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Abstract

Calcareous sand is widely observed in the foundation of off-shore infrastructure. Although a lot of research has been carried out on
the mechanical properties of calcareous sand, study into the influence of the stress—strain path on the mechanical behaviour of calcareous
sand is very limited. In this study, a series of triaxial tests were performed on calcareous sand under three different stress paths. The
particle morphology of calcareous sand before and after the tests, the stress—strain relationship under different stress paths, and the char-
acteristics of shear strength and deformation were investigated. The results show that the consolidation pressure and stress path have
significant effects on the volume strain, strength, and particle breakage of calcareous sand. In addition, the underlying mechanisms of
the different behaviours of calcareous sand observed in this study were discussed.

Keywords: Calcareous sand; Triaxial test; Stress path; Particle breakage

1 Introduction

Over the last few decades, concern has been raised about
the foundation design, construction, maintenance, and
decommissioning of offshore infrastructure. (Bai & Bai,
2018). Calcareous sand is widely observed in the founda-
tion of this infrastructure. Because of the differences in
minerals, micro-structures, and particle shapes, calcareous
sand is believed to be associated with distinctive mechani-
cal properties compared with quartz sand (Jafarian et al.,
2018). Therefore, many scholars have carried out research
to investigate the unique mechanical properties of calcare-
ous sand (Airey et al., 2011; David Frost et al., 2012;
Shahnazari & Rezvani, 2013; Fukuoka et al.,, 2007;
Altuhafi & Coop, 2011; Miao & Airey, 2013; Wu et al.,
2014; Yu, 2017; Wei et al., 2021).
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Calcareous sand has high porosity due to the effect of
particle interlocking and high intra-granular void ratios
(Coop & Atkinson, 1993). Based on 1D compression tests,
Altuhafi and Coop (2011) investigated the effect of break-
ages on calcareous sand. It was found that the soil beha-
viour due to the particle breakage during yielding was
associated with the particle shape and surface roughness.
Similar results were obtained by Einav (2007). Unlike
quartz, which is quite hard and resistant to abrasion
(Powrie, 2004), calcareous sand can be fragmented easily
even under a low stress (Wei et al., 2018). By conducting
triaxial tests, the mechanical behaviour of calcareous sand
was revealed by Coop (1990) and Fahey and Jewell (1988).
They found that the sand tended to have a constant volume
and a constant deviator stress under the drained condition,
and the yield surface was closely related to the confining
stress. Using similar tests, Zhang et al. (2009, 2008) pre-
sented that the particle breakage and dilatancy have signif-
icant effects on the shear strength of calcareous sand.
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He et al. (2018) investigated the effect of particle breakage
on the shear strength of calcareous sand using a series of
ring shear tests. It was found that particle breakages could
effectively reduce the shear strength of the calcareous sand.
Chaietal. (2019) and Yang et al. (2019) proposed a term of
critical shear rate. They explained that the shear strength
and the friction angle of calcareous sand decreased with
the shear rate below the critical shear rate. In addition,
Yan et al. (2020) investigated the effects of confining pres-
sure and particle size on the shear strength of calcarcous
sand using triaxial shear tests.

Although a lot of research has been carried out on the
mechanical properties of calcareous sand, most studies
focus on the confining stresses, shear rates, void ratios, gra-
dation, and particle sizes, etc. The influence of the stress—
strain path on the mechanical behaviour of calcarcous
sand, however, has not been extensively investigated. The
investigation of the behaviours of calcareous sand under
different stress paths is of great significance, which can pro-
vide a scientific basis for offshore construction and offer
guidance for engineering practice. Therefore, this paper
presents triaxial tests carried out to investigate the stress—
strain relationship, shear strength, and particle breakage
of calcareous sand under different stress paths. In addition,
the underlying mechanisms of the different behaviours of
calcareous sand observed in this study are discussed.

2 Triaxial test
In this study, a series of tests were conducted using the

Triaxial Automated System TAS-LF (shown in Fig. 1) to
investigate the mechanical behaviours of calcarcous sand

Triaxial cell

Fig. 1. TAS-LF Triaxial Automated System.

Table 1
Three types of stress paths.

under different stress paths. Because of the high permeabil-
ity of the sample, only the drained condition was consid-
ered. Three types of stress paths were applied to the
samples, including the conventional triaxial tests (CTC),
constant mean stress tests (TC), and the constant stress
ratio tests (PL), as shown in Table 1. The stress increments
were controlled at Ag;/Ag, = 2.7 and 3.0, corresponding
to the stress increment ratios Aq/Ap = 1.08 and 1.20 (p is
the average principal stress, and ¢ is the deviator stress),
as shown in Fig. 2.

The calcareous sand was obtained from South China
Sea. Prior to the triaxial tests, the sand was washed using
distilled water and dried in an oven, then sieved to select
the particles with diameters from 1-2 mm as the specimen
used in the work. To quantify the shear behaviour of the
calcareous sand, measurements were taken to obtain the
physical properties of the specimen, e.g., the specific gravity
G, = 2.82, the maximum dry density pg., = 1.31 g/em’,
and the minimum dry density py,, = 0.79 g/cm?®. During
the tests, two sets of samples with different initial relative
densities (D,) of 0.6 and 0.8 were isotopically consolidated
under the stress o, of 100, 200, 400, and 800 kPa, respec-
tively. Then for each consolidated sample, the three types
of stress paths (CTC, TC and PL) were applied individually
until the samples were sheared to fail, which was used to
determine the shear strength of each sample. The summary
of the triaxial tests is listed in Table 2.

The sieve analysis test was carried out to select sand par-
ticles with size of 1-2 mm. The selected sand was trimmed
into a cylindrical specimen with a diameter of 61.8 mm and
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Fig. 2. Stress paths in p-q space.
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Table 2
Summary of the triaxial tests.
Test ID Stress increment ratio Consolidation pressure Stress path Loading method Shear rate Termination
Aoy /Aas Aq,/Ap oc/kPa
CTC100 00 3 100 o1 increases CTC Ae, = 0.06 mm/min g2 = 20%
CTC200 200 03 = 6. = constant
CTC400 400
CTC800 800
TC100 -2 [ 100 o1 increases TC Aoy = 2 kPa/min
TC200 200 o3 decreases
TC400 400 p = 0. = constant
TC800 800
PL2.7 2.7 1.08 100 o increases PL Acg; = 1 kPa/min
200 o3 Increases
400
800
PL3.0 3.0 1.20 100
200
400
800

a height of 120 mm, then sealed within a rubber membrane
placed in a triaxial cell. After that, the sand sample was sat-
urated, consolidated, and sheared under different stress
paths. In order to investigate the mechanical behaviours
of calcareous sand, two groups of sand samples with rela-
tive densities of 0.6 and 0.8 were set up.

In order to investigate the influence of particle breakage
on the mechanical behaviours of the sand, the relative
breakage potential was calculated before and after the tri-
axial tests based on the effect of particle size distribution
(Hardin, 1985).

B,
B Bpo’ M)
where B, is the relative breakage potential, B, is the total
breakage potential, and Bp, is the initial breakage poten-
tial. The calculation method is illustrated in Fig. 3, where
S, is the area ACD and S, is the area ABC.

Bt = Sz (2)
By =81+ 5> (3)
B, = B/Bpy = S,/(S1 + S>) 4)

100
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Fig. 3. Calculation of breakage potential.

3 Results and discussion
3.1 Stress—strain relationship

Figure 4 shows the relationships between the deviator
stress and the axial strain of the two groups of sand sam-
ples (D, = 0.6 and D, = 0.8) under three different stress
paths. As shown in the CTC (Fig. 4(a)) and TC tests
(Fig. 4(b)), the deviator stress increases with the axial strain
until it reaches the peak point. Then as the strain
continually develops, the deviator stress decreases, indicat-
ing the strain-softening behaviour of the samples. It is also
noted that the deviator stress reaches its peak strength at a
smaller strain for the smaller confining pressure, and a lar-
ger confining pressure results in a larger peak strength. The
strain softening behaviour is more noticeable under a lower
confining pressure. Although a similar tendency is observed
in the TC tests, the change of deviator curves tends to
become small after the strain of 8%.

The samples in the PL tests, however, show completely
different behaviour as seen in Fig. 4(c) and (d). Figure 4
(c) and (d) depicts the stress—strain relationship of the
two groups of sand samples under the stress paths with
the Ag;/Acs ratio of 2.7 and 3 (¢/p = 1.08 and 1.12)
respectively. It is found clearly that the deviator stress
increases with the axial strain without any peak or turning
points, implying the strain hardening behaviour of the
tested samples in PL tests. The dense sand tends to have
a larger strain under the same stress. All the tests were
terminated when the strain approached 20%, where no
distinct residual strength was observed.

Figure 5 shows the relationship between volumetric
strain (¢,) and axial strain (e,) for different stress paths.
In the CTC and TC tests, all the sand samples showed ini-
tial contractive behaviour, followed by a dilatancy phase. It
should be noted that an exception in the CTC tests is the
confining pressure of 800 kPa. In the CTC tests, as the con-
fining pressure increases to 400 kPa and above, more sand
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Fig. 4. Relationships between the deviator stress and the axial strain under different stress paths: (a) CTC, (b) TC, (c) PL2.7, and (d) PL3.0.

particles tend to break, resulting in a decrease of volume.
Therefore, the dilatancy becomes less significant compared
with the samples with lower confining stresses applied
(100 kPa and 200 kPa). In the TC and CTC tests, the dense
sand particles remained intact and interlocked, so they did
not have the freedom to move around one another. During
the loading process, a lever motion occurred between
neighbouring particles, which resulted in bulk expansion
of the sand. This also indicates that the denser sand sample
had a tendency to dilate as it was sheared under the iden-
tical stress path, as shown in Fig. 5(b). Therefore, dilatancy
is a dominant behaviour of samples under TC stress
conditions.

By contrast, Fig. 5(c) and (d) shows the contraction r of
sand samples only in PL tests. This also indicates shear
behaviours of the calcareous sand independent of the initial
void ratio. From the results, it can be seen that the sand
samples become more compressible under the stress path
Ad)/Ad’ ratio of 2.7. This is because both the axial stress
o} and the confining pressure ¢} were scaled up in the PL

tests. The axial stress increment restrained the movement
of the sand particles. The sand sample was simultaneously
compacted due to the incremental stress in the vertical
direction, resulting in stronger interlocking between parti-
cles so a smaller deformation of soil samples was observed.
However, as the stresses ¢} and ¢ increased, the sand par-
ticles began to break. Those smaller particles tended to fill
up the void to achieve a more compacted sample.

As shown in Fig. 5, the inflection point on each curve
represents the point where the contraction stage transits
to the dilation stage, and it is named the dilative point.
As illustrated in Fig. 4, the peak point on each curve is
called the softening point which represents the peak
strength of the calcareous sand. To investigate the effect
of the initial void ratio on the stress—strain relationship,
the axial strains corresponding to the dilative points and
softening points are plotted in Fig. 6. Under the same load,
the axial strain at the dilative point is smaller than that at
the softening point, which is consistent with the deforma-
tion of the contractive stage followed by the dilatancy
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Fig. 5. Relationship between volumetric strain (&,) and axial strain (e,) for different stress paths: (a) CTC, (b) TC, (c) PL2.7, and (d) PL3.0.

observed in the triaxial tests. It can also be found that the
axial strains at the dilative and softening points of the loose
sand (D, = 0.6) are larger that of the dense sand (D, = 0.8).

Figure 7(a) and (b) depicts the relationship between the
volumetric strain (&,) and confining pressure at the dilative
point and the softening point. It is shown that the contrac-
tion is amplified by increasing the confining pressure. For
different void ratios, the denser sample leads to a smaller
volumetric strain at the dilative point. The same trend
was observed in terms of the softening point strain versus
the confining pressure, as shown in Fig. 7(b). However, it
should be noted that both dilatancy and contraction
appeared at the softening point. It can be explained that
under a lower confining pressure the sample tends to dilate
more compared with that under a higher confining pres-
sure. In addition, higher relative density leads to larger
dilations during the tests.

It should be noted that the effect of stress path on the
calcareous sand behaviour is more significant for medium
dense sand and dense sand. The loose sand contains larger
pore spaces. These pore structures are easily broken, filled
by small sand particles. This process is shown in the con-
traction stage observed in the tests. After that, the
smaller-sized particles congregate and fill up the pore
spaces, stabilizing and enlarging the soil microstructure,

producing the dilatancy seen in the CTC and TC tests.
On the other hand, the behaviour of dilatancy is quite dif-
ferent under different stress paths. This is because the dila-
tancy is related to the deviator stress o; — g3. In the TC
tests, dilatancy is more significant than in the CTC test.
This is because that in the TC tests the deviator stress
applied to the sample is the largest compared with the
CTC and PL tests, and this causes more particle breakage.
While in the PL test, both the axial stress and the confining
pressure increase by the ratio Aoy /Ac; = 2.7 and 3.

3.2 Effect on shear strength

The effect of stress paths on the shear strength of cal-
careous sand was investigated. Figure 8§ shows the deviator
stresses versus confining pressure at the dilative point and
softening point. It is shown that the deviator stress is
affected by stress paths. It increases with the confining pres-
sure at the dilatancy point and the softening point.

Figure 9 shows the deviator stress versus consolidation
pressure at the peak point. Again, the deviator stress
increases with the consolidation pressure and the initial
density. However, the consolidation pressure has the lar-
gest impact on the CTC test and the least impact on the
PL test. The deviator stresses are largest in the PL test
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and smallest in the TC test under the same confining pres-
sure and initial density. This indicates that the stress path
has a large impact on the peak strength of calcareous sand.
During the shearing process, the shear strength is depen-
dent on the particle—particle contacts. A dense sample with
more particles is expected to have higher shear strength.

By plotting the Mohr circle of effective stress at both
peak point and the final state, soil strengths can be
expressed as angles of shearing resistance. According to
the Mohr-Coulomb failure criterion, the effective friction
angle can be obtained by

0'1/0'3—1
0'1/63+l

(5)

sing =

The peak friction angle ¢, and the lower steady state
friction angle or the final friction angle (at the end of the

v T T T T T T
0~ 300 400 500 600 700 800
o(kPa)

—=1.0 [0

ey(%)

1
WO 900
NGe)
o(kPa)

ev(%)
<

—4 |
Dy

6L 06 08
—a— -0 - CTC
8+ —4&— - v -TC

—16 L

(b)

Fig. 7. Volumetric strain versus confining pressure at the dilative point
and softening point for different relative densities: (a) Volumetric strain at
the dilative point, and (b) volumetric strain at the softening point.

test at &, = 20%) ¢, are given by the peak principal stress
ratio Ry.x and the final principal stress ratio Ry.

0 Imax
Rmax = 6
O03max ( )
aif
Ry =-1 7
! O3f ( )

The calculated values of the peak friction angle ¢, and
the final friction angle ¢; from the CTC and TC tests are
plotted in Fig. 10. Under the same stress condition, the val-
ues of ¢, increase with the initial density, but decrease as
the confining pressure decreases. However, the effect of
confining pressure on ¢, is more significant than the effect
of the initial density. For the samples with the same initial
density and pre-consolidation pressure, the values of ¢,
change with different stress paths. The variation of ¢,
between the CTC and TC tests is about 1°-6°. A similar
trend is also found in the final friction angle ¢;. The change
of friction angle of quartz sand under different stress paths
is very limited, so the calcareous sand behaves different
from the quartz sand.

Duncan and Chang (1970) proposed a nonlinear model
to describe the stress—stain behaviour of soil. In this model,
¢, can be derived from the consolidation pressure:
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Py, =9 —Aplg <]67> (8)
where ¢, is the friction angle derived from Mohr circle, A
is the change of friction angle due to the increased consol-
idation stress, and P, is the atmospheric pressure.

According to the test results, we can get the peak friction
angles in the CTC and TC tests:

G, = 60.77 — 23.60 Ig (;) (CTC), 9)
G, = 56.03 — 1550 1g (1"7) (TC). (10)

Figure 11 shows the relationship between the peak fric-
tion angle and consolidation pressure of the calcareous
sand with the initial relative density of 0.8 in the CTC
and TC tests. It is shown that the peak friction angle of
the calcareous sand has a linear relationship with the con-
solidation pressure in both tests. The values of ¢, of the
sample with D, = 0.8 are 60.77 in the CTC test and
56.03" in the TC test, but the gradients of the fitting line
are different.

y=60.77" — 23.60lg(c./P,)
55 - ,
e R?=0.9860
50 | N
T ¥ =56.03 —15.50lg(0c/P)
onT oL R2=0.9932 meic
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Fig. 11. Relationship between peak friction angle and the consolidation
pressure.
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3.3 Breakage potential

To illustrate the relationship between the particle break-
age and shear strength of calcareous sand, the friction
angle versus the relative breakage potential B, is plotted
in Fig. 12. The value of ¢p decreases with the increase of
particle breakage potential. This is different from the beha-
viour of quartz sand (Guo & Han, 2016). Hence, the effects
of consolidation pressures and stress path on the peak fric-
tion angle are closely related to the particle breakage. The
difference in the degree of particle breakage, denoted as the
relative breakage potential B,, induces the difference in the
peak shear strength of calcareous sand.

Figure 13 presents the particle size distribution curves of
calcareous sand before and after each test. The calcareous
sand with an initial particle size between 1 and 2 mm con-
tains a wide range of particle sizes between 0.075 and 2 mm
after shearing due to the particle breakage. However, the
majority of particle sizes are larger than 0.25 mm. The den-
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13. Particle size distribution curves of calcareous sand before and after each test: (a) CTC, (b) TC, (c) PL2.7, and (d) PL3.0.
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ser sand under the higher confining pressure has a
smoother concave curve after shearing. In addition, it is
shown that the calcareous sand in the PL test contains a
wider range of particle sizes compared with that in the
other tests. The sand in the TC test tends to have a nar-
rower particle size distribution.

Figure 14 shows the relationship between relative break-
age potential and consolidation pressure. In the PL tests
the relative breakage potential is the largest compared with
that in the CTC and TC tests, and it increases with the
principal stress ratio. In the TC and CTC tests, the stresses
applied to the calcareous sand are small, leading to rela-
tively weak interlocking between particles. Hence there is
a less degree of particle breakage in the TC and CTC tests,

0.28
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0.08

Relative breakage potential B(%)
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Fig. 14. Relationship between relative breakage potential and the
consolidation pressure.

(a)

and the value of the relative breakage potential is very
small. Under the same consolidation pressure, the relative
breakage potential increases with the decrease of initial rel-
ative density of the calcareous sand. This is because the
denser sand is well compacted, and contains more particles
in a unit volume. Each particle of denser sand is considered
to have more contacted neighbouring particles, thereby
limiting and constraining the relative movement of each
particle. Less movement leads to less particle breakage.

The effect of the stress path on the mechanical properties
of calcareous sand can be illustrated by the micro-structure
change of calcareous sand, as shown in Fig. 15. As dis-
cussed above, the calcareous sand particle in the PL tests
broke to a larger extent compared with that in the CTC
and TC tests. In the PL2.7 and PL3.0 tests, the porous
structures were crushed and the void space was filled with
fine particles. These fine particles effectively filled up the
void space, so the particles began to rearrange, and new
contacts and interlocking developed between the particles.
This can be confirmed by the change of particle size distri-
bution, as shown in Fig. 15.

At the same time, the calcareous sand particles formed
new micro-structures in the PL2.7 and PL3.0 tests. During
this process in the triaxial tests, the original shear strength
of the irregular coarse sand particles was gradually
replaced by the shear strength of regular fine sand particles
(Fig. 16(b)). But in the CTC and TC tests, there were not
enough fine particles to form the new strong micro-
structure (Fig. 16(a)). Once the initial structure of particles
started to break, the residual shear strength decreased con-
tinually with the shear strain. Hence, the shear strength of
the calcarcous sand under different stress paths behaved
totally different due to the different micro-structure
changes.

Fine Particles

(b)

Fig. 15. Concept of particle breakage after triaxial tests under different stress paths: (a) CTC and TC tests, and (b) PL2.7 and PL3.0 tests.
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Fig. 16. Effect of particle breakage on the shear strength: (a) CTC and TC tests, and (b) PL2.7 and PL3.0 tests.

4 Conclusion

In this paper, triaxial tests were used to investigate the
stress—strain relationship, shear strength, and particle
breakage of calcareous sand under the three stress paths
CTC, TC and PL. The following main conclusions have
been obtained:

(1) The stress path influences the stress—strain relation-
ship and the soil volume change of calcareous sand.
The stress—strain showed softening behaviour in the
CTC and TC tests, but hardening behaviour in the
PL tests. Dilation and compression of the sample
were observed in the CTC and TC tests, but only
compression occurred in the PL tests. The values of
the deviator stress, the axial strain, and the volumet-
ric strain at the softening point (peak point) are
higher than the values at the dilation point.

(2) The stress path also influences the shear strength and
particle breakage of calcareous sand. Under the same
stress path, the sand consolidated by the greater con-
fining pressure tends to have a higher strength and
degree of particle breakage. For the same confining
pressure, the sand in the PL tests produces a higher
strength and degree of particle breakage. Conversely,
the lowest strength and degree of particle breakage of
the sand were observed in the TC tests. The friction
angle of calcarcous sand decreased as the particle
breakage potential increased. The relationship
between the peak friction angle and the confining
pressure of the calcareous sand under different stress
paths can be presented by an exponential function.

(3) The results show that the confining pressure affects
the volumetric change only in the CTC and TC tests.
In addition, the dilation behaviour of calcareous sand
is more significant under a lower confining pressure.
However, for the sand under a higher confining pres-
sure, compression behaviour was seen in the CTC
tests. Under the same stress path, the increased con-
fining pressure can lead to greater deviator stresses,
peak friction angles and relative breakage potential,
as well as smaller final friction angles.

(4) The underlying mechanisms responsible for the differ-
ent behaviours of calcareous sand observed in this
study were discussed. For the calcareous sand in the
CTC and TC tests, strain-softening behaviour was
observed as the strain continually developed. But
for the sand in PL2.7 and PL3.0 tests, the particles
tended to rearrange and form new interparticle con-
tacts and interlocking, generating an increase in the
residual shear strength. Hence, the shear strength of
the calcareous sand under different stress paths
behaved totally different due to the different micro-
structure changes.
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