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ABSTRACT: Liquefaction takes place in a large strain with constant stress and at a constant volume, known
as steady-state conditions. Liquefaction also occurs in sandy soils with fine grain content, which affects the
relative density and uniformity coefficient. Palu City is an area severely affected by the liquefaction
phenomenon after the 2018 Central Sulawesi earthquake. Thus, a series of studies are needed to determine
liquefaction susceptibility at steady-state conditions with the influence of variations of fine-grained content.
This research was conducted by analyzing the grain size distribution and the influence of fine grain content
that affected the relative density and uniformity coefficient at steady-state conditions to obtain the value of
cyclic liquefaction resistance. The tests were carried out in a laboratory in the form of grain size distribution
analysis, proctor standard, and triaxial consolidated undrained using sand with a fines content of 2%, 5%, 9%,
13%, and 17%. The study revealed that the sand of Palu City, based on grain gradation,, is in the most
liguefiable soil range. Moreover, with the addition of the fines content, the higher the Cu value, the larger the
range and the more diverse the grains. These results strengthen the undrained strength of the sand under axial
load at steady-state conditions. In conclusion, the gradation will affect the void ratio and the critical-state line.

Keywords: Fines content, Uniformity Coefficient, Silty sand, Steady-states, Cyclic liquefaction resistance,
Critical state line.

1. INTRODUCTION

Earthquakes generate vibrations that occur in vulnerability of the soil to liquefaction [7]. If the
the soil layers caused by the movement of tectonic cyclic resistance ratio of the dynamic force exceeds
plates. Earthquakes release energy propagated by the shear resistance of the soil, it will trigger the
the hypocenter in the form of primary waves (P collapse of the soil and result in liquefaction.
waves) and secondary waves (S waves). The Liquefaction is known to cause a very broad
propagation of S waves will generate an alternating impact, making it important to carry out an
shear force, which propagates from the bedrock to assessment of the risk of post-earthquake damage as
the surface in the form of peak ground acceleration, a mitigating factor for a certain return period [8]. In
which with a relative density of more than 75%, will this study, an effective stress analysis was carried
increase the vertical stresses. In some studies, the out to examine the relationship between soil particle
method of determining the maximum likelihood interactions and pore water pressure, especially at
was used in determining the a-b value of the steady-state conditions. The phenomenon of
Gutenberg-Richter relation [2], [3], in which the liquefaction occurs in many types of sandy soil
results obtained are based on the fault distance and because it is cohesionless. Based on the Palu
maximum magnitude of several return periods. Earthquake, the Center of Sulawesi [9] showed an

The value of amax 0n the surface was determined increase in weatherable minerals in the sand
based on earthquake data in 1923-2021 with a fraction, thus identifying an increased vulnerability
radius of 500km, as presented in Figure 1, using to liquefaction hazards in the next return period.
Probabilistic Seismic Hazard Analysis (PSHA). In Soil resistance to liquefaction is inseparable
this case, the peak acceleration value of the time from the distribution of particles in pure sand to
history of acceleration in bedrock was 0.44g for silty sand [10], which is caused by the percentage of
earthquakes with a probability of exceeding 2 % in fine fraction content. Soil density which is
50 years [4], [5], while the peak acceleration in the interpreted as relative density (Dr) indicates the
time history of acceleration at the surface increased different distribution of sand grains based on the
to 0.807 g with an earthquake probability of percentage of sand grain content and fines content.
exceeding 2% in 50 years [6]. This surface This affects the value of the Uniformity Coefficient
acceleration is one of the factors that affect the (Cu) and curvature coefficient (Cc), [11].
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Fig. 1. Distribution of earthquake epicenters for palu city and surrounding areas from 1923-2021 (modified

from the zmap program)

The extent to which the effect of fines content
[12] affects soil density (Dr) [13], [14], in loose to
dense conditions, will cause changes in the value of
cyclic liquefaction resistance and form a critical
state trendline. Soil density with grain distribution
in sandy soil will bring the soil to a critical state line
[15] when it is stressed by a sufficiently large strain
at a constant volume [16]. The critical state line for
granular soils can be obtained from a series of
triaxial consolidated undrained (C.U.) tests. [17].
The triaxial C.U. test with different relative
densities and certain fines content reveals the
behavior of silty sandy soils on a critical state line,
which can be used as a future reference in
determining soil vulnerability due to liquefaction
phenomena. Steady-state conditions are indicated
when the soil obtains constant stress and a constant
volume at a sufficiently large strain [18].

Previous research demonstrated the need to
conduct more specific research to enrich and
complement the previous literature, as well as new
breakthrough research on the effect of the
combination of fines content (F.C.), in determining
the critical state line on the value of cyclic
liquefaction resistance on native soils in Palu City
with a value of surface peak acceleration (a max)
obtained from Probabilistic Seismic Hazard
Analysis (PSHA).

2. RESEARCH SIGNIFICANCE

The results of this study are expected to
contribute to the mitigation of the liquefaction
phenomenon due to the earthquake. In addition, by
obtaining the critical state line, it will be easy to
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determine whether a condition has the potential for
liguefaction. The determination of the maximum
acceleration on the surface was carried out based on
the determination of the value of a-b in the
Gutenberg-Richter relation as the determination of
the value of cyclic liquefaction resistance. A series
of laboratory experiments such as sieve distribution
analysis, proctor standard and triaxial tests will
show the extent to which soil behavior is affected
by relative density and grain distribution on fine
content variation so that it can describe the change
in the critical state line on the fine grain variation.
These results would disclose the actual behavior of
the soil at steady-state conditions and the effect on
soil susceptibility due to the liquefaction
phenomenon.

3. EXPERIMENTS OVERVIEW

This research began with the analysis of the
distribution of soil grains and their relative density
on the fines content and its effect on cyclic
liquefaction resistance. Thus, an experiment was
carried out in the laboratory using consolidated
undrained triaxial test to determine the behavior of
the soil under steady-state conditions until a critical
state line was obtained as a reference. The research
implementation is described as follows.

3.1 Specimen Preparation

The specimen had a height of 70 mm and a
diameter of 35 mm. Prior to shearing, the specimen
went through the stages of saturation and
consolidation. In this study, the specimens were
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prepared in different densities and were placed
between the pore stones, then coated with a
membrane and locked using an o-ring.

The saturation process is an important process
in which the specimen of the test approaches the
condition of the perfect saturation degree before
shearing. To achieve a perfect degree of saturation
which is elastic and isotropic, the result is calculated
using the Skempton’s coefficient (coefficient of
pore water stress), assuming the specimen consists
of solid and liquid. Saturation is the ratio between
the volume of water and the volume of voids,
Referring to Eq. (1).

@

While Skempton’s Value (B), Refer to Eq. (2), (3)
and (4).

Au = B(Ag; + A(Agy — Ady)) 2
Au = BAo; + AB(Ao; — Aoj) (3)
Au = BAos + A(Ao; — Acy) (4)

The compression phase is performed; refer to Eq.
©F
Au = B. Aoy (5)
The soil sample had reached perfect saturation if the
B value was 1.0 or close to 98% saturation level.
Loose specimens, upon the completion of the
saturation stage, were then proceeded to the
following consolidation stage [26], where the
specimens were subjected to circumferential stress
and axial stress at a constant rate of 0.5%/min in
axial strain (g 5 ), with the drain valve closed. This
was due to the fact that the test was planned to
stretch 20% at tr time, so the speed of motion was
calculated with Eq.6.

_ (exH)
T (100xtp)

(6)

Vertical motion velocity was (v) (mm/min),
was the strain (%), t; was the failure time which -
depended on t100, and it was the time required to
reach 100% consolidation (minutes). It used a
minimum failure time tf of 120 minutes to C.U.
triaxial test, while H was the height of the object of
soil test (mm).

The pore water pressure balance during shear
was verified at the top and bottom of the specimen.
The shear test would be stopped after the axial strain
reached about 20% and a value of ( max is obtained,
which was defined as the maximum shear strength
over the axial strain range. Based on [22], failure
due to shear would occur in one of the failure
models in Figure 2, namely 2(a) barreling, 2(b)
slipping and barreling and 2(c) slipping.
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Fig. 2 (a) Barreling (b) Barreling Slipping (c)

Slipping.

(b)

The correction area can also be determined
based on the graph in Figure 3 on the amount of
strain experienced by the sample. Based on [27], it
was obvious that in the undrained triaxial test, the
shear strength (Su) would increase in line with the
increase in fine contents, which was related to the
friction that occurred in the sand soil content.
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Fig. 3 Area correction (Rahardjo, 1989).
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3.2 Standard Proctor Compaction Test
Program

The research was conducted on the native soil
samples from Palu City, Central Sulawesi, with
fines content of 0% to 20%. In observing the
relationship between relative density and grain
distribution, soil samples were grouped into soil
samples with a fines content of 2%, 5%, 9%, 13%
and 17%.

The experiment was carried out at the Soil
Mechanics Laboratory, Universitas Islam Indonesia
and Catholic Parahyangan of University, Bandung.
It was commenced by testing the Standard Proctor
in order to obtain the Optimum Moisture Content
value for each soil content and continued with a
sieve and triaxial distribution analysis in
unconsolidated undrained conditions.

The standard proctor test refers to [19] , and was
carried out on five samples, with different fine grain
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contents of 2%, 5%, 9%, 13% and 17%. The
varying fines content of 2%, 5%, 9%,13% and 17%,
generated the optimum moisture content as
presented in Figure 4. The test results show the
greater the fines content, the greater the OMC value
to achieve Maximum Dry Density (MDD).

o 16
3
2214 | X
o
= Er12 :
EQ ]
25 7
5010 1
(@)

8 T T T

0 5 10 15 20

Fine Content, FC (%)
Fig. 4 Optimum moisture content of silty sand with
variations in fines content
3.3 Grain Size Distribution

Assessment of liquefaction potential can be

done based on the analysis of the sieve distribution,
plotted into the Tsuchida range [20]. These results
obtained a soil grain distribution curve that can
estimate the vulnerability of the soil to potential
liquefaction.

The distribution of soil grains indicated that the
boundaries of the soil grain distribution in the
boundary conditions for most liquefiable soil were
the boundaries for the most potentially liquefiable
soil and the boundaries for potentially liquefiable
soil was the boundaries for potentially liquefiable
soil boundaries for potentially liquefaction soils.

The sieve analysis and hydrometer analysis
were conducted to obtain grain size distribution [21].
The analysis was carried out from the results of the
grain size distribution test to determine the silt
content in the sandy soil, as well as the distribution
of the particles consisting of a combination of sand
and silt. The grain size analysis shows the
combination of soil-dominated and fine sandy soil.
It shows in Figure 5.
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Fig. 5 Gradation of silty sand grains against the Tsuchida curves, 1970
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The results of the grain size graph determine the
uniformity coefficient (Cu) shows the size range of
soil grains in Figure 6.
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Fig. 6 Relationship between fines content and
uniformity coefficient in potential liquefaction soil

The larger Cu value indicates that the soil grain
size varies or the soil is well-graded. Meanwhile,
the Cu value of < 4, or the smaller the Cu value, the
more the same grain size (poorly graded). This can
be approximated by the fine soil content contained
in the sand, where the greater the value of the fines
content, the higher the Cu value, Figure 7.
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Fig. 7 Variation in the maximum (ema) and
minimum (emin) Void ratios of coefficient uniformity
and coefficient curvature

Meanwhile, the curvature coefficient (Cc=1)
had a well-graded grain size distribution. As for the
value of the curvature coefficient (Cc <1 or Cc > 1),
the grain size of the soil was only limited to large or
small sizes, and thus it was called a soil void of a
complete grain size variation (gap graded). The
graph shows a fines content of 2% Cc=0.75 and for
fines content > 2% have Cc>1 (Table 1).

Table 1 Value of Uniformity Coefficient (Cu) and
Coefficient of Curvature (Cc)

22

FC%) | 2% | 5% | 9% | 13% | 17%

€min 044 040 035 031 0.27
Emax 096 087 074 069 0.63
Cu 402 576 582 697 852
Cc 0.75 166 148 09 117
Cc/Cu 019 029 025 014 014

The variation of the Silty Sand soil sample with
silt content of 2%, 5%, 9%, 13% and 17%, in Figure
6, depicts that the soil grain distribution curve is at
the limit of very potential for liquefaction, where
the sand soil consists of silt particles and finer
particles smaller than 0.074 millimeters, which pass
through the openings in the US Standard sieve No.
200 and layered with the gradation curve of
Rahardjo’s research [22] from Yatteville Silty Sand
and Pepper’s Silty Sand, with fines content of
FC=25% and FC=40%.

It is clear that the fines content will affect the
relative density of the soil, which is indicated by the
value of the void ratio (e), Figure 8.

1.5
eemin =e max
x 1.0
wE \’\‘_\-
£
[«})
0.5
®---@----0----- o----- °
0.0 i i i
0 5 10 15 20

Fines Content, Fc (%)

Fig. 8 The variation of fines content (F.C.) to
maximum void ratio (emax) and minimum void ratio
(emin)x

Cubrinovsk M., and Ishihara K (2002) [23] in
his research explain if pure sand and sand with fine
soil also affect the value of the unit weight of the
soil in dry conditions. The addition of nonplastic
fine soil content in the poorly graded sand grains
will decrease the value of the void ratio so that the
dry density will increase.

The results show the relationship between the
void ratio and the material properties of the sand.
Hence, the grain size distribution can represent gaps
in soil gradation to obtain €max and emin values in the
laboratory. The fines content versus dry density
(yd ) can see in Figure 9.

To examine the liquefaction behavior of sandy
or silty sand, several parameters such as void ratio,
uniformity coefficient, and relative density can be
used. This study tried to display the different
relative densities of each specimen for different fine
contents, as depicted in Figure 10.
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Fig. 9 The variation of fines content (F.C.) to
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Fig. 10 Relationship between void ratios and
relative density in silty sands with variations of
fines content

In the case of liquefaction hazard, the soil
containing fine grains with low plasticity tends to
have greater resistance than the sand content of
more than 10% as that of pure sand at the same N-
SPT value [24] .

3.4 Triaxial Test Program

The shear test was carried out using
Consolidated Undrained Static Triaxial Test,
referring to the test [25]. The sample was the native
soil from Palu City with various variations of fine
soil content.

The stress-strain correlation in specimens 1 to 5
was labeled as Sample-1(SS-1) to Sample-5(SS-5).
The specimens SS-1 to SS-5 had silt content of 2%,
5%, 9%, 13% and 17%, respectively, and thus the
test objects were made with different density levels
in order to observe the potential behavior of the soil
while being shifted.

The relationship between stresses and strain in
each sample is presented in Figure 11.
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Fig. 11 The stress-strain for consolidated undrained
tests on silty sand

The pore water pressure will be constant when
the strain is large enough and the soil is in a steady
state condition. The relationship between pore
water pressure and strain in each sample is
presented in Figure 12
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Fig. 12 The pore pressure for consolidated
undrained tests on silty sand.

4. RESULT AND DISCUSSION

The laboratory testing will be known that soil
behavior due to the addition of fines content is
affected by the level of density in steady-state
conditions. This behavior reveals the shape of the
relationship between the uniformity coefficient,
fines content, and the level of soil sand resistance to
liquefaction. In addition, it will be revealed the
behavior of the sample in the steady state condition
when the strain is large enough, up to 20%, together
with the pore water pressure that influences it
during the undrained condition. This study has
never been conducted for soil conditions with <20%
fines content, especially in the Palu region. By
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obtaining the critical steady-state trendline for the
soil characteristics of Palu City, Central Sulawesi,
Indonesia, the liquefaction resistance value can be
determined.

4.1 Result of Influence of uniformity coefficient
on cyclic liquefaction Resistance.

The original soil sample of Palu City, Central
Sulawesi, contained fines content ranging from 0%
to 20%, and not more than 20%. The uniformity
coefficient (Cu) depends on grain size diameter at
sixty percent divided when ten percent, which is not
less than 10. The relative density (Dr) was less than
75 %.

Therefore, it was classified as soil with a
tendency to have the potential for the occurrence of
liquefaction. The larger the percentage of fine sand,
the less the resistance to liquefaction. However, the
higher the silty percentage of the fine sand, the
higher the level of resistance. That behavior is
similar when at void ratio conditions and (N1)60,
[28]. This can be seen from the value of the

uniformity coefficient on cyclic liquefaction
resistance, see Figure.13.
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Fig. 13 Relationship between cyclic resistance ratio
to uniformity coefficient

Sandy soil mixed with fine soil content at the
same Cu value provided higher liquefaction
resistance at a greater relative density, and thus it
resulted in a different soil behavior. Even though it
was only in a narrow range, the increase in
resistance to liquefaction was between 0.014 —
0.263.

4.2 Influence of fines content on cyclic
liquefaction Resistance.

This study investigated the effect of different
nonplastic fine-grained soils on cyclic liquefaction
resistance. Base sand was obtained from Palu City
with silt content of 2%, 5%, 9%, 13% and 17%. It
was a particle passing sieve No. 200 (0.074 mm) of
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the specified relative density and would obtain a
cyclic relationship of resistance to liquefaction,
which increased with the fine soil content up to <
20%, [29].
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Fig. 14 Cyclic Resistance Ratio (CRR) to sandy soil
with varying fines content, at Dr=25%, Dr =30%,
Dr=35% and Dr=40%.

Increasing Cyclic Resistance Ratio (CRR) to
increasing fine sand content, as shown in Figure 14,
it can be observed that clean sand content or sand
with 2% F.C. content has a low resistance to
liquefaction.

This is attributed to the fact that the fine sand
grains have a smaller and/or more uniform average
grain size. Meanwhile, the distribution of grains
with a larger range (Cu=8,520) in the sand with a
fine soil content of 17% will have a high resistance
to liquefaction at different or greater relative
densities.

Such a condition results from the fact that the
average grain size of the sand is getting bigger
and/or the sand has a relatively good gradation.
Thus, the higher the value of resistance to
liquefaction, the higher the increase in the content
of fine sand and the increase in the relative density
of sand. In monotonic or cyclic loading, the stress-
strain in saturated sand is very dependent on the
relative density of the sand [30].

4.3 Results of Triaxial Consolidated Undrained
Monotonic Response of Silty Sand

On the other hand, the behavior of silty sand
during the Triaxial test indicated that the strain
softening behavior was between
contractive/dilative, with the maximum shear stress
being reached before deformation occurred at
steady state conditions. The results of the triaxial
consolidated undrained test showed that the shear
stress and excess pore water pressure would be
constant when the strain was large or at steady state
conditions. The soil behavior of maximum shear
stress and steady-state shear stress is depicted in
Table 1.
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Peak Condition Steady State
Condition
No Code Modelling Soil Behaviour
Tmax Emax Tss Ess
(gem) () (glem) (%)
1 SS-1  strain-softening contractive 0.442 6.29 0.399 19.43
2 SS-2  strain-softening contractive 0.907 10.42 0.760 19.68
3 SS-3  strain-softening contractive 1.269 9.72 1.175 20.58
4 SS-4  strain-softening contractive 1.858 11.02 1.675 22.04
5 SS-5  strain-softening contractive 2.429 10.45 2.225 22.06

Table 1: Soil Behavior in Palu City, Anutapura Hospital, Central Sulawesi, Indonesia

During the shearing process, the test object
indicated an increase in pore water pressure with
positive u, and a stable response of the deviatoric
stress was seen. The relationship of the occurring
liquefaction resistance was observable when
interpreted at positive excess pore water pressures.
When a positive excess pore pressure result (Au=+)
was obtained, there was a low level of soil
resistance to liquefaction, as delineated in Figure 15
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Fig. 15 Pore water pressure from graph of total

stress path (TSP) and effective stress path (ESP) at

fines content of 13% SS-1

q

The pore water pressure, Au, is the difference
between the total stress path (TSP) and its effective
stress (ESP), [32] . The pore water pressure is
formed from changes in the total stress ratio [33],
such as an increase in pore water pressure to an
increase in total stress, called the pore pressure

parameter, in an oedometer test on saturated soils.
Figure 16 shows soil behavior at effective peak
conditions will direct the stress path to a line with a
yield internal friction angle of ¢’peak = 33.78°, and
soil behavior in steady state conditions will direct
the stress path to one line, with a steady state

internal friction angle of ¢’cv = 32.75°.
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20 - y =0.6648x + 0.0088
¢'peak=33.78°
q 1o y =0.624x + 0.0283
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00 Condition

0 07 14 21 28 35
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Fig. 16 The effective internal friction angle and the
steady-state internal friction angle on the stress path
diagram at steady state

During the shearing process on the sample soil
to steady-state conditions, the void ratio and mean
effective stress will direct the soil sample to a
constant volume condition and at constant stress,
which forms a straight line called the steady-state
line. The line will form a slope angle (Ass), which
obtains the state parameter value (vy), Figure 17.
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Fig. 17 Critical state line and state parameter value
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The negative value of the state parameter (y = -
) indicates dilative soil behavior. Meanwhile, the
positive state parameter value (y = +) shows
contradictory soil behavior, where the soil has the
potential for liquefaction.

Figure 18 shows that the determination of soil
behavior can be determined not only based on the
void ratio but is more determined by the state
parameter influenced by the void ratio and the
effective stress.

0.8
mPaulus 1898 (a) FC=25%
0.7 A Paulus 1989 (b) FC=40%
& This Study FC=13% FC=25%
B Ass=0.134
D
206 1 .\
s
205 1 C=13%
> 1s8=0.108
FC= 40%
0.4 As5=0.168
0.3 — —
0.1 1 10

Mean effective stress,c,,

Fig. 18 The relationship between mean effective
stress and void ratio

Based on Figure 18, it appears that the Fine
content Fc of this Study (Palu Region) is 13%. In
addition, Fc by Paulus (a) at Pepper's Ferry is 25%
and Fc by Paulus (b) Yattesville is 40%. Therefore,
Fc is less than Paulus (a) and Paulus (b).

In the same figure, it can be seen that the Ass
graph is located between Paulus (a) and Paulus (b),
because it is influenced by the distribution of soil
grains so that the void ratio becomes smaller. So
that the value Ass=0.108 is smaller than Paulus
(2)=0.168 and Paulus (b)=0.134, this is directly
proportional to the percentage of fines content.

Based on the above results, the initial findings
of this study are that based on laboratory test results,
the sample in this study is easier for liquefaction to
occur because the fine silt content (Fc) is smaller
than the Paulus(a) sample and the sand content in
the research sample is very high. (large with a small
silt content). Therefore, further research is still
needed to relate the cyclic resistance ratio to
liquefaction to make the results of this study more
comprehensive.

Furthermore, the research results show that an
increase in fines content makes the slope of the
critical state line increase so that the liquefaction
resistance increases. For the Relationship between
D50, Cu and Ass, to determine v, see Figure 19.
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Fig. 19 The Relationship between D50, Cu and Ass,
to determine y

5. CONCLUSIONS

Liquefaction can be predicted by the state
parameter, which is the proximity between the
initial void ratio and the steady state line. It
happened at large strain interpreted in the
experimental monotonic triaxial consolidated
undrained, which is highly dependent on several
parameters, such as soil uniformity coefficient,
fines content, relative density, and void ratio, which
affect soil resistance to liquefaction.

This study has concluded the following points:

1. Grain size distribution has a significant
influence on the liquefaction potential of sand
with fine soil content. This is confirmed by the
parameters of the uniformity coefficient (Cu),
relative density (Dr) and the amount of fines
contents (F.C.).

2. The liquefaction potential depends on the initial
state conditions of the soil or the proximity to
the steady state line. This proximity is called the
state parameter, a positive state parameter
indicates more susceptibility to liquefaction.

3. It is known that susceptibility to liquefaction
resistance occurs in loose sand with low fines
content. The potential for liquefaction will
decrease with the addition of the percentage of
fines content.

4. The soil under shear will lead to the steady state
line, i.e., the soil flow at a constant volume and
at a constant effective stress.

5. The steady-state line is a model that can describe
the behavior of the soil based on the steady-state
parameter, which indicates the soil s
susceptible to liquefaction.

6. Soil density alone cannot describe the actual
behavior of the soil because it still depends on
the effective stress.
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