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Abstract: Over the past several decades, extensive research has advanced the understanding
of liquefaction in clean sands and sand–silt mixtures under seismic loading. However, the
influence of plastic (i.e., clayey) fines on the liquefaction behavior of sandy soils remains
less well understood. This study investigates how the quantity and plasticity of fines
affect both the susceptibility to liquefaction and the resulting failure mode. A series of
stress-controlled cyclic triaxial tests were conducted on sand specimens containing varying
proportions of non-plastic silt, kaolinite, and bentonite. Specimens were prepared at a
constant relative density with fines content ranging from 0% to 37%. Two liquefaction
modes were examined: flow liquefaction, characterized by sudden and large strains under
undrained conditions, and cyclic mobility, which involves gradual strain accumulation
without complete strength loss. The results revealed a clear relationship between soil
plasticity and liquefaction mode. Specimens containing non-plastic fines or fines with a
liquid limit (LL) below 20% and a plasticity index (PI) of 0 exhibited flow liquefaction. In
contrast, specimens with LL > 20% and PI ≥ 7% consistently displayed cyclic mobility
behavior. These findings help reconcile the apparent contradiction between laboratory
studies, which often show increased liquefaction susceptibility with plastic fines, and field
observations, where clayey soils frequently appear non-liquefiable. The study emphasizes
the critical role of plasticity in determining liquefaction type, providing essential insight
for seismic risk assessments and design practices involving fine-containing sandy soils.
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1. Introduction
Over the past six decades, significant advances have been made in understanding the

liquefaction behavior of clean sands subjected to seismic loading. A robust framework now
exists to describe the mechanisms of liquefaction and the key parameters governing this
phenomenon in sands [1–5]. More recently, over the last 30 years, research has extended
this understanding to include sand–silt mixtures and soils with non-plastic fines, further
refining our knowledge of liquefaction susceptibility in various soil types [6–10]. However,
the behavior of sands containing plastic fine-grained materials, such as clays, remains
relatively less well understood.

A particular point of ambiguity lies in how plasticity influences the mode of lique-
faction that a soil may undergo during cyclic loading. This confusion can lead to mis-
interpretation of laboratory test results and can appear to suggest that plasticity-based
liquefaction screening methods may be invalid. While many laboratory studies suggest that
the addition of plastic fines increases a soil’s susceptibility to liquefaction, plasticity-based
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liquefaction criteria frequently classify these same soils as “non-liquefiable”. This apparent
contradiction underscores the need for further investigation into how plasticity influences
not just the occurrence, but the mode of liquefaction—namely, flow liquefaction versus
cyclic mobility.

This paper presents the results of a laboratory-based parametric study aimed at
addressing this gap. Stress-controlled cyclic triaxial tests were conducted on sand specimens
containing varying amounts and types of fines—including non-plastic silt, kaolinite, and
bentonite. The fines content ranged from 0% to 37%, and all specimens were prepared at a
constant relative density. Two liquefaction modes were examined: (1) flow liquefaction,
associated with large, sudden deformations and effective stress approaching zero, and
(2) cyclic mobility, characterized by gradual strain accumulation without complete loss
of strength.

The study revealed that the liquefaction mode is closely tied to the plasticity of the
soil. Specimens with low plasticity (liquid limit < 20%, plasticity index = 0) exhibited flow
liquefaction, while those with higher plasticity (liquid limit > 20%, plasticity index ≥ 7%)
predominantly exhibited cyclic mobility. These findings help to reconcile the divergent
results often observed between laboratory tests and post-earthquake field investigations.
Whereas laboratory results often suggest increased liquefaction susceptibility with plastic
fines, field observations frequently indicate limited or no liquefaction in clay-rich soils.

By clarifying the influence of plasticity on liquefaction behavior, this study contributes
valuable insight into the conditions under which different liquefaction modes occur. This
has direct implications for seismic hazard assessment, as flow liquefaction can cause severe
and sudden ground failure, whereas cyclic mobility tends to result in limited deformation
and lower risk to infrastructure and life. The following sections provide a review of relevant
background literature, describe the experimental methodology, present the test results, and
conclude with a discussion of the findings and their practical implications.

1.1. Background

Following a review of findings on the effect of soil plasticity on liquefaction resistance
from the literature, further explanation of flow liquefaction and cyclic mobility will be
provided. This section will conclude with a discussion of plasticity-based liquefaction
susceptibility criteria.

1.1.1. Previous Studies on the Effect of Soil Plasticity on Liquefaction Resistance

Liquefaction is a process where saturated soil loses its strength and stiffness due to
applied stress, typically from earthquake shaking or rapid loading, causing it to behave
like a fluid. While liquefaction is commonly associated with clean sands, natural soils often
contain varying amounts of fines including clay particles. The presence of clay changes
the mechanical and hydraulic behavior of sandy soils, influencing their susceptibility to
liquefaction. Numerous studies have explored how the addition of fine-grained, plastic
soils affects the liquefaction resistance of sand, and this section summarizes that research.

The effect of fines, particularly clay, on liquefaction potential is complex. Depending
on the type and amount of clay, the presence of fines can either increase or decrease
liquefaction susceptibility. Some researchers have attempted to define threshold fines
content that marks a shift in the soil’s behavior from clean sand. The Chinese criteria, for
instance, classify soils with less than 5% fines as clean sands, 5–35% as silty sands, and
more than 35% as non-liquefiable [11]. However, studies have shown that not all fines have
the same impact; clay fines, due to their plasticity and structure, behave differently from
silt fines.
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The fines content (FC) alone does not fully characterize liquefaction behavior; the type
of fines is equally important. For instance, Bray and Sancio [12] found that soils containing
clay fines (with a plasticity index, PI > 7) significantly reduce the liquefaction potential of
sand compared to non-plastic silt fines. They proposed that plasticity, rather than just the
quantity of fines, must be considered when assessing liquefaction potential.

Clay particles, due to their small size, large surface area, and cohesive properties, affect
the soil’s shear strength and pore pressure buildup. Plastic clay fines (e.g., kaolinite, illite,
montmorillonite) can enhance the soil’s resistance to cyclic loading, thereby improving
liquefaction resistance. A study by Polito and Martin [13] found that sands with low-
plasticity clay fines (PI < 10) had reduced liquefaction resistance, whereas those with
moderate plasticity fines (PI ≈ 10–20) showed increased resistance. This was attributed to
improved interparticle bonding and reduced compressibility, which hindered pore pressure
generation during cyclic loading. However, highly plastic clays may decrease permeability,
potentially aggravating undrained conditions.

Liquefaction is driven by the generation of excess pore water pressure under cyclic
loading, and the presence of clay affects both the generation and dissipation of this pressure.
Clay particles reduce the soil’s permeability, slowing the dissipation of pore water pressure,
which can prolong the duration of liquefied states. Ishihara [14] emphasized that in
sand–clay mixtures, pore pressure buildup is more gradual, and the number of loading
cycles required for liquefaction increases as clay content rises. However, this could lead to
prolonged instability during rapid loading events like earthquakes, as trapped pore water
pressure reduces effective stress for extended periods.

Research on the effect of plastic fines on liquefaction resistance has yielded mixed
results. Some studies have found that the addition of plastic fines reduces liquefaction
resistance, while others suggest that the addition of plastic fines increases liquefaction
resistance. Still, others have reported that adding plastic fines to a sandy soil initially
reduces resistance up to a certain threshold, beyond which resistance begins to increase.

Goudarzy et al. [15] observed that adding plastic fines, like kaolin and bentonite, to
Hostun sand reduced the peak strength and increased contractive behavior, leading to
lower liquefaction resistance. Similarly, Akhila et al. [16] found that while non-plastic
fines reduce liquefaction resistance, low-plasticity clay fines could also decrease resistance,
depending on their proportion and plasticity. Other studies have reported similar findings,
particularly for fines of low plasticity [13,17–23].

On the other hand, some research has found that plastic fines increase liquefaction resis-
tance. Jradi and Boukhatem [24] showed that adding plastic fines like illite to Fontainebleau
sand increased the undrained shear strength, improving resistance to liquefaction. Simi-
larly, Qi et al. [25] and Ganiyu and Kennedy [26] found that higher plastic fines content
could reduce pore pressure buildup, thus enhancing liquefaction resistance.

Another set of studies suggests a more nuanced behavior: plastic fines initially de-
crease resistance to liquefaction but then increase resistance beyond a certain fines content
threshold. Belkhatir et al. [27] found that increasing fines content initially decreased liq-
uefaction resistance, but once a certain threshold was crossed, further addition of fines
increased resistance due to changes in the soil’s fabric. Bouferra and Shahrour [28] observed
that low amounts of plastic fines decreased liquefaction resistance, but higher contents
improved it due to increased cohesion. Similar trends were reported by Thevanayagam
et al. [29], Rao et al. [30], and Goudarzy et al. [31].

Cyclic triaxial tests have shown a general trend: as clay content increases, the cyclic
resistance ratio (CRR)—which measures a soil’s ability to resist liquefaction under cyclic
loading—also tends to increase, particularly when the clay is plastic. Vaid and Sivathay-
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alan [32] found that sands with 10–30% plastic fines exhibited enhanced cyclic resistance
compared to clean sands, but non-plastic fines did not have the same effect.

There is also a concept of a “threshold fines content”, at which the soil shifts from a
sand-dominated to a fines-dominated matrix. According to Thevanayagam et al. [29], this
transition typically occurs when fines content exceeds 20–30%, though this depends on the
fines’ plasticity and their interaction with the sand particles.

The microstructure of sand–clay mixtures plays a key role in how they respond to
cyclic loading. At low clay contents, clay particles fill the voids between sand grains,
improving packing and interlocking, which can enhance liquefaction resistance. However,
as clay content increases, the clay may dominate the fabric, altering the soil’s deformation
behavior. Scanning electron microscope (SEM) images from studies like Yang et al. illustrate
how increasing clay content leads to a more dispersed fabric, which can decrease strength
and increase void ratios, counteracting the benefits seen at lower clay contents [33].

Natural soils also undergo aging and secondary cementation, which can increase their
strength over time [34]. Clay promotes these processes through physicochemical bonding,
and aging effects in clayey sands can significantly enhance liquefaction resistance, making
field liquefaction resistance higher than what laboratory tests suggest.

Field observations support these laboratory findings. For example, during the 1999 Ko-
caeli earthquake in Turkey, sites with sandy soils containing more than 15% clay (with a
moderate PI) did not exhibit liquefaction, even under strong ground motion [12]. Similarly,
during the 2011 Tōhoku earthquake in Japan, clayey sands outperformed clean sands under
comparable seismic conditions [35].

1.1.2. Liquefaction Failures: Flow Liquefaction and Cyclic Mobility

When a soil specimen in a laboratory test is subjected to cyclic loading and reaches
a state of zero effective stress, it is said to have liquefied. Additionally, liquefaction can
be defined as occurring when some level of strain is achieved in the specimen or the soil
mass. When a strain-based criterion is used, the effective stress may not be equal to zero
when liquefaction occurs, in which case, the soil likely has a shear strength value greater
than zero.

When a soil liquefies, its pre- and post-liquefaction behaviors can be divided into
two very different conditions: flow liquefaction and cyclic mobility. Correspondingly, soil
deposits subjected to earthquake loadings are also capable of these two behaviors [36]. This
section will provide a brief background on these two behaviors.

Flow liquefaction occurs in soils that either contract when sheared under drained
conditions (i.e., when drainage and volume change are allowed to occur) or generate
positive pore pressures when sheared under undrained conditions (i.e., when drainage and
volume change are prevented from occurring). In clean sands, these soils are often described
as being loose or as having a low relative density. When sheared undrained, these soils
develop positive pore pressures which reduce the effective stress acting on the specimen,
which, in turn, decreases the strength of the specimen. This lowered strength leads to
increased straining under continued loading, which leads to increased pore pressures,
resulting in even lower strengths. This self-perpetuating strength loss continues until a
condition of zero or near-zero effective stress and near-zero strength is achieved. Due
to the low strength in the liquefied soil, very large displacements typically accompany
flow liquefaction.

A typical strain versus cycles of loading curve from a cyclic triaxial test performed
on a specimen of Yatesville sand at a 23% relative density [37] exhibiting flow liquefaction
is presented in Figure 1. Its behavior is characterized by very small axial strain levels
throughout the loading until just before the onset of initial liquefaction during the 14th
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cycle of loading at which time a large, sudden, monotonic strain occurs. If one were to
examine the specimen following the test, it would be found to bear no resemblance to its
shape prior to loading. It would be found to be a soft mass of soil with very little strength,
with only the rubber membrane preventing it from forming a shallow pile on the floor of
the triaxial cell.

Figure 1. Axial stress as a function of cycles of loading for a soil undergoing a flow liquefaction
failure (based on data from Polito [37]).

In Figure 1, the specimen develops some small (less than 0.5%) axial strains just prior
to the occurrence of initial liquefaction; however, within half a cycle of loading following
initial liquefaction, it has reached a strain of greater than 7%. The strain measured in the
test was limited by the range of the LVDT used to measure the axial deformation; it was
actually much larger, with the specimen completely collapsing and losing all semblance of
its original shape. This susceptibility to extremely large monotonic strains is what makes
flow liquefaction such a threat to the built environment.

Cyclic mobility occurs in soils that are initially contractive and then dilative when
sheared under drained conditions and that initially generate positive pore pressures fol-
lowed by decreasing pore pressures when sheared under undrained conditions. When
sheared undrained, the soil will initially attempt to compress, thus developing an increase
in pore pressures that reduces the effective stress acting on the specimen, but as the load-
ing continues, the soil attempts to dilate, the pore pressures decrease, the effective stress
increases, and the strength of the soil increases, thus limiting the strain. This tendency for
dilation and the resulting strength gain prevents large displacements from occurring.

Figures 2 and 3 [37] show this contractive/dilative behavior as it occurred in an
undrained, stress-controlled cyclic triaxial test. Figure 2 shows the increase in pore pressure
that occurs between cycles of loading 10.0 to 10.1 and again between cycles of loading
10.8 and 11.1, as the deviator stress increases. With further increases in deviator stress, the
pore pressure decreases and then increases again slightly before decreasing significantly
as the deviator stress decreases to its minimum value. Examining Figure 3 over these
same ranges shows that the decrease in pore pressure that occurs when the deviator
stress peaks corresponds to the portion of loading when the axial strain is at its minimum
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(most compressive). As the deviator stress decreases toward its minimum, the axial strain
increases toward its maximum (most tensile) and the pore water pressure decreases to its
minimum value. At this point, the process begins again.

Figure 2. Deviator stress and excess pore pressure for a specimen undergoing cyclic mobility (based
on data from Polito [37]).

Figure 3. Axial strain and excess pore pressure for a specimen undergoing cyclic mobility (based on
data from Polito [37]).

A typical strain versus cycles of loading curve from a cyclic triaxial test performed on
a specimen of Yatesville sand at a relative density of 67%, which exhibits cyclic mobility is
presented in Figure 4 [37]. Its behavior is characterized by the nearly uniform development
of bi-directional strains throughout the course of loading. Because the specimen is weaker
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in “tension” (when minor principal effective stress acts in the vertical direction) than in
compression, there is a tendency for slightly greater strains to develop when the minor
principal effective stress acts in the tensile strain direction. This explains the drift in axial
strain that occurs in the direction of positive strain in the figure. If one were to examine the
specimen following the test, it would be found to be essentially the same as it was prior to
loading, that is, a rigid, uniform cylinder.

Figure 4. Axial stress as a function of cycles of loading for a soil undergoing a cyclic mobility failure
(based on data from Polito [37]).

As can be seen in Figure 4, the specimen has already undergone over 1% axial straining
before reaching initial liquefaction during the eleventh cycle. As loading continues after
the occurrence of initial liquefaction, biaxial strains continue to develop, but the specimen
never undergoes the large monotonic strain observed during flow liquefaction.

1.1.3. History of Plasticity-Based Liquefaction Susceptibility Criteria

Since the 1970s, building codes in the People’s Republic of China have included a
listing of “thresholds to liquefaction” used to separate soils that are considered liquefiable
from those considered non-liquefiable [38,39]. These criteria, commonly referred to as
the Chinese Criteria, are based on the observed behavior of soils during several major
earthquakes in the People’s Republic of China. Two of the major focuses of the criteria
are the percentage of “clay” (defined as particles with mean grain diameters smaller than
0.005 mm) present and the plasticity index of the soil. Table 1 provides a brief summary of
the Chinese criteria. In the table, soils meeting these criteria (e.g., having a clay content
greater than 10%) are considered non-liquefiable.

Based upon further field experiences and differences in testing methodologies, several
modifications have been proposed to the Chinese criteria [38,39]. Seed et al. [40], in their
investigation of the slope failures at the Lower San Fernando Dam following the February
1971 San Fernando earthquake, presented a modified version of the Chinese criteria. As
cited by Marcuson et al. [41], they proposed that soils containing more than 15 percent of
particles finer than 0.005 mm, with liquid limits greater than 35 percent and water content
less than 90 percent of the liquid limit, could be considered safe from liquefaction.
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Table 1. The Chinese Criteria. Soils meeting these criteria are considered non-liquefiable.

Condition Threshold

Maximum epicentral distance (km) Log Dmax = 0.87 M − 4.5
Minimum intensity 6

Mean grain size, D50 (mm) D50 < 0.02 mm or D50 > 1.0 mm
Clay content (% <0.005 µm) Clay content > 10%
Coefficient of uniformity, Cu Cu > 10

Relative density (%) Dr > 75%
Void ratio, e E < 0.8

Plasticity index, PI PI> 10%
Depth to water table (m) Depth > 5 m
Depth to sand layer (m) Depth > 20 m

Finn, Ledbetter, and Wu [42] recommended adjustments to the Chinese criteria to
account for uncertainties and differences between ASTM and Chinese liquid limit determi-
nations. Their proposed modifications included reducing the fines content by 5 percent,
the liquid limit by 1 percent, and the water content by 2 percent.

Building on this, Koester [43] suggested an additional revision to better reconcile
discrepancies in liquid limit measurements between the two standards. He recommended
increasing the liquid limit threshold to 36 percent.

In the last 25 years, a number of studies have further evaluated the effects of plastic
fines on the liquefaction of sandy soils, and several of these studies have suggested other
plasticity-based liquefaction susceptibility criteria [44–50]. The changes proposed by several
of these studies are summarized in Table 2.

Table 2. Recent plasticity-based liquefaction susceptibility criteria.

Authors Liquefiable? LL (%) PI (%) w/LL % Finer Ref.

Andrews and
Martin [44] Yes <32% -- -- 2µ < 10 [27]

Polito [45]
Yes ≤25% PI < 7 -- --

[28]
Potentially 25 ≤ LL ≤ 35 7 < PI < 10 -- --

Seed et al. [46]
Yes <37 PI < 12 >0.8 --

[29]
Potentially 37 < LL < 47 12 < PI < 20 >0.85 --

Bray and
Sancio [12] Yes -- PI < 12

12 < PI < 18
>0.85
>0.8 -- [30]

Boulanger and
Idriss [47]

Yes -- < 3 -- --
[31]

Potentially -- 3 < PI < 7 -- --

2. Laboratory Testing Program
A series of 42 cyclic triaxial tests were performed to determine the effects of increased

plastic fines content and plasticity on the liquefaction resistance of soils. These 42 tests
were supplemented by an additional 30 specimens with the same range of relative densities
(25% to 30%) and the same percentages of non-plastic fines (0% to 37%) from a previous
study [13] to help distinguish between the effects of the quantity of the fine-grained material
and the effects of the plasticity of the fine-grained material. Following a description of
the soils tested, the testing procedure is described. Further details regarding each of these
topics have been provided by Polito [37].
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2.1. Soils Tested

The soils used in this study consisted of one sand, one non-plastic silt, and two high-
plasticity clays: kaolinite and bentonite. The coarse-grained material used in the specimens
was Yatesville sand. The fine-grained portion of the specimens consisted of various quanti-
ties and combinations of Yatesville silt, kaolinite, and bentonite.

Yatesville sand, which consists of the coarse-grained fraction of Yatesville silty sand,
was obtained from a dam site in Lawrence County, Kentucky. It is a poorly graded, medium
to fine sand. It is light brown in color, and its grains are sub-angular to sub-rounded
in shape.

The non-plastic portion of the fine-grained material consisted of Yatesville silt, which
was also derived from Yatesville silty sand. The silt is light brown in color and has no
discernible liquid or plastic limit.

The two clays used for the plastic portion of the fine-grained material consisted of
commercially available kaolinite and bentonite. The kaolinite used was obtained from
a supplier in Georgia. It is classified as a high-plasticity clay. The bentonite used was
obtained from a supplier in Wyoming. It is also classified as a high-plasticity clay. Table 3
presents the index properties of the soils tested and their grain-size distribution curves are
provided in Figure 5.

Table 3. Index properties of the soils tested (based on data from Polito [37]).

Yatesville
Sand Yatesville Silt Kaolinite Bentonite

USCS classification SP ML CH CH

Specific gravity, Gs 2.72 2.78 2.60 2.69

Median grain size,
D50 (mm) 0.18 0.03 0.005 0.004

Liquid limit, LL Not tested Not tested 58 385

Plastic limit, PL Not tested Not tested 27 42

Plasticity index, PI Not tested Not tested 31 343

Figure 5. Grain-size-distribution curves for the soils used in the study (based on data from Polito [37]).
The mean grain size is the average of the two smaller particle dimensions and is related to the size of
the opening in the sieve on which the particle was retained.
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2.2. Soil Mixtures

Cyclic triaxial tests were performed on 42 specimens of Yatesville sand with fines
content ranging from 0 to 37 percent. The fine-grained material consisted of 14 combinations
of kaolinite, bentonite, and Yatesville silt. Additionally, the results of the tests performed
on another 30 specimens prepared with only non-plastic silt at similar fines content (0 to
37 percent) and densities (23 to 30 percent relative density) were included in the analyses.

These soil mixtures were chosen because they provided a variety of fines content and
levels of plasticity, while also providing soils that met the plasticity-based liquefaction
criteria as well as soils that did not meet the plasticity-based liquefaction criteria. This
group of tests also exhibits both liquefaction modes: flow liquefaction and cyclic mobility.

By selecting these tests, the primary aspects of the study can be evaluated, chiefly the
effects of soil plasticity on the liquefaction of sandy soils. This can be further evaluated as
the effect that soil plasticity has on the liquefaction mode, especially with regard to which
liquefaction mode occurs. Lastly, these tests can provide insight into the conflict between
the results reported in many laboratory studies (that the addition of plastic fines increases
liquefaction susceptibility) and those reported in many post-earthquake field investigations
(that soils with significant amounts of plastic fines do not liquefy).

The plasticity of the various soil mixtures was determined for the fraction of the
material passing the No. 40 sieve in accordance with ASTM D 4318 Standard Test Method
for Liquid Limit, Plastic Limit, and Plasticity Index of Soils [51]. Liquid and plastic limit
tests were performed for each soil mixture containing plastic fines. The percentage of
fine-grained material reported for the cyclic triaxial specimens is based on the mass of the
entire gradation of Yatesville sand and not on the mass of the Yatesville sand passing the
No. 40 sieve. For example, 100 g of Yatesville sand with 12% kaolinite contains 88 g of sand
and 12 g of kaolinite. Because 95% of Yatesville sand passes the No. 40 sieve, the soil tested
after removing the portion of Yatesville sand retained on the No. 40 sieve consisted of 83 g
of sand and 12 g of kaolinite.

Some soils, most notably those with low clay contents, were found to have liquid
limits but not plastic limits and were thus identified as being non-plastic in accordance
with the ASTM standard [51]. The non-plastic Yatesville silt used in the study was found
to have neither a liquid limit nor a plastic limit. A summary of the mixtures and their
plasticity data is provided in Table 4.

During the testing program, it was found that in order to obtain meaningful results
the soil must be examined in terms of its overall plasticity, not just the plasticity of the
fine-grained fraction. Numerous studies performed in the past have analyzed the effects of
plastic fines based solely on the plasticity of the fine-grained material. This may lead to
erroneous results, as it neglects the effects that the percentage of fines in the soil has upon
the Atterberg Limits, and thus the effects it has on the cyclic resistance of that soil. For
example, the pure kaolinite used in this study has a liquid limit of 58 and a plasticity index
of 31, but Yatesville sand with 26 percent kaolinite has a liquid limit of 20 and a plasticity
index of 7. Similarly, Yatesville sand with 12 percent kaolinite is classified as non-plastic
with a liquid limit of 17 and no measurable plastic limit. These three soils have activities of
0.31, 0.27, and 0, respectively.
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Table 4. Plasticity data for soil mixtures (based on data from Polito [37]).

Fines Fines Clay

Content Type Content LL PL PI Activity

0 -- 0 -- -- -- 0
4 K 4.0 17 -- -- 0
4 M/K 2.0 20 -- -- 0
4 M 0 -- -- -- 0
7 K 7.0 19 -- -- 0
7 M/K 3.5 19 -- -- 0
7 M 0 -- -- -- 0

12 Bent 12.0 48 28 20 1.67
12 K 12.0 17 -- -- 0
12 M/K 6.0 17 -- -- 0
12 M 0 -- -- -- 0
17 K/B 17.0 41 22 19 1.12
17 K 17.0 18 -- -- 0
17 M/K 8.5 15 -- -- 0
17 M/K/B 11.3 31 24 7 0.93
17 M 0 -- -- -- 0
26 K 26.0 20 13 7 0.27
26 M/K 13.0 15 14 1 0.15
26 M 0 -- -- -- 0
37 K 37.0 21 13 8 0.22
37 M 0 -- -- -- 0

Where M = Yatesville non-plastic silt, K = kaolinite, and B = bentonite.

2.3. Cyclic Triaxial Testing

The cyclic resistance of the soils tested was evaluated using stress-controlled cyclic
triaxial tests in accordance with ASTM 5311 Standard Test Method for Load-Controlled
Cyclic Triaxial Strength of Soil [52]. Cyclic triaxial testing of the soil mixtures was performed
using an electropneumatic cyclic triaxial testing apparatus.

All cyclic triaxial specimens tested were 71 mm in diameter and 154 mm in height.
They were formed by moist tamping at a water content that produced 50% saturation in
the specimen. Undercompaction was used to ensure a uniform density throughout the
specimen [53]. Once the specimen had been formed and placed in the triaxial cell, it was
saturated by flowing CO2 through the specimen for at least 15 min to purge the air from
the soil voids. Next, the CO2 was purged from the voids by flowing at least three pore
volumes of de-aired water through the specimen.

The specimen was then subjected to the application of sufficient back pressure to
ensure saturation and was isotropically consolidated to a stress of 100 kPa. All specimens
had post-consolidation relative densities of between 23% and 30%.

Following consolidation, the specimens were subjected to a sinusoidally varying devia-
tor stress at the desired cyclic stress ratio until they liquefied. The study defined liquefaction
as initial liquefaction. This occurs when the effective stress acting on the specimen first
equals zero, which corresponds to the excess pore pressure generated during cyclic loading
first equaling the effective stress acting on the specimen prior to the commencement of
cyclic loading.

The test results were used to develop a cyclic resistance curve such as the one shown
in Figure 6. The cyclic resistance ratio of the soil is the cyclic stress ratio required to cause
liquefaction in a predetermined number (typically 10 to 20) of cycles of loading. In this
study, the cyclic resistance ratio was first defined as the cyclic stress ratio required to cause
initial liquefaction in 10 cycles of loading. For the data presented in Figure 6, the cyclic
resistance ratio is a cyclic stress ratio of 0.25.
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Figure 6. Cyclic resistance curve for a soil with a cyclic resistance ratio, N10, of 0.25.

3. Results
For each individual test, the applied cyclic stress ratio, the cycles of loading required

to trigger initial liquefaction, and for each soil mixture, the liquid limits, plasticity indexes,
cyclic resistance ratios, and failure modes are presented in Table 5.

Table 5. Cyclic triaxial test results (based on data from Polito [37]).

Cyclic Cycles Cyclic
File Fines Fines Clay Stress to Resistance Failure

Name Type Content Content Ratio Initial LL PI Ratio Mode
(%) (%) Liq’n N10

YMK4C15 M/K 4 2 0.121 28
YMK4C16 M/K 4 2 0.120 22 20 -- 0.140 FL
YMK4C18 M/K 4 2 0.148 6

YMK7C18 M/K 7 3.5 0.147 20
YMK7C20 M/K 7 3.5 0.159 10 19 -- 0.164 FL
YMK7C22 M/K 7 3.5 0.178 7

YMK12C15 M/K 12 6 0.114 24
YMK12C18 M/K 12 6 0.142 8 17 -- 0.136 FL
YMK12C20 M/K 12 6 0.158 5

YMK17C14 M/K 17 8.5 0.105 20
YMK17C16 M/K 17 8.5 0.125 10 15 -- 0.132 FL
YMK17C18 M/K 17 8.5 0.139 6

YMK26C14 M/K 26 13 0.110 25
YMK26C16 M/K 26 13 0.122 14 15 -- 0.124 FL
YMK26C18 M/K 26 13 0.144 7

YK4C10 K 4 4 0.070 30
YK4C17 K 4 4 0.128 16 17 -- 0.142 FL
YK4C20 K 4 4 0.151 8

YK7C17 K 7 7 0.133 13
YK7C20 K 7 7 0.148 12 19 -- 0.164 FL
YK7C22 K 7 7 0.173 4
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Table 5. Cont.

Cyclic Cycles Cyclic
File Fines Fines Clay Stress to Resistance Failure

Name Type Content Content Ratio Initial LL PI Ratio Mode
(%) (%) Liq’n N10

YK12C12 K 12 12 0.080 40
YK12C15 K 12 12 0.108 13 17 -- 0.11 FL
YK12C20 K 12 12 0.139 3

YK17C12 K 17 17 0.084 46
YK17C15 K 17 17 0.111 10 18 -- 0.132 FL
YK17C17 K 17 17 0.124 7

YK26C12 K 26 26 0.061 97
YK26C16 K 26 26 0.124 7 20 7 0.111 CM
YK26C18 K 26 26 0.137 5

YK37C14 K 37 37 0.108 167
YK37C20 K 37 37 0.143 22 21 8 0.171 CM
YK37C23 K 37 37 0.197 5

YMKB17C21 M/K/B 17 11.3 0.170 10
YMKB17C23 M/K/B 17 11.3 0.183 6 31 7 0.17 CM
YMKB17C25 M/K/B 17 11.3 0.196 5

YKB17C19 K/B 17 17 0.148 49
YKB17C21 K/B 17 17 0.171 13 41 19 0.183 CM
YKB17C23 K/B 17 17 0.195 8

YB12C20 B 12 12 0.166 23
YB12C22 B 12 12 0.188 14 48 20 0.218 CM
YB12C24 B 12 12 0.201 14

An examination of the data reveals that the soils with liquid limits of 20 or less that
did not have a measurable plasticity index failed via flow liquefaction. Similarly, the soils
with liquid limits of 20 or greater that had measurable plasticity indexes failed via cyclic
mobility. This pattern may be seen in Figure 7. In order to tie this behavior more directly
to soil type, the data were plotted on a USCS soil classification chart [54]. In the figure,
it can be seen that the majority of the soils that are classified as non-plastic silts (ML) are
susceptible to flow liquefaction failures. The soils that classify as either lean clays (CL) or
silty clays (CL-ML) are subject to cyclic mobility failures. The sole exception is one mixture
that is classified as a non-plastic silt but underwent a cyclic mobility failure. This mixture
plots very close to the A-line with an LL = 31 and a PL = 7, thus it behaves more similarly
to a lean clay than it does to the soils with a plasticity index of zero.

Figure 8 presents a strain versus cycles of liquefaction curve for a specimen that
underwent a flow liquefaction failure. The soil tested consisted of Yatesville sand mixed
with 8.5% non-plastic silt and 8.5% kaolinite. The specimen had a post-consolidation
relative density of 23.9%, a liquid limit of 15, and no discernible plastic limit. In the figure,
the classic flow liquefaction pattern of minimal axial strain until shortly before initial
liquefaction, which occurs during the 20th cycle of loading, followed by large, sudden
strains, is clearly visible. This is the same pattern noted in Figure 1, which presents the
axial strain versus cycles of loading for a specimen of clean, loose sand that also underwent
flow liquefaction.
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Figure 7. Flow liquefaction and cyclic mobility plotted on a soil classification chart (based on data
from Polito [37]).

Figure 8. Axial strain versus cycles of loading for a soil undergoing flow liquefaction (based on data
from Polito [37]).

Figure 9 presents a strain versus cycles of liquefaction curve for a specimen that
underwent a cyclic mobility failure. The soil tested consisted of Yatesville sand mixed
with 8.5% bentonite and 8.5% kaolinite. The specimen had a post-consolidation relative
density of 28.2%, a liquid limit of 41, and a plasticity index of 19. In the figure, the classic
cyclic mobility pattern of axial strain accumulation before initial liquefaction, which occurs
during the 12th cycle of loading, is clearly visible. This is the same pattern noted in Figure 4,
which presents the axial strain versus cycles of loading for a specimen of clean, dense sand
that also underwent a cyclic mobility failure.
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Figure 9. Axial strain versus cycles of loading for a soil undergoing cyclic mobility (based on data
from Polito [37]).

4. Discussion of Results
Three major implications can be made from this study. The first is that, when viewed

in terms of initial liquefaction, the addition of plastic fines does not inherently increase the
cyclic resistance of a sand. The second is that the most viable component of the plasticity-
based liquefaction susceptibility criteria is the criterion involving the plasticity of the
soil. Lastly, it may not be proper to evaluate the liquefaction susceptibility of soils with
significant amounts of plastic fines using the commonly used stress-based definitions of
initial liquefaction. Each of these implications is discussed further below.

4.1. Liquefaction of Clayey Sands with Low Plasticity

The findings of the laboratory study performed during this research do not support the
conclusions of those studies in the literature that found that adding small amounts of clay
to a sand increases its resistance to liquefaction. In fact, the current study indicates that the
addition of small amounts of clay to a sand actually decreases the sand’s ability to withstand
liquefaction. It is not until a significant amount of highly plastic fines is added that the
soil becomes less liquefiable than either the clean sand or a sand with a similar amount of
non-plastic fines. This appears to be the case for both stress-based liquefaction (i.e., initial
liquefaction) and strain-based failure criteria (e.g., 5% single-amplitude axial strain).

Loose sandy soils that contain plastic fines but whose plasticity does not meet the
requirements of the plasticity-based liquefaction susceptibility criteria (e.g., LL > 35 or PI
> 10) may have cyclic resistances much lower than soils with a comparable percentage of
non-plastic (i.e., silty) fines. The addition of even a few percent of plastic fines mixed in
with the sand or the sand and silty fine-grained material may cause the cyclic resistance
to decrease. Thus, the introduction of plastic fines may in fact increase the susceptibility
of a sand to liquefaction. These trends may be seen in Figure 10, which plots the cyclic
resistances of soils prepared to a constant relative density as a function of their fines content
and composition.



CivilEng 2025, 6, 31 16 of 20

 
Figure 10. The cyclic resistances of soils prepared to a constant relative density as a function of their
fines content and composition (based on data from Polito [37]).

If one examines Figure 10 at a fines content of 17 percent, one can see that the specimens
with non-plastic silt (CRR = 0.24, LL = 0, PI = 0) had the largest cyclic resistance ratio,
followed by the specimens with bentonite (CRR = 0.22, LL = 48, PI = 20), followed by the
specimens with a mixture of kaolinite and bentonite (CRR = 0.18, LL = 41, PI = 19). These
three mixtures are followed by the specimens with a mixture of non-plastic silt, kaolinite
and bentonite (CRR = 0.17, LL = 31, PI = 7), followed by the specimens with a mixture of
non-plastic silt and kaolinite (CRR = 0.135, LL = 15, PI = 0), and finally the specimens with
kaolinite (CRR = 0.13, LL = 18, PI = 0).

One possible reason for this decrease in liquefaction resistance is that when small
amounts of clay are added to the sand, the clay particles may either adhere to the surface
of the sand particles or become located between the normal sand grain to sand grain points
of contact. Because the clay particles typically have lower friction angles than the sand, the
presence of these particles may make it easier for the sand grains to slide past each other,
thus requiring less work to liquefy the soil. This increased ease of movement may not be
compensated for until the soil has enough plasticity to prevent the sand grains from sliding.
This would explain why plasticity-based liquefaction susceptibility criteria, such as the
Modified Chinese criteria, require relatively high levels of soil plasticity.

These soils with low levels of plasticity (i.e., PI = 0) were all found to be subject to
flow liquefaction failures. Under cyclic loading, these soils initially showed very little
straining; however, as the pore pressure ratio approached 100 percent (i.e., the effective
stress approached zero), these soils underwent sudden, almost spontaneous, deformations
that were large in magnitude.

4.2. Plasticity-Based Liquefaction Susceptibility Criteria

Numerous criteria have been proposed to distinguish liquefiable from non-liquefiable
soils based on parameters such as clay content, plasticity, and density [22–30]. Among
these, soil plasticity emerges as the most consistent indicator for differentiating soils prone
to flow liquefaction from those that exhibit cyclic mobility. Whether expressed as the
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plasticity index or liquid limit, soils exceeding a certain plasticity threshold are generally
not susceptible to flow liquefaction failures.

However, soils classified as non-liquefiable under plasticity-based criteria may still
experience initial liquefaction in the field: that is, a condition of near-zero effective stress.
They may also undergo significant but temporary straining. Due to their inherent plastic-
ity, these soils tend to exhibit cyclic mobility rather than flow liquefaction. The resulting
limited deformations and absence of physical manifestations like sand boils may lead to
the mistaken conclusion that liquefaction did not occur. It is this cyclic mobility, character-
ized by limited deformations, that differentiates plastic soils from those undergoing flow
liquefaction during seismic events.

The behavior of clayey sands under cyclic loading suggests that deformation charac-
teristics provide a more meaningful indicator of liquefaction susceptibility than effective
stress levels alone. As both the amount and plasticity of fines increase, distinct changes
in deformation response occur, offering a practical framework for evaluating the lique-
faction potential of clayey sand deposits. These behavioral shifts also support the use of
plasticity-based criteria for assessing liquefaction susceptibility.

Interestingly, soils with plastic fines that meet the plasticity criteria may exhibit lower
cyclic resistance compared to soils with similar contents of non-plastic fines. Nevertheless,
this difference is of limited relevance, as plastic soils are not prone to flow liquefaction. Al-
though these soils may generate pore pressures and reductions in effective stress similar to
those of non-plastic soils, their deformation response is markedly different. Low-plasticity
soils are vulnerable to sudden, large strains under high pore pressure ratios, while soils
with higher plasticity deform gradually under cyclic loading, straining in both compres-
sion and tension as pore pressures rise. These soils typically do not undergo additional
deformation once cyclic loading ceases, a behavior consistent with what is referred to as
“cyclic mobility”.

Therefore, it is inappropriate to define liquefaction in plastic soils solely by the occur-
rence of zero effective stress or by laboratory-measured strain thresholds. This also clarifies
why field observations often report that such soils did not liquefy during earthquakes.
While they may have reached pore pressures equal to their confining stress, indicating
initial liquefaction, the absence of large permanent deformations or sand boils leaves no
visible evidence of liquefaction.

4.3. Resolution of the Paradox of the Lab and the Field

The two types of failure modes (flow liquefaction and cyclic mobility) can be used to
explain the paradox that adding fines to sandy soils in the lab makes it easier to liquefy the
soil, while plasticity-based liquefaction criteria, which have proved very effective in the
field, indicate that these soils do not liquefy at all. The resolution of the paradox lies in the
shift in liquefaction behavior that occurs as plastic fines content increases.

Adding plastic fines does, indeed, make the soil liquefy in fewer cycles under the
same load, just as many studies have reported. This is the case whether liquefaction is
defined using a stress-based approach (e.g., zero effective stress) or a strain-based criterion
(e.g., 5% single-amplitude strain). What changes as more plastic fines are added is the
failure mechanism.

At relatively low levels of plasticity, the soil is still susceptible to flow liquefaction
failures that can lead to the formation of sand boils and large permanent deformations.
Once the soil has enough plastic fines that it meets the plasticity-based liquefaction criteria,
its failure mode switches to cyclic mobility, which typically produces neither sand boils
nor large permanent deformation. As a result, the occurrence of cyclic mobility may be
hard to identify in post-earthquake investigations. Similarly, laboratory studies tend to
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define liquefaction using laboratory-based criteria such as initial liquefaction or some level
of axial strain and do not separate the failures by liquefaction type.

5. Conclusions
Several conclusions regarding the effects of plastic fines on the liquefaction of sandy

soils and the use of plasticity-based liquefaction susceptibility criteria may be drawn from
this study.

The presence of plastic fines can reduce a soil’s liquefaction resistance if those fines are
of low plasticity. This can occur whether liquefaction is defined as zero effective stress or as
some level of strain. However, in sands containing plastic fines, liquefaction behavior is
more strongly influenced by the overall plasticity of the soil rather than the fines content or
clay fraction alone. This plasticity, whether expressed through the liquid limit, plastic limit,
or plasticity index, plays a critical role in determining susceptibility to flow liquefaction.

Plasticity-based criteria for liquefaction resistance are effective because they capture
the soil’s behavior after initial liquefaction. Soils that meet a minimum plasticity index,
typically 7% to 10%, or fall within suggested, albeit conservative, liquid limit ranges of 32
to 37, tend not to experience flow liquefaction. Instead, they exhibit cyclic mobility with
limited deformation.

Given this distinct response, traditional liquefaction assessments based on initial
liquefaction or laboratory-measured strain are not suitable for soils that meet these plasticity
thresholds. While such soils may show signs of initial liquefaction, they do not undergo the
large, disruptive deformations typical of flow liquefaction, nor do they exhibit associated
features like steady-state flow or sand boils.

The seeming paradox that liquefaction studies performed in the laboratory often
report that the addition of plastic fines increases the likelihood of a soil liquefying, whereas
plasticity-based liquefaction criteria may report that same soil as non-liquefiable, can be
explained based on the mode of liquefaction. When sufficient plastic fines are present in
the soil to meet the plasticity-based liquefaction criteria, the liquefaction mode changes
from flow liquefaction (which is usually accompanied by sand boils and large permanent
displacements) to cyclic mobility (which typically does not produce either sand boils or
large permanent displacements).
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