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Abstract

Structures located on sandy soils can be significantly damaged by earthquake-induced liquefaction. A series of stress-controlled cyclic 

triaxial tests under harmonic and irregular loading under various soil densities 30%, and 50%, was conducted to evaluate the effects 

of irregularities and relative densities on the liquefaction characteristics of saturated sand. The irregular actual ground motions time 

histories obtained from six stations of the 1999 Chi-Chi Earthquake and harmonic sinusoidal cyclic loading time histories were applied 

to Firoozkooh #161 sand specimens, and the results were compared in terms of the type waveforms loading and relative densities. 

Based on the stress and energy method, the Correction coefficient is calculated for a variety of densities and types of irregular loading. 

The present results reveal that it is not precise to assume a single correction coefficient for all records, regardless of the complicated 

time-domain characteristics of ground motions. Furthermore, the results indicate that the relative soil density and the type of irregular 

loading influenced sand's pore pressure generation and liquefaction potential.
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1 Introduction
Liquefaction is a soil mechanics problem that often influ-
ences structures supported on saturated sand deposits. 
Sladen et al. [1] State that liquefaction occurs when a mass 
of soil loses a large percentage of its shear resistance when 
subjected to monotonic, cyclic, or shock loading. Seismic 
waves, traffic, and wind are sources of harmonic sinusoi-
dal cyclic loading that may cause the liquefaction fail-
ure of sand. These loads are applied randomly and may 
include a sequence of erratic cyclic amplitudes of stress 
pulses [2–7]. The averaging method is usually used for 
cyclic testing in the laboratory [2, 8–12].

Seed and Idriss [13] proposed an equivalent approach, 
and Seed et al. [14] evaluated the equivalent uniform cyclic 
stress as 65% of the maximum stress in random loadings. 
Even though major refinements have been made to eval-
uate soil liquefaction resistance, the Cyclic Stress Ratio 
(CSR), a dimensionless quantity used to quantify the mag-
nitude of cyclic loading in materials and the most typical 
way to characterize an earthquake loading, is still mainly 
based on the framework developed by Seed and Idriss [13]. 
But this approach cannot capture all aspects of the compli-
cated time-domain characteristics of ground motions [15].

Ishihara and Yasuda [16] conducted a series of lique-
faction tests using random time histories. They proposed 
that the correction factor (the ratio of the uniform stress 
amplitude to the maximum shear stress in random loading 
trace) should be between 0.41 and 0.72, depending upon 
the amplitude of the stress pulses.

Recent research has evaluated sand behavior under ran-
dom loading [17]. Du and Chian [18] conducted cyclic strain 
triaxial testing to investigate soil liquefaction of clean 
sand under non-uniform loading. In uniform strain-con-
trolled cyclic tests, they showed that large strain ampli-
tudes produce a more rapid generation of excess pore pres-
sure. In non-uniform strain-controlled tests, larger strain 
amplitudes may generate lower excess pressure.

Pan and Yang [19] carried out a systematic experimen-
tal investigation into the liquefaction potential of sand 
subjected to harmonic sinusoidal cyclic loading under ran-
dom time histories. The results indicated that pore pres-
sure generation and the liquefaction resistance of sand are 
significantly influenced by the amplitude and sequence of 
the stress pulses in random loadings. Instances of inves-
tigation of soil response in the laboratory using real 
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earthquake motion are very limited [16, 20–23]. An alter-
native method that utilizes the dissipated energy concept 
was introduced by Nemat-Nasser and Shokooh [24]. 

In recent decades, some experimental research has 
explored the effects of some factors such as the effective 
confining pressure, relative density of sand, and consoli-
dation stress ratio, on the relationship between incremen-
tal pore water pressure and dissipated energy [25–30]. 
The effect of the fine content and particle size distribution 
of sand on the energy versus pore pressure relationship 
was also investigated [31–33].

Jafarian et al. [34] and Pan and Yang [35] argued that 
the required dissipated energy increases with the applied 
static shear stress. It can be concluded from the literature 
that the energy approach is a simple but practical method 
for the evaluation of liquefaction potential. However, most 
studies have been performed on specimens subjected to 
uniform cyclic loads. This is due to the lack of facilities 
to apply irregular loads to specimens. Furthermore, the 
effects of harmonic sinusoidal cyclic loading on speci-
mens of various densities have not been considered.

In the current study, the effects of irregular loading of 
strong ground motions, including two patterns of shock 
and vibration ground motion, are applied to the sand sam-
ples, and the liquefaction potential and pore water pres-
sure characteristics of Firoozkooh #161 (also known as 
Firuzkuh and Firozkooh) in various densities are com-
pared with those results which are obtained from the same 
specimens subjected to harmonic sinusoidal cyclic load-
ing. Moreover, correction coefficients are introduced and 
used to approximate the irregular earthquake loading to 
harmonic sinusoidal cyclic loading. Coefficients can be 
used for evaluating liquefaction potential for facilities that 
cannot apply irregular loading to specimens of sand in 
a variety of relative soil densities.

2 Methods: experiment program
2.1 Soil properties
The physical specifications of the Firoozkooh #161 sand 
such as specific gravity (Gs), minimum and maximum void 
ratio (emin, emax), uniformity coefficient (Cu), curvature coef-
ficient (Cc) used in this research are presented in Table 1 and 
Fig. 1. As shown in Fig. 1, the Firoozkooh sand falls within 
the grain-size distribution range of liquefiable soils [36].

2.2 Test procedure
Cyclic triaxial test specimens 50 mm in diameter and 100 mm 
in height were prepared in watertight rubber membranes 
with porous stone and filter paper on each end (Fig. 2). 
The wet tamping method was used for sampling. Five lay-
ers of 350 g were compacted using a hand tamper until 
the desired density was reached. This method enables pre-
paring reconstituted soil samples at a wide range of ini-
tial densities with a high degree of precision and provides 
more isotropic fabric samples [37–39].

Carbon dioxide and de-aired water were circulated 
through the specimen to achieve a high degree of saturation. 
To ensure the full saturation of the soil, Skempton's pore 
pressure parameter B (Δu/Δσ3) was calculated. For each 
specimen, we measured the increase in pore water pressure 
Δu, induced by increasing cell pressure by Δσ3. Fully satu-
ration was defined when B greater than 0.96 was achieved. 
The saturated specimen was isotropically consolidated to 
a confining pressure of 100 kPa. After consolidation, soil 
specimens were subjected to cyclic uniform or irregu-
lar time histories under undrained conditions (stress-con-
trolled) until initial liquefaction had occurred [40, 41].

Table 1 The physical specifications of Firoozkooh sand

sand Gs emin emax Cu Cc

Firoozkooh 161 2.65 0.555 0.916 2.28 0.952

Fig. 1 Grain size distribution of Firoozkooh sand

Fig. 2 Vacuum mold
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The experiments performed in this research used rela-
tive densities (Dr) of 30% and 50%. The (Dr = (emax – e)/
(emax – emin)) index is another measure of void ratio based 
on global void ratios. This is a general index of soil density 
that determines the void ratio between the upper and lower 
limits of the soil [41]. All tests were performed at a similar 
relative density, and all samples were prepared using the 
method described above.

2.2.1 Generation of random loading
To generate an earthquake type of loading, different earth-
quake time histories were used. Since there is a proportional 
relation between the shear stress acting on a soil element 
at a certain depth and the ground acceleration [13, 16, 20], 
this pattern of acceleration time history was used to obtain 
loading time histories for driving the triaxial device.

To evaluate the irregular shear stress (τ) history induced 
by a real-time earthquake at any depth z within a soil 
deposit, the approach proposed by Seed and Idriss [13], 
as exhibited by Eq. (1), has been adopted.
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where acc.(g) is the acceleration time history, σć  is the 
effective confining stress, and rd is the stress reduction 
factor (Eq. (2); [42]) accounting for the deformable char-
acteristics of the soil specimen. The deviatoric stress his-
tory was derived from the strong motion stress history. 
The cyclic stress ratio (CSR) of harmonic sinusoidal cyclic 
loading can be evaluated as qmax, l/2 σć  that q is the maxi-
mum shear stress that liquefaction happened. 

In this research, the time histories were categorized 
based on the following criteria: if the wave had only one or 
two peaks with amplitudes greater than 60% of the maxi-
mum acceleration, it was classified as a shock-type wave. 
Alternatively, if the waveform on the side of the maximum 
acceleration contained more than three peaks with ampli-
tudes greater than 60% of the maximum, the wave was 
classified as a vibration-type wave [20]. Table 2 provides 
the classification of each waveform.

2.3 Test program
In the present study, the records of the 1999 Chi-Chi 
Earthquake in Taiwan were analyzed. The waveforms were 
categorized based on their shape, as vibrations and shocks. 
Thus, to investigate the effect of irregularity on loading, 

three shock patterns and three vibration deviator stress 
patterns were used. The specifications of these records are 
shown in Table 2. Several specimens were tested under 
harmonic sinusoidal cyclic loading to study the effect of 
irregular loading on the liquefaction potential of sand. 

2.3.1 Uniform cyclic test results
In this research, the data collected from the series of uni-
form cyclic stress-controlled triaxial tests were used to 
investigate the effect of the irregularity of loading. The rel-
ative densities of the specimens were 30% and 50%, and 
the consolidation stress was σć  = 100 kPa. Table 3 sum-
marizes the conditions for all cyclic tests performed in 
this study. The applied uniform CSR versus the number 
of cycles required to cause liquefaction is plotted in Fig. 3.

Table 2 The specification of the records of the 1999 Chi-Chi Earthquake

NO Station Name Type of loading amax (g)

1 "CHY057" vibration 0.05

2 "CHY061" vibration 0.04

3 "CHY062" vibration 0.06

4 "CHY025" shock 0.17

5 "TCU026" shock 0.12

6 "TCU076" shock 0.42

Table 3 The conditions of all cyclic tests

Test number Test parameters
Effective confining 

stress σć  (kPa) Dr (%) Cyclic stress 
ratio (CSR)

1 100 30 0.15

2 100 30 0.23

3 100 30 0.25

4 100 50 0.2

5 100 50 0.25

6 100 50 0.3

Fig. 3 Uniform Cyclic stress ratio CSR versus the number of cycles 
required to cause liquefaction
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As shown in Fig. 3, the specimen was liquefied at 
higher cycles of uniform loading while the applied CSR 
decreased. This figure shows the CSR of soil liquefaction 
at relative densities of 30% and 50%, and consolidation 
stress for any number of cycles can be calculated accu-
rately. Furthermore, it shows the effect of the relative den-
sity of specimens on the liquefaction potential wherein 
denser Firoozkooh sand (Dr = 50%) has higher liquefac-
tion resistances than the looser one (Dr = 30%) at different 
stress levels. These results are in agreement with those of 
several previous studies. [43–45].

It can be deduced from Fig. 3, that similar to previous 
studies, sand under increased uniform harmonic sinusoi-
dal cyclic loading and smaller relative density values have 
the greatest potential for liquefaction. 

2.3.2 Irregular loading test results
In the first step, the loading intensity (for example, Fig. 4) 
did not result in the liquefaction of the specimen. As shown 
in Fig. 4, the pore-water pressure (ru) increased gradually 
before maximum stress occurred but increased abruptly 
as it approached maximum stress and then remained con-
stant. The maximum deviator stress and the ratio of resid-
ual pore-water pressure relevant to the loading patterns are 
described below. In the next step, the intensity of the applied 
loading increased slightly as the waveform remained 

constant. The steps were repeated until the increase in 
pore-water pressure was equal to the initial effective multi-
lateral stress that caused liquefaction. Table 4 summarizes 
the conditions of all irregular tests performed in this study. 
The change in the residual pore-water pressure ratio (ru) 
during loading is shown in Figs. 5 to 7.

Table 4 The conditions of all irregular tests

Test ID Test parameters

Type of 
loading Dr (%) Max. stress 

ratio
Effective onfining 

stress σć  (kPa)

1-30-1 vibration 30 0.19 100

1-30-2 vibration 30 0.25 100

1-30-3 vibration 30 0.28 100

2-30-1 vibration 30 0.19 100

2-30-2 vibration 30 0.23 100

2-30-3 vibration 30 0.28 100

3-30-1 vibration 30 0.19 100

3-30-2 vibration 30 0.3 100

3-30-3 vibration 30 0.38 100

4-30-1 shock 30 0.19 100

4-30-2 shock 30 0.35 100

4-30-3 shock 30 0.43 100

5-30-1 shock 30 0.19 100

5-30-2 shock 30 0.45 100

5-30-3 shock 30 0.52 100

6-30-1 shock 30 0.19 100

6-30-2 shock 30 0.35 100

6-30-3 shock 30 0.47 100

1-50-1 vibration 50 0.26 100

1-50-2 vibration 50 0.3 100

1-50-3 vibration 50 0.34 100

2-50-1 vibration 50 0.26 100

2-50-2 vibration 50 0.3 100

2-50-3 vibration 50 0.34 100

3-50-1 vibration 50 0.26 100

3-50-2 vibration 50 0.35 100

3-50-3 vibration 50 0.43 100

4-50-1 shock 50 0.26 100

4-50-2 shock 50 0.45 100

4-50-3 shock 50 0.5 100

5-50-1 shock 50 0.26 100

5-50-2 shock 50 0.45 100

5-50-3 shock 50 0.57 100

6-50-1 shock 50 0.26 100

6-50-2 shock 50 0.45 100

6-50-3 shock 50 0.52 100

(b)
Fig. 4 Example of increase in ru during irregular loading (a) stress 

versus time, (b) excess pore water pressure versus time

(a)
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Fig. 5 Excess pore water pressure ratio versus strain for irregular 
loading at Dr = 30% (a) load No.1, CSR = 0.28, (b) load No.2, 

CSR = 0.28, (c) load No.4, CSR = 0.43, (d) load No.5, CSR = 0.52

Fig. 6 Excess pore water pressure ratio versus strain for irregular 
loading at Dr = 50% (a) load No.1, CSR = 0.34, (b) load No.2, 

CSR = 0.34, (c) load No.5, CSR = 0.57, (d) load No.6, CSR = 0.52

(a)

(b)

(c)

(d)

(a)

(b)

(c)

(d)
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The specimens had a consolidation stress of σć  = 100 kPa 
and a relative density of Dr = 30% and 50%. Because of 
the complicated form of time histories, the biggest change 
in pore pressure occurred when the maximum deviator 
stress was applied to the specimen. The maximum devia-
tor stress is defined as CSRmax = qmax/2σć .

The results from shock records indicate that the abrupt 
increase in pore-water pressure occurred when acceler-
ation reached its maximum value, and that maximum 
acceleration was applied suddenly to the specimen. For 
vibrational records, the maximum vibrational accelera-
tion was used more uniformly so the pore-water pressure 
increased gradually over time.

3 Discussion
The 6 records of the 1999 Chi-Chi Earthquake were 
examined from different stations. As mentioned before, 
the records at stations 4, 5, and 6 were shock loading, and 
records at stations 1, 2, and 3 were vibration waveforms. 
Stress-controlled cyclic triaxial tests at different soil rel-
ative densities (30%, 50%) under undrained conditions 
were conducted on specimens as summarized in Table 4.

As a means of studying soil behavior under shock 
and vibration waveforms more precisely, the varia-
tion of excess pore pressure at different Peak Ground 
Accelerations (PGA), which subject the soil to liquefaction, 

was investigated at relative densities of 30 and 50 percent. 
The results show that, by increasing the relative density 
of specimens, the PGA of record that leads to liquefaction 
increased. Thus, relative density has a major role in defin-
ing the dynamic behavior of cohesionless soils [2, 46].

The number of acceleration cycles that reached 0.65 
PGA in each record was examined to evaluate soil behav-
ior under shock and vibration loading more accurately. 
Therefore, the number of cycles for vibrational records 
was higher than for shock records, so samples under this 
type of loading required less PGA to liquefy the soil.

To compare the trend of increasing excess pore water 
pressure during loading over time and to examine the 
behavior of soil settlement at different relative densities, 
Figs. 5 to 7 were plotted.

According to Fig. 5 and 6, for shock loading, the 
increase of strain versus excess pore water pressure for all 
the considered soil relative densities occurred suddenly at 
a few strain pulses, while the stiffness of soil decreased 
rapidly upon the triggering of liquefaction (ru = 1.0).  

Figs. 5 to 7 demonstrate that since the number of cycles 
in the vibrational records was much higher than shock 
loading, the specimen's behavior under harmonic sinusoi-
dal cyclic loading was similar to vibration loading.

3.1 Correction coefficient and the equivalent number of 
cycles in random loading, based on the stress method
The ratio of uniform shear stress which liquefies the soil 
during N cycles is denoted as (qu,l /2σć )N. The effect of 
irregularity and complex shape of waves on the soil is 
called the correction coefficient and obtained as:

C
q N

qirr
u l c

max l c
�
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�� �
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,

/

/

2

2
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, (2)

in which N is the number of equivalent cycles and the 
value of (qu,l /2σć )N and (qmax,l /2σć ) are obtained from the 
results of uniform and irregular loadings, respectively. 
Table 5 summarizes the correction coefficient values 
obtained from all the tests conducted in the current study. 
The Cyclic Stress Ratio (CSR), denoted as (qu,l /2σć )20, rep-
resents the level of cyclic loading applied over 20 cycles 
that causes soil liquefaction. This number represents an 
earthquake of magnitude 7.5 [10]. 

Based on Table 5, it can be concluded that the Cirr for 
shock loading was lower than for vibration loading. There-
fore, the cyclic strength of the soil against shock loads was 
greater than vibration loads, and as the Cirr approached 
the value of 1.0, waveforms with irregular loading became 
more uniform.

Fig. 7 Excess pore water pressure ratio versus strain for harmonic 
sinusoidal cyclic loading (a) Dr = 30%, CSR = 0.23, (b) Dr = 50%, 

CSR = 0.25

(a)

(b)
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According to previous studies on the type of stress, 
such as Seed et al. [14], the equivalent shear stress was 
selected to be 65% of the maximum shear stress of ran-
dom loading.

Ishihara and Yasuda conducted several liquefaction 
experiments with irregular loading for cyclic triaxial and 
torsional shear tests. They concluded that the shear stress 
was equivalent to 57% of the maximum shear stress and 
20 cycles had almost the same effect [16, 20].

Table 5 presents that Cirr for the shock type of loading 
at relative densities of 30% and 50% were 0.38 and 0.48 
and for the vibration type were 0.59 and 0.69, respecti- 
vely. Additionally, as the relative density of the specimens 

increased (30% to 50%), the correction factor of the sand 
increased as well. It is noteworthy that relative density plays 
a significant role in governing the onset of liquefaction of 
cohesionless specimens subjected to seismic loading.

3.2 Correction coefficients based on the number of 
cycles that reached 0.65PGA
As shown in Table 6, the correction coefficients are listed 
according to the number of acceleration cycles that reached 
0.65PGA (N) at all considered values of the relative den-
sity of the soil for each record. The values of (N) for vibra-
tions (indicated in Table 2) were 13, 9, and 6, while the 
value for shock loading was 3.

Table 5 Correction coefficients for relative densities of 30% and 50%, based on equivalent 20 cycles

No Cirr (Cirr)av

Dr = 50%

1

Vibration type

0.35

0.39 0.26

0.743

0.692 0.36 0.722

3 0.43 0.6

4

Shock type

0.5

0.55 0.26

0.52

0.485 0.6 0.433

6 0.55 0.473

Dr = 30%

1

Vibration type

0.3

0.34 0.19

0.633

0.592 0.29 0.655

3 0.43 0.48

4

Shock type

0.45

0. 5 0.19

0.42

0.385 0.55 0.34

6 0.5 0.38
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Table 6 Correction coefficients for relative densities of 30% and 50%, based on the number of cycles that reached 0.65 PGA

No Cirr (Cirr)av

Dr = 50%

1

Vibration type

0.35

0.39

0.28 0.81

0.762 0.36 0.29 0.8

3 0.43 0.29 0.68

4

Shock type

0.5

0.55

0.3 0.59

0.545 0.6 0.3 0.49

6 0.55 0.3 0.54

Dr = 30%

1

Vibration type

0.3

0.34

0.22 0.73

0.732 0.29 0.24 0.83

3 0.4 0.25 0.63

4

Shock type

0.45

0. 5

0.26 0.58

0.525 0.55 0.26 0.47

6 0.5 0.26 0.52

q l
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Table 6 presents that the Cirr for the shock type of load-
ing at relative densities of 30% and 50% were 0.52 and 
0.54, and for the vibration type were 0.73 and 0.76, respec-
tively. Furthermore, the sand correction factor increased as 
the relative density of the specimens increased. The results 
indicate that density has a direct impact on the liquefaction 
equivalent CSR values.

Comparing the Cirr calculated from Tables 5 and 6, 
the values in Table 6 were about 20% higher than those 
in Table 5, which were based on previous studies that 
assumed liquefaction occurs after about 20 sinusoidal har-
monic cycles [16, 20]. The stress correction coefficient for 
the shock loading waveform was lower than for the vibra-
tion waveform across all considered relative densities. 
Since more acceleration cycles reached 0.65PGA in the 
vibration waveform than in the shock waveform, the stress 
correction coefficient for the shock loading waveform was 
lower than the vibration waveform in all considered rela-
tive densities.

Therefore, it is not precise to assume a single correction 
coefficient for all records, regardless of the characteristics 
of ground motions.

3.3 Correction coefficient and the equivalent number of 
cycles in random loading, based on the energy method
Firstly, in order to use the energy method, it is neces-
sary to calculate the dissipated energy inside the speci-
mens during loading, during liquefaction, and even after 
that. The dissipated energy per unit volume is the sur-
rounding area inside the hysteresis loops which is calcu-
lated in a cumulative form. Thus, to determine the dissi-
pated energy per unit volume, the hysteresis loops of each 
experiment should be plotted first. According to Eq. (3), 
the energy per unit volume and the hysteresis curves are 
computed (∆W):

�W
i

n
d i d i d i d i� �� � �� �

�

�
� ��12 1

1

1 1� �, , , ,  , (3)

where σd,i is the ith increment in deviatoric stress, ϵd,i is the 
ith increment in axial strain, and n is the total number of 
increments.

In general, the GMP (Green, Mitchell, and Polito) 
approach is commonly used in technical literature when 
examining energy criteria. In this model, residual excess 
pore pressure ru, is accurately related to the amount of 
energy dissipated per unit volume of soil through a simple 
and accurate relationship:

r W
PECu �
�

, (4)

where ru and ∆W were defined previously, and pseudo 
energy capacity (PEC) is a calibration parameter [47].

PEC is used only as a measure of liquefaction energy 
in these studies. The GMP model is not used to determine 
the relationship between ru and ∆W since the incremental 
trend of ru in this study is similar to that of this model but 
does not possess thorough numerical consistency.

To determine a relation between ru and ∆W for the tests 
in this research, some changes should be applied to the 
relation of the GMP model.

PEC can be determined from experimental data by plot- 
ting ru versus ∆W. The PEC is the value on the horizon-
tal axis corresponding to the intersection of a straight line 
drawn through the origin and the point of ru = 0.65 and 
a horizontal line drawn at ru = 1.0. This process of deter-
mining PEC is illustrated graphically in Fig. 8.

This method in geometric form is shown in the fol-
lowing figures for the determination of PEC in all experi-
ments. In other words, it can be stated that PEC is approx-
imately the same as ∆W at the start of liquefaction.

There are two reasons to use PEC instead of ∆W. Firstly, 
a common ∆W, which leads to liquefaction cannot be 
obtained for all tests by the same method. However, the 
PEC determination method provides this standard proce-
dure for all tests, including those with random loading. 
Secondly, when the ratio of the residual pore-water pres-
sure (ru) under the effect of harmonic sinusoidal cyclic 
loading reaches ru = 0.65, the specimen reaches the lique-
faction stage and loses its strength, and large strains are 
observed in it. In the following, the figures of the ru ver-
sus ∆W, are plotted for random and harmonic sinusoidal 
cyclic loading.

Fig. 8 Graphic illustration of how PEC is determined from experimental 
data. The data shown in this figure is from a cyclic triaxial test 

conducted on the specimen under CSR = 0.25
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To determine the amount of PEC, Fig. 9 should be plot-
ted. It shows that the ∆W and ru results of the experiments 
with random loading had a form dependent on the form 
of random loading. However, when considering a constant 
form of random loading with different stress ratios, the 
forms of ∆W and ru were found to be similar to the various 
PECs, indicating consistency in their behavior. By plotting 
Fig. 9, the amount of PEC was calculated.

3.3.1 Changes of the PEC respecting the applied CSR 
in harmonic sinusoidal cyclic loading and random 
loading 
Once the plots and PECs were obtained for all experi-
ments involving cyclic and random loading, the results 
were compiled and presented in Fig. 10 to facilitate a more 
effective comparison among them. 

Fig. 10 shows the comparison of PEC for specimens 
under similar relative densities and different types of load-
ings. It can be seen that by increasing the CSR of speci-
mens under harmonic sinusoidal cyclic loading, the PEC 
has been decreased. The reason for the increase of the PEC 
in the case of CSR reduction is that when CSR, i.e., the 
applied deviator stress in each cycle, is low, the specimen 
liquefies at a higher number of cycles (Fig. 3). This means 
that the specimen experiences more changes in the sign of 
deviator stress.

As shown in Fig. 10, in the shock waveforms (load No.4, 
5, and 6), the PEC is less than the vibration patterns (load No. 
1, 2, and 3), especially at the relative density of 50 percent.

The correction coefficients and equivalent cycle count 
in random loading can be determined via the energy 
approach. This requires plotting the obtained results on a 
single figure, as depicted in Fig. 11. With this information, 
the harmonic sinusoidal equivalent CSR was derived from 
the average of the PEC of both shock and vibration random 
loading patterns.

To clarify the procedure, arrows have been added to 
the figure to illustrate the steps to calculate the equivalent 
CSR for the average values of random loading.

The correction coefficient based on the energy method 
was obtained from Eq. (2) and summarized in Table 7.

The PECs for shock waveforms and vibrational wave-
forms at various densities are shown in Table 7. It shows 
that with an increase in the relative density of the spec-
imens (30 and 50%), the correction factor of the sand 
increased. The results indicate that density has a direct 
impact on the liquefaction equivalent CSR values.

According to Tables 5–7, the stress correction coefficient 
for the shock loading waveform was lower than the vibra-
tion waveform at all considered values of the relative den-
sity of the soil. Therefore, it is not precise to assume a sin-
gle correction coefficient for all records, regardless of the 

(b)
Fig. 9 Determined PEC for random loading (a) Load No.5, shocked 
loading, Dr = 30%, (b) Load No.2, vibrational loading, Dr = 50%

(a)

(b)
Fig. 10 PEC versus CSR for all the considered types of loading (a) Dr = 

30%, (b) Dr = 50%

(a)
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complicated time-domain characteristics of ground motions 
in both the stress method and the energy-based method.

Statistically, more experiments on different records are 
needed to evaluate the effect of these ground motion char-
acteristics on the correction coefficients.

3.4 Analysis of the 1999 Chi-Chi Earthquake loading
To investigate soil behavior under shock and vibration 
loadings more precisely, the three main features of the 
Earth's motion (amplitude, frequency content, and dura-
tion of motion) were considered.

3.4 .1 Amplitude parameters
Amplitude parameters include maximum acceleration, max-
imum velocity, and maximum displacement. The six records 
of the 1999 Chi-Chi Earthquake were considered at different 
stations. As previously stated, records obtained from stations 
4 to 6 were categorized as shock type, and records from sta-
tions 1 to 3 were categorized as vibration type.

With shock loads No. 4, 5, and 6, the stations' horizon-
tal distances from the epicenter were 19.04 km, 56.03 km, 
and 2.74 km, respectively. With vibration loads No.1, 2, 
and 3, they were 56.67 km, 57.5 km, and 56.93 km, respec-
tively. So, the horizontal distance of station 5 was approx-
imately equal to the horizontal distances of stations 1 to 3 
is approximately equal. Therefore, this equality was a suit- 
able criterion for the study of records.

According to Table 2, the maximum acceleration of the 
shock records at stations 4 to 6, was equal to 0.17, 0.12, and 
0.42, respectively. This value for the vibrational records at 
stations 1 to 3, was 0.05, 0.04, and 0.06. Therefore, the shock 
records received higher maximum acceleration values. At the 
same distance from the earthquake epicenter (record 5), and 
the vibrational records of stations 1 to 3 (Table 2), the max-
imum acceleration value of the shock record was almost 
double the magnitude of the vibrational record.

According to previous studies, Earth's motion with 
a higher maximum acceleration is more destructive, so 
shock records are more destructive than vibration records.

3.4.2 Frequency content parameters
The content of the frequency describes how the range of 
motion of the Earth is distributed across different frequen-
cies. The Fourier range spectra clearly depict the Earth's 

(b)
Fig. 11 Graphic illustration of how equivalent CSR is determined from 

experimental data; (a) Dr = 50%, (b) Dr = 30%

(a)

Table 7 The Correction coefficients for different relative densities based on the energy method

No PEC (Cirr)av N

Dr = 50%

1

Vibration type 2.5 0.39 0.21 0.54 652

3

4

Shock type 1.5 0.55 0.28 0.51 155

6

Dr = 30%

1

Vibration type 1.71 0.34 0.12 0.35 422

3

4

Shock type 1.57 0. 5 0.13 0.26 395
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motion frequency content by showing both the amplitude 
distribution across different frequencies (or periods) and 
the strong motion of the Earth. Figs. 12 and 13 show the 
Fourier range spectra for the components of the 1999 Chi-
Chi Earthquake movement at 6 different stations.

In the case of shock records, the maximum peak of 
the Fourier range occurred at a lower frequency (lon-
ger period), whereas in the vibrational records, the maxi-
mum value of the Fourier range was at higher frequencies 
(shorter period). At an equal distance from the epicenter of 

(c)
Fig. 13 The Fourier range spectra for the components of the 1999 

Chi-Chi Earthquake movement for shock loading (a) load No.4, (b) 
load No.5, (c) load No.6

(a)

(b)

(c)
Fig. 12 The Fourier range spectra for the components of the 1999 Chi-
Chi Earthquake movement for vibration loading (a) load No.1, (b) load 

No.2, (c) load No.3

(a)

(b)
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the earthquake in shock record No.5, the peak frequency of 
the Fourier amplitude occurred at a frequency of 0.201 Hz 
whereas this value for the vibrational records of No. 1 to 
3 was equal to 1.245 Hz, 0.848 Hz, and 1.404 Hz, respec-
tively. Therefore, for shock record, the Fourier amplitude 
peaked at a lower frequency than in the vibrational records, 
so larger energy was released at a lower frequency. Given 
the characteristics of the parameters of the frequency con-
tent of two types of shock and vibrational records, we con-
clude that shock records are stronger at a smaller frequency 
than vibration records. Therefore, they release more energy 
at a lower frequency and are more destructive.

Additionally, the values of (vmax/amax) were calculated 
for all records at different stations during the 1999 Chi-
Chi Earthquake. vmax refers to the peak velocity of ground 
motion, which is the maximum speed at which the ground 
moves during an earthquake. It is usually expressed in 
units of cm/s or m/s. The shock records for load No. 4, 
5, and 6 had (vmax/amax) values of 0.224, 0.326, and 0.142 
seconds respectively, while the vibration records for 
loads No. 1 to 3 had values of 0.122, 0.075, and 0.098 sec-
onds, respectively. All the shock records had significantly 
higher (vmax/amax) values than the vibration records, indi-
cating that the shock-type loadings had more energy than 
the vibration-type records. This is because velocity rep-
resents the energy of the record, and the higher values for 
the shock records suggest that they had more energy than 
the vibration records.

Comparing the results obtained from the Fourier ampli-
tude and the value of (vmax/amax), showed that the shock 
records had higher values in all frequencies compared to 
the vibrational records. Therefore, it can be concluded that 
the frequency content of the shock records was higher than 
that of the vibration records. 

3.4.3 Effective earthquake duration
The duration of strong earth motion has a profound effect 
on earthquake-induced failures. Many physical processes, 
such as reducing the stiffness and increasing the water pres-
sure of loose sand, are dependent on the number of cycles 
of loading that occur during an earthquake. The effective 
duration of an earthquake is the time period during which 
over 90% of the earthquake's energy is released [48]. This 
time period is scaled based on the 0.05–0.95 Arias inten-
sity range. This parameter was calculated for all records.

At the same distance from the epicenter, the effective 
earthquake duration for shock record No. 5 was 24.7 sec-
onds, while the corresponding values for vibration stations 

1 to 3 were 39.07, 38, and 33.94 seconds, respectively. 
Furthermore, the effective earthquake durations for shock 
loadings 4 and 6 were 31.5 and 28 second, respectively. 
Thus, by increasing the effective earthquake duration of 
records, vibrational records have a greater potential to 
cause liquefaction than shock records [48].

3.4.4 Arias intensity
Moreover, Arias intensity values were calculated for all 
records. These values for shock-induced earthquakes of 4 
to 6 were 0.593 m/sec, 0.236 m/sec, and 3.656 m/sec and 
for vibrating earthquakes of 1 to 3 were equal to 0.099 m/
sec, 0.054 m/sec, and 0.08 m/sec, respectively.

Calculated values indicate that the amount of Arias 
intensity in shock loading was greater than the vibration 
type. Previous research indicates that the Arias inten-
sity tends to rise as seismic recording stations are located 
closer to the earthquake epicenter. At a given distance 
from the epicenter of the earthquake, the Arias intensity 
of the shock record is higher than the vibration ones.

Consequently, shock records had more energy levels 
than vibration records, but the effective earthquake duration 
of vibration loads was longer than shock loads. In addition, 
the number of cycles in vibration records was much higher 
than that of shock loading. Therefore, shock loading had 
less potential to cause liquefaction than vibration loading.

According to the energy method and stress method, the 
result from the analysis of earthquake loading in the Chi-
Chi area was consistent with the correction coefficient and 
the equivalent number of cycles that were calculated for 
shock and vibration loading. The correction coefficient of 
shock records was less than the vibration records at all 
considered values of the relative density of the soil.

4 Conclusions
Soil behavior under random earthquake loading depends 
on the specifications of the type of acceleration applied to 
the soil. In this study, earthquake acceleration was applied 
as deviator stress to the specimens, and the apparent forms 
of loading were investigated. The earthquake-induced 
loads were categorized into either shock or vibration types 
according to the number of cycles that reached 0.65 PGA. 
The stress method, which was derived from the assessment 
of soil liquefaction potential, was utilized to determine the 
stress correction coefficient for two different types of ran-
dom earthquake loading. This coefficient was then adjusted 
for 20 cycles of uniform sinusoidal loading and the number 
of acceleration cycles that attained 0.65 PGA. 
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Major conclusions are summarized as follows:
• Compared to vibration loading, shock loading required 

a higher level of stress for liquefaction to occur than 
vibration loading.

• The results obtained from the stress method indi-
cate that shock wave loading had the least potential 
to cause liquefaction. In contrast, the vibration type 
of loading had the greatest potential for liquefaction.

• An increase in pore-water pressure and subsequently, 
an increase in the stress correction coefficient were 
observed with an increase in the relative density of 
specimens from 30% to 50% in cyclic uniform loading. 

• The form of irregular loading became more uniform 
as the correction coefficient approached a value of 1.0 
in both methods (based on the number of cycles that 
reached 0.65 PGA and on the equivalent 20 cycles).

• The liquefaction potential of vibration records was 
higher compared to shock records, even at a simi-
lar (PGA). This was because vibration records had a 
higher number of acceleration cycles in their vibra-
tion waveform, compared to shock records that only 
reach 0.65PGA. Additionally, the effective duration 
of vibration records was also higher, contributing 
further to their higher liquefaction potential.

• The amount of dissipated energy in the specimens 
was slight at the beginning, but it increased suddenly 
after the occurrence of liquefaction.

• The amount of PEC in the sand was related to the 
loading range and form. This value was higher in 
vibration loading due to the application of more sig-
nificant changes in the deviator stress compared to 
shock loading.

• The Cirr of the sand increased while the relative den-
sity of the specimens (30% and 50%) increased. It is 
noteworthy that the relative density played a signif-
icant role in governing the onset of liquefaction of 
cohesionless specimens subjected to seismic loading 
in both methods.

• By comparing the correction coefficients obtained 
from the two methods of stress and energy, for the 
two cases of earthquake random loading (shock and 
vibration), it can be concluded that the amount of the 
correction coefficient does not differ significantly but 
the main difference between the stress and energy 
methods is in the number of the equivalent cycles of 
the uniform sinusoidal stress. In the energy method, 
the number of equivalent cycles increases as the ran-
dom loading form becomes more vibrational.

The analysis of records from the 1999 Chi-Chi 
Earthquake reveals that shock loading exhibits higher 
energy levels and frequency content than vibration load-
ing. However, despite the shorter effective earthquake 
duration of shock loading, the number of cycles in the 
vibrational records is significantly greater. This results in 
a higher potential for liquefaction under vibration loading 
than shock loading, indicating that shock records at 30% 
and 50% densities should have a smaller correction coef-
ficient than vibrational records obtained from both stress 
and energy methods. Therefore, it is not accurate to assume 
a single correction coefficient for all records due to the 
complex time-domain characteristics of ground motions.
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