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Abstract

In order to gain a more accurate understanding of the dynamic characteristics of soil, vibration triaxial tests were conducted on 

representative sand and clay samples from the Beijing area. The study investigated the influence of varying loading frequencies, cyclic 

stress ratios, and confining pressures on soil strength and liquefaction resistance, while also analyzing changes in shear modulus 

and damping ratio. The dynamic shear modulus of both sand and clay decreases with increasing shear strain, with higher confining 

pressures resulting in larger shear moduli. For sand, the damping ratio decreases as shear strain increases; however, for clay it 

initially increases before decreasing. Overall, clay exhibits a larger dynamic shear modulus but smaller damping ratio compared to 

sand. The number of cycles experienced by both sand and clay samples decreases with increasing confining pressure or deviational 

stress. As loading frequency increases, the number of cycles gradually rises for sand samples but first increases then decreases for 

clay samples. The damping ratio of sand gradually declines with an increase in cycle count while that of clay remains relatively stable. 

The variations observed in shear modulus and damping ratio are influenced by factors such as loading frequency, confining pressure, 

and deviating stress.
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1 Introduction
Soil dynamic characteristics are the key parameters in 
geotechnical seismic engineering and seismic design. 
Their  spatial variability significantly influences surface 
motion amplification, foundation liquefaction, and the 
dynamic response of underground structures. However, in 
complex sedimentary alluvial plain regions (e.g., Beijing), 
traditional empirical models struggle to accurately cap-
ture the nonlinear dynamic behavior of heterogeneous 
soils [1]. As a rapidly expanding megacity, Beijing faces 
the challenge of triple dynamic coupling: the multi-layer 
sandy soil-clay deposition within the Cenozoic faulted 
basin forms a geological structure characterized by "rig-
id-flexible interlayers"; the dense subway network induces 
spatio-temporal superposition effects of vibration loads. 
These factors pose potential seismic risks to super high-
rise building complexes in the Beijing-Tianjin-Hebei 
Seismic Belt  [2]. Existing homogeneous soil dynamic 

models, such as the equivalent linear method, exhibit 
prediction errors of up to 40% for the seismic response 
spectrum at typical sites in Beijing, severely limiting the 
enhancement of urban lifeline resilience [3].

The dynamic shear modulus and damping ratio are crit-
ical parameters for characterizing the dynamic behavior 
of cohesive soil, directly influencing the nonlinearity of 
soil response and seismic stability analysis of a site [4, 5]. 
Research indicates that the dynamic characteristics of var-
ious soils are governed by multiple factors: Li [6] demon-
strated that frequency significantly affects the dynamic 
shear modulus and damping ratio of clay but has a weaker 
influence on sandy soil. Yang  [7] highlighted that soil 
burial depth is positively correlated with the dynamic elas-
tic modulus and negatively correlated with the damping 
ratio. Wang  [8] verified that the dynamic shear modulus 
of saturated loess is lower than that of unsaturated loess, 
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whereas its damping ratio is higher. Zhao  [9] elucidated 
that the moisture content of fill soil is inversely related 
to dynamic parameters, while compaction degree is pos-
itively correlated with the maximum shear modulus and 
negatively correlated with the damping ratio; these param-
eters exhibit mild variations within the frequency range 
of 1–4 Hz. The Thakur  [10] study further revealed that 
the shear modulus of low-plasticity clay decreases with 
increasing strain, whereas the damping ratio shows little 
sensitivity to strain changes.

Soil liquefaction is one of the primary causes of second-
ary earthquake-induced disasters  [11]. Accurately  under-
standing the evolution of soil properties during the lique-
faction process holds substantial research significance and 
practical value for addressing the issue of large deformation 
in liquefied soils [12]. Acceleration plays a critical role in 
altering the motion state of particles [13], as high-frequency 
vibrations can lead to the degradation of particle material 
structures, thereby reducing shear stress [14]. The develop-
ment of liquefaction is significantly influenced by loading 
path dependence [15]. A reduction in soil particle size exhib-
its a strong negative correlation with liquefaction potential, 
while anti-liquefaction strength decreases markedly with 
increasing strain levels  [16]. Nicolas and Alain  [17] clas-
sify the motion of sand into three distinct categories: under 
an acceleration amplitude of less than 1g, sand exhibits 
vibrational compression; when the acceleration amplitude 
approaches 1 g, particles on the sand's free surface demon-
strate flow behavior; and for an acceleration amplitude 
exceeding 1 g, convection and stratification occur within the 
sand. At the same relative density, anti-liquefaction strength 
increases with confining pressure. However, at lower rel-
ative densities, even if confining pressure is substantially 
reduced, anti-liquefaction strength remains stable up to a 
certain limit [18]. Shan [19] demonstrated that bonding fail-
ure facilitates particle sliding and rolling, which fundamen-
tally explains the disparity in energy dissipation between 
pure sand and sand-clay mixtures.

Furthermore, numerous scholars have conducted exten-
sive research on the dynamic shear modulus and damp-
ing ratio of representative surface soil in various regions 
across China [20–26]. Confining pressure plays a crucial 
role in the liquefaction of sandy soil, whereas the influ-
ence of sandy soil itself is relatively limited under sub-
way vibration [27]. However, there is limited research on 
the liquefaction failure behavior of typical sand and clay 
in Beijing under dynamic loading conditions, as well as 
insufficient reports on the evolution of soil shear modulus 
and damping ratio during cyclic loading. 

In this study, a systematic investigation was carried out 
on the unique engineering geological conditions in the 
Beijing area. This study was deemed necessary due to sci-
entific gaps in three key dimensions: First, the complex 
sedimentary structure formed by the intersection of the 
Yongding River alluvial fan and the Chaobai River allu-
vial fan poses challenges for traditional borehole sampling 
methods to accurately characterize the abrupt changes 
in dynamic parameters at the meter scale. Second, the 
cross-interference between subway vibrations (0.5–80 Hz) 
and seismic waves (0.1–10 Hz) in the frequency domain 
remains inadequately explained within the existing the-
oretical framework of soil dynamics. Most importantly, 
the strain-hardening behavior of Yongdinghe sand, which 
contains 75% silica, deviates from conventional lique-
faction criteria. To achieve a more precise understanding 
of soil dynamics, vibration triaxial tests were performed 
on representative sand and clay samples collected from 
Beijing. The effects of varying loading frequencies, cyclic 
stress ratios, and confining pressures on soil strength and 
liquefaction resistance were systematically examined. 
Furthermore, the variation patterns of shear modulus 
and damping ratio during cyclic loading were analyzed. 
These research findings hold significant reference value 
for comprehending the dynamic characteristics of soil and 
enhancing its strength and liquefaction resistance.

2 Sample preparation and test method 
The GDS dynamic triaxial test system, as illustrated in 
Fig. 1, was employed for experimental loading. It had a 
maximum confining pressure of 2 MPa, an axial force 
loading range of 0  to 10  kN, and a maximum loading 
frequency of 2 Hz. The prepared sample for the test was 
cylindrical with dimensions of diameter: 38  mm and 

Fig. 1 GDS vibration triaxial test system (a) triaxial test system, 
(b) specimen

(b)(a)
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height: 76  mm. This apparatus simultaneously satisfies 
the requirements for both triaxial shear testing and vibra-
tion triaxial testing.

The soil samples for testing were divided into clay and 
sand samples, which were collected from the surface sed-
iment in the Beijing area. All sand samples were prepared 
using the same type of sand, as illustrated in Fig. 2 which 
displays the grading of the sand. Based on the gradation 
curve, approximately 35.3% of particles have a size greater 
than 0.25 mm, while about 82.3% have a size greater than 
0.075  mm, indicating a medium-fine sand classification. 
In  the clay soil sample, more than 60% of particles are 
smaller than 0.075 mm, with a liquid limit of 30.2%, plastic 
limit of 21.3%, plasticity index of 8.9, suggesting silty clay 
characteristics. In the triaxial test, the rubber film surround-
ing the sample functions as both an isolator and a pressure 
transmitter. During the drainage test, under confining pres-
sure, the rubber film tends to embed into the porous struc-
ture of coarse soil, thereby affecting accurate measurement 
of drainage volume. However, in the sand soil test con-
ducted in this experiment, the coarse-grained soil content 
did not exceed 16%, and the gradation was uniform, as evi-
denced by a non-uniformity coefficient of less than 5 and 
a curvature coefficient ranging from approximately 1 to 3. 
These characteristics effectively minimized the non-unifor-
mity of the pore structure in the sand soil. Furthermore, the 
test utilized a film with a thickness of 0.2 mm, which sig-
nificantly mitigated the film's penetration effect.

The sand and clay samples were prepared using dry 
density control techniques. During the sample preparation 
process, the dry density of the specimen was carefully con-
trolled to be 1.73. To facilitate the preparation and molding 
of the sample, it was initially prepared with a moisture con-
tent of 6%, resulting in a wet density of 1.834 during this 
stage. Sample preparation was conducted in strict com-
pliance with the requirements outlined in the "Standard 
for geotechnical test methods." The mass of the sample 

was determined based on its volume. To  ensure unifor-
mity in sample preparation, the specimen was divided into 
five distinct layers for sequential loading. Each layer was 
filled and compacted in accordance with the specified soil 
sample mass, ensuring consistent loading heights across 
all layers. Additionally, the contact surfaces between lay-
ers were roughened by scratching to promote better inter-
layer adhesion. Once the sample preparation was com-
pleted, it underwent vacuum saturation for over 12  h in 
a saturator device. Following this step, reverse pressure 
saturation was carried out by placing the sample in a load-
ing container until reaching a pore pressure coefficient 
B  >  0.95, indicating successful saturation achievement. 
After achieving full saturation, consolidation under pre-
determined confining pressure conditions took place for 
a duration of 2 to 4 h before proceeding with further load 
application according to the test plan.

The vibration triaxial test was conducted on a total 
of 20  soil samples, comprising 10  sand samples and 
10 clay samples, respectively. Each soil sample was fur-
ther divided into two categories: dynamic triaxial tests 
under graded loading and dynamic triaxial tests under 
cyclic loading. The case numbers of all 20 samples and 
their corresponding loading conditions are provided 
in Table  1. To  save space, the samples within the same 
group have been combined. For instance, TS1-TS3 repre-
sent three samples subjected to confining pressures of 25, 
50, and 100 kPa respectively. The loading frequency ( f ) 
ranged from 0.5 Hz to 2 Hz, while the confining pres-
sure (pc ) varied between 25 kPa, 50 kPa, and 100 kPa. 
Additionally, the cyclic stress ratio (rcs = pd /σ3 ) was set at 
values of 0.5, 1, and 2. 

Fig. 3 shows the diagram of stress path during step load-
ing, in which Fig. 3 (a) is the deviational stress (pd ) and 
Fig. 3 (b) is the effective stress (p' = (σ1 + σ3 )/2). In the step 
loading test, partial stresses were incrementally increased 
in stages of every 5 kPa with each stage consisting of ten 
cycles of loading until the cumulative axial strain reached 
a threshold value of up to 10%. On the other hand, in the 
cyclic loading test, continuous loading with fixed bias 
stress was applied until reaching an axial strain level of up 
to 10%. Subsequently, the testing process was terminated.

3 Analysis of test results
Based on the vibration triaxial test of the sample, this 
study analyzed its dynamic characteristics and liquefac-
tion behavior under cyclic loading. The fractional load-
ing test was conducted to investigate the dynamic shear Fig. 2 Gradation curve of sand
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modulus (Gd ) and damping ratio (λd ) of the sample, while 
the cyclic loading failure test was performed to evaluate its 
resistance against liquefaction induced by dynamic loads. 

3.1 Dynamic shear modulus and damping ratio
The stress-strain response of soil under cyclic loading 
exhibits typical elastic-plastic coupling characteristics. 
The hysteretic curve, formed due to the non-coincidence 
of loading and unloading paths, represents the macro-
scopic evolution of structural damage and energy dissi-
pation within the material. The deviator stress (σ1  – σ3 ) 
-strain (ε) curve of the sample in the graded loading test 
of sand and clay is presented in Fig. 4. In these tests, con-
fining pressure is positively correlated with the amplitude 
of dynamic stress. With increasing cyclic stress ratio, the 

hysteretic curve evolves as follows: the horizontal expan-
sion rate of the hysteresis loop increases, the opening 
degree decreases, and the loop gradually deflects toward 
the strain axis. For sand, grain rearrangement induces sig-
nificant dilatancy effects, resulting in an "S"-shaped hys-
teresis loop. Clay, influenced by cementation, exhibits a 
"butterfly"-shaped hysteresis loop. 

The energy dissipation mechanism comprises two 
components: plastic deformation and viscoelastic defor-
mation. Plastic deformation correlates positively with 
plastic strain and dominates the dissipation process when 
the hysteresis loop remains unclosed. Viscoelastic defor-
mation remains approximately constant during the stable 
cyclic phase. The area of the hysteresis loop correlates 

Fig. 4 Hysteretic curve (a) sand (TS1), (b) clay (TN1)

(b)

(a)

Fig. 3 Stress path (a) deviational stress, (b) effective stress

(b)

(a)

Table 1 Vibration triaxial test cases

Case number specimen confining pressure / kPa cyclic stress ratio loading frequency /Hz

TS1~TS3 sand 25̖ 50̖ 100 step loading 1

TS4~TS6 sand 50 1 0.5̖ 1̖ 2

TS7~TS8 sand 25̖ 50̖ 100 1 1

TS9~TS10 sand 50 0.5̖ 1̖ 2 1

TN1~TN3 clay 25̖ 50̖ 100 step loading 1

TN4~TN6 clay 50 1 0.5̖ 1̖ 2

TN7~TN8 clay 25̖ 50̖ 100 1 1

TN9~TN10 clay 50 0.5̖ 1̖ 2 1
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positively with the maximum dynamic stress. Test data 
indicate that the growth rate of the hysteresis area accel-
erates with each incremental increase of 5  kPa in CSR 
(10 cycles per stage). When cumulative damage reaches a 
critical threshold, the sample fails.

The hysteresis curve can depict the stress-strain rela-
tionship of soil materials under cyclic loading and facil-
itate the determination of dynamic parameters such as 
shear modulus and damping ratio. The dynamic shear 
modulus reflects the variation pattern of the stress-strain 
curve (backbone curve) of soil subjected to vibrational 
loading. The damping ratio characterizes the energy dis-
sipation capacity of soil under cyclic loading conditions. 
Shear modulus and damping ratio are computed based on 
hysteresis loops at each load stage, with their average val-
ues representing the corresponding load stage results.

The dynamic shear modulus and damping ratio of 
sand samples under different confining pressures are pre-
sented in Fig. 5. It can be observed from Fig. 5 (a) that the 
dynamic shear modulus (Gd ) of the sand sample gradually 
decreases with increasing shear strain. Beyond a shear 
strain of 0.01, there is a rapid decrease in the dynamic shear 
modulus, indicating that large strains lead to a reduction 
in soil stiffness. Consequently, under significant dynamic 

loads such as strong earthquakes, the soil experiences 
decreased stiffness, increased deformation, and height-
ened susceptibility to failure. Comparing results obtained 
under varying confining pressures reveals that higher 
confining pressures correspond to greater dynamic shear 
moduli for the samples examined. This relationship arises 
due to enhanced inter-particle friction resulting from ele-
vated confining pressures, thereby leading to larger val-
ues of soil sample's shear modulus. Additionally, it can 
be noted that initial damping (λ) exhibited by the sand 
is relatively high; approximately 0.4 at a confining pres-
sure of 100 kPa and around 0.3 at a confining pressure of 
50  kPa (Fig.  5  (b)). As shear strain increases, however, 
the damping ratio progressively decreases until reach-
ing approximately 0.1 during final failure stages for the 
sand sample investigated herein. These findings indicate 
that with increasing load levels, energy dissipation capac-
ity within the sand diminishes gradually but does not 
become entirely depleted.

The dynamic shear modulus and damping ratio of clay 
samples under different confining pressures are presented 
in Fig. 6. The results demonstrate that the variation pattern 
of the shear modulus is similar to that observed in sand 
samples, with a gradual decrease as shear strain increases. 

Fig. 5 Dynamic shear modulus and damping ratio of sand (a) dynamic 
shear modulus, (b) damping ratio

(b)

(a)

Fig. 6 Dynamic shear modulus and damping ratio of clay (a) dynamic 
shear modulus, (b) damping ratio

(b)

(a)
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The comparison between sand and clay reveals that the 
dynamic shear modulus of clay surpasses that of sand due 
to distinct contact modes and stronger interparticle bond-
ing forces in clay. Consequently, clay exhibits superior 
seismic stiffness compared to sand. However, the damp-
ing ratio of clay exhibits an initial increase followed by a 
decrease with increasing shear modulus due to variations 
in bonding modes between clay and sand particles and dis-
sipation mechanisms under dynamic loading conditions. 
Furthermore, comparison between sand and clay reveals 
that the damping ratio of clay is lower than that of sand, 
suggesting better energy dissipation capacity for sand.

Sand is primarily composed of rigid minerals, such as 
quartz and feldspar. The particles are in point contact with 
one another, and the friction arises from surface rough-
ness and normal occlusion. Under dynamic loading, slid-
ing and rolling of particles lead to shear modulus strain 
softening. Clay particles exhibit a double electric layer 
structure, and their binding forces include van der Waals 
forces, electrostatic interactions, and cementation bonds. 
Dynamic disturbances induce recombination of the dou-
ble electric layer and failure of cementation, resulting 
in nonlinear hysteretic responses. Natural sand forms 
an initially anisotropic fabric due to deposition, which 
becomes randomized through particle rotation and sliding 
under dynamic conditions. This randomization increases 
porosity, thereby reducing effective stress (liquefaction). 
Shear modulus decay and liquefaction potential are closely 
linked to fabric stability. Clays predominantly feature 
flocculated structures, and their shear modulus decreases 
when these structures are damaged during the initial 
dynamic stage. However, as strain increases, the realign-
ment of particles can result in localized hardening, leading 
to a nonlinear increase in the damping ratio.

In summary, the dynamic shear modulus of sand 
decreases with increasing shear strain, while the 

magnitude of loading confining pressure positively cor-
relates with the shear modulus. The damping ratio exhibits 
a decreasing trend as shear strain increases. Similarly, for 
clay, the dynamic shear modulus decreases with increas-
ing shear strain and is influenced by higher confining pres-
sures. Additionally, the damping ratio initially increases 
and then decreases as shear strain increases. Notably, clay 
demonstrates a larger dynamic shear modulus and smaller 
damping ratio compared to sand.

3.2 Resistance to liquefaction of soil 
The dynamic strength of soil is intrinsically linked to 
the failure criterion. Typically, the ultimate equilibrium 
failure criterion, pore pressure failure criterion, and 
strain failure criterion are employed to assess soil fail-
ure. Among these, the strain failure criterion has emerged 
as the primary basis for judgment in geotechnical tests, 
owing to its accurate representation of progressive soil 
failure, strong alignment with engineering practice, and 
the stability of its data. Fig.  7 illustrates the number of 
cyclic loading cycles (Nc ) for sand samples under dif-
ferent operating conditions when the cumulative strain 
reaches 5% and 10% in the cyclic loading test. The results 
demonstrate that, within the frequency range of 0.5 Hz to 
2 Hz and with a consistent ratio between confining pres-
sure and cyclic stress, the number of cyclic loading cycles 
gradually increases as the loading frequency increases 
during failure. Conversely, when maintaining a constant 
loading frequency matching the cyclic stress ratio, an 
increase in confining pressure leads to a decrease in cycle 
count. Similarly, keeping the loading frequency fixed at a 
specific confining pressure results in fewer cycles as devi-
ating stress increases.

The cumulative axial strain of sand samples exhibits a 
transition from stable to destructive behavior as the dynamic 
stress increases. Moreover, an increase in vibration cycles 

Fig. 7 Number of cyclic loading cycles for sand samples (a) loading frequency, (b) confining pressure, (c) cyclic stress ratio

(c)(b)(a)
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leads to an enhanced inclination degree and gradual con-
vergence of the hysteresis curve towards the stress axis, 
resulting in an increased resilience modulus of the soil. 
Additionally, there is a reduction in the area of the hystere-
sis ring with increasing vibration cycles, leading to its grad-
ual linearization and a decrease in soil damping ratio, indi-
cating pronounced elastic response. Furthermore, elevating 
confining pressure, dynamic stress ratio, and reducing load-
ing frequency can expedite plastic deformation accumula-
tion and shorten liquefaction failure time.

The cyclic loading times of the clay sample under dif-
ferent working conditions are shown in Fig.  8 when the 
cyclic loading test reaches a cumulative strain of 5% and 
10%. The results indicate that within the frequency range 
of 0.5 Hz to 2 Hz, the number of cycles during failure ini-
tially increases and then decreases with increasing loading 
frequency, while keeping the ratio of confining pressure to 
cyclic stress constant. The failure period of clay exhib-
its a non-monotonic trend, initially increasing and then 
decreasing with the loading frequency. This  non-mono-
tonic frequency dependence is attributed to the com-
bined effects of viscoelastic dissipation mode transfor-
mation, the coupling between pore fluid and framework, 
and the alignment of microscopic dynamic time scales. 
Moreover, when the loading frequency matches the cyclic 
stress ratio, an increase in confining pressure leads to a 
decrease in cycle count. Similarly, fixing the loading fre-
quency at a specific value while varying deviating stress 
also results in a reduction in cycle count.

The increase in confining pressure of the test load 
enhances the inter-particle friction, thereby augmenting 
the sample's resistance to liquefaction. Conversely, elevat-
ing the deviational stress during testing results in a higher 
applied load on the sample, rendering it more suscepti-
ble to failure. By comparing the results of Figs. 7 and 8, 
it can be observed that the cyclic failure times exhibit 

consistent variation patterns for sand and clay samples 
under different confining pressures and deviating stresses. 
However,  variations in loading frequencies yield differ-
ent outcomes due to the distinct frequency characteristics 
resulting from their disparate stiffness properties. By com-
paring the number of cyclic failures between the two sam-
ples, it can be observed that clay samples exhibit a higher 
frequency of cyclic failure under identical loading condi-
tions compared to sand. This disparity arises due to the 
distinct contact mode between clay particles as opposed to 
sand particles, resulting in stronger inter-particle bonding 
forces. Consequently, clay demonstrates superior resis-
tance against liquefaction when compared to sand.

3.3 Pore water pressure growth curve
The change trend of pore water pressure in sand samples 
with increasing cyclic loading time (t) is illustrated in 
Fig. 9. As depicted, the growth curve of pore water pressure 
exhibits an approximate parabolic shape, and its rate grad-
ually decelerates with increasing cycle times. When  the 
ratio of confining pressure to cyclic stress remains con-
stant within the range of 0.5 Hz  ~  2 Hz, a higher load-
ing frequency leads to a faster increase in pore water pres-
sure; however, the increment per cycle is relatively small. 
Similarly, when the loading frequency matches the cyclic 
stress ratio, an increase in confining pressure results in 
a faster rise in pore water pressure. Furthermore, under 
fixed loading frequency and confining pressure conditions, 
larger bias stresses lead to accelerated increases in pore 
water pressure along with greater amplitude for each cycle.

The change trend of pore water pressure in clay sam-
ples with increasing cyclic loading time is illustrated in 
Fig. 10. The growth curve of pore water pressure exhib-
its an approximate parabolic shape. In clay samples, the 
growth rate of pore water pressure remains consistent 
across different loading frequencies. Moreover, higher 

(b)(a) (c)

Fig. 8 Number of cyclic loading cycles for clay samples (a) loading frequency, (b) confining pressure, (c) cyclic stress ratio
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confining pressures result in faster increases in pore water 
pressure and greater achieved levels of pore water pres-
sure. Notably, when the deviating stress is either 50 kPa 
or 100 kPa, the rate at which pore water pressure increases 
remains constant.

Because of the high permeability of sand, pore water 
pressure accumulates rapidly under dynamic loading in 
undrained conditions or dissipates quickly in drained con-
ditions. This behavior directly links liquefaction risk to 
drainage capacity. Shear modulus attenuation is primar-
ily governed by reductions in effective stress. In con-
trast, clay's low permeability makes it difficult for excess 
pore water pressure to dissipate, leading to a continu-
ous decrease in effective stress under dynamic loading. 
However, the binding forces between clay particles, such 
as those from double electric layers and cementation, par-
tially counteract the effects of pore pressure, resulting in a 
more gradual decay of shear modulus.

When dynamic failure occurs, the pore water pressure 
is presented in Table 2. The results indicate that the pore 
water pressure does not fully reach the confining pressure 
under the applied load when the specimen experiences 
dynamic failure. 

During cyclic loading, continuous development of 
pore water pressure is observed in the sample. In accor-
dance with the Moore-Coulomb criterion, effective 

stress decreases and the stress circle shifts towards the 
strength envelope. Upon reaching a critical value, pore 
water pressure leads to limit equilibrium state and subse-
quent specimen failure. The liquefaction trigger requires 
that the pore water pressure exceeds the effective stress. 
Incomplete  liquefaction implies that the soil is in a par-
tially liquefied state, where the effective stress remains 
positive but has substantially decreased. Even if complete 

(c)(b)(a)

Fig. 9 Pore water pressure growth trend of sand (a) loading frequency, (b) confining pressure, (c) cyclic stress ratio

Table 2 Pore water pressure value at the time of failure

Case 
number

control 
variable magnitude

standards of failure

5% 10%

TS4 f 0.5 Hz 5.27 kPa 19.09 kPa

TS5 controlled 1 Hz 19.66 kPa 47.09 kPa

TS6 f 2 Hz 28.13 kPa /

TS7 pc 25 kPa 14.11 kPa 21.83 kPa

TS8 pc 100 kPa 2.14 kPa 37.20 kPa

TS9 rcs 0.5 / /

TS10 rcs 2 5.62 kPa 16.58 kPa

TN4 f 0.5 Hz 5.27 kPa 19.09 kPa

TN5 controlled 1 Hz 19.66 kPa 47.09 kPa

TN6 f 2 Hz 28.13 kPa /

TN7 pc 25 kPa 14.11 kPa 21.83 kPa

TN8 pc 100 kPa 2.14 kPa 37.20 kPa

TN9 rcs 0.5 / /

TN10 rcs 2 5.62 kPa 16.58 kPa

(c)(b)(a)

Fig. 10 Pore water pressure growth trend of clay (a) loading frequency, (b) confining pressure, (c) cyclic stress ratio
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liquefaction does not occur, the partially liquefied state 
can still result in functional failure of the engineering sys-
tem. Consequently, it is necessary to integrate the strain 
control design concept into the relevant specifications. 
It can also be observed from Table 2 that higher loading 
frequencies result in greater pore water pressures during 
failure; larger loading confining pressures lead to higher 
levels of pore water pressure at specimen destruction; and 
increased loading bias stresses correspond to lower levels 
of pore water pressure upon specimen failure. 

3.4 Dynamic characteristics of soil during liquefaction 
The dynamic shear modulus and damping ratio of soil also 
undergo changes during cyclic loading until liquefaction 
failure occurs. Fig.  11 illustrates the variations in shear 
modulus and damping ratio of sand samples under differ-
ent working conditions as the number of cycles increases. 
As can be seen from Fig. 11, for sand samples, the shear 
modulus gradually decreases with the increase of loading 
cycles. When confining pressure and cyclic stress ratio are 
consistent, the greater the loading frequency, the faster the 
shear modulus drops. When the loading frequency is con-
sistent with the cyclic stress ratio, the greater the confining 
pressure is, the faster the shear modulus drops. When the 
loading frequency and confining pressure were fixed, the 
larger the deviational stress was, the faster the shear mod-
ulus decreased. When the deviational stress was 25 kPa, 
the sample did not fail, and the dynamic shear modulus of 
the sample did not decrease, indicating that the strength 
of the sample did not decrease during the loading process.

Fig. 12 illustrates the evolution of shear modulus and 
damping ratio curves for clay samples under varying test-
ing conditions as the number of cycles increases. For clay 
samples, the decreasing trend of shear modulus remains 
independent of loading frequency when confining pres-
sure and cyclic stress ratio are consistent. When the 

loading frequency matches the cyclic stress ratio, higher 
confining pressures result in larger initial shear moduli 
and faster declines in shear modulus. Similarly, at fixed 
loading frequencies and confining pressures, higher devi-
atoric stresses lead to lower initial shear moduli and faster 
decline rates of shear modulus. Notably, when subjected to 
a deviatoric stress of 25 kPa, the sample does not fail, and 
its dynamic shear modulus remains relatively unchanged.

The damping ratio curve of the sand sample under dif-
ferent working conditions is depicted in Fig.  13, illus-
trating its variation with an increasing number of cycles. 
The damping ratio of the sand sample gradually decreases 
with an increase in the number of cycles. However, this 
decreasing trend does not exhibit a significant correlation 
with the loading frequency. When the loading frequency 
aligns with the cyclic stress ratio, higher loading confining 
pressures result in larger initial damping ratios, albeit with 
a faster rate of decrease. Furthermore, when both the load-
ing frequency and confining pressure are fixed, an increase 
in deviational stress leads to a smaller damping ratio.

Fig.  14 illustrates the damping ratio curve of a clay 
sample under varying operational conditions as the num-
ber of cycles increases. The results indicate that the damp-
ing ratio of clay remains relatively constant throughout 
cyclic loading, oscillating within the range of 0.15 to 0.2. 
Moreover, no significant correlations are observed between 
the damping ratio and factors such as loading frequency.

4 Conclusions
The triaxial vibration tests were conducted on repre-
sentative sand and clay samples from the Beijing area. 
The  study investigated the influence of various loading 
frequencies, cyclic stress ratios, and confining pressures 
on soil strength and liquefaction resistance, while also 
analyzing the variations in shear modulus and damping 
ratio. The key findings are as follows:

Fig. 11 Shear modulus of sand during cyclic loading (a) loading frequency, (b) confining pressure, (c) cyclic stress ratio

(c)(b)(a)
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1.	The dynamic shear modulus of sand decreases 
with increasing shear strain, and the magnitude 
of the shear modulus is larger at higher confin-
ing pressures. The damping ratio also decreases 
with increasing shear strain. Similarly, for clay, the 
dynamic shear modulus decreases with increas-
ing shear strain, and it exhibits a larger magnitude 
at higher confining pressures. However, the damp-
ing ratio initially increases and then decreases with 
increasing shear strain. Additionally, compared to 
sand, clay has a higher dynamic shear modulus and a 
lower damping ratio.

2.	The number of failure cycles decreases with increas-
ing confining pressure and deviational stress for both 
sand and clay samples. However, there are variations 
in the results under different loading frequencies. 

Specifically, the cycle times of failure for sand sam-
ples gradually increase with increasing loading fre-
quency. On the other hand, the number of failure 
cycles for clay samples initially increases and then 
decreases with increasing loading frequency. 

3.	 The growth curve of pore water pressure follows 
an approximate parabolic trend. For sand samples, 
higher loading frequencies, greater confining pres-
sures, and larger bias stresses lead to faster pore 
water pressure growth. However, no significant cor-
relation is observed between the rate of pore water 
pressure growth in sand samples and either loading 
frequency or bias stress.

4.	During cyclic loading, the shear modulus of the soil 
sample gradually decreases as the number of load-
ing cycles increases. The damping ratio of sand 

(c)(b)(a)

Fig. 13 Damping ratio of sand during cyclic loading (a) loading frequency, (b) confining pressure, (c) cyclic stress ratio

Fig. 12 Shear modulus of clay during cyclic loading (a) loading frequency, (b) confining pressure, (c) cyclic stress ratio

(c)(b)(a)

(c)(b)(a)

Fig. 14 Damping ratio of clay during cyclic loading (a) loading frequency, (b) confining pressure, (c) cyclic stress ratio
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gradually decreases with an increasing number of 
cycles, whereas that of clay remains relatively sta-
ble. The  variations in shear modulus and damp-
ing ratio during loading are influenced by factors 
such as loading frequency, confining pressure, and 
deviating stress.

The findings presented in this study, which pertain to 
the complex geological conditions in the Beijing area, 
necessitate parameter adjustments and technical adapta-
tions (e.g., silicon content thresholds, vibration frequency 
band correction coefficients, and ecological flow allocation 

ratios) tailored to regional characteristics when extended 
to other regions or soil types. Such adaptations enable a 
scientifically sound extrapolation from the unique geolog-
ical conditions of Beijing to other regions.
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