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Introduction

Site-specific analysis of the response to seismic motion has been widely
conducted using different methods. One of the approaches is nonlinear analysis,
which provides the performance of the model through the dynamic loading
and unloading process. During the process, several constitutive models are
applied to produce dynamic properties, such as pore water pressure generation
and strain—stress curves. Furthermore, one of the seismic event-induced liquefaction
phenomena is also simulated from dynamic behavior output. The constitutive
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model plays a significant role because the large-strain shear strength is generally
considered unrestricted, leading to overestimated shear stress as shear strains
increase (Chiu et al., 2012). This condition leads to overestimation and unrealistic
predictions for the dynamic simulation.

The general nonlinear analysis for generating soil response is the DEEPSOIL
program. This approach is also applied to validate the centrifuge test for
the sloping ground in a one-dimensional site (Pervaiz et al., 2021). Moreover,
liquefaction simulation was also conducted to simulate the Korea liquefaction
case (Lee et al., 2025), estimate the lateral spreading in Indonesia (Fitri & Sawada,
2025b), and analyze near-fault motion (Tsai & Li, 2024). Modified Kondner—
Zelasko (MKZ) and General Quadratic/Hyperbolic (GQ/H) are the constitutive
models embedded in this software. MKZ utilizes a hyperbolic equation to fit
normalized shear modulus reduction and damping curves to simulate hysteretic
soil behavior (Matasovi¢, 1993). Meanwhile, the GQ/H model can represent
the soil’s shear strength and small-strain nonlinear behavior (Groholski et al.,
2015). However, it demonstrates that the computed site response highly depends
on the implied shear strength in the soil model, particularly for porous soil sites.
The constitutive model plays a significant role because the large-strain shear
strength is generally considered unrestricted, leading to overestimated shear
stress as shear strains increase (Carlton & Kaynia, 2017). This condition leads
to overestimation and unrealistic predictions for the dynamic simulation. The soil
response is highly nonlinear, and both model outputs are strongly correlated with
a limited number of critical parameters, which leads to highly sensitive output.

The Lombok area is highly vulnerable to earthquake-induced liquefaction.
The Mandalika circuit, as a site project, is dominated by sand in the subgrade with
a high groundwater table and is susceptible to soil liquefaction. Several studies
that simulated the liquefaction in this location provide cyclic tests and empirical
assessments (Fitri & Sawada, 2025a). In addition to minimizing the hazard,
several countermeasures have been proposed, such as site-specific assessment
from microtremor data (Fitri et al., 2018; Taruna et al., 2024) and stone column
mitigation (Sunarto et al., 2024). Fitri and Sawada (2024) described liquefaction
analysis in Indonesia that has not been fully explored, especially regarding
appropriate parameters for liquefaction assessment. Therefore, an accurate
model of liquefaction behavior at the site produces a better mitigation strategy
for disaster management. The modeling of nonlinear analysis should consider
the appropriate constitutive model for simulating the liquefaction behavior
of a particular site.
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This study aims to generate a one-dimensional nonlinear analysis for simulating
liquefaction behavior through two constitutive models in DEEPSOIL. The MKZ
and GQ/H models are applied to yield the soil response from seismic motion
data. The dynamic behavior from the analysis, such as pore water pressure ratio,
strain ratio, and shear stress, is calculated in each layer of the ground to indicate
the softening and failure of the ground. Several studies examining the comparison
of similar constitutive models have been conducted in Southern California
(Golkarfard et al., 2024), Southern Iran (Eskandarinejad et al., 2017), and South
Korea (Shamsher et al., 2025), or compared with other constitutive models such
as MKZ and PDMYO02 (Demir, 2021). In addition, for liquefaction analysis,
examinations of total stress and effective stress approaches to generate pore water
pressure ratio have been conducted through this program without considering
the different constitutive models (He et al., 2025). Although the approach
is the same as that used for nonlinear site response analysis, this research was
applied in Indonesia and focuses on seismic-induced liquefaction. This research
is expected to provide an accurate constitutive model for the Lombok region
to assess disaster mitigation actions comprehensively.

Material and methods

Research location

This research is located on Lombok Island, especially in the Mandalika circuit
project. The detailed location is presented in Figure 1.
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FIGURE 1. Research location in macroscale (a) and microscale (b)

Source: own work based on Ina-Geoportal maps (2025).
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Regarding liquefaction susceptibility, the area is in the medium liquefaction
risk zone based on the Indonesian liquefaction hazard map, which is layered
in Figure 1. The site investigation was conducted using a standard penetration test
(N-SPT) with five boreholes.

Soil properties

Sandy soil with a shallow groundwater table dominates the ground. Based
on the site investigation, the five boreholes have different bedrock conditions, although
all the properties are mixed with clay or silt. The groundwater level is generally 1.5 m,
but in this analysis, the groundwater level is assumed to be 1 m deep for all boreholes.
The bedrock condition is simulated at 20 m for BH1, BH2, and BH3, while at 10 m
for BH4 and 17 m for BHS. To avoid misunderstanding, the unit weight of the soil
is described as yg. Detailed information is presented in Table 1.

The soil properties that apply for the simulation are unit weight, shear wave
velocity corresponding to the N-SPT value, and friction angle (¢). The relationship
between shear wave velocity (V) and the SPT value (Ngp) and initial effective
vertical stress of the ground (¢',() is described in Equation 1 (Brandenberg et al.,
2010; Amalia et al., 2023):

In(V;) = 4.045 + 0.096 In(Ngo) + 0.236 In(c” ). (1)

This analysis computes the same layer consistency for the similar shear wave
velocity values. Detailed N-values of SPT and ¥ are also depicted in Figure 2.
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TABLE 1. Soil properties for all borehole

BHI
Depth 0-1m 1-3m 3-7Tm 7-11m 11-14 m 14-17m 17-20 m
Soil type sand silty sand sand clayey sand
75 [KN-m ] 16.2 16.2 16 17 18 18 18
V,[m-s1] 196 260 264 300 326 346 356
#[°] 27 24 29 32 35 38 38
BH2
Depth 0-1 m 1-4m 4-6 m 6-9 m 9-14m 14-18 m 18-20 m
Soil type sand silty sand sand
75 [KN-m™] 17 17 18 18 16 16.8 17.8
V, [ms™] 197 270 289 313 287 296 340
¢ [°] 29.1 39.81 38 39 37 38.5 38.5
BH3
Depth 0-1m 12m 2-4m 4-5m 5-7m 7-17m 1720 m
Soil type sand silty sand
ys [KN-m™] 16 16.2 17.2 16 16 16 17.8
¥, [ms™] 216 222 270 252 234 248 355
#[°] 22 22 32 35 35 38 39
BH4
Depth silty sand sand x x
Soil type 0-1m 1-3m 3-5m x 8-10m x x
75 [KN-m 3] 16 16.5 17 x 17.8 x x
Vy[ms 208 210 251 x 340 x x
#[°] 27 28 31 x 35 x x
BHS
Depth sand gravelly sand
Soil type 0-1 m 1-7m 7-8 m 8-12m 12-13 m 13-14 m 14-17 m
75 [KN-m 3] 16 17.5 16.2 16.2 17.5 17.5 18
V,[m-s™!] 195 276 261 255 292 313 330
#[°] 28 30 32 32 35 38 38

Source: own work.
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FIGURE 2. Results of standard penetration test (N-SPT) and shear wave velocity (V) test in desig-
nated boreholes: a— BHI1, b — BH2, ¢ — BH3, d — BH4, e — BH5

Source: own work.
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DEEPSOIL model and assumption

In this study, the analysis of seismic behavior is based on site-specific response
analysis through DEEPSOIL. This nonlinear calculation is applied to a one-
dimensional model with input from the soil properties, using the seismic load from
the Kobe earthquake ground motion. This is due to lack of real ground motion
recorded at the location, although the area is highly impacted as a seismically
prone site. The Kobe earthquake is embedded in DEEPSOIL and has been applied
in several liquefaction cases in Indonesia, such as the 2018 Palu earthquake
(Jalil et al., 2021; Hori et al., 2023) and the Yogyakarta airport project (Fitri
& Pramana, 2025).

The dynamic properties of sand, such as soil properties, are estimated from
Darendeli’s empirical model (Stokoe et al., 2004). This approach is calculated
to simulate cyclic loading behavior, such as loading and unloading, and yields
the stress—strain loop connection. Moreover, Phillips and Hashash (2009) employed
the damping factor (D) and modulus reduction (G/Gp,y) for calibration
and minimizing discrepancies between the targeted and resulting curves.

In general, numerous soil constitutive models for dynamic analysis have been
proposed to account for the solid—liquid coupling phenomena in saturated sandy
soils exposed to intense shaking, such as applying the effective stress method
(Chiaradonna et al., 2018; Wang et al., 2014, 2021; Boccieri et al., 2024; Chen
etal., 2024). Moreover, several constitutive models are available in DEEPSOIL for
assessing the dynamic behavior of the ground. However, this research will apply
two constitutive models for liquefaction analysis: General Quadratic/Hyperbolic
(GQ/H) and Modified Kondner-Zelasko (MKZ). The detailed analysis, which
focuses on shear strain and stress, is distinguished by the following approach.

Modified Kondner—Zelasko (MKZ)

The MKZ model is an upgrade from the hyperbolic approach model
provided by Matasovi¢ and Vucetic (1993). This analysis applies f and s for
fitting the shape of the curve where Gy is the initial shear modulus, shear
strength is 7z, and shear strain is y. The process ensures a stress—strain curve
that complies with a user-specified shear strength at a specified strain while
matching the analysis goal modulus-reduction (and related damping) curve
over a selected strain range:
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While in DEEPSOIL, the model is augmented by y,. as confining pressure
according to Hashash’s and Park’s theory (2001). The value is calculated by
dividing the vertical effective stress (¢’,) by the reference stress (o,.f):

y, = [iJ . (3)
O-ref

General Quadratic/Hyperbolic (GQ/H)

As an extended method from MKZ, the GQ/H method is a further approach
that combines ultimate shear strength and modulus reduction factor with 6,
as a parameter for fitting the curve, and maximum shear stress (7,,,4):

2
r=z_ |+ 1+[1j— {1+1} —49. L1, @)
67 J/V yr J/r

where 6; is calculated by the equation:

05
@x[y]
0=60+0x—L)

o, *
0%0,x (yj
7,

DEEPSOIL utilizes the MRDF (Phillips & Hashash, 2009) technique that
improves the fit to damping behavior and modulus reduction. The correction factor
is calculated as Equation 5. Parameters 6, 64, and 0, are employed to alter the large
strain values according to the designated large strain shear strength and to maintain
the modulus reduction curves derived from reference studies as much as possible.
After generating the layered domain, the GQ/H curve fitting procedure generates
the shear strength correction for the soil shear strength—shear strain graph
and delivers the parameters #; through 6s. All further detailed descriptions are
provided in the DEEPSOIL user manual (DEEPSOIL, 2024).

)
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Behavior reversal and hysteresis

In order to improve the simulation of cyclic strain calculation, the GQ/H model
further specifies a thorough hysteresis formulation for including unloading
and reloading approaches. The reaction to hysteretic stress is provided by
Equation 6. The 7., and y,., are the point of reversal at stress and strain point, and z
acts as a reduction factor, and Gy, is the tangent modulus that associated with
the particular y,:

S RN AN

T

2
1+ [_7 ;;’v j —46, [7 ; J/rev-j =GV e (V= Ve ) |+ GV (V =V )+ Ty (6)

r

Pore water pressure generation

The pore water pressure generation is calculated by Equation 7 and considers
the Dobry—Matasovic (Dobry et al., 1982) model approaches when it is called
normalized excess pore pressure () as u,, a parameter for fitting the curve (p, s,
and F), fis the dimensionality factor, /N, is the number of cycles, the shear strain
reversal value is y,, and yy,, is the threshold for shear strain:

_ p.ﬂVCF(j/C_ytvp>S
' 1+chF(7/c_7zvp)S

(7

The normalized excess pore water pressure ratio is also defined as the u,
parameter in the following equation:

b= ®)
(o}

’

4
where 7, is the pore water pressure ratio, u' is excess pore water pressure, and o,
is the effective vertical stress.
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Results and discussion

Pore water pressure output

The output for », from each layer is presented in Figure 3 for all layers.
All the results are included in two constitutive models, the MKZ and GQ/H models.
The Darendeli model (Stokoe et al., n.d.) was employed to evaluate the modulus
reduction and damping contours in this investigation for each layer, with
the coefficient at rest (K() applied from Jacky’s formula (Diaz-Segura, 2016).
Different behaviors are depicted in all grounds since the model is on layered
ground with varying soil properties. The r, value occurs after | m depth because
the modeling of the groundwater table is below 1 m depth.

In general, the MKZ and GQ/H results describe almost similar values
in the several maximum ranges of », (BH1, BH2, BH3, BHS), although they have
differences around the r,, under 0.5 (BH2, BH3, BHS5). In addition, all the boreholes
depict the deeper layer of the ground, and the values of the two constitutive models
tend to be similar but have slight differences. The maximum value of 7, is in BHI
at 18 m, BH2 at 16 m, BH3 at 12 m, BH4 at 4 m, and BHS5 at 10 m.
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FIGURE 3. Pore water pressure generation from DEEPSOIL analysis: a — BH1, b — BH2, ¢ — BH3,
d - BH4, e — BH5

Source: own work.

This study only focuses on modeling liquefaction simulation based on pore water
pressure (r,) generation without any supporting data from the physical laboratory
tests. Based on the centrifuge analysis (Groholski et al., 2016), the MKZ typically
generates the r, effectively at a moderate level of liquefaction but lacks prediction
accuracy under full liquefaction conditions. Furthermore, Raza and Ahmad implied
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that r, > 0.9 indicates complete liquefaction condition while marginal liquefaction
is 0.8 <r,<0.9 (Raza & Ahmad, 2024). Based on the results, the smaller the value
of r, from the MKZ approach, the larger the gap between the two constitutive
models. This means that in the no liquefaction to marginal liquefaction conditions,
the MKZ predicts less safe results than GQ/H. This threshold also combines with
the strain value to predict the real phase of the liquefied soil layer more accurately.

GQ/H ignores the multiple, occasionally subjective processes frequently
required to calibrate MKZ for strength under high stresses in cyclic loading.
This condition leads to a more straightforward and transparent model
calibration and more dependable output for crucial liquefaction situations.
In addition, some studies also declare that similar degradation indicators
for modulus and strength are included in the GQ/H model, which can more
accurately represent large-strain shear strength than MKZ (Mei, 2018;
Di Buccio & Pagliaroli, 2020).

Shear stress and strain relation

Due to the large gap between the two constitutive models in the 7, output,
especially at shallow depths, the hysteresis loops (relation between stress and strain)
are focused on the —5 m depth in all boreholes. This depth is chosen because the 7,
value tends to be under 0.8 at this particular depth except in BH4, which means it
is not in the full liquefaction condition. All the results are shown in Figure 4.

All the boreholes present a similar behavior in that strain results from MKZ
tend to be smaller than GQ/H, although the values were reversed under conditions
of full liquefaction (BH4). This output is appropriate for the study that proved MKZ
underestimates the rate of shear strength degradation at high pore water pressures
and the loss of cyclic stiffness, but it may be overestimated at large strains.
Meanwhile, the GQ/H approach improves estimates of how soil deteriorates before
and after the first phase of liquefaction by providing more realistic hysteresis that
appropriately represents the significant decrease in cyclic resistance and energy
dissipation (Shamsher et al., 2025).

The liquefaction analysis is not only about predicting the behavior
of the excess pore water pressure ratio (r,,), but also the output for shear and strain
of the modeling. The combination of the failure process in the soil due to strain
stress, especially in shear force, is considered. The maximum r, value in each
borehole with the MKZ model is described in Figure 5.
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FIGURE 4. Shear stress and shear strain relation output in depth of =5 m: a— BH1, b— BH2, ¢ — BH3,
d - BH4, e — BH5

Source: own work.

The strain output shows that the peak of 7, does not always produce
the maximum strain ratio. However, the pore water pressure of the MKZ model
is lower than of GQ/H because the degradation model considers a reduction
in soil material stiffness at each time step. For a more accurate simulation,
Chiaradonna et al. (2015) suggested that the recalculation of stiffness and soil
strength during the post-cyclic consolidation phase should be considered, as should
the dissipation and redistribution of excess pore pressure inside a soil deposit.

The study covers the numerical analysis through modeling soil properties
in Indonesia to obtain the liquefaction behavior of the ground. Although
the cyclic load does not fully represent the actual seismic motion, the behavior
of the softening soil is expected to be the basic threshold for disaster management
in the Lombok region. The two constitutive models offer benefits and drawbacks
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FIGURE 5. Relationship among excess pore water pressure ratio (r,) and strain in the DEEPSOIL
model: a— BH1, b—BH2, c - BH3, d - BH4, e - BHS

Source: own work.

to the output that a geotechnical expert should consider in engineering practices.
In addition, laboratory physical testing, such as centrifuge and 1 g shaking table
tests, is necessary for future study because these tests can replicate the soil model
and specific site profiles, allowing for advanced validation of the MKZ and GQ/H
constitutive models.
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Conclusions

This research conducted the liquefaction behavior analysis through two
constitutive models, namely the MKZ and GQ/H models. The pore water pressure
ratio, shear stress, and strain ratio under seismic conditions were simulated based
on DEEPSOIL. The major conclusion is the following:

1. From the investigation of pore water pressure ratio (»,) from each borehole,
the similar data shows that in the condition of full liquefaction, the MKZ tends
to simulate the smaller value rather than the GQ/H model but has the opposite
output when in a state of marginal liquefaction. Although at the maximum point,
two models offer almost the same value in every borehole.

2. The output of shear strain ratio and shear stress in marginal liquefaction
is the main reason MKZ underestimates the stress-strain value. All boreholes
indicate that the GQ/H simulates a better estimation of the middle liquefaction
situation for both the r, and strain approaches. The realistic hysteresis
as a dynamic property effect is investigated by GQ/H, which appropriately
represents the significant decrease in cyclic loading.

3. The relationship between the shear strain ratio, pore water pressure ratio (7,,),
and seismic time leads to a pattern in which the maximum r,, does not always
provide the most significant strain ratio at a particular time. The combination
of dynamic properties should be considered to assess liquefaction
behavior comprehensively.
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Summary

Nonlinear analysis for liquefaction simulation: implication of constitutive soil
model. The nonlinear analysis for assessing the cyclic behavior of a specific location
is widely applied to minimize geohazards, especially soil liquefaction. The Mandalika
circuit project in the Lombok area is highly prone to earthquakes and is located
on sand as the subgrade. The high soil liquefaction susceptibility leads to a comprehensive
assessment by implementing the appropriate soil constitutive model. One-dimensional
nonlinear analysis with two constitutive models, Modified Kondner-Zelasko (MKZ)
and General Quadratic/Hyperbolic (GQ/H), provided by the DEEPSOIL program, is
examined to generate the dynamic behavior aimed at by this research. Five boreholes
from SPT data are conducted as part of the soil investigation data. Based on the pore
water pressure, the MKZ and GQ/H in the maximum value (full liquefaction condition)
are almost similar in output. However, in other situations, they show the opposite result.
The GQ/H predicts a more realistic simulation in the low and medium liquefaction cases,
which presents the most significant correlation between strain ratio and shear stress results
in all sites. For an accurate evaluation of liquefaction behavior, the combination of dynamic
features from an appropriate constitutive model should be considered to simulate
the liquefaction behavior of sand.



