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ABSTRACT
A study to compare the performance of several time domain non-linear soil models for two simple single-layered 1D
profiles of sand and clay is performed. Typical properties and parameters of sand and clay are selected along with the
small strain shear modulus. The normalized shear modulus reduction and damping curves are selected based on Seed
and Idriss (1970) and Darendeli (2001) for the sand and clay model, respectively. The models are set to be 20 meters
overlying a rigid bedrock, each subjected to a cosine-tapered sinusoidal loading with varied amplitudes. Six constitutive
non-linear soil models are used: four soil models included in DEEPSOIL (Hashash et al. 2016), NOAH (Bonilla, 2001),
and PLAXIS Hardening Soil Small strain (HSS) model. The result shows that the variability of the responses due to nonlinearity is stronger with increasing amplitudes of the input motion. Different response at high strain region is observed
due to different characteristics from each non-linear model. The major advantages and disadvantages of each soil model
and its consequences in terms of site response analysis results are addressed and discussed. Since validation with a
real measurement data has not been made for this study, there is no conclusion on which model is the best for a site
response analysis. However, there is a clear difference on the results between models without damping control (Masing)
and models with damping control (Non Masing). The ability and inability of the models to capture the plasticity based on
Mohr-Coulomb criterion also introduce a significant difference. Furthermore, the behaviour of the generated hysteretic
damping in HSS model is investigated and compared with the theoretical formula as given in Brinkgreve et al. (2007).

1

INTRODUCTION

It is widely known that geotechnical engineering and
earthquake engineering are two branches of civil
engineering which contain a lot of uncertainties, referred
to as aleatory variability and epistemic uncertainty. The
spatial variability of the soil medium (variability in
stratigraphy and engineering properties), as well as the
variability of the seismic source (magnitude, distance,
rupture mechanism, signal properties, etc.) increase the
complexity and the result uncertainty of a ground
response analysis. One aspect of epistemic uncertainties
in a ground response analysis application comes in the
form of uncertainty between different constitutive soil
models.
Regnier et al. (2015) presented the result of a
benchmark study on the application of different nonlinear
constitutive models for a site response application carried
out by 21 different teams, and concluded that the main
discrepancies of one model with the other is mainly due to
the application of damping scheme at small strain, as well
as the application of damping control in the high strain
level region. The representation of model plasticity
through the use of material shear strength also plays a
significant role in producing the variability.
Since a study to compare different nonlinear models is
still scarce, this topic remains an interesting opportunity to
be studied even further. In this study, a comparison is
made for six nonlinear soil models: four of which are
included in DEEPSOIL package (Hashash et al. 2016),

NOAH-1D (Bonilla, 2001), and Hardening Soil Small
strain (HSS) model (Brinkgreve et al. 2007). Among these
six models two differentiations are made: (1) the
application of damping control for hysteretic damping, and
(2) the representation of model shear strength to
introduce plasticity.
The purpose of this article is to study the characteristic
of each nonlinear model and its implication toward their
dynamic response in a site response application by
examining the response profile, spectral ratio, and
generated hysteresis loop, which then hopefully can
provide more insight to engineering / practicing
community toward the consequences of model selection
in a nonlinear site response analysis.
2

ANALYSIS PROCEDURE

The modelling in this study is made by adopting a simple
single-layered homogenous layer, to make the
interpretation of the result easier. A 20 meters thick
single-layered sand and clay profile rested on top of rigid
halfspace is selected, with a parameter setting as given in
Table 1 below. One of the three canonical profiles
assessed by Regnier et al. (2015) also has 20 m of
thickness with rigid substratum, although having different
shear wave velocity.
Based on this configuration, the natural frequency of
the soil profile is estimated to be 2.5 Hz and 1 Hz for the
sand and clay model, respectively. Eight cosine-tapered
sinusoidal accelerations of 20 seconds duration are

prepared for the input motion of this model. Two
frequencies are selected (0.5 Hz and 1 Hz). Each soil
profile is assigned to input motion with frequency lower
than the soil column natural frequency: 1 Hz motion for
the sand profile, and 0.5 Hz motion for the clay profile.
This setup is based on recent finding that the code-tocode variability is higher if low frequency motion is
assigned (Regnier et al. 2015). The peak acceleration is
made to be varied to represent the shift from weak motion
(0.05g) toward strong motion (0.4g).
The modeling is performed by using six nonlinear soil
models, as follow:
1. DEEPSOIL Modified Kondner-Zelasko with
Masing rules (MKZ MR)
2. DEEPSOIL Modified Kondner-Zelasko with nonMasing rules (MKZ MRDF)
3. DEEPSOIL Generalized Quadratic Hyperbolic
with Masing rules (GQH MR)
4. DEEPSOIL Generalized Quadratic Hyperbolic
with non-Masing rules (GQH MRDF)
5. NOAH without damping control (Masing rules)
6. PLAXIS Hardening Soil at Small strain (HSS)
ref
ref
with two stiffness ratios of G0 / Eur : 2 and 4

reduction and damping curves at the middle of the profile
derived from each soil model. It can be noticed that for
sand profile, all modulus curves from all models fit well
with the target curve despite the difference input
procedure especially HSS which uses γ0.7 instead of γref.
NOAH modulus curve for clay model is higher compared
to the other curves. NOAH curve is derived from a
hyperbolic function, which the reference shear strain is
depend on the shear strength and small strain stiffness of
the material. Theoretically, the NOAH G/Gmax curve can
be fitted with the target curve by increasing or decreasing
the material strength. In the damping ratio plot, NOAH
curve is not included as there is no fixed damping value at
all strain levels. However since it does not take into
account damping control and the hysteresis loop
generation follows the Masing rules, it is expected that
damping in NOAH will be close to the damping curve of
MKZ MR model. The large strain constant damping ratio
value as shown by HSS curve is resulted from the
limitation of the model when Gur (unloading reloading
stiffness) has been reached by the soil element in the
hysteresis loop. The analytical formulation of the
generated damping curve for HSS model is described in
detail by Brinkgreve et al. (2007).

Total stress analysis is adopted for all models except
HSS. For the HSS model, effective stress analysis of
Undrained Type A is used. Figure 1 shows the modulus
Table 1. Parameter setting for each single-layered profile
Parameters

Sand model

Clay model

Unit weight (kN/m3)

19.8

14.0

Shear wave velocity (m/s)

200

84

Small strain shear modulus, Gmax (MPa)

80.73

10.07

Cohesion (kPa)

1

3

Friction angle (0)

30

20

Small strain damping (%)

1.0

2.9

Reference modulus and damping curves

Seed and Idriss (1970) - upper sand limit

Darendeli (2001) all clay model, PI = 50%

Reference shear strain, γref (%)

0.06

0.10

Stress dependency stiffness

N/A

N/A

(a)

(b)

Figure 1. G/Gmax and damping curves at 10 m depth for all models for (a) sand profile and (b) clay profile
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3.1

RESULTS
Response Comparison

Figure 2 shows the resulting spectral ratio (the ratio of
response spectrum at surface and at the bedrock) for both
soil profiles. For the sand profile, all models give a more
or less comparable result at small strain / weak motion
(0.05g). For this level of shaking, theoretically all models
should reach a similar response with the linear equivalent
result (EQL) as such method can provide the exact
solution at linear region. NOAH response, however, gives
a significant amplification at period of 0.2 sec and 0.33
sec and has a slightly higher response but the whole
trend is basically similar with the other models. All HSS
models also give a slight amplification for 0.03 – 0.2 s
period range at this stage.
Non-linearity of the soil started occurring for 0.1g
motion, where the difference of each model response can
be observed. The difference between each model
becomes stronger for higher motion of 0.2g and 0.4g.
Non-linearity effect can also be observed from the deamplification at low period (close to 0.01 s) and high
period range, especially at 1 sec (which is getting stronger
for increasing PGA). In general, HSS responses are the
highest for period range 0.03 – 0.3 sec in this non-linear
region, and the highest response is resulted from using a
ref
ref
lower G0 / Eur ratio, although there is a small difference
on the response between the two ratios. Meanwhile, the

figure shows the higher damping occurred for NOAH as
its responses are always in the low side, especially at
period of 1 sec. The variability of all DEEPSOIL models is
increasing as well and clearly seen for all period range.
A strong non-linearity is observed from the clay profile,
as the variability between all models has already taken
place even at low PGA (0.05g). Higher de-amplification
occurs for increasing PGA, with the degree of variability
between models remain more or less constant. NOAH
gives the lowest response among the other, together with
MKZ MR and MKZ MRDF. From this clay profile it is
clearly seen that both GQH models have a significantly
higher response compared to MKZ. All HSS responses lie
in the average side for period longer than 1 sec and
remain the highest for period 0.1 – 1 sec.
Figure 3, Figure 4, and Figure 5 present the
distribution of PGA, maximum shear strain, and maximum
shear stress along depth, respectively. In these three
ref
ref
plots, only HSS with stiffness ratio (G0 / Eur ) of 4 is
shown. Similar to what is observed from the spectral ratio
plots (Figure 4), the variability of the PGA and the shear
strain distribution is increasing for increasing PGA. From
Figure 3, in general NOAH tends to produce the lowest
PGA at all depth for both profiles. For the sand profile
(Figure 3a), the difference between MKZ MR and GQH
MR becomes significant for strong motion (0.4g), while
MKZ MRDF and GQH MRDF significantly differ even at
moderate motion.

(a)

(b)

Figure 2. Spectral ratio from all non-linear models and linear equivalent (EQL) approach for (a) sand and (b) clay profile

(a)

(b)

Figure 3. PGA distribution from all non-linear models for (a) sand and (b) clay profile

(a)

(b)

Figure 4. Maximum shear strain distribution from all non-linear models for (a) sand and (b) clay profile

(a)

(b)

Figure 5. Maximum shear stress distribution from all non-linear models for (a) sand and (b) clay profile
Figure 3a shows the difference between Masing (MR)
and Non Masing (MRDF) decreases for higher level of
motion, but MRDF relatively gives higher response at
depth. HSS model in general has more or less averaged
PGA values of all models near surface, but its PGA value
is among the highest at depth, especially for higher level
of motion. The PGA distribution of the clay profile (Figure
3b) shows that both GQH models produce the highest
response, followed by HSS which lies in the average
value among all models. MKZ models come third,
followed by NOAH response.
The distribution of maximum shear strain along the
profile depth is presented in Figure 4. The maximum
shear strain is determined as the maximum of the
absolute strain value for each model. For the sand profile
(Figure 4a), one important observation is the
unrealistically very high shear strain for both GQH models
near surface. This occurrence starts to be observed from
0.1g motion for GQH MRDF. MKZ MR shear strain profile
also shows high value at 15 m depth. For the clay profile
(Figure 4b), it is shown that the maximum shear strain of
MRDF model is higher than MR. High shear strain value
is also observed for GQH MRDF near surface. HSS
produces a relatively high shear strain value at medium
depth (7-15 m) for both sand and clay profiles. Similar to
the previous figure, NOAH shear strain responses are
always the smallest of all models except at depth near
bedrock.
By looking at Figure 5, it can be seen that the
maximum shear stress for both type of models are quite

similar at shallow depth. The thick grey line denotes the
Mohr-Coulomb shear strength given the cohesion and
friction angle for both materials. It can be seen that for the
sand profile, all soils except NOAH has reached plasticity
at most depth for moderate and high level of motion.
Figure 5a shows that the shear stress occurred for MKZ
models exceed the shear strength line, while GQH results
are bounded by the grey line.
The small value of PGA, shear strain, and shear
strength profile observed in NOAH may be caused by the
higher hysteretic damping applied in the model. In NOAH,
the small strain damping (represented by quality factor) is
modelled as physical damping and it is still present even
at high strain level. Therefore, in high strain condition, the
damping ratio implemented in NOAH is a combination of
small-strain physical damping and hysteretic damping,
thus lead to a higher damping value than the other
models.
The resulting excessive shear strain from GQH
models is observed when the fitted curve is very different
compared to the target curve. This difference can only
occur near surface where the shear strength is low.
Another separate calculation of GQH model has been
performed with increasing the shear strength for the top
seven meters, and the result as shown in the above figure
is no longer observed. Furthermore, an additional model
was made with using a G/Gmax curve fitted to a shear
strength value following an approach by Yee et al. (2013).
The strength-fitted curve then inputted as a MKZ MR
model in DEEPSOIL, and the resulting response is similar

to the above result of GQH MR in this study. This
observation implies that maximum shear strain is directly
related to shear strength. Furthermore, the fitting
procedure in either MKZ or GQH model may produce an
even lower value of shear strength, thus resulting in a
larger maximum shear strain. The excessive shear strain
value in this case is resulted from asymmetric loadingunloading due to strong plasticity, which caused drifting of
the hysteresis loop and created a permanent
displacement. Therefore, the selection of fitting parameter
and shear strength value in this case is a crucial step to
produce a reasonable and realistic behavior of the model.
Since MRDF model applies damping control to match
the target damping curve, thus the size of the hysteretic
loop will be constrained and will not follow Masing rules
anymore. As observed from Figure 4, this adjustment will
result in larger shear strain for MRDF, considering the
similar shear stress value between MR and MRDF
models. The shear strain occurred in HSS model is also
one of the highest, but it is mainly because of the drifting
behaviour of the hysteresis loop which causes permanent
deformation.
For the clay profile response in general, GQH model
gives relatively higher PGA than MKZ. This difference
between the two models can be explained by looking at
the maximum shear stress profile. As stated by Chandra
et al. (2014), PGA can be used as a proxy for the shear
stress occurred in a profile. Therefore, there is a positive
correlation between those two parameters. As observed
in Figure 5b (0.5 Hz 0.4g), the achieved shear stress for
GQH models bounded by the shear strength line at all
depth, while the shear stress for MKZ models are
bounded at lower stress level (~14 kPa) at higher depth.
This stress level is the maximum shear strength for MKZ
models, as clearly shown in Figure 6.

Figure 6. Shear strength profile for sand and clay model
Figure 6 shows the difference of applied shear
strength between GQH and MKZ model. The shear
strength of GQH model is derived from Mohr-Coulomb
criterion, given the cohesion and friction angle for both
profiles. The shear strength of MKZ model is derived from
the large strain value of the fitted G/Gmax curve multiplied
by the corresponding shear strain and Gmax. Since the
same curve is used for all depth, thus the resulting shear
strength is constant. By looking at Figure 6, although
theoretically the maximum shear stress for MKZ models
could exceed the physical shear strength as applied in

GQH models for shallow depth, the computed shear
stress near surface will always reduce and eventually
reach zero at ground surface. Such behaviour will
introduce some “transition” of the maximum shear stress
occurred in MKZ models from depth toward surface, thus
lead to smaller shear stress compared to GQH models.
The smaller shear stress will eventually lead to smaller
PGA, considering the relation between these two
parameters. The generated hysteretic damping could also
result in the difference between the two models as well,
but it is quite difficult to address. Therefore the main
difference of the response between GQH and MKZ can
be explained clearly by observing this basic characteristic
of both models. Such difference is more pronounced in
clay profile than in the sand profile. The shear stress
profile of MKZ and GQH for the sand model (Figure 5a) is
more or less similar at all depth, thus the PGA difference
at surface between the two models is not significant.
3.2

Hysteretic Damping in HSS Model

As presented in Figure 1, the damping ratio in HSS model
reaches a constant value for shear strain exceeding the
cut-off shear strain. Since the explanation behind this
behaviour is a bit unclear, therefore a back analysis is
performed to investigate the damping behaviour of HSS
model. Three single-layered clay profiles are generated
similar to the profiles as in the previous section, however
only a stiffness ratio of 2 is used. Three levels of 1 Hz
sinusoidal loading (cosine tapered) are applied to each
model: 0.1g, 0.4g, and 0.8g. The hysteresis loops at 10 m
depth of each model for each loading stage are presented
in Figure 7. From this maximum size of the loop, the area
inside the loop are calculated using approximation and
the associated damping ratio corresponding to the strain
level can be estimated and plotted against the theoretical
damping curve.
Figure 7a-7c shows that the increasing degree of
plasticity will increase the loop size, thus lead to higher
damping. If plotted against the theoretical damping curve,
all three damping points (a) – (c) do not fall anywhere
near the theoretical curve (red dashed line), even point (b)
and (c) have a higher damping value than Masing
damping curve. For the soil element at this depth, the
degree of occurred plasticity is increasing with higher
PGA. The more the plasticity is reached, the loop
becomes hardly resemble a curvy Masing loop anymore.
From the observation of these three results, at the
moment it can be said that the damping behaviour in HSS
model does not follow the theoretical damping curve
derived from the equation as provided by Brinkgreve et al.
(2007). It may always follow the Masing damping curve at
high strain level, and it can be even higher due to the
occurred plasticity. Then another hypothesis arrived
following these observations, that maybe if plasticity has
not yet reached, the plotted damping ratio will fall back
close to the Masing line. In order to confirm this
hypothesis, another calculation is performed with
increasing the shear strength of the clay to control the
hysteresis loop to remain in the linear region, and 0.2g
loading is assigned (Figure 7d).

(a)

(b)

(d)

(c)

(e)

Figure 7. Generated hysteresis loop in HSS model
Figure 7d shows that plasticity has not been reached.
However, the tangent stiffness (Gur) has been reached, as
can be seen from the hysteresis loop shape that the
inclination of the loop is a straight line corresponds to the
Gur value instead of a curved line as in Masing model.
This behaviour leads to a smaller damping ratio compared
to the Masing curve and from Figure 7e it can be seen
that the plotted back-calculated value for this model lies
close to the theoretical curve. This observation shows that
in a particular case, even for shear strain level exceeding
the cut-off shear strain, the damping ratio of HSS model in
fact can be close to the theoretical value, in contrast with
what is observed in Figure 7a-7c.
After the hysteresis loop reaches the shear strength of
the soil and enters the full plasticity condition, the shape
of the loop starts to deviate away from the “curvy” Masing
loop shape and eventually it will have a shape close to a
trapezium. This shape of hysteresis loop will eventually
lead to a higher damping ratio compared to the Masing
damping. In the case of Figure 7a, the similar damping
ratio value between the back-calculated result and the
theoretical Masing may be caused by a sort of
compromise in HSS model between the observed two
behaviours as follow: (a) the damping ratio is always
smaller than the Masing value if Gur has been reached,
and (b) the damping ratio is higher than the Masing value
when plasticity starts to occur or has been occurred.
Since in Figure 7a the soil is in the middle of these two
conditions, then it is plausible that the resulting damping
value is somewhat similar to the Masing damping at such
high shear strain level.
From the observation of the simple model tests as
presented above, it can be concluded that the damping

ratio of HSS model does not always follow the theoretical
value derived from the formula as provided by Brinkgreve
et al. (2007). The hysteretic damping ratio is controlled by
the area and the shape of the hysteretic loop, and for
HSS model, the shape of the loop is controlled by the
ref
ref
stiffness parameters (mainly G0 , Eur ) and the shear
strength of the material (c’, φ’, effective confining
pressure). Therefore, the shape of the loop may vary
greatly for each soil element, as it strongly depends on
the state of stress within that particular element.
Furthermore, the complex response occurred in HSS
model due to irregular earthquake motion may lead to an
irregular cap and shear hardening mechanism, which will
make the response to be different compared to the other
soil models used in this study. The occurrence of cap
hardening and shear hardening in an HSS soil element
will change the elastic region over time during a cyclic
loading, thus may introduce an asymmetry response in
the stress path and will lead to a drift of the hysteresis
loop due to the development of permanent shear strain.
4

CONCLUSION AND DISCUSSION

The simple analysis of two single-layered profiles as
presented above gives important insight on the effect of
varied soil model. Although the soil profiles being
modelled themselves are simple (single layer, regular
sinusoidal loading), but differences are still observed
especially for higher level of shaking (0.1g, 0.2g, 0.4g)
due to the non-linear behaviour of each soil model. For
weak motion shaking (0.05g) which produce small strain
loop and linear response, all non-linear models (except
the clay profile) have a similar and comparable response

toward each other and toward the exact solution of
frequency domain linear equivalent approach.
For the scope of this study, NOAH is able to produce a
reasonable result at small strain motion, but its response
is among the lowest for higher level of shaking due to
higher hysteresis damping compared to the other models.
In NOAH, the damping ratio at high strain is a
combination of small-strain physical damping and the
hysteretic damping itself. The limitation in NOAH
regarding the inability to directly input a target curve can
be overruled by increasing or decreasing the material
shear strength in order to modify the reference shear
strain value.
HSS model gives a generally average response
among the others, and one of the upside of this model is
its ability to capture the plasticity and the hardening
behaviour, which may reflect the real behaviour of the
soil. For dynamic analysis purpose, a higher stiffness ratio
ref
ref
(G0 / Eur ) is desired, a lower ratio is initially intended
for static analysis application in sand. As shown in Figure
1, a high number of stiffness ratio will lead to a higher
theoretical HSS damping curve in the large strain region.
The hysteretic damping behaviour of the HSS model has
been studied and presented in the previous section. A
very conscious choice needs to be taken into account
when selecting the appropriate input for the HSS model
as it is very sensitive towards the response.
The response differences between Masing - Non
Masing damping models and Mohr-Coulomb (MC) - Non
MC plasticity models are better represented by comparing
all DEEPSOIL models response. The hyperbolic MKZ
model implemented in DEEPSOIL may not be physically
accurate due to its inability to model the correct shear
strength representation of a material. The generalized
quadratic hyperbolic (GQH) model is able to properly
overcome this limitation, however the fitting procedure will
always resulted in inaccurate fitted curve for shallow layer
near the ground surface due to the small shear strength
value. In this case, a very careful parameter selection is
required to produce a reasonable result. The difference
between MKZ and GQH in this sense is more obvious for
the clay model, as the MKZ model produces less shear
stress and PGA than GQH. In term of modelling the
hysteretic damping, the Masing (MR) model produces an
overestimation of damping ratio due to the adopted
extended Masing rules. Therefore, the responses of MR
models are relatively smaller than MRDF since it has
higher damping ratio at large strain region.
By looking at the characteristics of each nonlinear
model, there are several similarities between NOAH,
HSS, and GQH MR since they adopted Masing rules and
MC plasticity in their hysteresis loop generation. The
responses of HSS and GQH MR are quite similar,
although not exactly the same. NOAH response is smaller
due to its additional physical damping in the model. In
order to confirm this, further analysis using a real
earthquake record and more complex soil profile is
required.
The decision on using a nonlinear model with or
without damping control implementation will have a
significant impact, especially if strong motion is being
considered. The real question is, which damping curve is

the most representative of the material in the field: the
one obtained in the laboratory, or the one estimated from
a real time in-situ recording using a downhole vertical
array which has a significant difference compared to the
laboratory-based curves. The usage of two different types
of model regarding the ability and inability to capture the
plasticity based on Mohr-Coulomb criterion can also lead
to two different results. In practice, normally a modification
of a material shear strength is required for the latter type
of models and a series of calibration has to be performed
to check whether the modified value gives a significant
difference with the original result. Finally, the result of this
study shows that epistemic uncertainties is also exist in
the form of code-to-code variability. In order to increase
the quality and the degree of confidence of an analysis
result, a parametric analysis is required by incorporating
several nonlinear codes. However, all limitations in the
model have to be understood first before commencing the
analysis to prevent any bias in the conclusion of the
result.
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