Arab J Geosci (2013) 6:881-892
DOI 10.1007/s12517-011-0348-x

ORIGINAL PAPER

Verification of a new method for evaluation of liquefaction

potential analysis

Abbas Abbaszadeh Shahri - Katayoun Behzadafshar -
Roshanak Rajablou

Received: 1 February 2011 /Accepted: 3 May 2011 /Published online: 3 June 2011

© Saudi Society for Geosciences 2011

Abstract The seismic response of existing earth dams in
Iran is important after an earthquake both to provide
emergency supplies and to society as well as to ensure
structural safety in engineering terms. Better seismic
capacity of earth dam results in less structural damage and
reduced impacts following an earthquake disaster. Indirect
as well as direct costs following earthquakes have gained
much attention from both the engineering and socioec
onomic research communities in the last few decades. This
study is a valuable tool used to study the response of
geotechnical structures to infrequent or extreme events such
as carthquakes. The Avaj earthquake (2002, Iran) was
applied to a series of model tests which was conducted to
study the response of soil profiles under seismic loading.
The acceleration records at different locations within the
soil bed and at its surface along with the settlement records
at the surface were used to analyze the soil seismic
response. A combination of several software packages with
a generated visual user interface computer code by authors
named as “Abbas Converter” were employed to evaluate
the variation of shear modulus and damping ratio with
shear strain amplitude to assess their effects on site
response. The proposed method was applied to the Korzan
earth dam of Hamedan province in Iran. Site response
analysis using the measured shear wave velocity, estimated
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modulus reduction, and damping ratio as input parameters
produced good agreement with the computed site response
in this study.

Keywords Avaj earthquake - Soil behavior- Hamedan
province - “Abbas Converter”

Introduction

On 22 June 2002, at 07:28:20 local time, a destructive
earthquake struck some vast regions in Qazvin, Hamedan,
and Zanjan provinces in Iran. This earthquake was also felt
in Tehran, Kermanshah, Qom, Central, Ardabil, and Giulan
provinces as well as those indicated in Fig. 1.

The magnitude of the earthquake was determined to be
m;=6.0 by the Geophysics Institute of Tehran University,
M;=6.0 by the National Earthquake Information Center,
and M,,=6.5 by the US Geological Survey (USGS 2002).
The focal depth of the event, according to the USGS report
(USGS 2002), was approximately 10 km. The main shock
was recorded by 50 accelerograph stations. At a station in
Avaj, 28 km from the epicenter, the maximum horizontal
and vertical accelerations were recorded at approximately
0.5 and 0.26 g, respectively.

The epicenter coordinates of the earthquake was esti-
mated at a point with 48.93 longitude and 35.67 latitude.
As shown in Fig. 2, the fault plane solution (USGS 2002)
indicates that the seismic event occurred on a reverse fault
having a trend at about 115° N.

The focal depth at the beginning of the survey was
announced as 10 km and in further estimations as 5 km.
The earthquake was a low depth one and this can be
considered as one of the reasons for the great damages and
the vastness of the affected areas. The earthquake was
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Fig. 1 The location of 2002 Avaj event and its near faults

+

Fig. 2 The focal mechanism of Avaj earthquake (USGS 2002)

Fig. 3 Main steps to provide a

seismic hazard map
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recorded by 65 digital accelerographs installed in different
points of the area. The maximum acceleration recorded in
this event so far is about 0.5 g at the Avaj station, which is
situated 26 km from the earthquake hypocenter. There is
no doubt that the acceleration in regions closer to the
epicenter of the earthquake is higher than that recorded by
the Avaj station and this high acceleration may be
regarded as one of the major reasons of destruction and
collapse of rural buildings.

The macro-seismic area in Avaj consists of numerous
faults and fractures which are of northwest and southeast
direction. The epicenter was located at the west and
northwest mountains of Avaj area. The macro-seismic area
of Avaj earthquake is located in the vicinity of the macro-
seismic Buin Zahra earthquake of September 1st, 1962. The
Buin Zahra earthquake destroyed completely 91 villages in
the area and killed 12,200 persons.

Seismic risk and soil behavior

Evaluating seismic risk in engineering practice is of impor-
tance to engineers because, over the years, some of the
greatest damage and largest number of human casualties have
been caused by severe earthquake. As urbanization continues
and more buildings and facilities are constructed, the cost of
property damage from future severe earthquakes will escalate.

Much of the damage by earthquakes can be attributed to
the behavior of the soils during earthquakes. Large and
differential settlements caused by compaction of loose soil,
settlement and tilting of structures due to liquefaction of
saturated granular soil, and lateral movements of natural
slopes have been observed during earthquakes. A more
subtle effect of soil conditions on building damage is the
influence they have on the characteristics of earthquake
ground motions. These characteristics in turn can have an
effect on the structural damage that may develop although
the foundation soils remain stable.

Seismic site response analysis has been studied exten-
sively over the last few decades. However, available data
regarding the dynamic properties and response of soft clay
soils subjected to strong seismic shaking have been limited.
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Figure 4

Figure 5

Figure 6

Fig. 4 Typical view of soil grains in an unexcited deposit
Fig. 5 ical view of soil grains in saturated deposit
Fig. 6 Elevated water pressure created by additional loading

Tiers and Seed (1968) studied the effect of strain level and
load cycles on the parameters of the hyperbola model with
San Francisco Bay mud. Hardin and Drnevich (1972)
carried out a large number of tests and presented empirical
equations to evaluate the dynamic modulus and damping
ratio of soft clay. Vucetic and Dobry (1991) proposed that
the plasticity index (PI) was the key factor influencing the
dynamic modulus and damping ratio of both normally
consolidated and over-consolidated soils. The normalized
dynamic modulus increased and the damping ratio decreased
with an increase of the PI. Lanzo et al. (1997) studied the
trend of the dynamic modulus and damping ratio under small
strains through cyclic simple shear test.

Evaluation of seismic hazard requires a comprehensive
investigation of seismic site response known as the effect of
local site conditions on earthquake ground motion. Seismic site
effect can also be evaluated from shear wave (S wave) velocity
profiles (Malagnini et al. 1993; Milana et al. 1996; Nguyen
et al. 2004) that are obtained through borehole measurements
or seismic refraction and/or reflection methods. Boreholes are
usually limited in number, measurements are expensive and
time consuming, and the obtained velocities may not be
representative of the entire study site. Seismic refraction and
reflection methods, on the other hand, may be problematic in
urban conditions. Some of the difficulties are:

* Generally, signal-to-noise ratio is significantly low
because of high background seismic noise and small
seismic energy sources used in urban areas.

» Setting up long seismic profiles is generally difficult if
not impossible.

* The effective transmission of seismic energy to greater
depths is limited due to high levels of attenuation in soft
sediments. Active surface wave methods have been
extensively used to obtain S wave velocity profiles.

As indicated in Fig. 3, in the regional seismic loss
estimation analysis, it is considered necessary to determine
the bedrock motion in the region. The most common method
involves the use of an empirical attenuation relationship.
These relationships communicate a given ground motion
parameter in a region as function of the size and location of
an earthquake event. Applying statistical regression analyses
to recorded data, numerous relationships had been developed
in the past. Often these relationships are developed with
different functional forms and with different definitions of
ground motion, magnitude, distance, and site conditions.

All these types of behavior are influenced by the intensity
of earthquake shaking. Thus, a determination of seismic risk
for a particular facility must include an evaluation of the
earthquake ground motions that are likely to be induced by
future earthquakes at the site. To evaluate these ground
motions, knowledge is needed of the following key elements:

1. Possible seismic sources

2. Size and frequency content of the possible earthquake

3. Distance and orientation of each seismic source with
respect to the site

Once these geologic and seismologic inputs are deter-
mined, seismic hazard of a site can be evaluated. In
engineering practice, these steps for evaluating the hazard
and then calculating the risk are done in varying degree of
detail depending on the importance of the facility and the
consequences of the risk.

Liquefaction phenomena

Liquefaction of fill in the dam may occur. Liquefaction is
the large drop in stiffness and strength of soil due to seismic
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movements (Byrne and SeidKarbasi 2003). As a result, part
of a dam may slump and slides off the structure.
Liquefaction is the most important cause of instability of
earth embankments during earthquakes and may cause large
deformation, loss of capacities, and even complete failures.
Liquefaction is initiated when cyclic ground motions causes

loose soil particles to attempt to rearrange into a denser
configuration. The rapid nature of the loading of the
saturated soil results in an undrained condition, and the
soil particles cause an increase in excess pore pressures as
they try to densify. The increasing pore pressures lead to a
drop in effective stress and, eventually, soil liquefaction.
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Fig. 7 Available methods for evaluation of liquefaction
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Table 1 Drilled boreholes in site of Korzan earth dam

Borehole Depth (m) Location GWT (m)
Kor-1 60 Right support 20
Kor-2 582 Upstream of the river 3.8
Kor-3 80 Axis of dam 7.8
Kor-4 72 Axis of dam 12.4
Kor-5 44.6 Left support -
Kor-6 30 Downstream of the river -
Kor-7 31 Upstream of the river 8.45
Kor-8 35 Downstream of the river -
Kor-9 50 Axis of dam 1.30
Kor-10 69 Axis of dam 7.30
Kor-11 40 Upstream of the river 11

Figures 4 and 5 show a typical view of soil grains in an
unexcited, saturated deposit. The blue column on the right
indicates the magnitude of pore water pressure present. The
arrows in Fig. 5 indicate the forces created by the interactions
of the soil grains. Figure 6 shows elevated water pressure
created by additional loading as from a seismic event. The
increased water pressure allows the grains to “float” thereby
decreasing the interaction between grains and thus causing
the characteristic properties of liquefaction (http:/www.ce.
washington.edu/~liquefaction/html/main.html).

Liquefaction analysis methods

The study of liquefaction is a rapidly growing subject in the
field of geotechnical earthquake engineering. Analysis
involves an evaluation of a site’s susceptibility to liquefac-
tion, an understanding of the conditions for initiation of
liquefaction, and a prediction of the effects of liquefaction.
As shown in Fig. 7, several methods of predicting
liquefaction initiation and its effects on a site’s earthquake
response are available to geotechnical engineers.

Soils susceptible to liquefaction consist of saturated,
loosely deposited, shallow, uniform sands. They can be
produced naturally by processes that form fluvial or saturated
colluvial and aeolian deposits, or they can be manmade,
resulting from poorly compacted fill or hydraulic fill.

Fig. 8 The generated computer
code by authors

Welcome to Abbas Converter

Testing program

Most of the early constructed dams in Iran were built with
no consideration of earthquakes and were not designed for
earthquake forces because designers did not consider
earthquakes probable threats. As more information of
earthquakes was collected, the need to built dams that
could withstand earthquakes was recognized. Earth
embankment dams may be damaged by earthquakes in
several ways including dam movement, liquefaction of
fill in a dam, water waves caused by an earthquake over
topping a dam, and direct damage caused by a dam being
located on a fault.

The Korzan earth dam is located on the Korzan river in
the south west of Hamedan province, Iran, with a 2-km
distance from Korzan village which has an 8-km distance
from Touyserkan city. The site of the dam is located at 34°
3420" to 34°35' north latitude and 48°20'to 48°23'10" east
longitude. This earth dam has a 43 m height from the river
bed, 1,428 m crest line length, and 34 Mm? reservoir
capacity. Necessary soil data were collected from field
investigations, different relevant sources of the target area,
and accumulated in Microsoft Excel. A total of 11
boreholes as enumerated in Table 1 with SPT data were
collected from different organizations and used to study site
amplification and soil liquefaction potential characteristics
of the area.

In order to increase the accuracy of the study and take
over the encountered problems, the author would be forced
to generate the “Abbas Converter” (Abbaszadeh Shahri
et al. 2009). This computer code is generated in two versions
1.01 and 2.01. The 2.01 version such as the previous one has a
geotechnical platform with a moderate range of earthquake
engineering applications but improved for liquefaction
analysis. It includes a geotechnical model, which is used
in this study to model the liquefaction of idealized soil
profile of the studied region. This part is defined by several
geotechnical parameters, as well as some constitutive
parameters to describe the soil’s behavior. The start screen
of this code is shown in Fig. 8. The results of these trials
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were compared with existing field and laboratory relation-
ships, and appropriate adjustments were made to the model

After calibrating its input parameters, the constructed
model was used together with employed software packages

parameters. to obtain the response of a layered soil profile. The main
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Fig. 9 Proposed flowchart of this study
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Table 2 Characteristics of the idealized soil profile

Depth USCS SPT Fine Content Vs (m/s)
(m) (%)
2 CL 7 59 218.62
4 CL-ML 14 53 262.367
6.5 SP-SC 19 49 237.396
8.5 CL 5 61 288.129
10.7 CL 13 51 257.333
125 SP-SC 16 23 232.365
15 SP-SM 27 20 275.498
17.8 SW-SM 33 30 300.034
20.5 SW-SM 50 35 358.262
22.8 CL 21 64 284.752
255 SW-SM 45 22 342.457
Bedrock, Vs=1679m/s

goal of this phase of the study was to evaluate the “Abbas
Converter’s” capabilities in response of liquefiable soils.
The initial evaluation consisted of a comparison of “Abbas
Converter” results to those of existing methods and
programs.

In reference to Fig. 9, which shows the flowchart of the
study, the experimental estimation of ground motion can be
carried out using earthquake data, in areas having a
sufficient seismicity and an adequate coverage of recording
stations. In order to evaluate the effect of particular geological
conditions on the change of the local seismic response of
ground motion, geophysical surveys were performed for the
lithotypes with a significant extent in the territory. Using the
results obtained in different geophysical measurements,
average shear wave velocities of surface soils in the
uppermost 30 m of soil were determined.

Previous studies on ground motion behavior (Medvedev
1962; Joyner and Fumal 1984; Borcherdt et al. 1991) have
revealed a correlation between this average shear wave
velocity and the site amplification factor. Additionally in
the present paper, the dependence on local soil instability
conditions related to mechanical characteristics of surface
soils, such as the slope of soils and the depth of
groundwater table, was taken into account.

Data and results

On base of field and laboratory tests, the optimized and
idealized soil profile for the studied area was proposed in
Table 2. The representative available boring is up to a depth
of 80 m. Based on the knowledge that groundwater level
changes with the season, groundwater table in this region is
considered to be at a depth of —1.3 to —20 m (Fig. 9); to
prove the validation of the proposed method, the obtained
result while taking into account the fine correction factor,
were compared with the previously proposed procedures by
Liao and Whitman (1986), Liao et al. (1988), Seed and

Idriss (1982), Golesorkhi (1989), Blake (1997), Strak and
Olsen (1995), and Idriss (1997). The L Component of the
Avaj earthquake (2002, Iran) which is recorded in Asada
bad station of the Hamedan province after the baseline
correction by consideration of rigid and elastic bedrock
was applied to the investigated site and the computed
response on the surface were determined as indicated in
Fig. 10. To analyze the liquefaction potential of the region
subjected to applied earthquake, a comparison between
input and computed stress time histories were executed
and shown in Fig. 10, respectively. To verify the applied
method in this study, a comprehensive comparison
between the liquefaction resistance factors, safety factor,
shear modulus reduction curve, and damping ratio curves
were performed for the soil profile, and the resulting
liquefaction potential, for this area was estimated and
showed in Fig. 11. The computed strain and PGA for
various conditions were plotted in Fig. 11, respectively.
By using this method, the spectral acceleration and
amplification ratio for the assumed conditions were at last
computed by “Abbas Converter” and shown in Fig. 12.
The numerical analysis of this study for main parameters
which is computed by the designed code was pointed in
Tables 3 and 4.

Discussion and conclusions

A spectral analysis of the results showed that the
stiffness of the soil deposits had a significant effect on
the characteristics of the input motions and the overall
behavior of the structure. The peak surface acceleration
measured by the proposed method was significantly
amplified, especially for low amplitude base acceleration.
The amplification of the earthquake shaking as well as
the frequency of the response spectra decreased with
increasing earthquake intensity. The results clearly dem-
onstrate that the layering system has to be considered,
and not just the average shear wave velocity, when
evaluating the local site effects.

The results of this study indicate that the generated
program “Abbas Converter” is becoming a reliable tool for
site response analysis. Comparison of the site response
analysis of a proposed profile agreed good reasonable
matching by the known applicable procedures. This study
shows that the proposed method can be used for site
response analysis as well as the other procedures.

Result of the liquefaction potential presented in this
study subjected to Avaj earthquake shows that by a greater
earthquake the layers 1, 4, and 6 are susceptible and may
show the liquefaction behavior. This study showed that the
studied area have low and moderately low liquefaction
potential, to Avaj event.
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earthquake (2002, Iran),

L component of Avaj

recorded in Asadabad
station

Fig. 10 Comparison between input and computed parameters in various conditions of bedrock
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Fig. 12 Computed spectral
acceleration and amplification
ratio | g e
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Elastic condition

B Computed amplification ratio-

]
&
]
© Rigid condition
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Spectral Acceleration (g)

O Computed Spectral acceleration-
Elastic condition

B Computed spectral acceleration-
Rigid condition

Table 3 Numerical results of the study

Parameter Condition Computed maximum value at...
Input motion Elastic 0.125 g (113.1 s)
Rigid ~0.1335 g (117.6 )
Computed motion Elastic —0.1785 g (117.6 s)
Rigid ~0.1958 g (116.2 5)
Input response Elastic 0.581 g (1.325)
Rigid 0.585 g (132 5)
Computed response Elastic 0.660 g (1.08 s)
Rigid 0.674 g (1.08 5)
Amplification ratio Elastic 5.80 (3.0357 Hz)
Rigid 36.7 (3.0228 Hz) Table 4 computed values by use of “Abbas Converter”
Spectral acceleration Elastic 0.617 g (1.32's) Depth (m) 0w r Tege N, (60) CSR. o'y Ty FS. Gy
Rigid 1.822 g (0.33 s)
Input stress Elastic 0.250 (117.6 s) 2 3114 0983 5365 16867 022 3114 682 191 1757
Rigid 0.274 (117.6 5) 4 6227 0966 7.032 2232 031 6227 1934 275 124
Computed stress Elastic 0.1784 (117.6 5) 6.5 1012 095 11404 2316 036 1012 3695 324 0965
Rigid 0.1935 (1162 5) 8.5 13448 094 14212 20342  0.16 12974 20.75 146 0.8476
) ) 10.7 175487 0916 16.174 4888 022 15586 34289 2.12 0.748
Input strain Elastic 0.0734% (117.6 s)
12.5 209.04 0.883 17.628 14.8759 0.19 17722 33.67 191 0.6887
Rigid 0.0833% (117.6 5) 15 25563 0.799 18373 18765 023 20690 47.587 259 0.6255
Computed strain Elastic 0.00434% (117.6 5) 178 307.82 0716 19.123 20.5884 027 240.14 6483 339 05719
Rigid 0.00465% (116.2 5) 20.5 358.15  0.642 20235 31.884 038 26625 101.175 5 05314
Computed PGA Elastic 0.1785 g (surface) 22.8 401.02  0.608 19.892 12.072  0.18 299.49 53.908 2.71 0.5030
Rigid 0.1958 g (surface) 255 45134 0566 21.121 256392 023 33153 7625 3.61 04748
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