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A B S T R A C T

Post-cyclic settlement of saturated soil, due to dynamic loadings such as earthquake, causes severe damage to
structures. Dissipation of excess pore water pressure generated during cyclic loadings results in the volumetric
strain of soil materials. Many studies have been conducted on factors affecting post-cyclic volumetric strain (εre,v)
of siliceous soils. The effect of important factors on post-cyclic settlement of calcareous sand is evaluated in this
study. Calcareous soils are generally located in tropical and subtropical areas near oceans and gulfs. These
deposits are usually saturated and consequently, post-cyclic settlement can be critical in these sediments. In this
research, a series of hollow cylindrical torsional shear tests were performed on Hormuz calcareous sands ob-
tained from the north coast of the Persian Gulf. The samples were loaded cyclically under different cyclic stress
ratios (CSRs) in undrained condition and then, terminated at a desired pore water pressure ratio (ru). After that,
the excess pore water pressure was allowed to dissipate, and volumetric strain occurred as a result. The effects of
relative density (Dr), cyclic stress ratio (CSR), excess pore water pressure ratio (ru) and maximum cyclic-induced
shear strain (γmax) on εre,v of the reconstituted sand were evaluated. The results showed that maximum shear
strain is the most effective factor in estimating the post-cyclic settlement of the calcareous sand.

1. Introduction

Cyclic-induced deformation caused by dynamic loadings such as
earthquakes can be divided into two categories: shear deformation and
volume change. During dynamic loadings, pore water pressure in-
creases in saturated soils. The liquefaction phenomenon occurs in cases
of level- or mildly-sloping grounds, when the pore water pressure in-
creases to the confining pressure in saturated soils during an earth-
quake. After that, excess pore water pressure dissipates and volume
change takes place in the soil mass. These volume changes manifest as
settlement in ground surface. Liquefaction may also cause sand boil,
loss of bearing capacity, lateral spreading, etc. [1,2].

As reported by many researchers in different case studies and ex-
perimental investigations in siliceous deposits, excess pore water
pressure dissipation causes cyclic-induced settlement. Retamal and
Kausel [3] stated that the settlement was about 80 cm in some regions
and was a result of soil densification after the Chile earthquake (1960).
The cyclic-induced volumetric strain during the Niigata earthquake
(1964) was reported to be about 3–5% [4]. Some regions experienced a
50 cm ground surface settlement after the earthquake, which resulted in

significant damages. The non-homogenous nature of soils causes post-
cyclic differential settlements that result in severe structural damages.
Non-uniform settlements and structural damages were reported in
many earthquakes such as the Niigata earthquake in Japan (1964) [5],
the Luzon earthquake in the Philippines (1990) [6], the Kocaeli
earthquake in Turkey (1995) [7], the Christchurch earthquake in New
Zealand (2011) [8] and the Tohoku earthquake in Japan (2011) [9], all
of which occurred in regions with siliceous soils.

Many experimental and semi-empirical studies have been conducted
in estimating the post-cyclic volumetric strain (εre,v) in saturated silic-
eous soils. Lee and Albaisa [10] conducted an experimental study and
showed that confining pressure, relative density, excess pore water
pressure and soil particle shape are all factors that affect the εre,v. They
also stated that according to the data, high scatter occurs after initial
liquefaction, which corresponds to the failure condition. Nagase and
Ishihara [4] performed a series of simple shear tests on Fuji river sand.
The results showed a good relationship between the excess pore water
pressure ratio (i.e., ru, where ru= Δu/σ′0; Δu is excess pore water
pressure and σ′0 is initial effective stress) and post-cyclic volumetric
strain (εre,v). The effect of relative density on εre,v showed that
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increasing soil density decreases the post-cyclic settlement [4,11,12].
As shown in Fig. 1 and as confirmed by many researchers [10,13,14],
when ru reaches 1.0 (i.e., initial liquefaction condition), the εre,v in-
creases rapidly. Since the excess pore water pressure ratio cannot be
greater than the unit value, some researchers did not find ru to be a
proper factor in estimating the εre,v in liquefaction condition [4,15,16].

Shamoto et al. [16] introduced a method to estimate the settlement
of saturated soil material after cyclic loadings. They stated that the
maximum shear strain of soil induced by cyclic loading plays an im-
portant role in εre,v. Cyclic triaxial tests were conducted on Ottawa sand
to evaluate the effect of confining pressures on εre,v [17]. Ottawa sand
samples were prepared at constant density and were consolidated at
different confining pressures of 100, 300 and 400 kPa. The results
showed that at a constant ru level, increasing the confining pressures
leads to higher εre,v values. Lee and Albaisa [10] presented similar re-
sults about the effect of confining pressures on εre,v.

In semi-empirical methods, well-known field tests on siliceous soil
such as the standard penetration test (SPT), cone penetration test (CPT)
and shear wave velocity (Vs) were used to estimate the post-cyclic
settlement of soils [11,15,18–20]. Ishihara and Yoshimine [15] pro-
posed one of the well-known methods in estimating the εre,v of terri-
genous sediment (which are derived from the erosion of rocks). This
method uses the following equation to calculate the factor of safety
against liquefaction:
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(Eq.1)

where FSL is the factor of safety against liquefaction, σdL is the axial
stress required to cause initial liquefaction (i.e., 5% double-amplitude
axial strain in 20 cycles), σd is the amplitude of the axial stress corre-
sponding to the cyclic loading and σ′0 is the initial effective stress. To
estimate the εre,v, the physical and mechanical properties of soil should
be obtained in terms of the relative density (Dr), the maximum shear
strain induced by earthquake (γmax) and the Japanese standard pene-
tration value (N1) or cone penetration value (qc1) (see Fig. 2).

Assuming the total surface subsidence is equivalent to sum of vo-
lumetric strain of the soil layers, ground surface settlement can be
calculated by the following equation:

S dzv
z

re v0 ,= (Eq.2)

where Sv is the vertical displacement of ground surface (or ground

settlement), z is the thickness of the soil layers and εre,v is the post-cyclic
volumetric strain of soil layers obtained from different methods such as
the method introduced by Ishihara and Yoshimine [15]. Previous stu-
dies have shown that when the factor of safety against liquefaction
decreases to a threshold value, the εre,v will be constant. This threshold
value depends on the soil material properties [4,15,20,21].

While there are extensive researches on post-cyclic settlement of
terrigenous soils, not much research has been done on the εre,v eva-
luation of calcareous deposits. Calcareous deposits are generally located
in tropical and subtropical areas such as the Persian Gulf, Hawaiian
Islands, Puerto Rico, Republic of Ireland, and Australia. Calcareous
sediments cover approximately 40% of the ocean's surface [22]. There
are many differences between the mechanical behavior of calcareous
and siliceous soils, which were reported in many researches [23–26].
Although calcareous sediments have higher internal friction angle due
to shape and roughness of particles [23], the critical or ultimate state of
these deposits is obtained in higher strain than that of siliceous soil
[27,28]. Crushing of calcareous particles affects the mechanical beha-
vior of this deposits [29–31]. As an instance, particle breakage increases
the contractive behavior of carbonate samples [26,32]. Soil density,
particle shape, gradation curve, stress and strain states and drainage

Nomenclature

CO2 carbon dioxide
CSR cyclic stress ratio
CPT cone penetration test
Cc coefficient of curvature
Cu coefficient of uniformity
Dr relative density
Drac after consolidation relative density
D10 soil diameter corresponding to 10% finer (effective grain

size)
D30 soil diameter corresponding to 30% finer
D50 soil diameter corresponding to 50% finer
D60 soil diameter corresponding to 60% finer
emax maximum void ratio
emin minimum void ratio
εre,v, εv post-cyclic volumetric strain
Fe2O3 Iron (III) oxide
FSL factor of safety against liquefaction
Gs specific gravity
(γd)min minimum dry density

(γd)max maximum dry density
γmax maximum single amplitude cyclic-induced shear strain
HCL hydrochloric acid
HI sand Hormuz Island sand
N1 Japanese standard penetration value
Ncyc number of cycles
qc1 cone penetration value
ru excess pore water pressure ratio
SEM scanning electron microscopic
SiO2 silica
SPT standard penetration test
Sv vertical displacement of ground surface
σd the amplitude of axial stress of cyclic loading

σdL axial stress required for occurrence of initial liquefaction
σ’0 initial effective stress
ur residual excess pore water pressure
Vs shear wave velocity
z thickness of the soil layers
Δru variation of excess pore water pressure ratio
Δu excess pore water pressure

Fig. 1. The effect of relative density on post-cyclic volumetric strain of Fuji
river sand [4].
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condition are important parameters that influence the particle breakage
of calcareous soil [28]. The dynamic properties of calcareous soils ob-
tained from different locations of the Persian Gulf were studied and
compared with siliceous soils [33–35]. Previous studies have shown
that the cyclic resistance of calcareous deposit is higher than that of
siliceous soil [36–38].

This paper presents the results of an experimental study on post-
cyclic volumetric strain of calcareous sand collected from the north
coast of the Persian Gulf. A series of hollow cylindrical torsional shear
tests was performed on Hormuz calcareous sand prepared at different
relative densities. The specimens were loaded cyclically under different
cyclic stress ratios in undrained condition and then terminated at the
desired excess pore water pressure ratios (ru). After that, the excess pore
water pressure was allowed to dissipate, causing the occurrence of
volumetric strain. Ultimately, the effects of Dr, CSR, ru and γmax on the
εre,v of the reconstituted sand were evaluated.

2. Soil characterization

The calcareous sand used in this study was obtained from Hormuz
Island in the northern shore of the Persian Gulf. Hormuz Island is a
historic island, which lies 30 km south east of the Bandar-Abbas com-
mercial port located in the northern coast of the famous Hormuz Strait.
This strategic strait is situated between two well-known gulfs, the
Persian Gulf and the Gulf of Oman. Fig. 3 shows the location of the
Hormuz Island in the Persian Gulf. The grain size distribution analyses
and the physical properties of the calcareous sand are shown in Fig. 4
and Table 1, respectively.

Using HCL acid and measuring the released gas (i.e., CO2) resulted
from the reaction between carbonates and the acid [39], the carbonate
content of Hormuz Island sand (HI sand) was found to be approximately
70%. The results of chemical tests showed that about 20% of soil was
formed by SiO2 and about 10% of soil was formed by other compounds
such as Fe2O3. Consequently, HI sand can be categorized as carbonate-
rich sand or siliceous carbonate sand [40,41].

Fig. 5 shows the scanning electron microscopic images (SEM image)
of HI sand. The scanned calcareous sand contains thin-walled mollusk,
echinoderm plate fragments and thick-walled foraminifera, which are
the fauna located in the ocean and seas and has an intra-particle void
that can be filled by water or air. It can be inferred from Fig. 5 that HI
grains are angular and have many voids on a particle surface, which
result in high roughness.

3. Sample preparation and testing program

The experimental part of study was performed in the Geotechnical
Engineering Research Center (GERC) of Iran University of Science and
Technology (IUST) using the hollow cylindrical torsional apparatus
(HCTA), which was made by GDS Instruments Company. The HCTA
contained 5 main units including pressure/volume controller unit,
axial/torsional loading unit, cell pressure (i.e., Plexiglas cell), digital
control system and computer unit. More details about the HCTA can be
obtained in [42].

The air pluviation method, a method described by Towhata [1], was
used for the sample preparation. The dry soil was spread into a hollow

Fig. 2. Estimation of post-cyclic volumetric strain by Ishihara and Yoshimine
method [15].

Fig. 3. (a) Map of Iran, (b) The location of Hormuz Island in the Persian Gulf.
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cylinder mold in 5 layers to obtain more uniform samples. Each layer
had different relative densities, in which the first layer had the least
relative density, the middle layer had the target relative density and the
last layer had the most relative density. This sample layering method is
known as undercompaction and was first proposed by Ladd [43]. The
internal and external diameters and the sample heights were approxi-
mately 60mm, 100mm and 200mm, respectively.

To achieve the saturation condition, after flushing CO2 and exuding
de-aired water to the specimens, a back pressure of 240 kPa under an
effective pressure of 10 kPa was applied to the samples. Using this
method of saturation, a B-value greater than 0.96 was obtained in all
tests. Calcareous soils have intra-particle voids that never be fully sa-
turated by common saturation methods. However, the saturation con-
ditions in the intra-particle voids do not affect the undrained cyclic
behavior of calcareous soil, while the amount of particle breakage is
negligible. Subsequently, the samples were isotropically consolidated
under 150 kPa. Measuring the volume of withdrawing water from the
sample, after consolidation relative density of the specimen (Drac) was
calculated. The cyclic stress-controlled loading with 0.1 Hz frequency
was applied in undrained condition, and the tests were terminated at
the desired excess pore water pressure ratio (ru). After that, the excess
pore water pressure was allowed to dissipate, and the post-cyclic vo-
lumetric strain was measured.

In this study, the specimens were prepared at three different relative
densities including loose, medium and medium-dense conditions.

Different values of CSRs, ranging from 0.25 to 0.625, were applied to
the samples in undrained condition. The desired ru for termination of
the tests were 0.4, 0.8 and 1.0 (as initial liquefaction condition). Due to
a short delay between the manually termination of the tests by the
operator and the termination of torsional shear loading by the appa-
ratus, there are differences between the desired (or target) ru and the
final ru of each test. Table 2 shows a summary of the tests conducted in

Fig. 4. Grain size distribution of Hormuz Island sand.

Table 1
Physical properties of Hormuz Island sand.

Soil property Value

Unified soil classification SP
Coefficient of uniformity, Cua 2.876
Coefficient of curvature, Ccb 1.503
Effective grain size, D10 (mm) 0.202
Diameter corresponding to 50% finer, D50 (mm) 0.521
Specific gravity, Gs 2.930
Minimum void ratio, emin 0.444
Maximum void ratio, emax 0.669
Minimum dry density, (γd)min (kN/m3) 17.23
Maximum dry density, (γd)max (kN/m3) 19.91

a Cu=D60/D10.
b Cc=D302/(D60*D10).

Fig. 5. SEM image of the HI sand; (a) platy shape and angular particles; b: close-
up view of particle which contains intra-particle voids.
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this study. It should be noted that γmax refers to the maximum single
amplitude cyclic-induced shear strain.

4. Results and discussions

4.1. Hollow cylindrical torsional shear test results

As stated before, a series of hollow cylindrical torsional shear tests
was conducted on reconstituted samples of Hormuz Island sand. Fig. 6
presents the test results on the HI calcareous sand prepared in loose,
medium and medium-dense conditions. The specimens were subjected
to CSR=0.4 in simple shear mode. The target excess pore water
pressure ratio was 1.0 as initial liquefaction condition in these tests.
Approximately 15, 62 and 118 cycles were needed in loose, medium
and medium-dense reconstituted samples, respectively, for initial li-
quefaction to occur. The variation of shear stress versus shear strain is
shown in Fig. 6a, c and 6e. Obviously, hysteresis stress-strain loops
became flattened and shear modulus decreased in undrained stress-
controlled condition. Higher values of maximum cyclic-induced shear
strain occurred in the specimen prepared at loose condition. The values
of γmax were approximately 8%, 4% and 2.5% for loose, medium and
medium-dense HI samples, respectively. Positive pore water pressure
caused the stress path curve to move to the left and reduced the mean
effective stress to zero at initial liquefaction (see Fig. 6b, d and 6f). The
samples were drained and volumetric strain occurred after the termi-
nation of loading. Fig. 7 shows the variations of the post-cyclic volu-
metric strain of 3 samples prepared at different relative densities. As
expected, the ultimate post-cyclic volumetric strain of loose specimen
was higher than that of other samples.

To evaluate the effect of important factors including ru and γmax, on

εre,v, tests with similar conditions of relative densities and stress his-
tories were performed. The loading stage was terminated when the
excess pore water pressure ratio reached the different target values (i.e.,
ru=0.4, 0.8 and 1.0). Fig. 8a shows the variations of the excess pore
water pressure ratio with the number of cycles for three loose samples
subjected to CSR=0.4. As seen from this figure, the trends of excess
pore water pressure generation coincide with each other. Dissipation of
excess pore water pressure resulted in volumetric strain, which is
shown in Fig. 8b. The curves shown in this figure correspond to tests
performed on the HI calcareous specimens that have reached different
levels of ru. It can be concluded that, increasing the excess pore water
pressure increases ultimate εre,v. When ru reached the unit value (initial
liquefaction occurred), the ultimate εre,v increased rapidly in compar-
ison to the post-cyclic volumetric strain of the samples with ru < 1.0.
Many researchers have stated that failure condition significantly affects
the post-cyclic settlement of soil materials [4,14,15].

Particle shape and breakage are two major physical properties,
which affect the mechanical behavior of calcareous deposits
[23,28,44–46]. Particle size distribution analyses were conducted be-
fore and after each test to calculate the amount of particle breakage of
the Hormuz calcareous sand. The results showed that due to the low
range of confining pressure and shear strain, particle breakage during
the tests of this research was negligible. Consequently, grain shape was
crucial to the cyclic behavior of the calcareous sand used in this study.
Fig. 8a shows that, high pore water pressure relaxation (high fluctua-
tion) occurred between the cycles, which is due to the angular and platy
shapes of calcareous deposit [36,45].

4.2. Effect of soil density on post-cyclic volumetric strain

In this study, specimens were prepared at three different relative
densities including 30, 50 and 65% to evaluate the effect of soil density
on post-cyclic settlement of HI calcareous deposits. Fig. 9 shows that the
loose specimens presented higher values of ultimate εre,v compared to
the denser samples. It was stated by previous researches that more
settlement occurred at the same level of the cyclic stress ratio (CSR) in
the ground surface of the soil with lower densities [4,12,15].

4.3. Effects of excess pore water pressure ratio on post-cyclic volumetric
strain

To evaluate the effect of ru on ultimate post-cyclic volumetric strain
of HI calcareous sand, the specimens were reconstituted at similar re-
lative densities and were loaded at similar cyclic stress ratios. The only
difference of these tests was the termination point of loading stage. The
relation between ru and ultimate εre,v in loose, medium and medium-
dense specimens subjected to CSR=0.4 is showed in Fig. 10 for in-
stance. According to previous researches on siliceous soil such as
[4,13–16], the increase of excess pore water pressure increased the
ultimate εre,v. The results showed that the ultimate εre,v values increased
at higher rate near the liquefaction condition.

4.4. Effect of maximum cyclic-induced shear strain on post-cyclic
volumetric strain

As previously stated, shear strain plays a key role in post-cyclic
settlement of soil materials. Fig. 11 shows the relation of γmax (single
amplitude) and ultimate εre,v for samples prepared at different relative
densities including 30%, 50% and 65%. Increasing the maximum shear
strain during cyclic loading increased the ultimate εre,v. Initial lique-
faction condition (i.e., ru=1.0) significantly affected the values of γmax.
In fact, due to cyclic-induced shear strains experienced by the speci-
mens under relatively low effective stress conditions during previous
cyclic loadings, large volume changes at initial liquefaction condition is
a reflection of significant changes in the fabric of the soil (i.e., soil
particle arrangement) [14]. Table 2 shows the significant increases of

Table 2
Summary of undrained cyclic hollow cylindrical torsional tests.

Test No. CSR Drac (%) γmax (%) Ncyc Final ru

1 0.250 29.76 0.24 29 0.38
2 0.250 29.61 0.71 67 0.81
3 0.250 29.40 5.82 76 1.00
4 0.325 29.12 0.32 8 0.41
5 0.325 29.60 1.76 18 0.78
6 0.325 30.09 6.76 24 1.00
7 0.400 29.03 0.72 3 0.43
8 0.400 29.48 2.16 8 0.79
9 0.400 29.83 8.01 15 1.00
10 0.475 29.44 1.20 2 0.48
11 0.475 29.52 2.43 3 0.75
12 0.475 29.41 11.47 7 1.00
13 0.325 49.43 0.44 24 0.43
14 0.325 49.49 1.03 82 0.54
15 0.325 49.66 3.96 120 1.00
16 0.400 49.23 0.69 9 0.43
17 0.400 49.42 1.60 38 0.84
18 0.400 49.28 4.14 62 1.00
19 0.475 49.62 1.33 2 0.47
20 0.475 51.40 3.96 11 0.90
21 0.475 50.51 5.02 28 1.00
22 0.550 50.68 2.12 1 0.51
23 0.550 50.38 4.51 8 0.90
24 0.550 49.55 5.46 22 1.00
25 0.400 63.05 0.61 9 0.38
26 0.400 66.86 1.12 63 0.78
27 0.400 63.17 2.59 118 1.00
28 0.475 65.27 0.70 3 0.44
29 0.475 64.76 1.32 19 0.80
30 0.475 64.80 2.78 63 1.00
31 0.550 64.94 1.08 2 0.52
32 0.550 66.21 1.76 9 0.80
33 0.550 66.00 3.27 56 1.00
34 0.625 64.83 1.19 3 0.58
35 0.625 65.30 2.38 9 0.84
36 0.625 64.92 3.86 46 1.00
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maximum cyclic-induced shear strain at initial liquefaction conditions
(especially for specimens with lower relative densities).

4.5. Effect of cyclic stress ratio on post-cyclic volumetric strain

The reconstituted HI samples were subjected to different cyclic
stress ratios (i.e., CSRs) to evaluate the effect of shear stress on ultimate
εre,v. The results showed that higher ultimate εre,v occurred in specimens
subjected to higher CSRs at a constant ru (Fig. 10). Evaluating the effect
of CSR on γmax showed that higher CSR results in higher values of γmax
at the same excess pore water pressure ratio level (Fig. 11). As stated
previously, increasing the maximum cyclic-induced shear strain in-
creases the ultimate εre,v.

4.6. Comparison of post-cyclic volumetric strain of HI calcareous and
siliceous sands

Fig. 12 shows the difference in the relation of ultimate εre,v and ru of
HI calcareous and several siliceous sands including Fuji River sand [4],
Monterey sand [10] and Ottawa sand [17], which were tested pre-
viously under relatively similar conditions with this study. Although the
variations of ultimate εre,v with ru are similar for both calcareous and
siliceous sands and approaching the excess pore water pressure ratio to
the unit value increases the ultimate εre,v significantly, the ultimate
post-cyclic volumetric strain of HI calcareous sand is higher than that of
siliceous soils for the same value of the excess pore water pressure ratio.
As stated by many researchers, particle crushing and particle char-
acteristics (including particle shape and roughness) of calcareous soil

Fig. 6. Results of torsional shear tests on Hormuz Island sand at loose, medium and medium-dense conditions under CSR=0.4; (a): stress-strain curve of loose
condition, (b): stress path of loose condition, (c): stress-strain curve of medium condition, (d): stress path of medium condition, (e): stress-strain curve of medium-
dense condition, (f): stress path of medium-dense condition.
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play important roles in monotonic and cyclic behavior of these sedi-
ments [26,48]. Based on the results of sieve analyses before and after of
the tests, the particle breakage of HI calcareous sand was negligible.
The angularity and roughness of the calcareous particles observed in
SEM images resulted in higher cyclic resistance of HI calcareous soil.

Many researchers stated that cyclic strength of calcareous soil is higher
than that of siliceous deposits [36,47,49,50]. In other words, increasing
excess pore water pressure under cyclic loading is more difficult in
calcareous soil. In order to obtain similar ru values under constant
conditions of stress and density, more cycles are required for calcareous
sand, which result in higher post-cyclic volumetric strain.

4.7. The most effective factors on post-cyclic volumetric strain

The results of the study showed that relative density, excess pore
water pressure ratio, stress state (i.e., cyclic stress ratio and number of
cycles) and maximum shear strain all affect the amount of ultimate
post-cyclic volumetric strain of calcareous sand. Similarly with siliceous
soils, ru and γmax are two major factors in predicting the ultimate εre,v in
calcareous deposits. As presented in Figs. 12 and 13, the excess pore
water pressure ratio and the maximum cyclic-induced shear strain were
used to estimate the ultimate post-cyclic volumetric strain of Hormuz
Island sand. A comparison of the figures shows that the most effective
factor in estimating the ultimate εre,v in a range of 0≤ ru < 1.0 is γmax
due to less scattered data in Fig. 13. The key role of shear strain am-
plitude in the cyclic behavior and volumetric change of soil materials
was stated by many researchers [51–53].

5. Conclusion

Dissipation of excess pore water pressure generated during cyclic
loadings results in post-cyclic volumetric strain, which causes severe
damage to structures. The effects of relative density (Dr), cyclic stress
ratio (CSR), excess pore water pressure ratio (ru) and maximum shear
strain (γmax) on ultimate post-cyclic volumetric strain (εre,v) of calcar-
eous sand were investigated in this study. The calcareous sand used in
this research was obtained from the Hormuz Island in the northern
shore of the Persian Gulf. A series of hollow cylindrical torsional shear
tests at different initial conditions was performed on reconstituted
Hormuz Island sand. The following conclusions were obtained from the
study:

1 The excess pore water pressure ratio and the maximum cyclic-in-
duced shear strain are two major factors, that influence the ultimate
post-cyclic volumetric strain of HI sands. The results show that these
parameters are useful for estimating the ground surface settlement.

2 The increase of excess pore water pressure and maximum cyclic-
induced shear strain resulted in a higher ultimate εre,v value. At in-
itial liquefaction condition (i.e., ru=1), the specimens became un-
stable and γmax and ultimate εre,v increased rapidly. As an instance,
the result of this study at loose condition showed that when ru

Fig. 7. Post-cyclic volumetric strain of HI samples prepared at different relative
densities.

Fig. 8. (a): excess pore water pressure ratio versus No. of cycles in loose sam-
ples under CSR=0.4, (b): post-cyclic volumetric strain of loose samples sub-
jected to CSR=0.4.

Fig. 9. The effect of relative density on ultimate post-cyclic volumetric strain in
CSR=0.4.
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increased from 0.4 to 0.8 (i.e., Δru=0.4), maximum variations of
γmax and εre,v were about 1.44% and 0.68%, respectively. On the
other hand, when ru changed from 0.8 to 1.0 (i.e., Δru=0.2),
maximum variations of γmax and εre,v were about 9.04% and 1.55%,
respectively.
3The relation of ultimate εre,v and ru of HI calcareous and siliceous
sands showed that higher ultimate post-cyclic volumetric strain
occurred in HI calcareous soil at constant excess pore water pressure
ratio under similar stress states.

4 Exact estimating the ultimate post-cyclic volumetric strain is very
difficult and there are many parameters affect the ultimate εre,v.
However, based on the results of this study, the most effective
parameter for estimating the ultimate εre,v in HI calcareous sand was

Fig. 10. The relation of excess pore water pressure ratio and ultimate post-
cyclic volumetric strain of HI samples; (a) loose condition, (b) medium condi-
tion, (c) medium-dense condition.

Fig. 11. The relation of maximum cyclic-induced shear strain and ultimate
post-cyclic volumetric strain of HI samples; (a) loose condition, (b) medium
condition, (c) medium-dense condition.
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maximum cyclic-induced shear strain during applying uniform
stresses in a range of 0≤ ru < 1.0.
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