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PARAMETRIC STuDY ON THE OVER
STRENGTH CAPACITY OF BRIDGE PIERS
UNDER EARTHQUAKES

Ammar A. Abdul Rahman® and Ahmed Mohammed Abdullah?

Abstract- In the seismic analysis of reinforced concrete bridge piers, there is now a common awareness that excessive
strength of the concrete is essential and required in the analysis up to failure of the pier. This means it is necessary to
assess the overstrength capacity of pier columns subjected to earthquake after incorporating the concrete plastic
damage parameter in the analysis. A three dimensional finite element model of the complete typical pier used in Iraqi
bridges was developed using the computer software ABAQUS where concrete plasticity damage was incorporated.
The model was used in studying the behavior of typical bridge piers used in Iraq up to failure under the action of
actual earthquake took place and recorded in Iraq. The model didn’t fail due to reaching the concrete compressive
strength at certain locations but rather continued following the formation of plastic hinges at the critical sections and
making use of the overstrength capacity of the concrete due to its plastic damage strength. It was observed that such
piers can sustain the actual earthquake took place and used only 17% of the concrete compressive damage capacity.
To cover more cases, a parametric study was conducted where different columns’ diameters were studied with
multiples of the original earthquake intensity. From the study it was observed that the 800 mm diameter columns
used with typical piers can sustain the original earthquake but with using only 41% of the concrete plastic damage
capacity. This column was unable to carry out 2.5 and 3 times of the original earthquake and it will be recommended
for designers not to use this column diameter in bridge piers in zones with earthquake activity. Piers with 1200 mm
diameter columns can sustain larger earthquake intensities but the tensile cracks will spread at the outer faces of the
columns which will reduce its compressive overstrength capacity. Following the formation of plastic hinges in the
compression zones of concrete under the effect of earthquake loading up to failure after reaching a mechanism gave
clear picture on the true capacity of the typical piers used in lIrag under the action of earthquakes. The piers can
sustain 8 times of their capacities measured using their maximum compressive strengths. There will be cracks, and
plastic hinges but the pier will not fail until the structure reaches a mechanism of collapse.
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I. INTRODUCTION
The aim of this work to investigate how much overstrength can the reinforced concrete typical piers of the bridges
in Irag made of circular columns sustain earthquake loading even after the formation of the plastic hinges in the piers.
Actual earthquake data took place in Iraq will be imposed over a typical pier of simply supported bridges in Iraq and
the response will be traced after the formation of first plastic hinges till the complete failure of the pier due to
mechanism. Parametric study covering different earthquake intensities and pier columns’ diameters used in Iraq will
be investigated to reach what final limits of strength capacities of these piers, can sustain.

1. PROPOSED ALGORITHM

A. Finite Element Formulation
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In this study, the numerical simulations to investigate the structural behavior of bridge piers under earthquake
loading and their failure mode have been performed by the FE-code ABAQUS/CAE version 6.13. The concrete
damaged plasticity (CDP) material model has been used to define the cyclic behavior of concrete and reinforcement
respectively.

B  Geometric Model

The finite element analysis included modeling of a typical bridge pier of typical simply supported bridges in Iraq.
Most of Iraqi bridges are made of simply supported spans of 24 m with 12m deck width to allow two lanes of traffic
each side. The deck is made of reinforced concrete slab with eight precast prestressed (pretensioned) concrete
girders. Piers are made of three circular columns of 1 m diameter and across beam with a width of 2 m to give
enough space to locate two sets of girders for each span. Typical details and dimensions are shown in Fig. 1.
Reinforcement details of the columns and cross head are shown in Table -1 and -2. The finite element model of the
typical piers is shown in Fig. 2.

Table 1 Details of Columns of Typical Pier

Diameter Length Longitudinal Stirrups
(m) (m) Reinforcement
Column |1 5.5 32925 ¢ 12/150 pitch

Table 2 Details of Cross head

Length Width Depth Bottom Top Stirrups
(m) (m) (m) Reinforcement | Reinforcement
Cross Head | 12 2 1.6 9925 12925 ¢16/150
L;=12.00m

[ H=1.6m

Li=5.5m

Figure 1. Dimensions of typical pier under investigation

Figure 2. Finite element model of the typical pier under investigation

I11. MATERIAL INPUT DATA
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A Concrete

The nonlinear behavior of concrete is considered for analysis. In this study, plastic behavior of materials was defined
and damage plasticity model for concrete was used, including the damaged part. All parameters are derived from the
mean strength of the concrete F,. Young’s Modulus, density and Poisson’s ratio of concrete are based on
recommended values in MC10 [2].

1. Concrete Compression Data

Compression data was obtained from [2] a concrete damaged plasticity identification study using structural concrete
with compressive strength 50 MPa. The defined compression stress/strain curve and the corresponding damage
curve are presented in Table -3 and Figures 3 and 4.

Table 3 Concrete Compressive strength data

Stress [MPa] Damage C [-] Crushing Strain [-]
15.000000 0 0
20.197804 0 0.0000747307
30.000609 0 0.0000988479
40.303781 0 0.0001541230
50.007692 0 0.0007615380
40.236090 0.195402 0.0025575590
20.236090 0.596382 0.0056754310
5.257557 0.894865 0.0117331190
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Figure 3. Concrete Compression stress- crushing strain relation
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Figure 4. Concrete Compression Damage adopted
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2. Concrete Tension Data
Concrete tension data also obtained from [2]. The defined tensile stress /cracking strain curve and corresponding
damage curve are presented in Table 4 and Figures 5 and 6.

Table 4 Concrete Tension Stiffening data

Stress [MPa]

DamageT [+]

Cracking Strain [+]

1.998930 0 0
2.842000 0 0.000033330
1.869810 0.406411 0.000160427
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Figure 5. Concrete Tension stress - cracking strain relation adopted
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Figure 6. Concrete Tension Damage adopted

B Reinforcing Steel

For ASTM grade 60 reinforcing steel with fy= 414 MPa the general plasticity relation was used to define plastic
strain. Since steel is a much more homogeneous material, relative to concrete, a typical stress/strain curve was used
to define steel plasticity as summarized in Figure 7.
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Plastic strain
Figure 7 Steel Plastic Strain adopted
C Boundary Conditions and Load Cases

0.1 0.12

The point of connection between the columns and the piles cap are considered completely fixed. This was insured
through using fixity for all nodes of column bases in all directions. The interactions between concrete and steel
reinforcement as the embedded region and the concrete as the host element.

The loading applied to the bridge pier were:

1-  Supper structure dead load and super imposed dead load.

2- Traffic live load according to Iraqi specification for loading of bridges (1978) and BS 5400.
3- Pier dead load

4- Earthquake loading applied horizontally along the cross head beam length (along y axis).

Figure 8 and 9 shows the loadings location and boundary condition, superstructure dead and live loads were marked
with orange arrows. Earthquake load with yellow arrows at one side of the cross-head beam, and dead load of
bridges piers was included in the analysis.
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From previous analyses for typical bridges in Irag, loadings item (1) and (2) will result in a load of 2870 KN/pad (16
pads over the cross head). Loading item3 will be calculated by the software. Loading item 4 will be of Ali-Al
Gharbee earthquake was used as shown in Figures 10.

Vi toly

Figdre 8 loads acting on typical pier

Dy

Figure 9 Boundary condition on the base of columns (complete fixity)

accerletion
m/s"2
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0 1 Time 2 3

Figure 10 Ali Al Gharbee earthquake intensity used in present work

D Elements’ Types

Bridge piers are modeled using three-dimensional finite element. In ABAQUS [Abaqus manual 6.13][1] the
standard 3D stress elements can be used to model the concrete. Quadratic brick elements are chosen to provide
higher precision for elements with strong distortions. These types of element capture stress concentrating better, and
they are effective in bending and shear problems. It is worth mentioning that the integration with quadratic order
elements is favorite as they yield accurate results. Therefore, the C3D8R (An 8-node quadratic brick element with
full integration) shown in Fig. 11 are chosen to model the concrete. Truss elements are used for reinforcing bars
because they don’t supply a very high bending stiffness. Perfect bond is assumed to occur between concrete and
steel bars throughout the entire analysis. Therefore, the T3D2 (A 2-node linear 3-D truss element) is used to model
the reinforcing bars.
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2 - node element

T3D2 ( 2- node linear 3D truss) Element C3D8R (8-node Solid 3D Element)
Figure 11 Finite Element Type used for Modeling
E Three-Dimensional Finite Element Meshes

The three dimensional (3D) finite element meshes for concrete as shown in Fig. 12 and reinforcing bars as shown in
Fig.13 were completed and prepared for the earthquake analysis.

Figure 13 Mesh of reinforcing steel of the pier
IV. CASE STUDY RESULTS AND PARAMETRIC STUDY

A Case Study Results

The typical pier under investigation was analyzed under the action of Ali Al Gharbee earthquake happened in
Maysan province south of Iraq in 20 April 2013 with magnitude Mw= (4.9) with peak ground acceleration of
104.151 cm/sec?. After applying the earthquake with all other acting loads on the pier it was found that no plastic
damage was reached at any location on the three columns and the cross head up to the end of the earthquake
excitation except 17% of concrete compression plastic damage parameter was recorded at the top part of the middle
column as shown in Figure 14. The whole pier undergoes deformations but not exceeding the normal limits to reach
the plastic regions of the concrete in compression. Figure 15 shows the plastic strain values reached in the three
columns of the pier. Maximum strain was reached in column 2 (the middle column) with value of 0.002108 at end of
earthquake response time. Figure 16 shows the displacements response of the whole pier at the end of earthquake
excitation. Maximum deflection recorded was 49 mm at the cross head level. The tension cracking parameter shown
in Figure 17 shows that under the action of static loads made of superstructure dead load and traffic live loads
several locations reached the cracking level of deformation. As for the reinforcement of the cross head and the
columns, Figure 18 gives the limits at the end of the earthquake of the longitudinal stresses in the main
reinforcement of the pier.
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From the results of the earthquake analysis, it can be concluded that typical bridge piers can sustain Ali Al Gharbee
earthquake without severe damage in the pier columns. No collapse will take place since the structure indeterminacy
was not affected even if a complete plastic hinge was formed at the top of the middle column while only part of it
within 17% passing the limits of the plastic damage took place at that spot. Further investigation on the pier with
other earthquake intensities is required to know exactly how much the columns of the typical pier can sustain from
the earthquake loading before the full failure of the structure takes place through the formation of several plastic

hinges necessary to make a mechanism.

Figure 14 Compression Damage Zones of bridge pier with 2000 mm diameter Columns under Ali AL Gharbee
earthquake
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Figure 15 Plastic Strain of bridge piers with 1000 mm diameter Columns under Ali AL Gharbee earthquake
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Figure 16 Horizontal displacement of Pier at end of Earthquake Excitation
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Figurel7. Tension Cracking Location of Bridge Piers with 1000 mm diameter columns under Ali AL Gharbee
Earthquake

Figure 18 Maximum Longitudinal Tensile Stresses in Reinforcement of Bridge Piers with 1000 mm diameter
columns under Ali AL Gharbee Earthquake
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B Parametric Study

From the general practice of reinforced concrete bridges in Irag, the columns of the piers usually used are with
diameters 800 mm, 1000mm and 1200mm. Piers with these columns diameters will be subjected to multiples of the
original Ali Al Gharbee earthquake ground-motion, namely 1.5, 2, 2.5 and 3 multiples. An earthquake of 3 times of
Ali Al Gharbee earthquake is very high and much exaggerated but it is necessary to investigate the last stage of
deformation taking place at the plastic hinges locations.

Each case will be analyzed up to the end of the earthquake excitation. The sequence of plastic hinges formation for
each case will be traced. First plastic hinge formation will be marked through a figure showing the time at which the
first plastic hinge was formed. Then other plastic hinges will be formed at the top or bottom ends of the columns.
Results of plastic strain and plastic damage parameter (compression and tension) were calculated and drawn.

Pier with 1000 mm Diameter Columns

This pier was subjected to 1, 1.5, 2, 2.5, and 3 multiples of the original Ali Al Gharbee earthquake. Results of the
compression damage parameter of the middle column (Column 2) and edge column at far side (Column 3) through
the full earthquake duration (2 seconds) are shown in Fig. 19 and 20. Plastic strain accumulated with time on the
three columns under two times of earthquake intensity are shown in Fig. 21. Plastic hinges formation with time
under two times of original earthquake excitation is shown in Fig. 22. Tension cracking distribution and locations
are shown in Fig. 23. From the full analysis of bridge pier with columns diameter of 1000 mm each, the over
strength capacity ratio of the pier under different earthquake excitations made of multiples of the original Ali Al
Gharbee earthquake is given in Table . The values show clearly that the pier with 1000 mm diameter columns can
sustain not only the original Ali Al Gharbee earthquake excitation but three times of its magnitude where several
plastic hinges will form but the pier will not fail and collapse due to the overstrength capacity it has due to its
indeterminacy, rigidity and concrete compressive damage capability where it reached a maximum value of two third
of its full compression strength at the end of the earthquake excitation.
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Figure 19 Compression Damage Parameter for middle column of 1000 mm diameter during (1, 1.5, 2, 2.5 and 3) of
applied Earthquake Intensity
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Figure 20 Compression Damage Parameter for edge column of 1000 mm diameter during ( 1, 1.5, 2, 2.5 and 3) of
applied Earthquake Intensity
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Figure 21. Plastic Strain of Pier with 1000 mm Columns Diameter under two times of Applied Earthquake Intensity

Figure 22. Compression damage location of Bridge Piers with 1000 mm under two times of Applied Earthquake
Intensity
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Figure 23. Tension Cracking Location of Bridge Piers with 1000 mm diameter under two times of Applied
Earthquake Intensity

Table 6 OverStrength Capacity Ratio for Bridge Pier with 1000 mm diameter columns under different Earthquake
Excitations

1* Earthquake | 1.5* Earthquake | 2* Earthquake | 2.5* Earthquake | 3* Earthquake
Intensity Intensity Intensity Intensity Intensity
Middle 0.17 0.332 0.34 0.5 0.66
Column
(Column 2)
Edge Column | 0.106 0.26 0.423 0.589 0.683
(Column 3)

Pier with 800 mm Diameter Columns

This pier was subjected to 1, 1.5, 2, 2.5, and 3 multiples of the original Ali Al Gharbee earthquake. Results of the
compression damage parameter of the middle column (Column 2) and edge column at far side (Column 3) through
the full earthquake duration (2 seconds) are shown in Fig. 24 and 25. Plastic strain accumulated with time on the
three columns under 1.5 times of earthquake intensity are shown in Fig. 26. Plastic hinges formation with time under
1.5 times of original earthquake excitation is shown in Fig. 27. Tension cracking distribution and locations are
shown in Fig. 28. From the full analysis of bridge pier with columns diameter of 800 mm each, the values show that
the pier can sustain the original Ali Al Gharbee earthquake excitation, its 1.5 and 2 multiples but it cannot sustain
2.5 and three times of its magnitude where compressive plastic parameter passes over the 80% ratio and the plastic
hinges will form and the pier will fail and collapse with these ratios of concrete compressive damage and the hinges
became without any strength and the pier cannot stand such earthquake excitations. Displacements started to
increase without any excitations leading to a pure mechanism case.

1
0.8 s 15

é 0.6 /

—_—2
o
E 0.4 // 2.5
o
0.2 — 13
0 7 1
0 1 2 3 4




Parametric Study On The Over Strength Capacity Of Bridge Piers Under Earthquakes 340

Figure 24. Compression Damage Parameter for Middle Column in Bridge pier with 800 mm diameter during (1, 1.5,

2, 2.5 and 3) of applied Earthquake Intensity
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Figure 25. Compression Damage Parameter for Edge Column in Bridge pier with 800 mm diameter during (1, 1.5, 2,

2.5 and 3) of applied Earthquake Intensity
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Figure 26. Plastic Strain of Pier with 800 mm Columns Diameter under 1.5 of Applied Earthquake Intensity
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Figure 27. Compression damage location and sequence of Bridge Piers with 800 mm under 1.5 of Applied
Earthquake Intensity
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Figure 28. Tension Cracking Location of Bridge Piers with 800 mm diameter under 1.5 of Applied Earthquake
Intensity

Table 7 OverStrength Capacity Ratio for Bridge Pier with 800 mm diameter columns under different Earthquake
Excitation

Column(800 mm) | 1* Earthquake | 1.5*Earthquake | 2*Earthquake | 2.5*Earthquake | 3*Earthquake
Intensity Intensity Intensity Intensity Intensity

Middle  Column | 0.41 0.64 0.724 0.815 0.894

(Column 2)

Edge Column | 0.32 0.62 0.708 0.806 0.894

(Column 3)

Pier with 1200 mm Diameter Columns

This pier was subjected to 1, 1.5, 2, 2.5, and 3 multiples of the original Ali Al Gharbee earthquake. Results of the
compression damage parameter of the middle column (Column 2) and edge column at far side (Column 3) through
the full earthquake duration (2 seconds) are shown in Fig. 29 and 30. Plastic strain accumulated with time on the
three columns under 2.5 times of earthquake intensity are shown in Fig. 31. Plastic hinges formation with time under
1.5 times of original earthquake excitation is shown in Fig. 32. Tension cracking distribution and locations are
shown in Fig. 33 From the full analysis of bridge pier with columns diameter of 1200 mm each, the over strength
capacity ratio of the pier under different earthquake excitations made of multiples of the original Ali Al Gharbee
earthquake is given in Table 8. The values show clearly that the pier with 1200 mm diameter columns can sustain
not only the original Ali Al Gharbee earthquake excitation but three times of its magnitude where several plastic
hinges will form but the pier will not fail and collapse due to the over strength capacity it has due to its
indeterminacy, rigidity and concrete compressive damage capability where it reached a maximum value of one half
of its full compression strength at the end of the earthquake excitation.
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Figure 29. Compression Damage Parameter for Column 2 in Bridge pier with 1200 mm diameter during ( 1, 1.5, 2,
2.5 and 3) of applied Earthquake Intensity
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Figure 30. Compression Damage Parameter for Column 3 in Bridge pier with 1200 mm diameter during (1, 1.5, 2,
2.5 and 3) of applied Earthquake Intensity.
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Figure 31. Plastic Strain of Pier with 1200 mm Columns Diameter under 2.5 of Applied Earthquake Intensity
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Figure 32. Compession damage location and gequence of Bridge Piers with 1200 mm under 2.5 of Applied

Figure 33. Tension Créckin:c’jﬂl;bbétlbn of B/'r"id'ge

Earthquake Intensity

iers with 1200 mm diameter under 2.5 of Applied Earthquake

Intensity

Table 8 Over Strength Capacity Ratio for Bridge Pier with 1200 mm diameter columns under different Earthquake

Excitation

Column(1200mm) 1.5*Earthquake 2*Earthquake 2.5*Earthquake 3*Earthquake
Intensity Intensity Intensity Intensity

Middle Column | 0.243 0.341 0.442 0.59

(Column 2)

Edge Column | 0.262 0.44 0.59 0.669

(Column 3)

V Conclusions

From the seismic analyses carried out for different columns diameters of bridge piers and earthquake intensities

based on multiples of the original Ali Al Gharbee earthquake, the followings can be concluded:

1. If the original Ali Al Gharbee earthquake is applied to a bridge pier of 1000 mm diameter columns,
the pier can sustain the earthquake load with maximum compression plastic damage parameter of
17%, and compressive strain of 0.002 at the end of the excitation period while the tensile cracking
strain was reached at other locations on the pier but not causing failure by introducing plastic hinges
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leading to a mechanism. The tensile stresses in the main reinforcement reached the yield values at
certain locations but didn’t affect the overall strength of the pier.

2 Also, if the original Ali Al Gharbee earthquake is applied to a bridge pier of 800 mm diameter
columns, the pier can sustain the earthquake load with maximum compressive plastic damage
parameter of 41%, and compressive strain of 0.0036 at the end of the excitation period. It can also
sustain two times of the original Ali Al Gharbee earthquake excitation but cannot sustain 2.5 and 3
times of the original one as plastic hinges formed and the structure cannot sustain any additional
excitation as displacements were increasing without any additional excitation loads. It is
recommended through this work that for typical bridge piers in Iraq columns of 800 mm in diameter
will not be used if earthquake loadings will be considered in the designs of that Bridge.

3 The pier with 1200 mm diameter columns sustained not only the original Ali Al Gharbee earthquake
but its multiples till 3 times of its magnitude where the plastic damage parameter reached 59% of its
full over strength capacity. Such pier can sustain additional compression loads but the tensile cracks
were spread in many locations as the concrete has limited strength in tension and the tensile stresses
will be handled by the reinforcements. Controlling the reinforcement amount will control the tensile
cracks and such piers can go further in over strength capacity.

4  The effect of over strength on the capacity of piers was very clear in the solved problems. Plastic
Hinges were formed on different locations but since mechanism was not reached, the pier was able to
hold additional loads from the earthquake excitation. Without considering the effect of plastic damage
of concrete, such piers were considered fail under the applied earthquake excitation after the formation
of first damage zone even if it is not a complete hinge formation.

5 Using and adding the effect of plastic damage parameter in the pier analysis increased the pier
capacity in resisting earthquake excitation almost 8 times of the capacity calculated using maximum
concrete compressive strength.

6 For zones with earthquake activities, it is recommended not to use columns with diameters of 800 mm
in the reinforced concrete bridge piers generally used in the designs of bridges in Irag. Columns with
diameters of 1000 mm and larger will be recommended.
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