independently. The axial stress was applied
201 by way of a servo-loading system, while the confining
Jf pressure was supplied through air pressure. The digital
01 T 0 oo 1000 10000 pressure-volume controller (DPVC) was used to measure
Particle size: Hrm the volume change of the specimen, and updated the spec-
(a) imen’s dimensions with the axial displacement measure-
- ment so that the axial load could be adjusted to keep the
deviatoric stress constant accurately. For all tests reported
here, the CSD stress path was achieved by reducing the
confining pressure without changing the back-pressure.

—4— Toyoura sand
——Crushed silica
80 - —O—Glass beads

60

40t

Percentage smaller: %

CSD stress path

As an example, Fig. 3 shows various measurements dur-
ing the CSD test of TS-03. After isotropic consolidation of
Fig. 2. Test materials: (a) particle size distribution curves; (b) 200kPa (point A), the specimen was sheared along a
microscope images drained stress path to a stress state p’' = 240kPa and ¢ =
120kPa (point B). At point B, the CSD stress path was

Toyoura sand Crushed silica Glass beads

(b)

Table 2. Test series and key results

Before CSD At onset of instability At failure point
P de,/dt: - de,/dt: P
Test ID eq kP: q: kPa e s % | &% | Y%/min | kP q:-kPa | ¢,:% | &:% | %/min | kP: q: kPa
TS-01 0951 | 240-3 | 120-0 | 0951 | 0-189 | —0-028 | 0-007 | 1750 | 120-0 | 14452 | 1-577| 1-264 87-8 | 1168
TS-02 0-930 | 2414 | 120-0 | 0932 | 0263 | —0-085| 0-013 | 150-6 | 1199 | 11-318 | 1-078| 0-985 856 | 1174
TS-03 0919 | 241-1 | 1198 | 0922 | 0205 | —0-139| 0-012 | 1389 | 1199 | 8495| 0622 1-306 88-8 | 1174
TS-04 0-903 | 240-2 | 120-0 | 0910 | 0-298 | —0-190| 0-017 | 120-8 | 119-5 | 11-855 | —0-083 | 1659 83-0 | 1154
TS-05 0-826 | 2417 | 120-0 | 0-832 | 0-108 | —0-310 | 0-008 95-5 | 1203 1191 | =0-695| 0-329 80-8 | 119:0
TS-06 0-754 | 240-0 | 120-0 | 0-762 | 0-222 | —0-403 | 0-013 82-8 | 1202 | 1-506 | —1-286 | 0-337 685 | 1192

TSS(5)-01 0-937 | 240-1 | 120-0 | 0-938 | 0-399 0-000 | 0-014 | 153:0 | 120-0 | 20915 | 2:386| 2:247 84-2 | 1140
TSS(5)—02 | 0-929 | 2391 | 120-0 | 0-931 | 0-287 | —0-068 | 0-012 | 149-4 | 120-0 | 16-:828 | 1:992| 1-536 832 | 1161
TSS(5)-03 0-903 | 240-3 | 1199 | 0-908 | 0-433 | —0-248 | 0-036 | 107-6 | 1199 | 11-190 | 0-910| 1-254 862 | 1163
TSS(5)-04 | 0-857 | 240-0 | 120-1 | 0-864 | 0-209 | —0-392| 0-013 97-4 | 120-2 1053 | —0-629 | 0-228 822 | 1193
TSS(5)-05 | 0-828 | 241-1 | 120-0 | 0-834 | 0-147 | —0-347| 0-011 98:0 | 1199 | 0-644 | —0-533 | 0-115 83-7 | 1197
TSS(5)-06 | 0-749 | 241-8 | 120-1 | 0-758 | 0-127 | —0-506 | 0-010 80-3 | 1198 | 0952 | —1-161| 0-330 66-3 | 1190
TSS(10)—01 | 0-882 | 2397 | 120-1 | 0-882 | 0-329 | —0-007| 0-012 | 159-7 | 119:5 | 15595 | 2-453| 1-069 84-1 | 1168
TSS(10)—02 | 0-864 | 2409 | 1199 | 0-865 | 0221 | —0-066| 0-010 | 150-8 | 120-1 | 13-789 | 2-114| 0-989 869 | 1173
TSS(10)—03 | 0-843 | 2394 | 120-0 | 0-848 | 0-275 | —0-238| 0-016 | 123-5 | 1199 | 14793 | 1-162| 1-595 81:5 | 1155
TSS(10)—04 | 0-745 | 242-0 | 120-2 | 0-753 | 0-141 | —0-458 | 0-011 83-9 | 1195 | 0:627 | —0-802 | 0-143 70-4 | 119:6
TG(5)-01 0-902 | 240-0 | 120-1 | 0-906 | 0-180 | —0-007 | 0-010 | 206-5 | 120-1 | 17-284 | 1-232 1-107 | 102:6 | 117-3
TG(5)—-02 0-893 | 2399 | 1199 | 0-894 | 0-237 0-005| 0-010 | 194-2 | 1199 | 18-408 | 1-440| 1-104 967 | 117-0
TG(5)-03 0-829 | 240-2 | 120-0 | 0-833 | 0-269 | —0-205| 0-014 | 137-1 | 1199 | 18-880 | —0-071 | 1-379 95-5 | 1167
TG(5)-04 0-782 | 242:0 | 120-0 | 0-788 | 0-185 | —0-293| 0-010 | 1159 | 1197 | 0-740 | —0-517 | 0-173 | 101-6 | 119-1
TG(10)-01 | 0-818 | 239-0 | 1199 | 0-818 | 0263 | —0-034| 0-015 | 1935 | 1199 | 18512 | 0909 | 1-007 | 1043 | 1174
TG(10)-02 | 0-810 | 242:6 | 120-0 | 0-812 | 0-194 | —0-103| 0-009 | 168-1 | 120-0 | 18-608 | 1-112| 1-269 | 104-8 | 117-0
TG(10)—03 | 0-806 | 240-7 | 1199 | 0-807 | 0-297 | —0-007 | 0-012 | 203-5 | 119-8 | 16-:330 | 0-365| 1-092 | 106:8 | 1169
TG(10)-04 | 0-770 | 240-1 | 120-1 | 0-775 | 0-178 | —0-273| 0-009 | 1287 | 120-1 | 16-:596 | —1-026 | 1-181 | 1042 | 1175
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Fig. 3. Various measurements under the CSD stress path (test TS-03): (a) stress path; (b) axial and radial stresses plotted against time;
(c) axial load plotted against time; (d) sample cross-sectional area plotted against time; (e¢) deviatoric stress plotted against time; (f) excess

pore water pressure plotted against time

imposed (Fig. 3(a)), which was fulfilled by two steps: first,
axial stress and confining pressure were reduced simultane-
ously at a constant rate of 1kPa/min (Fig. 3(b)), and sec-
ond, back-pressure was kept constant using a DPVC
during the entire CSD process. The axial load (Fig. 3(c))
was adjusted based on the feedback of volume change mea-
surement to account for the increase in the cross-sectional
area (Fig. 3(d)) such that the deviatoric stress was main-
tained constant accurately. The deviatoric stress was well
controlled and its variation was within 3 kPa before failure
point F, Fig. 3(e). This value is significantly small com-
pared with previous studies (Skopek ez al., 1994; Monkul
et al., 2011; Rabbi et al., 2019). After point F, the devia-
toric stress dropped dramatically. Here the failure point

corresponds to the maximum stress ratio (Lade & Ibsen,
1997). Note that the reduction rate of confining pressure
adopted (1 kPa/min) was slow enough to maintain an ideal
drained condition throughout, as confirmed by the excess
pore pressure measurement shown in Fig. 3(f).

The time histories of strain measurements for test TS-03
are presented in Fig. 4. Note that the axial strain and volu-
metric strain generated from point B to C are relatively small,
being 0-19% and —0-14%, respectively, Figs 4(a) and 4(b).
Here, negative volumetric strain represents a dilative
response. Immediately after point B, the volumetric strain
decreases as the specimen dilates because of the decrease in
the mean effective stress. However, after point C both axial
and volumetric strains develop rapidly. By any standards, this
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Fig. 4. Time histories of strain measurements of test TS-03: (a)
axial strain plotted against time; (b) volumetric strain plotted
against time; (c) axial strain rate plotted against time

rapid development of large deformation is not acceptable in
geotechnical applications. It is therefore reasonable to assume
that the accelerating increase in axial strain (point C) signifies
the onset of instability, similarly to that of Chu ez al. (2012)
and Junaideen et al. (2010). This is confirmed in Fig. 4(c),
where the axial strain rate is plotted as a function of time. It
is worth noting, however, that the deviatoric stress after point
C does not decrease dramatically until reaching point F under

the CSD condition, Figs 3(a) and 3(c). This is distinctly differ-
ent from the behaviour of loose sand subjected to undrained
triaxial compression.

TEST RESULTS AND DISCUSSION
Behaviour of sand mixed with crushed silica fines

Figure 5 compares the responses of TS and TSS(5) under
the CSD stress path. Both specimens have a similar void ra-
tio (eq =~0-930). The CSD stress path and the development
of axial strain with time are shown in Figs 5(a) and 5(b),
respectively. The evolution of axial strain rate (de,/d¢) and
the evolution of volumetric strain with time are shown in
Figs 5(c) and 5(d), respectively. The instability and failure
points are marked as point C/C’ and point F/F’ for TS and
TSS(5) specimens, respectively. It is noted that the axial
strain and volumetric strain generated in TS and TSS(5)
specimens are almost coincident until point C/C’, implying
a minor effect of adding 5% silica fines on the onset of
instability as compared with the base sand on its own. Both
specimens lost stability at ~90 min (Fig. 5(c)).

However, the two specimens exhibit somehow different
developments of axial and volumetric strains upon the
onset of instability. The TSS(5) specimen shows a faster
development in both axial and volumetric strains, around
17% and 2% at failure point, respectively. By compari-
son, the TS specimen reaches an axial strain of 11% and
a volumetric strain of 1% at the failure point. Similar
observations were obtained on another pair of TS and
TSS(5) specimens at the void ratio of about 0-903, as
shown later.

When the content of silica fines is increased to 10%, a
marked change in deformation behaviour is observed, as
shown in Fig. 6. Instability was triggered notably earlier in
TSS(10) specimen than in TSS(5) specimen, Fig. 6(c). Of
particular interest is the effect of fines content on the volu-
metric response, as shown in Fig. 6(d): the TSS(5) specimen
undergoes dilation during the entire CSD stress path
whereas the TSS(10) specimen exhibits a transition in volu-
metric response before and after the onset of instability (i.e.
from dilation to contraction). This different response is
considered reasonable as the TSS(10) specimen was at a
looser state than the TSS(5) specimen. In this regard, the
onset of instability in TSS(10) complies with Hill’s criterion
in terms of the second-order work (Chen & Yang, 2024),
whereas that of TSS(5) does not.

Another interesting issue is the effect of adding fines on the
CSD behaviour of sand at dense state as compared with the
case of loose state. Fig. 7 presents test results of three speci-
mens TS, TSS(5) and TSS(10) at the void ratio of ~0-750,
where the stress path is compared in Fig. 7(a), the axial strain
development is compared in Fig. 7(b) and the volumetric
strain evolution is compared in Fig. 7(d). The time histories
of the axial strain rate of all three specimens are shown
in Fig. 7(c). A notable feature of these plots is that, in
contrast to the case of loose state, adding silica fines ei-
ther at 5% or 10% imposes almost negligible impact on
the behaviour. For all three specimens, rapid develop-
ment of axial strain occurs almost at the same time and a
dilative response is observed throughout the stress path
regardless of the presence of fines. Whether the finding
holds for higher fines content, say 20% or 30%, requires
further experiments and investigation.

Behaviour of sand mixed with glass beads
Now, it is interesting to examine the effect of particle
shape of added fines under the CSD conditions. Fig. §
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Fig. 5. CSD behaviour of sand modified by addition of crushed silica fines (eq = 0-930): (a) stress path; (b) axial strain plotted against
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Fig. 6. CSD behaviour of sand modified by addition of crushed silica of different quantities (e¢q = 0-850): (a) stress path; (b) axial strain
rate plotted against time; (c) axial strain plotted against time; (d) volumetric strain plotted against time
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Fig. 7. CSD behaviour of sand modified by addition of crushed silica of different quantities (¢q = 0-750): (a) stress path; (b) axial strain
plotted against time; (c) axial strain rate plotted against time; (d) volumetric strain plotted against time
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shows how the behaviour of clean Toyoura sand is altered
by the addition of fines of distinct shapes at the void ratio
of about 0-903. One may notice that the evolution of axial
strain is similar for TSS(5) and TS specimens, as observed
in TS and TSS(5) specimens at the void ratio of ~0-930
(Fig. 5). However, adding 5% glass beads to Toyoura sand
can result in a much earlier onset of instability compared
with the TS and TSS(5) specimens, see Figs 8(b) and 8(c).
The onset of instability marks a transition in volumetric
response from dilative to contractive response, Fig. 8(d).
Moreover, the extent of contraction is more significant in
TSS(5) and TG(5) specimens as compared with that of the
clean sand specimen. Following the onset of instability, the
axial strain rate of the TG(5) specimen is less drastic than
that of TS and TSS(5) specimens. At the failure point, the
TG(5) specimen underwent the largest deformations com-
pared with the other two specimens.

Similar observations can be made in comparing the test
results of TG(5), TSS(5) and TS specimens at a void ratio of
about 0-828, shown in Fig. 9. These tests confirm that adding
5% glass beads in the clean sand can trigger large deformation
earlier as compared with the base sand on its own and the
sand mixed with silica fines of the same percentage. It is note-
worthy that, at this void ratio, both TS and TSS(5) specimens
underwent dilation during the entire CSD stress path,
whereas the TG(5) specimen exhibited a transition from dila-
tive to contractive response at the onset of large axial strains.
Note that the TG(5) specimen here was at a denser state than
TG(5) in Fig. 8, and hence was less contractive.
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When Toyoura sand is mixed with glass beads at 10%,
the onset of instability can be triggered much earlier, as
shown in Fig. 10. The axial strain rate of TG(10) exhibits
significant fluctuations upon the onset of instability, but
such fluctuations are not observed in TS and TG(5) speci-
mens at the similar void ratio. Interestingly, a sudden drop
of deviatoric stress is recorded for TG(10) but the specimen
regains capacity thereafter, Fig. 10(a). The phenomenon of
fluctuations has also been observed in undrained triaxial
tests of clean sand mixed with glass beads (Yang & Wei,
2012; Wei & Yang, 2014) and it is thought to be a reflection
of the metastable structure formed. Generally, rounded
particles favour rolling and this tends to yield a microstruc-
ture that is metastable, whereas angular particles favour
sliding and this tends to yield a more stable microstructure.

Characteristics of volumetric response under CSD stress
path

Based on the tests on both clean sand and its mixtures
over the range of void ratio, two primary patterns of volu-
metric response are identified for the CSD conditions, as
schematically shown in Fig. 11. For a specimen at the loose
state, it will undergo a slight dilation before the onset of
instability and then exhibit a contractive response towards
the failure point. For a specimen at the dense state, however,
it will exhibit a dilative response throughout the stress path.
Furthermore, three stages in the volumetric response can be
identified for the CSD stress path, regardless of loose or
dense state. In the first stage (marked as a black line), the
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Fig. 9. CSD behaviour of sand modified by addition of fines of different shapes (eq = 0-828): (a) stress path; (b) axial strain plotted
against time; (c) axial strain rate plotted against time; (d) volumetric strain plotted against time

Downloaded from http://www.emerald.com/jgeot/article-pdf/75/8/969/10326136/jgeot.24.00008en.pdf by University of Hong Kong user on 21 October 2025



BEHAVIOUR OF SAND UNDER THE CONSTANT SHEAR DRAINED STRESS PATH

140 i /C 3 .
120 b ~ ,——-—71-——-3
-
F = B/B'/B"
100 | *
Drop of ¢

& 80t
=
S B0t

a0} —— TS, 6,=0826

——TG(5), &,=0-829
20r ——TG(10), £,=0-818
0 1 1 1 1 L 1
0 50 100 150 200 250 300
p" kPa
(a)

025 -

0-20 |
< 015)
£ 0-15
X
& o010}
E“ TG(1D),/ b

=0-818
005}
=1 a C'
. BB ¢
1 1 1 Il 1 1

1 ]
80 100 120 140 160 180
t: min

(c)

1
0 20 40 60

9717

25 -
——TS, e,=0:826
20 ——TG(5), e,=0:829
——TG(10), 8,=0-818
15
®
« 10t
5_
B/B/B"
0
1 Il 1 1 1 1 Il 1 ]
0 20 40 60 80 100 120 140 160 180
t: min
(b)
2,
-
1
B/BY/B"
0
®
o _1
w
—2r —ms, e,=0826
. ——TG(5), e,=0-829
E ——TG(10), 6,=0-818
T 1 1 1 1 1 1 1 1 ]
0 20 40 60 80 100 120 140 160 180
t: min
(d)

Fig. 10. CSD behaviour of sand modified by addition of glass beads of different quantities (¢q = 0-826): (a) stress path; (b) axial strain
plotted against time; (c) axial strain rate plotted against time; (d) volumetric strain plotted against time

volumetric strain is minimal and the soil behaves as an
essentially elastic material. At the beginning of the second
stage (marked as a light orange line), the plastic strain begins
to develop and then accelerates, leading to the occurrence of
instability. In the third stage (marked as a dark orange line),
the volumetric strain develops at an almost constant slope.
Compared with the conventional triaxial compression test,
the CSD test is a kind of unloading test in that the confining
pressure is reduced during the test. In this connection, there
will be slight dilatancy in the initial stage of loading, even
for loose samples. As loading goes on, the increase in stress
ratio will cause a contractive response in loose samples and
a dilatative response in dense samples, which is similar to the
undrained/drained triaxial behaviour. Most recently, Chen
& Yang (2024) and Zhang et al. (2023) have presented some
new findings about the CSD behaviour compared with triax-
ial undrained and drained behaviour, from the theoretical
and numerical points of view.

It is noteworthy that all mixed specimens tested in this study
have approximately the same slope in the ¢,~ or &,—p' plane in
the initial stage. As far as loose specimens are concerned, the
slope of the final stage is between 0-033 and 0-048 (%o/kPa) for
clean Toyoura sand, while it increases to 0-056~0-076 (%/kPa)
for the sand mixed with crushed silica fines and decreases to
0-011~0-028 (%/kPa) for the sand mixed with glass beads.
These values are summarised in Table 2 for ease of reference.
The speed of volumetric deformation in the final stage is in the
order of TSS(5) > TS > TG(5), which is schematically shown
in Fig. 12. A similar trend is also found in the specimens with
10% fines. These results suggest that adding fines not only
alters the onset of instability but also affects the development
of deformation thereafter.

Deformations at onset of instability and failure point

As the response of sand at the onset of instability and the
failure point is a considerable concern, a detailed analysis of
the axial strain and volumetric strain at the two states and
axial strain rate at the onset of instability was conducted for
all tested specimens. The results of analysis are plotted in
Figs 13 and 14, respectively. The plot of Fig. 13(a) shows
that the axial strain at the onset of instability falls in a nar-
row range, between 0-1% and 0-3%, for all tested specimens,
and it does not show a clear correlation with the void ratio
prior to the CSD stress path. Since the axial strain at insta-
bility is relatively small, it would be difficult to use it as the
prewarning indicator of instability.

In contrast, the variation of volumetric strain at instability
with void ratio, shown in Fig. 13(b), is quite different from
that of axial strain. In general, the volumetric strain at insta-
bility decreases as the void ratio decreases, meaning that
much dilation would take place at instability when the speci-
men becomes denser. For sand specimens mixed with
rounded fines (i.e. glass beads), they tend to be less dilative
at instability than those mixed with angular fines (i.e.
crushed silica fines). When void ratio is reduced to about
0-75 (the lowest tested in the study), the volumetric strain at
instability appears to be insensitive to the presence of fines.

As shown before, the axial strain rate can be used as a
reasonable indicator of instability. The data of all tests
indicate that values of the axial strain rate at instability fall
in a narrow range, between 0-008%/min and 0-016%/min,
Fig. 13(c). Literature data on strain rates at onset of insta-
bility are limited. It is interesting to notice that in the stud-
ies of Chu ez al. (2003) and Rabbi er al. (2019), the axial
strain rate at instability is approximately 0-015%/min and

Downloaded from http://www.emerald.com/jgeot/article-pdf/75/8/969/10326136/jgeot.24.00008en.pdf by University of Hong Kong user on 21 October 2025



978 DONG AND YANG

A
£V
Failure
Contractive
.
Start point !
v
Instability point Dilative
p’ ]
(a)
Contractive
A A
&,
Start point
Instability point v
Dilative
¥ Failure
pl

(k)

Fig. 11. Schematic diagram of the volumetric response under the
CSD stress path: (a) loose state; (b) dense state
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Fig. 12. Schematic diagram of the role of fines shape in altering
the volumetric response under the CSD stress path

0-014%/min, respectively. These values fall into the identi-
fied strain rate range. As a first approximation, the average
value of 0-012%/min can be used to determine quantita-
tively the instability inception under the CSD conditions.
Further experiments on different materials to validate this
criterion would be worthwhile.

Figure 14 shows the axial strain and volumetric strains
at failure points against void ratio. In general, the axial
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Fig. 13. Variation with void ratio of (a) axial strain, (b)
volumetric strain and (c) axial strain rate at onset of instability

strain can be divided into two zones: the upper one is the
contractive zone, in which specimens show a contractive
response after onset of instability, whereas the lower one is
the dilative zone, in which specimens show a dilative
response throughout the CSD stress path. Note that values
of axial strain in the contractive zone (8~21%) are signifi-
cantly larger than those in the dilative zone (0-5~1-5%).
Furthermore, for specimens in the contractive zone, the axial
strain tends to increase with increasing void ratio and the
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Fig. 14. Variation with void ratio of (a) axial strain and (b)
volumetric strain at failure point

trend line tends to shift to the left as the fines content
increases. The volumetric strain at the failure point also
tends to increase with increasing void ratio, which is similar
to that of the volumetric strain at the onset of instability
(Fig. 13(b)).
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Fig. 15. Variation of the stress ratio at onset of instability with
void ratio (loose samples)

Stress ratio at onset of instability

For undrained tests, the line passing through the origin and
the peak point on the effective stress path (i.e. the undrained
instability state) is defined as the instability line or flow lique-
faction line (Vaid & Chern, 1985; Yang, 2002). The slope of
this line is useful in characterising the onset of instability or
flow liquefaction. For CSD tests here, the onset of instability
is determined as the point at which the axial strain rate
increases rapidly. For loose specimens which are of particular
concern, values of stress ratio ¢g/p’ corresponding to this point
are shown as a function of void ratio in Fig. 15. Clearly, add-
ing fines of different percentages and shapes has a notable
effect. The ¢/p’ curves tend to shift to the left as the quantity
of fines increases, suggesting that the instability is triggered at
lower stress ratio for sand with higher fines content.
Furthermore, given the same quantity of fines, the shift
appears to be more significant for sand mixed with rounded
glass beads, implying that instability can be triggered more
easily. These observations are consistent with those derived
from undrained triaxial tests (Yang & Wei, 2012), implying
that the exponential function for undrained triaxial tests can
also be used to describe the relationship between ¢/p’ and
void ratio under the CSD conditions. The theoretical study of
Chen & Yang (2024) confirms this finding.

Furthermore, a preliminary analysis of the relation between
the stress ratio and the state parameter at onset of instability
was conducted, as shown in Fig. 16. Here, the state parameter
was estimated using the critical state lines in Yang & Wei
(2012) for corresponding materials, and the stress ratio was
normalised by the corresponding critical state stress ratio
(M,). The data in the figure include both loose, contractive
samples and dense, dilative samples. Generally, the trend is
confirmed for each material that the stress ratio at instability
tends to reduce with increasing state parameter; that is, it is
easier to trigger instability as the material becomes looser. A
similar trend was observed in several other studies (e.g. Fanni
et al., 2022). For undrained conditions, the trend has been
well confirmed (Yang, 2002). Nevertheless, as the test materi-
als in this study are not exactly the same as the materials in
Yang & Wei (2012), there is some uncertainty in the calcula-
tion of the state parameter. More experiments are needed to
further examine and quantify the relation.

SUMMARY AND CONCLUSIONS
This paper has presented a specifically designed experimen-
tal study which was aimed at exploring the role of fines in
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altering the behaviour of sand under the CSD stress path. The
true constant shear stress condition was fulfilled by means of
an advanced servo system, and the effect of adding fines of dif-
ferent percentages and shapes was investigated. The main
results and findings of the study are summarised as follows.

(a¢) Under otherwise similar conditions, drained
instability can be triggered more easily in a loose sand
specimen mixed with 10% silica fines compared with
the clean sand specimen on its own and the sand
mixed with 5% silica fines. Adding rounded fines (i.e.
glass beads) at the same percentage can further
increase the susceptibility to instability. This finding
suggests the importance of considering both fines
content and fines shape in the evaluation of instability
of loose sand under CSD conditions.

() The presence of fines not only alters the inception of
instability but also affects the development of
deformation thereafter. For sand at a loose state, the
onset of instability marks a transition in volumetric
response from dilation to contraction. Adding angular
fines can speed up the volumetric strain following the
onset of instability as compared with adding rounded
fines of the same quantity.

(¢) For all tests, values of the axial strain at the onset of
instability fall in a range of 0-1~0-3%, while values of
the axial strain rate at instability fall in a narrow range
of 0-008~0-016%/min. As a first approximation, the
average axial strain rate of 0-012%/min can be
potentially a useful guide for quantitatively determining
the onset of instability of sand under CSD conditions.

(d) The stress ratio g/p’ at onset of instability under CSD
conditions is state dependent. Drained instability is
triggered at a lower stress ratio for sand with higher
fines content. At the same quantity of fines, instability
can be triggered more easily for sand mixed with
rounded fines. The relation proposed for undrained
triaxial tests can also be applied to the CSD conditions.

(e) The influence of fines on the onset of instability as well
as the deformation behaviour under the CSD stress path
1s marked for sand at a loose and contractive state, but it
becomes marginal for sand at a dense and dilative state
irrespective of the shape and percentage of fines.

The systematic data presented in this paper can serve as a use-
ful reference for further work from a theoretical or experimen-
tal point of view. Nevertheless, it should be acknowledged that
the soil behaviour under the CSD stress path is complicated
and many interesting issues remain to be studied, for example,
the case of higher fines content and the effect of plastic fines.
The experimental programme to address these issues is being
planned, and the results will be reported in future.
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