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Abstract

Liquefaction is one of the significant hazards associated with earthquakes. It was previously
believed to occur mostly in clean sands; however, recent research has shown that liquefaction
can occur in specific conditions in sands mixed with fine or coarse particles. Numerous studies
have been conducted on clean sand, while limited research has focused on sands mixed with silt.
Nevertheless, the liquefaction resistance of sands mixed with coarse particles has received less
attention in previous studies. This research investigates the liquefaction potential of sands mixed
with gravel using cyclic triaxial testing. The experiments were performed on Ottawa sand mixed
with various percentages of gravel. The study evaluates the influence of parameters such as
relative density and gravel percentage on the liquefaction resistance of the mixed soil. The results
indicate that the gravel percentage and relative density of the samples significantly affect the
liquefaction potential.
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Introduction

Liquefaction of soil in Central Taiwan was observed after the 1999 Chi-Chi earthquake with a
magnitude of 7.6. Although liquefaction predominantly occurred in aquifer layers, fine sands,
and silty sands, reports indicated liquefaction in sandy soils in the Yufeng and Nantou regions as
well. The common assumption that sandy soils are not prone to liquefaction was challenged by
seismic events such as the Chi-Chi earthquake in 1991 and the Armenian earthquake in 1988,
raising concerns about saturated sandy soils. Another notable example of sandy soil liquefaction
was observed during the Wenchuan earthquake in 2008, where sand boiling and liquefaction
affected numerous villages, schools, and factories, causing structural damage and displacement
of homes. The phenomenon also led to the blockage of several wells due to the uplift of sand and
gravel resulting from the boiling effect. Various tests, including cone penetration testing,
dynamic penetration testing (DPT), and surface wave analysis, were conducted on samples
extracted from liquefaction-affected sites by Kao and colleagues in 2010. [3]

The occurrence of liquefaction has captured the attention of many engineers, especially in
seismic-prone regions such as Alaska and Nigata. The significant damage caused by liquefaction
in these areas, notably during the earthquakes in Alaska and Nigata in 1964, led to extensive
research and investigations. Numerous studies have been conducted to assess the liquefaction
potential.

Liquefaction typically occurs in non-cohesive soils that are saturated and have a moderate to fine
particle size distribution. In simple terms, when non-cohesive soils become saturated and
undergo rapid loading in conditions of consolidation, there is a tendency for increased pore
pressure, resulting in reduced effective stresses. In such conditions, the shear resistance of the
sand significantly decreases, and the material may exhibit behavior similar to that of a fluid or
viscous slurry, leading to the phenomenon known as liquefaction.

The key characteristic of liquefaction is the generation of pore water pressure in saturated
conditions, primarily induced by rapid loading and consolidation. This increase in pore water
pressure is the main indicator of liquefaction.

In 2010, Ibrahim et al. investigated the potential improvement of undrained response in one
direction of loose clean sand subjected to static liquefaction by blending the sand with separate
flexible strands. They demonstrated that the reinforcement action reduces the susceptibility to
liquefaction under both triaxial tensile and compressive loading conditions [4].

In 2002, Li and Ding conducted triaxial cyclic loading tests on low plasticity silts. They
examined the influence of parameters such as the strand weight ratio, confining stress, and the
number of loading cycles on the reinforced soil's shear strength. The results indicated that the
shear strength of the reinforced soil is significantly affected by parameters such as the strand
weight ratio, confining stress, the number of loading cycles, and shear strain. The shear strength
increases with an increase in the strand weight ratio and confining stress but decreases with an



increase in the number of loading cycles. They also proposed a hyperbolic function to describe
the non-linear stress-strain curve under cyclic loading [5].

The mechanism of liquefaction initiation can be observed by studying the behavior of sand under
cyclic loading in cyclic triaxial tests. In 1960, Sayed introduced the cyclic stress ratio (CSR)
method for assessing liquefaction potential. Other methods, such as cyclic strain by Dobry et al.
[2] and probabilistic methods by Lee et al. [3], were also developed but received less attention
than the CSR method. The evaluation of liquefaction potential involves estimating the cyclic
shear stress generated during an earthquake in terms of the cyclic stress ratio (CSR) and the
cyclic resistance ratio (CRR) of the soil. The reliability factor against liquefaction, considering
these two parameters, can be calculated using the following formula.

F.S. Liq = CRR/CSR

The determination of the cyclic resistance ratio (CRR) can be obtained through both laboratory
and field methods. Youd et al. [6] described various field methods for calculating resistance to
liquefaction. Among these methods, standard penetration test (SPT), cone penetration test (CPT),
and shear wave velocity (Vs) are the most widely used and applied [6]. Laboratory tests are
generally faster for calculating CRR. Tests such as cyclic triaxial (CTX), cyclic simple shear
(CSS), and cyclic torsional shear (CTOR) are typically performed in an undrained condition
under controlled stress conditions. However, the best option for calculating CRR in the field is to
use undisturbed samples (e.g., frozen sampling). The use of reconstituted samples is generally
not reliable, but with the right sampling method, similar results to undisturbed samples can be
achieved [7]. Yin et al. in 2004 investigated the liquefaction resistance of sandy soils using the
large penetration test (LPT) and shear wave velocity tests. Since the presence of coarse particles
can hinder the penetration of standard penetration test tools and cone penetration test, they used
the correlation between shear wave velocity and the large penetration test (LPT) to estimate the
liquefaction resistance of sandy soils. They utilized sandy deposits that had liquefied during the
Chi-Chi earthquake. To estimate the liquefaction resistance of sandy soil samples, they employed
both tools, and additionally, by using a large-scale cyclic triaxial test (with a diameter of 15 cm
and a height of 30 cm), they investigated and improved the correlation between these two tests.
The results indicated that these mentioned tests are suitable methods for estimating the
liquefaction resistance of sandy soils. Moreover, the results obtained from shear wave velocity
were closer to the real results compared to the LPT method [8]. Stokoe et al. in 1988 investigated
the liquefaction resistance of liquefied sandy soils during the Idaho earthquake peak using the
Spectral Analysis of Surface Waves (SASW) method [9]. The initial relative density (Dr) and the
percentage of sand (GC) are two influential parameters in determining the liquefaction resistance
of sandy soils. They tested soil samples at different relative densities and percentages of sand to
examine how these parameters affect liquefaction resistance. The results of the experiments by
Iovance and Cho (1995) demonstrated that the resistance to liquefaction significantly increases
with the addition of sand [10].

Materials and Test Procedure



The utilized material is a type of crushed silica sand. This sand has a yellow to golden color, and
it exhibits uniform particle size distribution. The sand, along with gravel with a maximum
diameter of 1.5 centimeters, was used. According to ASTM standard D 5311, the maximum
particle size should be less than one-sixth of the sample diameter. Hence, this sand was used with
varying percentages of gravel. The effect of increasing the gravel percentage and relative density
on the liquefaction resistance of the mixed soil was investigated.

The sample preparation method significantly affects the results of triaxial tests and soil behavior.
Therefore, various methods have been proposed for sample preparation. Among these methods,
the moist tamping method is preferred due to its ease of compaction control and the ability to
produce samples with low density. In this research, the moist tamping method was employed for
sample preparation. The samples were constructed with a diameter of 100 millimeters and a
height of 200 millimeters. After sample preparation, a confining pressure of less than 35
kilopascals was applied to the sample [11].

The purpose of the saturation stage is to replace the air in the soil pores with water. To achieve
this, CO2 gas is passed through the sample for at least 30 to 45 minutes to remove all the air
from the sample, and then the CO2 gas is replaced with water saturated with air. After
completing this stage, water saturated with air is passed through the sample. To prevent soil
particle disturbance, water is injected from the bottom and extracted from the top with low-
pressure gravity flow. According to the Skempton relationship, complete saturation of the sample
occurs when the ratio of pore water pressure to changes in all-around pressure is greater than or
equal to 95%.

After saturation, the consolidation stage begins. In this stage, the all-around pressure is increased
to the desired value. The tested samples in this research were consolidated under a stress of 100
kilopascals. To apply cyclic loading, according to ASTM standard D 5311, a sinusoidal cyclic
wave with a frequency of 0.2 hertz was applied to the sample to initiate cyclic loading [12-17].

Results and Discussion

Samples were compacted at three different relative densities and various stress ratios with
different gravel percentages. Below are the graphs corresponding to the samples compacted with
a relative density of 30% and a gravel content of 10%, where CSR (Cyclic Stress Ratio) is 0.15,
and the liquefaction occurred after 39 cycles. The variations in axial strain, pore water pressure
(ru), and the stress-strain path are observable. Graphs and figures depicting axial strain, pore
water pressure, and stress-strain path for samples with 30% relative density, 10% gravel content,
and CSR of 0.15 after 39 liquefaction cycles are presented.
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Figure 1 — Changes in Pore Water Pressure (ru) over Time
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Figure 2 — Changes in Excess Pore Water Pressure over Time
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Figure 3 — Changes in Axial Strain of the Sample over Time
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Figure 4 — Stress Path Diagram during Loading
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Figure 5 — Stress-Strain Diagram

In the following graphs, we observe that with an increase in the relative density of the samples
and an increase in the cyclic stress ratio applied to the specimen, the resistance to liquefaction
increases. As mentioned, the experiments were conducted at three different relative densities and
two different percentages of sand. The results are observable in the following graphs. At a sand
percentage of 10%, an increase in relative density has a slight effect on reducing liquefaction
potential, while with an increase in the sand content from 10% to 30%, there is a noticeable
increase in resistance to liquefaction.
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Figure 6 — The Effect of Increased Density on Liquefaction Resistance at 30% Sand Content
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Figure 7 — The Effect of Increased Density on Liquefaction Resistance at 10% Sand Content
Conclusion

The liquefaction issue is one of the significant concerns following an earthquake. The common
perception is that sandy soils are not susceptible to liquefaction. However, reported cases from
several earthquakes have raised concerns about saturated sandy soils. The present study
investigates the liquefaction potential of sand mixed with various percentages of gravel, using
cyclic triaxial testing. The experiments were conducted on Ottawa sand mixed with different
percentages of gravel. As mentioned earlier, the tests were performed at three different relative
densities and two different sand percentages. The results indicate that an increase in relative
density and cyclic stress ratio leads to an increase in liquefaction resistance. Additionally, at
lower gravel percentages, an increase in relative density has a minimal effect on reducing
liquefaction potential, while at higher gravel percentages, the increase in resistance against
liquefaction is more pronounced. The optimal arrangement of piles in a foundation system
provides minimal internal energy, maximizing stiffness for a specific material fraction.
Additionally, research has demonstrated improved performance for piles situated in liquefaction-
prone soils [18]. The findings suggest that higher relative density and cyclic stress ratio
contribute to increased resistance against liquefaction [19-20].

References

[1] Ku, Chih-Sheng, Der-Her Lee, and Jian-Hong Wu. "Evaluation of soil liquefaction in the
Chi-Chi, Taiwan earthquake using CPT." Soil Dynamics and Earthquake Engineering 24, no. 9-
10 (2004): 659-673.

[2] Yegian, M. K., V. G. Ghahraman, and R. N. Harutiunyan. "Liquefaction and embankment
failure case histories, 1988 Armenia earthquake." Journal of geotechnical engineering 120, no. 3
(1994): 581-596.



[3] Cao, Zhenzhong, T. Leslie Youd, and Xiaoming Yuan. "Gravelly soils that liquefied during
2008 Wenchuan, China earthquake, Ms= 8.0." Soil Dynamics and Earthquake Engineering 31,
no. 8 (2011): 1132-1143.

[4] Tbraim, E., A. Diambra, D. Muir Wood, and A. R. Russell. "Static liquefaction of fibre
reinforced sand under monotonic loading." Geotextiles and Geomembranes 28, no. 4 (2010):
374-385.

[5] Liu, Lulu, Jinpeng Zhao, Xiaoyan Liu, and Shixin Lv. "Dynamic characteristics and
reinforcement mechanism of silty soil improved by regenerated fiber polymer." Scientific
Reports 13, no. 1 (2023): 18219.

[6] Sze, Hon-yue. "Initial shear and confining stress effects on cyclic behaviour and liquefaction
resistance of sands." HKU Theses Online (HKUTO) (2010).

[7] Kramer, Steven Lawrence. Geotechnical earthquake engineering. Pearson Education India,
1996.

[8] Lin, Ping-Sien, Chi-Wen Chang, and Wen-Jong Chang. "Characterization of liquefaction
resistance in gravelly soil: large hammer penetration test and shear wave velocity approach." Soil
Dynamics and Earthquake Engineering 24, no. 9-10 (2004): 675-687.

[9] STOKOE, Kenneth H. "Liquefaction of gravelly soils during the 1983 Borah Peak, Idaho
earthquake." In Proc. 9th World Conf. Earthq. Engng., vol. 3, pp. 183-188. 1988.

[10] Evans, Mark D., and Shengping Zhou. "Liquefaction behavior of sand-gravel
composites." Journal of Geotechnical Engineering 121, no. 3 (1995): 287-298.

[11] Shooshpasha, Issa, and Alireza Roshan. "The Effect of Stabilized Clayey Soil with Tire
Chips on Piled Raft Foundation Behavior." Journal of Civil and Environmental Engineering 48,
no. 93 (2019): 35-41.

[12] Ye, Bin, Guanlin Ye, Feng Zhang, and Atsushi Yashima. "Experiment and numerical
simulation of repeated liquefaction-consolidation of sand." Soils and Foundations 47, no. 3
(2007): 547-558.

[13] Handy, Richard L. "Liquefaction, lateral stress, consolidation state, and aging." Journal of
geotechnical and geoenvironmental engineering 139, no. 10 (2013): 1808-1812.

[14] Hasanzadeh, Ali, Sadegh Rezaei, Issa Shooshpasha, and Yasser Ebrahimian Ghajary.
"Analysis of Soil Liquefaction Potential through Three Field Tests-Based Methods: A Case Study
of Babol City." International Journal of Integrated Engineering 13, no. 4 (2021): 284-297.

[15] Adalier, Korhan, and Ahmed Elgamal. "Liquefaction of over-consolidated sand: a centrifuge
investigation." Journal of Earthquake Engineering 9, no. spec01 (2005): 127-150.

[16] Mehrzad, B., Y. Jafarian, C. J. Lee, and A. H. Haddad. "Centrifuge study into the effect of
liquefaction extent on permanent settlement and seismic response of shallow foundations." Soils
and foundations 58, no. 1 (2018): 228-240.



[17] Xu, Guohui, Zhenhong Sun, Wenyan Fang, Jiangjiao Liu, Xingbei Xu, and Chuxiu Lv.
"Release of phosphorus from sediments under wave-induced liquefaction." Water research 144
(2018): 503-511.

[18] Roshan, Alireza, and Issa Shooshpasha. "Numerical analysis of piled raft foundations in soft
clay." EJGE 19 (2014): 4541-4554.

[19] Doanh, Thiep, Nouha Abdelmoula, T. T. T. Nguyén, Stephane Hans, Claude Boutin, and
Alain Le Bot. "Unexpected liquefaction under isotropic consolidation of idealized granular
materials." Granular Matter 18 (2016): 1-25.

[20] Rahman, Md Mizanur, and S. R. Lo. "Undrained behavior of sand-fines mixtures and their
state parameter." Journal of geotechnical and geoenvironmental engineering 140, no. 7 (2014):
04014036.



