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(b) physical modding studies[3-6] and (c) numerical
or analytical studies [7-11]. As a consequence, the
foundation type and the superstructure loading
play an important role in the response of structure
and fault rupture propagation. It has been mentioned
in previous studies [7, 10-12] that heavy structures
supported on rigid mat or box-type foundations
have better performance in comparison with those
on singlefootings.

Despite relatively enough background literature
inthefield of modding surface foundations on top of
a soil layer subjected to fault rupture phenomena,
there is not extensive research in the case of direct
presence of structure. Anastasopoulos et al. [13]
performed a short parametric study of typical 2 and
5-story residential structures subjected to normal
fault dislocation. They studied coupled system
response by changing parameters such as rigidity of
the foundation, surcharge load of the superstructure,
soil stiffnhess and the position of the structurerelative
to thefault rupture outcrop. Beam and column's cross
sections are defined similar in all stories and have a
linear behavior. No special detail is considered for
connections. Despite the imprecise modding of the
structure, the results of this research can be used as
an appropriate guidance. Hashemydahaj [14]
considered the coupled effect of FR-SFSI for an
aluminum small-scale structure (representing a
present designed structure with soft story) and
calibrated a numerical model based on the test
results. Besides, the effect of changing the structure
location is discussed using a brief numerical
parametric study.

Considering shortcoming of literature, the effect
of modeling of structure is investigated by both
experimental and numerical models in the present
study. The purpose is to develop a degper insight
into performance of different structural elements
during fault rupture. Thisis done through studying a
number of responses such as vertical surface profile
of sail, structural drift ratio and relative rotation of
eements and rigid body settlement of structure.

In order to study the response of FR-SFSI
systems, a two-step procedure is used. The first
step is to mode free field fault rupture propagation
and fault rupture-soil-foundation-structure system by
1 g reduced scale tests and calibration of numerical
models using the result of these physical modelings.
In the second stage, a parametric study is conducted
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to investigate the performance of two types of
structural systems. In this study, a moment resisting
steel frame and a concentric braced moment
resisting sted frame are sdlected as different types
of structural systems. The response of coupled
system (FR-SFSI) is considered in a wide range of
structure location on top of soil layer. The results
demonstrate more acceptable performance of
braced frame against reverse fault rupture phenom-
enon.

2. Physical Modeling
2.1. Model Geometry and Test Setup

The 1 g physical modeling approach is conducted
in this research using the 1 g testing apparatus built
in geotechnical laboratory of International Institute
of Earthquake Engineering and Seismology (I1EES).
The device is capable of modeling the normal and
reverse faulting with different dip angles. The
length and width of the split-box is 180 and 50 cm
respectively and maximum soil depth of 60 cm, can
be used in this device. The length of movable part
(hanging wall) is 40 cm. In all tests, reverse fault
rupture propagation with a dip angle of 45 is
performed. The fault displacement is imposed at the
base of the modd at the rate of 2 mm per step in
a quasi-static mode until the maximum value of
64 mm is reached. More details of this apparatus
can befoundin [6, 15-16].

2.2 Soil Sediment

The Firoozkooh sand (No. 161), a uniformly
graded soil, is utilized for all experiments. Mechani-
cal properties of soil are presented in Table (1) in
which D, G,, (9,) s @Nd (9,)nin: @re mean
grain size, specific gravity, minimum and maximum
dry density of soil respectively. To achieve soil
layers with a uniform target relative density, the
sand should be pluviated from a sand rainer with a
specific height and veocity. The relative density
of sand is sdected to be approximately 80% that
represents medium dense sand. The total alluvium
height is 40 cm, which is poured in eight layers with
5 cm thickness. In order to allow visual inspection

Table 1. Mechanical properties of Firoozkooh sand.

Mechanical Properties of Soil
Dso (mm) Gs Gmin (gr/em’)  (Yo)max (gr/cm’)
0.25 2.61 1.42 1.71
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of soil deformations, blue sand layers is placed in
close proximity to the front face of apparatus.

To obtain peak and residual strength of sand, a
series of direct shear tests are conducted in different
normal stress levels, which represent 1 g test and
prototype condition [6, 16]. For the reduced scale
1 g model tests, the normal stress is less than
! <10KPa that leads to increasing the sand peak
frictionangleinto ** ., =45° [16, 17].

2.3. Structural Frame

Thestructure used for 1 g testsis a reduced-scale
2-story sted framewith one span at both longitudinal
and transverse directions. Based on the dimensional
l[imitation of the fault box, the scale factor of
N=10 is chosen for all physical models. The
structure is designed according to conventional
scaling relation in the 1 g field. The scaling factors
for different parameters needed in the design have
been obtained from Table (1) presented in [18]. The
structure is made of two identical frames connected
together with bolt connections. Beams and columns
areloaded in gravity and seismic cases based on Code
"ASCE7-05" and designed using allowable stress
method of "AISC-ASD 01" and considering the
scale rules. Design of structural dements based on
(utilizing) these two codes, provides ability of
considering the response of real-scale structures in
the future researches. Columns and beams have box
type cross section with 50#4 mm and 40#4 mm
dimension respectively. All members are made of
sted ST-37 with yield strength of F,=2400 Kg/cm?
and bolts are type DIN-10.9 with ultimate strength
of F,=10000 Kg/cm?. Bolt type connection is
selected to provide ability of assembling structural
members for several times. This type of connection
is also capable of modding different level of con-
nection rigidity by controlling the rate of bolt
tightening. The different connection stiffness levels
can be performed by this method. More structural
details are shown in Figure (1).

At each story, there are three transverse beams
that provide the stability of whole structure in out-
of-plane direction. These tie beams are also heavier
than other members and are used to impose gravity
load on each story. Considering the width of fault
box, the span length of structure in transverse
direction is assumed to be 400 mm. The foundations
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are single footing type made of Plexiglas plates
with 150#100 mm dimension and are bolted to base
plates. The image of aforementioned structure is
shown in Figure (2). A 3D view of structure is
shown in Figure (2a). Beams, columns, transverse
beams, base plates and connection plates are seen

Transverse
Beam

Connection
Plate

Beam (40 x 4 mm)

Column (40 x 4 mm)

Base Plate

LI

Figure 1. Schemaitic illustration of the structural frame.

Figure 2. (a) 3D view of assembled small scale structure, (b)
closed view of beam to column connection, (c) closed view of
column to base plate connection.
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inthis picture. Thered strip markers arerequired for
image processing techniqueto compute displacement
and rotation of structural eements from consecutive
photos. Details of beam to column and column to
base plate connections are presented in Figures (2a)
and (2b) respectively.

In this study, the ultimate bending moment
capacity of connections is sdected in such a way
that beams and columns are capable of relative
rotation. This can simulate some cases in which
structural connections are not strong enough or soft
story condition can be happen.

2.4. Modéd Instrumentation

In order to record test results, both image pro-
cessing technique and digital instruments are used
in the present study. Deformation created in
alluvium, foundation and structural elements are
inspected by digital image analysis using image
processing software developed at I1EES [16, 19].
The software is upgraded and modified to con-
sidering presence of structure. To record structure
displacement and rotation, red strips are pasted on
beams and columns and traced constantly. Digital
images of the deformed soil sample were captured
through the Perspex front face at every 2 mm of
imposed base dislocation, using a high-resolution
(15 MP) canon digital camera. This set of the digital
images are rectified according to derived optical
parameters of the whole system. Then all output
(displacement, rotation and strain fields) could be
obtained by computing the optical flow between
each pair of consecutive rectified images.

For more reliable measurement of produced

displacements in different structural elements, a
number of digital linearly variable differential
transformers (LVDT) are positioned and named as
shown in Figure (3). As shown in Figure (3), LVDT
d11 and d16 with 200 mm amplitude are used for
measurement of horizontal displacement of first
and second story and d16 with 50 mm amplitude
gives vertical displacement of the first story.
Relative rotation of top corner angle at the second
story is obtained by data from LVDT d12 and
d14 (again with 50 mm amplitude). All data from
LVDTs are recorded by a static multi point 100
channels data logger. In order to determine the
magnitude of foundation rotation a digital rotation
meter is positioned on |eft-back footing.

3. Calibration of Numerical Modeling
3.1. Simulation Method

Based on literature, the results of numerical
analysis with F.E. method are in good agreement
with field observation and physical modeling
technique in case of fault rupture propagation
(both in the free-fidd case and its interaction with
foundation) [8, 13, 20]. To achieve such an agree-
ment, essential requirement is to use a refined
mesh and an appropriate nonlinear constitutive
mode for soil deposit [8, 21].

The problem is numerically simulated using the
F.E. method and commercial F.E. code ABAQUS
in this study. To calibrate numerical model and
verify the effectiveness of proposed method, all
numerical models are small scale. Due to the
similarity of both structural frame and uniformity of
fault rupture along out-of-plane direction, 2D plain

Figure 3. (a) Location and labeling of digital LVDTs; (b) Image of installed LVDT No. d12 with amplitude of 50 mm.

14

JSEE/ Wol. 21, No. 1, 2019



Experimental and Numerical Investigation of Reverse Fault Rupture Interaction with Steel Frame Structures

strain condition is used for the analyses. Although
two-dimensional modeling has some shortcomings
compared with 3D modelling, the results of our
analysis show that 2D modeing leads to acceptable
compatibility with the experiments. The soil medium
is modeled with quadrilateral continuum elements
and beams and columns are defined by 2-noded
flexural elastic beam elements from steel. The
boundaries of the mode in the moving part are not
fixed and both vertical and horizontal displacement
can be applied on these boundaries. The dis-
placements are applied with a quasi-static rate and
in 5 mm steps in the Numerical models.

The beam-column and column-footing con-
nections are modeled as plastic beam elements
consisting of an eastic-perfectly plastic constitutive
model. The foundation is modeled with linear
eastic beam dements and is connected to soil using
special contact eements. These contact elements
areinfinitely stiff in compression, follows Coulomb's
friction law in shear (to model diding). In order
to model detachment of the foundation and its
beneath soil, no resistance in tension is defined.
The differential displacement representing base
dislocation (base offset), is applied to left part of
the model (hanging wall) in small consecutive
steps.

Based upon the reasonable results of previous
studies, awel-known constitutive model extensively
used in QUAKER project [8, 13] is sdected. Thisis
an elasto-plastic constitutive model with Mohr-
Coulomb failure criterion and isotropic strain
softening is utilized in this paper. The model is
applied in the finite-dlement code ABAQUS 2011
through a user subroutine. The most important
parameters of soil in this constitutive modd are E
(Elastic Modulus of Sail), | pesk andj . (pesk and
residual friction angle) and Y (dilation angle). These
parameters can be calculated based on the direct
shear test results of a soil sample [8]. The scale
effects[22], is taken into account by an approximate
simplified method which changes the limit value of
plastic octahedral shear strain according to mesh
size [8]. The value of peak friction angle has been
determined in section 2-2. Considering all the
above, the material parameters used for soil
modeling are E=120000Kpa, v=0.3, j =45,
j =35,andY=13.

peak
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Figure 4. Comparison of free field vertical displacement profile
obtained from image processing technique with F.E. method
using different mesh size, for h= 40 mm.

3.2. Validation of Results
3.2.1. Resaults of Free Field Test

The results of numerical analysis for free fidd
case are compared with the rdated 1 g experimental
test. In order to achieve an optimum mesh size for
soil medium, a series of analysis is conducted by
different mesh size of 4.0, 2.0, 1.0 and 0.5 cm.
The results are compared in terms of the vertical
displacement profile of the ground surface for
base offset of h=40 mm (Figure 4). According to
Figure (4), both models with 1 cm and 0.5 cm mesh
Size, show good agreement with physical modeing
(results of Image Processing Software). Because of
lower analysis time and cost, the modd with 1 cm
mesh size is sdected for all numerical modeling in
this study. The location of fault emergence at the
ground surface, the rupture path and the value of
displacement at soil surface, are well predicted in
the analysis. The fault outcrop on soil surface is
located at x=780 mm from theleft side of apparatus
box.

The observed discrepancies in the surface profile
gradient are associated to some factors such as
very low confining pressuresin small scale 1 g tests,
relatively simplified constitutive modd used for the
analyses and side effect of Plexiglas plates.

3.2.2. Fault Rupture-Soil-Foundation-Structure
Interaction

After modding the free-fied case, the effect of

presence of a structure on top of an outcropping

fault is investigated by both physical and numerical

methods. For this purpose, theresults of two 1 g tests

are discussed in this paper. The position of structure

15



Azadeh Salajegheh, Mohammad Davoodi, Mohammad Kazem Jafari, and Meysam Fadaee

Hanging
Wall

Footwall

!
|

- L -

Figure 5. Problem definition and engineering interested vari-
ables studied herein.

is the only parameter changed in these two tests.
The problem definition and its variables are depicted
in Figure (5). All structural details are as mentioned
in section 2-3. Soil layer is considered the same as
free fidd test.

3.2.2.1. Resultsof Test #1

Thefirst test is named as " SFSI-04-H400-X 500"
and the distance between left column and left side
of fault rupture apparatus is X=500 mm that cause
the free field fault outcrop, approximately in the
middle of structure span. The connection stiffness
(plastic moment capacity) of left and right columns
is equal at both stories.

The rectified image for general deformed shape
of soil and structure with superimposed shear strain
contours of alluvium, is compared with numerical
deformed mesh (Figures 6a and 6b). The com-
parison between general deformed shape of whole
system and plastic shear strain contours reveals
satisfactory agreement. The right column located on
footwall shows more relative rotation of eements
in contrast with left column (on hanging wall).
Moreover, vertical displacement profile of soil
surface is compared with physical observation
(Figure 6c).

To verify the result of numerical modding for
structural part, the magnitude of point displacement
at position of LVDT d11 and d16 (at first and second
story respectively) is depicted in Figure (7). The
response of physical modeling is obtained from
both digital instrumentation and image processing
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Figure 6. Interaction of reverse fault rupture and steel frame
structure positioned at X=500 mm (SFSI-04-H400-X500);
comparison of experimental with numerical analysis results for
bedrock fault offset h=45 mm: (a) photo of the deformed
model with superimposed plastic shear strain vectors computed
through image analysis, compared with F.E. deformed mesh, (b)
vertical displacement surface profiles of soil obtained image
processing compared with F.E. analysis results.
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Figure 7. Test "SFSI-04-H400-X500": horizontal displacement

of structural points as a function of bedrock offset h; com-

parison of results from digital LVDTs, image processing method

and numerical F.E. analysis at position of LVDT d11 and d16 (the
first and the second story).

method. Comparison of 1 g test and F.E. method in
terms of structural displacement shows reasonable
adjustment between responses.

3.2.2.2. Resultsof Test #2

In the second test named as "SFSI-02-H400-
X250", the structure is located at X=250 mm that
means that free-field fault outcrop, is approximately
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Figure 8. Interaction of reverse fault rupture and steel frame structure with single footing, positioned at X=250 mm (SFSI-02-H400-
X250); comparison of experimental with numerical analysis results for bedrock fault offset h = 45 mm: (a) rectified photo of the
deformed model produced with image processing software (b) deformed mesh of structure plus plastic shear strain contours from

numerical model.

near theright column of structure. Similar to test #1,
the rectified image of deformed shape of whole
model shows a qualitative similarity with finite
edement method (Figure 8). In this case the relative
rotation is considered at left column but the right
column mainly tolerates rigid body rotation. Thisis
different with result of previous case in which the
right column has experienced more relative rotation.
The main reason is because of changing the relative
location of imposed fault rupture and structure. The
fault rupture is outcropped just before the right
corner of right foundation and not continued to its
left corner. However, this could not prevent rotation
and separation of foundation from soil.

Again, verification of structural performance is
carried out by comparing point displacements at
position of LVDTsd11 and d16 (Figure9). Thereare

Figure 9. Test "SFSI-02-H400-X250": horizontal displacement
of structural points as a function of bedrock offset h; com-
parison of results from digital LVDTs, image processing
method and numerical F.E. analysis at position of LVDT d11
and d16 (the first and the second story).
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acceptable differences (almost 12% in first story
and 2.5% in second story at higher levels of base
offset) between results of numerical and physical
modeling at both stories. This implies that the de-
veloped numerical model could be used with a
reasonable certainty. The difference between
results of LVDTs and image processing technique
is somewhat more significant (almost 8% in first
story and 10% in second story at higher levels of
base offset) and refers to inherent errors of this
method such as lighting volume, calibration error
and low transparency of Plexiglas plate.

4. Resultsof Parametric Numerical Study

Having validated the F.E. method usingABAQUS
software, a numerical parametric study is conducted
to investigate the effect of structural system and its
location on performance of structure. In this study,
two types of structural system are selected. The
first type is a moment resisting sted frame, which
is named as system "TYPE-A" here after. The
second one is a dual system named as "TYPE-B"
and is a moment resisting concentric braced sted
frame. A series of analyses is performed by chang-
ing structure location for both the above-mentioned
TYPE-A and TYPE-B systems. The structural
characteristics of system TYPE-A, is exactly
similar to verified finite ement modd of previous
section. In system TYPE-B, X-shape concentric
bracing are added to moment resisting frame, in
both stories. The cross section of bracings is seected
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