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1. Introduction 
 

After 1964 Niigata earthquake and Alaska earthquakes, 

soil liquefaction has been widely concerned, becoming an 

important issue. Scholars have conducted a lot of research 

on the properties of liquefiable soils and improve them to 

protect the environment and the safety of structure 

construction (Hsiao and Phan 2014, Ghiasi and Mozafari 

2018, Chou and Lin 2020, Sonmezer et al. 2020, Ghiasi and 

Hamedani 2022, Ghiasi and madah 2022). Moreover, soil 

elements at the bottom and edge of slopes, dams and 

structures are often acted by the additional static shear 

stress, which significantly impacts the dynamic 

characteristic of soils. 

The effect of initial static shear τs on the dynamic 

characteristics of soils has been studied by many 

researchers. The initial shear was simulated with 

anisotropically consolidated samples by triaxial tests, 

following the early work of Lee and Seed (1967). After the 

anisotropic consolidation, the initial static deviatoric stress 

s v hq    , which induces the static shear stress 
s s / 2q   

on the 45º plane of the triaxial samples. Based on this 

method, Lee and Seed (1967) found the initial static shear  

enhanced the cyclic strength of sand. However, the triaxial  
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tests conducted by Vaid and Chern (1985) indicated that the 

liquefaction resistance could either increase or decrease 

with the effect of the τs and its trend resulted from the static 

shear level and the relative density of samples. The 

influence of the shear strain magnitude on the subsequent 

dynamic response of contractive sand was also studied. The 

liquefaction resistance increased with the small pre-shear 

strain increasing, but the pre-shearing beyond the phase 

transformation line had opposite effect (Vaid et al. 1989).  

The effect of static shear was estimated based on the 

anticipated deformation characteristics of the sand, rather 

than the relative density (Vaid et al. 2004). Yang and Sze 

(2011) summed three deformation failure modes from a 

series of triaxial tests, including the flow-type failure, the 

cyclic mobility and the plastic strain accumulation. The 

threshold α was found to describe the effects of τs on the 

cyclic strength depending on the confining pressure and the 

relative density (Yang and Sze 2011). If α was lower than 

the threshold, the cyclic strength increased with the α 

increasing, while it decreased with α larger than the 

threshold (Yang and Sze 2011). The applicability of this 

theory for different types of sand such as Toyoura sand and 

Fujian sand was also tested (Yang and Sze 2011). Previous 

studies revealed that if there was initial static shear stress, 

the deformation was more likely to generate on the same 

side of τs (Hyodo et al. 1994). In addition, the excess pore 

water pressure (EPWP) also showed different behaviors. 

Under the cyclic loading, the EPWP generated and tended 
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to approach the limited value which was always below the 

initial effective confining pressure, and the effective stress 

did not reach the zero effective stress state (Hyodo et al. 

1994). 

The experimental researches mentioned above mainly 

focused on the compressive static shear. However, the 

extensional static shear affected the soil elements away 

from the structures and it was more common for the 

offshore engineering. Andersen (2009) and Randolph 

(2012) investigated the influence of the extensional static 

shear preliminarily and the sand was more prone to large 

deformation. The extensional static shear weakened the 

cyclic resistance of samples (Pan and Yang 2018, 2017).  

It is a well-established fact that the soil behavior is 

strongly dependent on the stress path. There were 

significant differences among the experimental results of 

the laboratory cyclic shear tests with different loading 

conditions (Vaid and Sivathayalan1996, Sivathayalan and 

Ha 2011). In the existing triaxial experimental research 

subject to τs, the cyclic load was applied in the single axial 

direction. Such simulation could excite corresponding 

cyclic shear on the 45º plane, but the cyclic stress was 

inevitably caused in the vertical direction of the plane 

which would significantly affect the soil response (Huang et 

al. 2011). Such problems can be solved by the bidirectional 

dynamic triaxial test. The amplitude and frequency of the 

radial cyclic load are the same as those of the axial one with 

a constant phase difference of 180°. The “bidirectional” 

here is different from other experimental methods. As for 

cyclic single shear tests, “bidirectional” was the 

combination of two shears perpendicular to each other in 

the same shear plane (Rasouli and Moradi 2021) and the 

cyclic shear was conducted for triaxial tests in one single 

direction. 

In addition, the soil is usually affected by horizontal and 

vertical seismic motions during earthquakes. The recent 

research on the soil liquefaction behavior affected by τs  

mainly focused on the response under horizontal ground 

motions. However, the features of the vertical ground 

motions were pretty different from those of the horizontal 

ones (Yang et al. 2002). For example, their propagation 

were not weakened by the nonlinear behavior of soil, such 

as liquefaction (Bradley and Bradley 2011). The increment 

of the dynamic vertical stress was chiefly carried by the 

EPWP (Liu et al. 2018), which resulted in the high-

frequency oscillation of the pore pressure (Tsaparli et al. 

2016). The EPWP was an essential parameter for evaluating 

liquefaction and the impact of vertical motion on 

liquefaction should not be negligible (Yang 2004). Thus, it 

is necessary to study the response of the sand affected by 

the initial static shear under the bidirectional earthquake 

load. 

In this study, a series of undrained bidirectional cyclic 

triaxial tests for the saturated medium dense sand were 

conducted to supplement the existing research. The vertical 

seismic effects were simulated by the radial cyclic load. 

Both the initial compressive and the extensional static shear 

were considered. The effects of τs on the deformation 

modes, the cyclic resistance and the pore water pressure  

0.01 0.1 1 10
0

20

40

60

80

100

P
er

ce
n

ta
g

e 
p

as
si

n
g

 (
%

)

Particle size (mm)  

Fig. 1 Particle size distribution 

 

 

development were studied under different initial mean 

effective stresses. The relationship between the SSR and the 

ultimate residual EPWP was presented and analyzed. 
 
 

2. Test procedure 
 

This section describes the test apparatus, material and the 

sample prepare method used in this study. 

 

2.1 Test apparatus 
 

The bidirectional dynamic triaxial testing system 

developed by GDS was used in this study. This testing 

system comprises the pressure chamber, the servo host 

system, the hydraulic servo control loading system, analog 

and digital signal control systems, and the computer-

controlled system. It is capable of isotropically and 

anisotropically consolidating, and loading in various modes. 

The most notable advantage of this device is that the 

dynamic loads in both axial and radial directions can be 

applied with the required stable phase difference. 

 
2.2 Material and sample preparation 
 

Fujian standard sand in China was used as the testing 

material. The basic physical properties are summarized in 

Table 1. Its maximum and minimum dry densities are 1.85 

g/cm3 and 1.61 g/cm3, respectively. Fig. 1 illustrates the 

particle size distribution of Fujian standard sand. It is 

classified as SP (poorly graded sand) according to ASTM 

D2487. All the samples were prepared by the air pluviation 

method with the initial relative density Dr = 50%, 50 mm in 

diameter and 100 mm in height. 

Each specimen was fully saturated in two stages. First, 

the specimens were flushed with the carbon dioxide and de-

aired water. Then, back pressures with B-value checks were 

conducted until the B-values were greater than 0.95. After 

that, the specimens were isotropically consolidated. The 

target static shears s were obtained in the subsequent 

anisotropic consolidation. 
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Table 1 Physical properties of Fujian standard sand 

sG  
max

(
3g / cm ) 

min

(
3g / cm ) 

cC  
uC  

2.67 1.85 1.61 0.96 1.65 

 

 

Fig. 2 Stress path prior to cyclic loading 

 

 

In this study, both the extensional and the compressional 

initial static shear were discussed. For simplicity, the 

compressional and extensional static stresses are denoted as 

positive and negative, respectively, as shown in Fig. 2. The 

initial effective mean stress 0p  was set as 100 kPa and 300 

kPa during the anisotropic consolidation, as shown in Eq. 

(1). The path of the drained consolidation stress was shown 

in Fig. 2 (Pan and Yang 2018). 

0 v h( 2 ) / 3p       (1) 

In the stress-control triaxial testing, different loading 

requirements are performed by coupling the initial static 

deviator stress sq  and the bidirectional cyclic load. In this 

study, the bidirectional sinusoidal cyclic load of 1Hz with 

the same amplitude and phase difference 180  is selected. 

The shear stress ratio (SSR) and cyclic stress ratio (CSR) are 

used to control the loading value, defined as Eqs. (2) and 

(3). 

s 0 s 0 v h 0/ / (2 ) ( ) / (2 )SSR p q p p          (2) 

cyc 0/CSR q p   (3) 

The total axial applied load is defined as Eq. (4). 

s cyc( ) sin(2 )q t q q ft   (4) 

where qs is the static deviatoric stress; qcyc  is the amplitude 

of cyclic deviatoric stress; f  is the loading frequency and 

t  is time. If qcyc > s  (CSR>SSR), it is considered as stress 

reversal, on the contrary, no reversal. All cyclic tests were 

carried out in undrained conditions. The test program is 

shown in Table 2. It is worth noting that the application of  

 

Fig. 3 Diagram of the loading process 

 

Table 1 Undrained cyclic triaxial test program 

Series 
v  (kPa) h  (kPa) sq (kPa) SSR  CSR s cyc/q q  

I 
100 100 0 0 0.125 0 

100 100 0 0 0.25 0 

II 

114 94 20 0.1 0.125 0.8 

114 94 20 0.1 0.15 0.67 

114 94 20 0.1 0.2 0.5 

114 94 20 0.1 0.25 0.4 

III 

134 84 50 0.25 0.175 1.43 

134 84 50 0.25 0.2 1.25 

134 84 50 0.25 0.225 1.11 

134 84 50 0.25 0.3 0.83 

IV 

154 74 80 0.4 0.25 1.6 

154 74 80 0.4 0.275 1.45 

154 74 80 0.4 0.3 1.33 

154 74 80 0.4 0.35 1.14 

V 

94 104 -10 -0.05 0.1 -0.5 

94 104 -10 -0.05 0.15 -0.33 

94 104 -10 -0.05 0.2 -0.25 

VI 

87 107 -20 -0.1 0.075 -1.33 

87 107 -20 -0.1 0.1 -1 

87 107 -20 -0.1 0.15 -0.66 

VII 

73 113 -40 -0.2 0.1 -4 

73 113 -40 -0.2 0.125 -3 

73 113 -40 -0.2 0.15 -2.4 

VIII 

60 120 -60 -0.3 0.1 -4 

60 120 -60 -0.3 0.15 -3 

60 120 -60 -0.3 0.2 -2.4 

b-I 

300 300 0 0 0.075 0 

300 300 0 0 0.1 0 

300 300 0 0 0.125 0 

b-II 

340 280 60 0.1 0.1 1 

340 280 60 0.1 0.125 0.8 

340 280 60 0.1 175 0.57 

b-III 

400 250 150 0.25 0.175 2 

400 250 150 0.25 0.2 1.67 

400 250 150 0.25 0.225 1.5 

b-IV 

460 220 240 0.4 0.175 2.29 

460 220 240 0.4 0.225 1.78 

460 220 240 0.4 0.25 1.6 

b-V 

280 310 -30 -0.05 0.1 -0.5 

280 310 -30 -0.05 0.125 -0.4 

280 310 -30 -0.05 0.15 -0.33 

b-VI 

260 320 -60 -0.1 0.075 -1.33 

260 320 -60 -0.1 0.1 -1 

260 320 -60 -0.1 0.125 -0.8 

 
 

radial load is achieved by the vibration of the confining 

pressure, which is a cyclic spherical stress cyc

3 cycq  . When  

the phase difference between the axial and radial loads is 
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fixed at 180°, the cyclic spherical stress will partially offset 
and weaken the axial load applied to the test. Attention 
should be paid during the test control to avoid the situation 
where the actual force of the soil sample cannot reach the 
target stress. Fig. 3 illustrates the diagram of the 
consolidation and loading process. 
 

 
3. Test results 
 

The test results of the cyclic triaxial tests on saturated 
sand samples are presented and analyzed in this section. 
The discussion will be carried out from the following 
aspects: deformation mode, cyclic resistance, pore water 
pressure development and pre-failure deformation. 

 
3.1 Cyclic response and deformation modes 
 
Figs. 4-7 illustrate the typical cyclic response of the 

saturated medium dense samples with or without the 
compressive static shear, including the EPWP, the axial 
strain, the stress-strain curve and the effective stress path.  

From the perspective of the strain development of the 
sample, the deformation mode of the sample can be divided 
into three types, including the cyclic mobility, the 

 
 

accumulated plastic strain and the flow-type failure. 
Fig. 4 shows the typical cyclic response of a medium 

dense sample with 0p  being 100 kPa, SSR being 0 and 

CSR being 0.25. In the first 59 cycles with the EPWP 

gradually increasing, the effective stress decreases (Figs. 

4(a), 4(d)), and the axial strain is negligible except for 1.3% 

strain in the first cycle (Fig. 4(b)). After N=60, the EPWP 

increases rapidly trending to approach the initial effective 

confining pressure. Simultaneously, the double amplitude 

axial strain rapidly develops and exceeds 5%, resulting in 

the “S-shaped” stress-strain curve. When N=66, the average 

effective stress tends to be the near-zero effective stress 

state with the typical “butterfly” stress path. This kind of 

response mode is cyclic mobility. Compared with Yang and 

Pan (2018) under a similar stress situation for 0p  being 100 

kPa, SSR being 0 and CSR being 0.2 whose axial strain 

exceeds 6% at the 26th cycle, though the sample is looser 

and the cyclic load is higher, it needs more cycles to reach 

failure under the bidirectional cyclic loading.  

Fig. 5 presents the cyclic response of sample for 0p

being 100 kPa, SSR being 0.25 and CSR being 0.175. It is 

significantly different from the cyclic mobility one shown 

in Fig. 4. The residual pore pressure is built up stably  
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Fig. 4 Cyclic response of medium dense sand for 0p  being 100 kPa, SSR being 0 and CSR being 
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during the dynamic loading process. It tends to the limiting 
value below the initial effective confining pressure at about 
60 kPa with a rate slowing down gradually and the 
amplitude of the transient pore water pressure (PWP) 
increases slowly (Fig. 4(a)). Accordingly, the effective 
stress reduces with the PWP increasing. It cannot reach the 
zero-stress state (Fig. 5(d)). The stress path takes the 
skewed lens shape before failure (Liu et al. 2021). Fig. 5(b) 
shows that the strain accumulation arises on the 
compressive side (the same as the static shear) and 
eventually exceeds 5% at the 68th cycle. This kind of 
deformation mode is called accumulated plastic strain. As 
for the stress-strain curve shown in Fig. 5(c), although the 
shape of the hysteresis curve is almost unchanged, its center 
moves with the strain. 

Fig. 6 and 7 illustrate the similar behavior for samples 

affected by the extensional static shear. The former ( 0p = 

300 kPa; SSR = -0.05; CSR=0.1) belongs to the cyclic 

mobility, while the latter ( 0p = 100 kPa; SSR = -0.2; 

CSR=0.125) belongs to the accumulated plastic strain. But 

in contrast, the samples affected by extensional static shear 

stress experience a more rapid process of deformation 

development, and the strain tends to develop on the 

extensional side. As shown in Figs. 5 and 7,  

 

 

 

their stress levels are equivalent except for the different 

directions of the τs. The strain induced by the extensional 

static shear reaches 5% in the 23rd cycle, while the sample 

influenced by the initial compressive shear undergoes 190 

cycles before reaching the same strain level.  

In addition, with the influence of extensional static 

shear, the flow-type failure of the sample is caused by some 

load combinations, as shown in Fig. 8. The EPWP of the 

medium dense saturated sand sample increases suddenly 

and approaches the 0p  in the first 3 cycles (Figs. 8(a), 

8(d)). The effective stress is almost depleted, reaching the 

near-zero stress state. The axial strain shown in Fig. 8(b) 

develops sharply and instantly exceeds 20% on the 

extensional side in the 4th cycle. It is also perceptible that 

the kind of sand, loose or dense, should be discussed in the 

context of the 0p . The flow-type failure is more likely to 

appear under high-stress conditions even if the sand has the 

same relative density (Yang et al. 2022). 
Judging from the tests conducted in this paper, the flow-

type failure rarely appears, so the cyclic mobility and the 
accumulated plastic strain are discussed as follows. 

The above analysis shows that the deformation mode of 

sand under various conditions depends on the value and 

  
(a) Axial strain (b) Excess pore water pressure 

  

(c) Stress strain curve (d) Effective stress path 

Fig. 5 Cyclic response of medium dense sand for 0p  being 100 kPa, SSR  being 0.25 and CSR  being 0.175 
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(a) Axial strain (b) Excess pore water pressure 
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Fig. 6 Cyclic response of medium dense sand for 0p  being 300 kPa, SSR  being -0.05 and CSR  being 0.1 

  
(a) Axial strain (b) Excess pore water pressure 

  

(c) Stress strain curve (d) Effective stress path 

Fig. 7 Cyclic response of medium dense sand for 0p  being 100 kPa, SSR  being -0.2 and CSR  being 0.125 
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sign of the τs. As shown in Fig. 9, with the same CSR, as the 

absolute value of SSR increases, the effective stress path at 

the compressive side decreases, gradually evolving from a 

butterfly with symmetrical wings on both compressive and 

extensional sides to which has only one wing on the 

extensional side. 

Fig. 10 illustrates the variations of SSR with CSR, which 

is divided into three zones by two reference lines, showing 

the cyclic behavior of the medium dense sand. The 

deformation mode of the samples is closely related to where 

the load combination is in these three zones. If qs / qcyc > 1.2 

or qs / qcyc < -0.8, the sample destruction is caused by the 

accumulated plastic strain. If -0.8 < qs / qcyc < 1.2, the 

samples exhibit the cyclic mobility. The deformation mode 

of samples shows the accumulated plastic strain with the  
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Fig. 10 Cyclic response behavior of medium dense sand 

under different stress conditions 
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(c) Stress strain curve (d) Effective stress path 

Fig. 8 Cyclic response of medium dense sand for 0p  being 300 kPa, SSR  being -0.05 and CSR being 0.15 
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Fig. 9 Effects of initial static shear magnitudes on stress path 
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larger static deviator stress. However, the cyclic response 

mode is more likely to manifest as the cyclic mobility with 

the smaller static deviator stress. 

 

3.2 Cyclic Resistance with strain criterion 
 

In dynamic triaxial tests, 5% of the single axial strain 

was often used as the destruction standard of samples (Yang 

and Sze 2011, Masayuki et al. 2002, Vaid et al. 2001). For 

the cyclic mobility of samples, achieving 5% of the single 

axial strain is difficult. Considering the development of 

PWP, 5% of the double axial strain was defined as the 

destruction standard (Ishihara 1996). For the accumulated 

plastic strain, 5% of the single axial strain was still used. 

The cycles Nf for the axial strain reaching the failure 

standard were defined as the number of cycles for failure 

(Pan and Yang 2018). 

Fig. 11 illustrates the variations of CSR with Nf under 

different initial effective mean stresses. For the same SSR, 

Nf increases with the CSR decreasing. The soil is subject to 

a larger dynamic load, which is more unstable and easier to 

reach the destruction criteria. The dynamic strength is also 

related to the relative value and direction of the static 

deviator stress. For the same CSR, Nf increases with the SSR 

decreasing. It can also be observed that the Nf - CSR  curves 

affected by the extensional static shear are closer, which 

shows that the dynamic strength of the medium dense sand 

is less sensitive to the extensional static shear. 

To quantify the influence of the τs on the dynamic 

strength of the medium dense sand, the cyclic resistance 

ratio CRRn was defined as the cyclic stress ratio CSR 

required to reach the destruction criteria at the 10th loading 

cycle (Nf = 10) (Ishihara 1993, Konstadinou and 

Georgiannou 2013). As shown in Fig. 12, for any given 

SSR, the CRR of the sand with 0p  - 100 kPa is generally 

higher than that with 0p  = 300 kPa. For the similar trend of 

variations of CRRn  with SSR under different mean effective 

stresses, Kα was introduced to reflect the relative change of 

the liquefaction resistance of samples (Seed 2011). Kα  is 
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Fig. 12 Variations of the CRRSSR,n with SSR under different 

effective stresses 

 

 

the ratio of CRRSSR,n  at any SSR to CRR0,n with SSR being 

0, as shown in Eq. (5). As shown in Fig. 13, with SSR  being 

0, Kα =1. The initial extensional static shear results in the 

weakening of the dynamic strength with Kα less than 1.  

On the contrary, the compression static shear enhances 

the sand with Kα larger than 1. This effect is more obvious 

when the 0p  increases. The trend is related to the initial 

relative density of samples (Yang and Sze 2011). 

SSR, n

0, n

CRR
K

CRR
   

(5) 

 
3.3 Pore water pressure development 
 

The EPWP generated in soil samples during the cyclic 

loading can be separated into two components, including 

the transient EPWP and the residual EPWP (Polito et al. 

2008). The former refers to the real-time EPWP, having 

little effect on the effective stress of the soil. However, the 

latter means the part that cannot dissipate in time at the end  

  
(a) 0p   = 100 kpa  (b) 0p  = 300 kpa  

Fig. 11 Variations of 
fN  with CSRs and SSRs under different initial mean effective stresses 
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Fig. 13 Variations of Kα with SSR under different 

confining pressure 

 

 

of every loading cycle, accumulating and altering the 

effective stress during the cyclic loading (Kammerer et al. 

2005), which directly affects the stiffness and strength of 

the soil. 

As shown in Figs. 4 and 8, the transient EPWP is less 

than 0 in the first half of the loading cycle, which is caused 

by the loading method. Due to the phase difference of 180° 

in the axial and radial cyclic loading, the axial load on the 

soil sample is compressive in the first half of each cycle, 

and that of the radial load is extensional. In addition, the 

radial load is applied through the periodic changes of the 

confining pressure, which directly reflects the transient pore 

pressure. If the increase of the pore pressure caused by the 

dynamic load is less than that caused by the confining 

pressure, the transient EPWP appears as a negative value. 

For saturated sand samples, the change of the transient pore 

pressure is equal to that of the confining pressure. The 

residual excess pore water pressure ratio ru  is defined as 

the ratio of the residual EPWP to the 0p . There exist 

limited values of EPWPs under the initial static shear, so ur  

also has limited values ur, lim Fig. 14 illustrates the 

variations of the limiting pore water pressure ratio ur, lim and 

SSR under different cyclic stress ratios CSR. From Fig. 

14(a), the effective accumulation of EPWP does not arise 

with the CSR being too small relative to the SSR, such as 

points (SSR=0.1, CSR=0.1) and (SSR=0.4, CSR=0.25), and 

the ur, lim almost depends on the SSR, hardly affected by 

CSR with SSR between -0.3 and 0.4. The ur, lim increases 

with SSR from -0.3 to 0. However, when SSR>0, the ur, lim 

decreases with the SSR, which agrees well with Pan and 

Yang (2018). This phenomenon is related to the distance 

between the initial stress state and the critical state line 

CSL. As the horizontal distance between the initial stress 

state and the CSL becomes shorter with the increase of the 

absolute value of the SSR, the ur, lim has a tendency to 

decrease (Pan and Yang 2018, Liu et al. 2021), which is 

related to the consolidation process. As mentioned earlier, 

the samples are firstly isotropically consolidated under 

target confining stresses hσ  and then applied axial 

compressive or extensional static loads to simulate initial  
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Fig. 14 Variations of the 
r, limu  and SSR under different 
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static shears. For a given SSR, the stress applied axially and 

radially during consolidation is calculated with Eqs. (1) and  

(2) where hσ = (1-2/3SSR) 0p  and vσ = (1+4 /3SSR) 0p . It 

is also perceptible that the ultimate residual EPWPs are 

always close to the confining pressures during the isotropic 

consolidation with SSR>0, therefore ur, lim=1-2/3SSR as 

shown in Fig. 14. Similarly, when SSR<0, ur, 

lim=1+10/3SSR. 

 

3.4 Pre-failure deformation 
 

For the liquefiable ground, the pre-failure deformation 

of soil is important for the serviceability of structures under 

the cyclic loading. The direction of strain accumulation of 

sand under the drained cyclic loading had been studied in 

previous research (Chang and Whitman 1988, Wichtmann 

and Niemunis 2006, Liu et al. 2021). The initial τs also 

affects the accumulation process of the residual axial strain 

εar of samples with the residual excess pore pressure ur .  

Fig. 15 shows the accumulation process and 

development of εar with the residual pore pressure of the 

sample under 0p  = 100 kpa. As shown in Fig. 15(a), εar  

tends to develop on the compressive side with SSR>0.  
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Before ur grows to 0.5, the εar of the sample with higher SSR 

develops faster and the ur grows rapidly with εar.  

When ur = 0.5, the εar of samples with SSR being 0, 0.1, 

0.25 and 0.4 is 0.30%, 0.54%, 1.76% and 2.24%, 

respectively. The rate of the increase of ur  slows as εar 

grows. After εar = 3%, the ru  of the sample with SSR=0.4 

exceeds that of the sample with SSR=0.25. Compared with 

the research results presented by Liu et al. (2021), the 

samples subjected to the radial cyclic loads are more prone 

to deformation. In their study, the εar  shows an inflect point 

after ur = 0.6 and the rises rapidly without the static shear 

stress, while in this study, this phenomenon occurs when ur 

= 0.5. Other specimens affected by the compressive static 

shear have similar characteristics under the bidirectional 

cyclic load.  
To further study the relationship between the 

accumulation process of pore pressure and residual strain, 

the residual pore pressure is normalized, as shown in Fig. 

16. Obviously, in the accumulation process of ur from 0 to 

ur, lim (ur/ ur, lim from 0 to 1), as the SSR grows, the  

 

 

 

corresponding ur becomes smaller for reaching the same 

residual strain. That is to say, under the bidirectional cyclic 

load, compared with the pore pressure failure criterion, 

samples are more likely to meet the strain failure criterion. 

Moreover, the growth rate of residual axial strain of 

samples accelerates with the development of ur. 

For SSR less than 0, the samples experience large strains 

when the increment of pore pressure is small. This 

phenomenon is more obvious with the smaller SSR. For SSR 

being -0.05 and -0.1, with -2% axial residual strain samples, 

the ur reaches more than 0.6, while for SSR being -0.2, the 

corresponding ur is only 0.21, and for SSR being -0.3, it is 

only 0.06. In addition, with SSR decreasing, the ur has an 

extreme value at the middle stage of the εar development. It 

decreases or even has a negative value at the later stage of 

the extensional strain generation. As shown in Fig. 16(b), 

the εar at which the ru  reaches its peak ur, lim increases and 

then decreases with SSR. The absolute value of εar is less 

than 5% for the samples with SSR being -0.3, -0.2 and -0.1 

arriving ur, lim. In other word, they trigger the pore pressure 
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Fig. 15 Variation of the residual axial strain with the EPWP ratio for 0p   being 100 kPa 
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failure criterion first.  
Under the influence of bidirectional cyclic loads, the 

samples with compressive static shear will trigger strain 
failure criteria first, while for those with extensional static 
shear the sample failure gradually changes first-trigger 
strain failure criteria to first-trigger pore pressure failure 
criteria. It is still necessary to comprehensively consider the 
pore pressure and strain failure criteria of samples. 

 

 

5. Conclusions 
 
A series of undrained triaxial tests for the saturated 

medium dense sand were conducted to study the influence 
of initial static shears on the sand behavior under 
bidirectional cyclic loads considering the effect of vertical 
ground motions. The axial strain development, pore 
pressure generation, strength characteristics and pre-failure 
deformation were analyzed. The results are as follows. 

 Under bidirectional cyclic loads, the medium dense sand 

mainly performs two typical deformation response modes: 

including the accumulated plastic strain and the cyclic 

mobility, which are related to the relative magnitude of the 

qs and the cyclic load amplitude qcyc. The accumulated 

plastic strain is more likely to appear with larger cycs /qq , 

and the possibility of cyclic mobility is greater with smaller 

cycs /qq . 

 The number of cycles to failure Nf is related to the CSR, 

SSR and 0p . For a given CSR, the required Nf  increases 

with the SSR increasing. The compressive static shear 

benefits the cyclic resistance of medium dense sand, while 

the extensional one is on the contrary. Such effects are 

magnified as 0p  increases, though the absolute value of 

CRR reduces. In addition, the bidirectional cyclic load leads 

to a higher Nf  compared with the loading in the single axial 

direction. 

 Depending on the SSR, the residual pore pressure ratio 

reaches the limiting value of less than 1.0 under the 

bidirectional cyclic loading. For SSR less than 0, the ur,lim 

increases with the SSR increasing but decreases for the SSR 

larger than 0. The trend of ur,lim concerning for to SSR is not 

associated with the cyclic stress amplitude. 

 For SSR larger than 0, the stains exceeding the failure 

criteria occurs before the sample reaches. At the same time, 

for SSR less than 0, the residual pore pressure has an 

extreme value at the middle stage of strain development. It 

will begin to decrease or even has the negative value at the 

later generation stage of extensional strain. For geotechnical 

applications with initial static shear stress in soil, it is 

necessary to comprehensively consider both the pore 

pressure failure criteria and the strain failure criteria. 
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List of symbols 
 

Cc Coefficient of gradation 

Cu Uniformity coefficient 

CSL critical state line  

CSR  Cyclic stress ratio 

nCRR  Cyclic resistance ratio 

rD  Relative density 

EPWP Excess pore water pressure 

f  Loading frequency 

sG  Specific gravity 

K  Parameter defined in Eq. (5)  

fN  Number of cycles for failure 

0p   Initial effective mean stress 

cycq  Amplitude of cyclic deviatoric stress 

sq  Static deviatoric stress 

SSR  Shear stress ratio 

ru  Residual excess pore water pressure ratio 

max ,

min  
Maximum and minimum dry density 

ar  Residual axial strain 

s  Static shear stress 

v , 

h  
Vertical and horizontal stress 

v  , 

h   
Effective Vertical and horizontal stress 

cyc

3  Cyclic spherical stress 
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