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Abstract

The evaluation of the behavior of bridge piers
with soils surrounding them during earthquakes
became necessary in Iraq especially after the
influential earthquakes hit middle and south of
Irag during the last few years. A three
dimensional finite element model for the bridge
substructure and soil surrounding the bored piles
with the actual dimensions and actual properties
corresponding to "Sheikh Sa'ad Bridge™ in Sheikh
Sa'ad district at Wasit Governorate 37km south
east of Kut city is presented. The model loaded
with earthquake ground motion applied as lateral
forces at one side of piles cap. The Earthquake hit
11 km from Ali-Al Gharbee in Maysan Province
in 2012 with a magnitude of ML = 4.9 is used as

the input ground motion. The response of the pier
was investigated and the performance of piles and
the soil surrounding them was examined. Then
these typical piers and surrounding soils were
checked weather they can bear the stresses
induced due to these earthquake forces. From this
work, it was found that typical piers used in
bridges in Iraq can sustain earthquakes up to those
with a magnitude of ML= 6.8 maximum.
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1. Introduction

The geotechnical engineers have been giving
more attention to the design of foundations for
earthquake resistance. A great deal of time and
effort has gone into the development of better
methods of analyses. This has involved a greater
knowledge of earthquakes in conjunction with a
better understanding of the forces they exert on
foundations. New concepts have been developed
concerning the earthquake resistance of
foundations as determined by their ability to
absorb the energy input from the earth vibration.
Soil dynamics gained a considerable advancement
in the last few decades. These advancements
include a better understanding of the behavior of
the soil subjected to dynamic loading conditions,
and to the ever increasing capacity and power of
electronic digital computers, which made possible
vast developments and advances in numerical
methods such as the finite element method.
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One of the structures under detailed investigations
due to seismic loads is the bridges especially their
substructures and the soils surrounding them.
Earthquake damage to bridge substructures will
be through many factors, such as soil conditions,
excessive inertia force caused by superstructure
and incorrect design of piles. According to the
damage statistics of pile foundation, its failure
modes are complex, but soil deformations and soil
liquefaction are the most common ones.

In this research, the deformation and stresses
in the soil surrounding typical piles of bridges in
Irag under actual earthquakes will be investigated.

2. Equations of Motion

The motion of the idealized substructure
consisting of piles, piles cap and surrounding soil
under dynamic excitation will be governed by an
ordinary differential equation. The governing
equation, or equation of motion, is derived for the
earthquake ground motion.

2.1. Earthquake Ground Motion
No external dynamic force is applied at the

level of the piles cap in the idealized substructure
shown in Figure (1a). The excitation in this case
is the earthquake-induced motion of the
foundation, presumed to be only a horizontal
component of ground motion, with displacement
Ug(t), velocity u'(t), and acceleration u'(t). Under
the influence of such an excitation, the base of the
piles are displaced by an amount ug(t) if the
ground is rigid, and the piles cap undergoes
deformation relative to base u(t). The total
displacement u'(t) of the substructure is:
u'(t)=ug(t)+u(t) 1)
From the free-body diagram of the mass shown in
Figure (1b), the equation of dynamic equilibrium
is:

Fs+Fp+F=F(t) 2
{Fs}=[K}{u} (2a)
{Fo}=[Cl{u’} (2b)
{F}=[m]{u"} (2c)
where:

Fs: restoring force.
Fp: damping force.
F,: inertia force.
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(a)

— U(displacement)

P(force)

(b)
Figure (1). Substructure idealization (a) Free
body diagram (b) Bridge substructure subjected to
earthquake ground motion.

Equations (2a) and (2b) still apply because the
elastic and damping forces depend only on the
relative displacement and velocity, not on the
total quantities. However, the mass in this case
undergoes acceleration u’, and the inertia force
therefore is:

{F¥=[m]{u"} ©)
This with the aid of Equation (1) can be
expressed as: )

{F}=[mKu +[m]{u } (4)
Equation (2) after substitution of Equations (2a,
2b), and (4) can be expressed as:

[m]{u }+[CHu}+[KHu}=[m]{u ¢} (6)
This is the equation of motion governing the
deformation u(t) of the idealized substructure
system of Figure (1la) subjected to earthquake
ground acceleration ug (t). Comparison of
Equations (2) and (5) shows that the equations of
motion for the structure subjected to two

3. Finite Element Analysis

In substructure analysis, the finite element
method has been used as a general method of
analysis when there are no other ways to
formulate the differential equations governing the
problem under investigation and/or no solution to
the problem equations. The following basic steps
are involved for any three-dimensional analysis
no matter what type of element is used.
ANSYS 14.5-64bit [2] was used to model,
analyze and obtain results about specimens used
in this research. The description of the ANSYS
logical steps for modeling and results of analysis
will be explained in the following subsections.

3.1. Specimen Geometry

The finite element analysis included
modeling typical bridge substructure and soil with
the actual dimensions and  properties
corresponding to "Sheikh Sa'ad bridge" district at
"Wasit" governorate 70km south of the "Kut" city
in Irag. The dimensions and properties of soil
layers, bored piles and piles cap are given in
tables (1), (2) and (3) respectively [3]. All lists in
these tables are dynamic values which took from
Geotechnical interpretive report for sheikh Saad
Bridge. This bridge was carefully chosen as a
typical sample for the bridges in the middle and
south of Iraq for two main reasons; The first one
is the availability of full record of data on soil and
bridge itself (parameters required for input data
for ANSYS) and the other is that its location is
the nearest city point to largest earthquake in
south of Irag.

Table (1). Details about soil layers [3].

Type Depth Yo (E) | Density | Dync.C, | Dync.
of soil (m) | (kN/m®) | (MPa) | (kg/m®) | (KN/m?)

Clay 145 20 20 1700 90

Sand 75 19.4 70 1700 0

Table (2). Details about bored piles [3].

Diameter | Depth | Longitudinal Stirruos
(m) (m) Reinforcement P
Pile 1.5 17 55¢25 $10/150 pitch

Table (3). Details about piles cap [3].

excitations; the first one is the ground acceleration . :

= u"(t) and the other is the external force —mu, (t) Length | width | Depth | Top | Bottom | Stirru
u"(t) an - g (m) (m) (m) Rein. Rein. ps

are one and the same. The deformation response

y(t) o_f the structure to ground acceleration wiI_I be Pile 12 ) 15 9925 | o 425 EW. $12/20

identical to the response of the structure on fixed cap EW. 0

base due to an external force equal to mass times
the ground acceleration, acting opposite to the
sense of acceleration. The ground motion can
therefore be replaced by an effective force -

mug (t),[1].

3.2. Elements Types

Using the ANSYS library of element types, the
elements used in the current modeling are shown
in Table (4).
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Table (4). Elements used in ANSYS modeling.

ANSYS Element | Representation
SOLID45 Soil
SOLID65 Concrete

Ssrgeﬁ IreDdG;_)n Steel Reinforcement
TARGE170 Target
CONTA174 Contact

3.3. Real Constants

Data required for the calculation of the element
matrices that cannot be determined from the node
locations or material properties, are input as "real
constants". Typical real constants include area,
thickness, inner diameter, outer diameter, etc. [4].

3.4. ANSYS Modeling

The case under research was modeled using
SOLID45 element which was used to model the
two soil layers (clay and sand) as volumes with
presence of water table at 1.5m from natural
ground level. The soil model is 18m long, 9m
wide and 22m deep. The distance between center
to center of piles is 4.5m. The diameter of piles is
1.5m therefore distances between the centers of
piles and the edges of soil volume is 5m. The
distance between ends of piles and base of soil
volume is 5m which is more than three times the
diameter of pile because the effect of soil can be
neglected beyond this distance as shown in Figure

).

Figure 2. Soil model.
SOLID65 element, which is used for modeling
three dimensional concrete with or without rebars
as shown in Figure (3).

Figure 3. Pile and pile cap model.
The SOLID65 element uses a smeared rebar
capability, which involves three different rebar
materials orientated in any direction relative to the

global coordinate system. This smeared system
was used in this research to model the
reinforcement of piles. The rebar was input to
replicate the volumetric ratios and orientation of
the longitudinal and transverse reinforcement in
the typical bridge column [5]. The material
properties of the model are shown in the Table
(5).

Rigid-to-flexible contact model was used to
contact between the piles and the soil. In rigid-to-
flexible contact problems, one or more of the
contacting surfaces are treated as rigid (i.e., it has
a much higher stiffness relative to the deformable
body it contacts). In this research the concrete was
considered the rigid material and the soil was the
flexible (soft) one. A surface-to-surface contact
model was used in this research. The contact
elements use a “target surface” and a “contact
surface” to form a contact pair. The target surface
is modeled with TARGE170 element and the
contact surface is modeled with CONAC174
element as shown in Figure (4) [5].

Figure (4). Contact elements around piles.

Table (5). Material properties of the model.

Material properties

¢
st = 2 | Deor
SOILD45 ee
Clay 20 | 0.49* 90 225
Sand 70 | 0.33* 0 40
Linear Isotropic
EX 27229MPa **
DENS 2400 kg/m?®
NUXY 0.2
Multilinear Isotropic
Strain Stress MPa
SOILD65 0.00036 9.8
0.0006 154
0.0013 27.52
0.0019 321
0.00243 33xxx
Concrete
Open shear crack factor 0.2
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Close shear crack factor 0.7
Uniaxial tensile strength 3.8 MPa
Uniaxial compressive strength | 33 MPa
Linear Isotropic
EX 200000 MPa
Smeared NUXY 0.3
Steel Bilinear Isotropic
Yield Stress 414 MPa
Tang. Mod. 20 MPa

6], **E, =47004 f, . ***f, =33WPa

3.5. Non-Linear Soil Material Adopted

In order to trace the nonlinear behavior of
soil, an actual stress-strain relationship for both
clay and sand will be used. Figure (5a) shows the
stress-strain relationship for clay with E=20MPa
and ¢,=90 kN/m? and Figure (5b) shows the
stress-strain relationship for sand with E=70MPa
and ¢ =40.
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Figure (5). Stress-strain relationship (a) For clay
uniaxial compression [7]. (b) For sand uniaxial
compression [8].

These curves were chosen because they are very
close to the actual soils properties of the site
under investigation

3.6. Boundary Conditions and Applied
Loads

The SOLIDA45 element which is used to model the
soil has three degrees of freedom UX, UY and UZ
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per node. The main axis of pile cap is the x-axis
and that along the short side of pile cap is the y-
axis. Herein in this research, the earthquake
loading direction will be once along the main axis
of pile cap (x-axis) and then along the short side
of pile cap (y-axis). To simulate the real boundary
conditions for such loading:

e The base of soil volume is restrained at the
bottoms in three directions.

e The sides parallel to applied earthquake
loading will be restrained in perpendicular
direction so when the earthquake loading
will be along the main axis (x-axis) of pile
cap, the boundaries of soil volume will be
restrained in perpendicular direction (y-axis)
and vice versa.

Two types of loads were applied to the typical
model under investigation. The first load is that of
the superstructure of the bridge. The
superstructure load is applied as surface pressure
on pile cap at the location of the three columns.
The second loading is that from the earthquake
ground motion are applied as lateral forces at one
side of piles cap (at ground surface level) which
are computed by multiplying response
acceleration by the inertia mass [9]. The
earthquake ground motion is considered to be
applied in two perpendicular directions. The first
one is when the earthquake ground motion in the
same direction of the main axis of the pier (x-
axis). The second loading is when the motion in
the perpendicular direction to the main axis (y-
axis), see Figure (6).

Figure (6). Earthquake ground motion direction.

Ali-Al Gharbee earthquake, happened in
the south of Iraq at 15:37:02 local time on April
20, 2012 with magnitude M =4.9 with peak
ground acceleration of 104.151 cm/sec’ (0.11 g)
and details shown in Figure (7) are chosen as the
input ground motion for this research to give a
realistic. This earthquake is chosen for the
following reasons:

1- It is up-to-date recorded Iraqgi earthquake.

2- To check the typical Iraqi bridge substructures
to real earthquake happened in Irag.

One cycle of earthquake motion is considered
with period T=1 sec and maximum amplitudes of
1.8E+6 kN which is the result of multiplying the
PGA by the mass of the bridge substructure
(175000 kg) in positive and negative directions
as shown in Figure (8). Earthquake loads have
been applied to the bridge substructure models in

% (main axis)
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two perpendicular directions. The first is in the x-
direction which is parallel to the substructure
plane and the other is in y-direction which is
perpendicular to the substructure plane.

P e -

Idealized from Ali-Al Gharbee
Earthquake
2000000 T
1500000
1000000 |
SO0000

4]

Load (KN)

-500000 |

-1000000

-1500000 |

2000000

Time (sec)

Figure (8). Earthquake's loading consider.

4. Analysis Type

A full transient dynamic analysis will be
utilized to perform a non-linear seismic analysis
of soil surrounding typical pier of bridge that used
in Irag. A small displacement transient analysis
was required when using SOLID45 and SOLID65
elements to gain more accurate results. Such
analyses are computational expensive. However,
they will give results based on the dynamic
equation of equilibrium and hence both positive
(tensile) and negative (compressive) stress results
will be reported for the full length of the
earthquake. Automatic time stepping was used
and a minimum and maximum time step was
specified to equal 0.0002 and 0.1 sec respectively
and the load steps were ramped.

5. Analysis Results

The deformations obtained in models analyzed
are due to the effects of both the super imposed
dead loads and the seismic loads. The value of
deformation in the models exposed to seismic
loads in main axis (x-direction) is smaller than
those in the models exposed to the seismic loads
in perpendicular axis (y-direction). This is
because the stiffness of the substructure in the x-
direction (perpendicular to the bridge axis and
parallel to the cross head) is much higher than that

1.2
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in y-direction (parallel to bridge axis) and the
force act in main axis (x-direction) is much higher
than that in y-direction. Therefore, the maximum
displacements that occur in piles cap (at the points
on which the earthquake effects were applied)
approach 22.9 mm in main-direction while it
approaches 31.5 mm in y-direction. Also the
deformation in the top of soil in main axis (x-
direction) is 13 mm while it reaches 22 mm in y-
direction as shown in the Figure (9).

ANSYS|
NODAL SOLUTION AIAS
STEP=6 JUL 3 2014
suB =7 11:19:28
TIME: £
(BVG)
iU
= 1470745
- =-_R7783 .
Spx =1
1
Lovi i [
87753 -.353508 120744 .504909 1.06924 |
5 32 116382 357867 B32116 138707
(@)
ANSYS
[

JUL 4 2014
05:51:47

E—
1.41391 523585 166731 957048
-1.01874 -223427 561889 1.35221

(b)
Figure (9). Deformation of soil at the top (a) In
main axis direction subjected to earthquake loads
in x-direction. (b) In y-direction subjected to
earthquake loads in y-direction. Figure unit is
(cm).

2.20422
-1.80905

The maximum deflection occurred at the top of
piles with magnitude 6 mm in x-direction when
they were exposed to an earthquake load in x-
direction (main axis) and -11 mm in y-direction
when it was exposed to an earthquake load in y-
direction (perpendicular axis to main axis) as
shown in Figure (10).

The stresses calculated herein are those
due to self-weight of piles and soil surrounding
them plus those from the effect of earthquake
ground motion plus super-structure dead loads.
The maximum stress occurred at the top of clay
with magnitude of 1431.094 kN/m? in x direction
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subjected to earthquake loads in x-direction (main
axis) and of 2750.43 kN/m2 in y-direction
subjected to earthquake loads in y-direction
(perpendicular to main axis as shown in Figure
(11). These stresses are larger than the unconfined
compressive strength (qu) for this clay obtained
from the laboratory test carried out on this soil of
180 kN/m? obtained from laboratory tests carried
out on this soil [3].
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-1.30575 -1.25629 -1.20683 -1.15736 -1.1079

Figure (10). Deflection of piles at the (a) In x-
direction (main axis) subjected to earthquake
loads in x-direction. (b) In y-direction subjected
to earthquake loads in y-direction at top of soil.
Figure unit is (cm).

Figure (12a) show the stresses in Xx

direction subjected to earthquake loads in x-
direction (main axis). Figure (12b) show the
stresses in y direction subjected to earthquake
loads in y-direction (perpendicular to main axis)
for soil at level 1.5 m (at water table level).
Due to bearing at tip of piles the stresses occur
there and those at surrounding soil become high
in comparison with the stresses which occur at
other layers of sand. Figure (13a) show the
maximum stresses in X direction subjected to
earthquake loads in x-direction (main axis).
Figure (13b) show the maximum stresses in y
direction subjected to earthquake loads in y-
direction (perpendicular to main axis) that occur
in the sand below the tip of piles.
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To know how much typical piers can sustain from
the earthquake ground motion, the actual Ali-AL-
ghrabee load was increased in steps of 10% each
and all element behavior were traced. It is
concluded that till 1.4 of the earthquakes loads, all
pier elements and soil surrounding them were
working normally and deformations and stresses
were acceptable but when the load reached 1.5
times the earthquake load, the piles with the piles
cap collapsed and solution terminated.
Accordingly, it can be concluded that
typical bridge piers in Irag can sustain earthquake

loads with magnitude not more than M =6.8.
ANSYS
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Figure (11). Stresses distribution of soil at top of
clay (a) In x-direction (main axis) subjected to
earthquake loads in x-direction. (b) In y-direction
subjected to earthquake loads in y-direction.
Figure units are (N, cm).

ANSYS
NODAL SOLUTTION R1S
STEP=6 JUL 3 2014
SUB =7 13:56:51
TRE=.§
=x (AvE)

RSYS=0
oMY =,
SN =
SMX =2

.

14.8851
18.5558

22.2265
258977

202229
AbHA 387297

7.54363
11.2143

7.1391
3.

@



NJES Vol.20, No.2, 2017

Ali & Abdul Rahman, pp. 397-404

Special Issue - Proceedings of the 4th Eng. Conf. (21April 2016, Al-Nahrain Univ., Baghdad, IRAQ)

ASYs

NODAL SOLUTION

6
7 07:10:02

.6
o AVG)
il

MY = HEELAE
363.33
[foo.7e

-2363.33 -1238.38 -113.428 1011.52 2136.47
-1800.88 -675.506 449.048 1573.99 2700.79

(b)
Figure (12). Stresses distribution of soil at level
1.5 m (at water table level). (a) In x-direction
(main axis) subjected to earthquake loads in x-
direction. (b) In y-direction subjected to
earthquake loads in y-direction. Figure units are
(N, cm).
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(b)
Figure (13). Stresses distribution of sand under
piles (a) In x-direction (main axis) subjected to
earthquake loads in x-direction. (b) In y-direction
subjected to earthquake loads in y-direction.
Figure units are (N, cm).

-1.33049 -1.28102
-1.30575

6. Conclusions.

1-The stresses are high at the top of the clay
layer then starts to reduce under the water table
level as the presence of water inside the soil layer
will work as a damping factor to the seismic
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excitation. The maximum stresses in sand are
under the tip of piles due to end bearing action
which is more than horizontal forces action.

2-The maximum stresses in bored piles occur
at the top of the piles beneath the bottom of piles
cap. These stresses indicate that the piles
experienced significant cracking and crushing
when they were subjected to earthquake loading.

3-It can be concluded that typical bridge piers
in Irag made of bored piles and a pile cap can
sustain earthquake loads with magnitude not more
than M =6.8 the forces exerted from acceleration
of such earthquake magnitude ,will be large
enough to cause severe cracking in piles. Even in
magnitudes less than this value, crushing in
concrete and separation in soil against piles will
take place at the upper parts of the piles beneath
the piles cap. This state must be considered
carefully in the design.

4-Deformations  induced  under  such
magnitudes of earthquakes were small and within
the limits of piles design codes of practice. The
main failure if occurs was due to high stresses in
piles concrete and soils surrounding them.
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