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24 INTRODUCTION
25  During an earthquake event, the behavior of reinforced concrete bridge abutments is commonly

26  governed by the stiffness and strength of transverse shear-keys and longitudinal soil con

While the effect of bent strength and ductility capacity has long been the focus of

45 ondition to suppress spurious (lateral twisting) modes of vibration that would result if the

46  pinning effects of the abutment shear keys were neglected. However, considering the
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significance of the overall stiffness in the dynamic response of a structure and the resulting force
and deformation distribution for each component, it is questionable whether this assumption
should be an acceptable practice. While the current design methodology may be sui

ordinary configurations, research has not verified the appropriateness of transve

latter requires examining the nonlinear response
practices while also developing innovative reinfor

shear keys, but is not the focus of this paper.

Two models are investigated herei the transverse response of the abutment shear

with half the stiffness of the closest bent as

by using code specified shear friction equations. Seven bridge

A suite of ground motions is used to conduct dynamic analyses on each of the seven

dels using both the linear and nonlinear shear key model with varying strength capacities.
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Key findings from the analyses are discussed with implications to the application of each model

in the design of bridges.

The paper begins by introducing the motivation for the current study, includi
geometries and loading on bridge abutment components. Next, the analytical

is presented along with the bridge archetype structures and associated

dynamic analyses. Finally, the results are discussed in the xt of

modeling assumptions.

BACKGROUND AND MOTIVATION

Abutment shear keys, shown schematically in Figure e typically designed as brittle elements,

with the assumption that they will lose apacity during a large seismic event if the

abutment is supported on piles a fuse that protects the piling. In the case of
sidered brittle elements, albeit with a larger

intact. For detailed information on the design

lastic acceleration demand (e.g., acceleration response spectrum curves found
B of the SDC). The acceleration demands are period dependent such that for
eriods larger than 0.2-0.4 seconds, spectral accelerations commonly decrease as the period

increases. In considering the elastic stiffness of a typical bridge system, a large degree of
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uncertainty is associated with the abutment shear key behavior in the case of moderate to severe
earthquake events. While the stiffness of the bridge bent and abutment stiffness in the

longitudinal (normal) direction are considered less variable due to a large amount of

end conditions (typically a shear key) will soften
Earthquake (MCE) level, while providing signific

level seismic events.

\/ith these observations, there is a need to investigate the appropriate model for transverse

abutment response for use in analysis and design. The current assumption based on the adjacent
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bent and bent stiffness warrants study and validation through comparison of a more realistic
model of the expected behavior at the abutment. If invalid, an advancement of bridge design
methodologies would be to incorporate a lateral stiffness model into the seismic design
for abutments, similar in form to the longitudinal model proposed by Romstad e
Regardless of the accuracy of current seismic provisions, a nonlinear model
key behavior would be valuable within a Performance Based Earthqu
Deierlein et al., 2003) framework where accurate estimates of E ering

(EDPs) such as inelastic deformation are a necessity.

PARAMETRIC STUDY OF BRIDGE GEOMETRIES AN

Post-tensioned box girder bridges can be adapted to iety of physical constraints.

Thus, it is difficult to capture the wide-sp avior with the parametric study presented

in this paper. Rather, the currentsi meant to query key geometrical features that,
when coupled with the bo abutments, may influence the overall response

of the structure.

overall structural response. The substructure consists of two bents, each with two
m circular columns with cross-sectional properties shown in Figure 3a. The bridge deck is

designed as a 1.6 m deep post-tensioned box girder illustrated in Figure 3b. The bent and deck
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details remain constant across each of the geometries described below. The longitudinal

abutment springs assume an abutment backwall depth of 1.6 m, a width of 11.0 m, and a

movement rating of 50 mm.

Six dissimilar bridge configurations (B, C, D, E, F and G) listed in Table 1 included

strength check was done to ensure the increased shear demand resulting from
ed condition remained less than the nominal capacity of the column. Finally,
onfigurations F and G are identical to configuration A, except that the bent foundation soils are

assumed to be compliant and are modeled with transverse and longitudinal springs.



161  Configuration F represents a relatively flexible soil-structure interaction, and configuration G
162  represents a relatively stiff soil-structure interaction.

163
164 In addition to studying the effect of superstructure and substructure geometries, ¢
165
166
167
168
169
170
171

172 sensitivity to this parameter. For most pr

173 key is quite large, so this param

175
176
177 modeled using a refined mesh of one-dimensional elements as
178
179 i g elements were used for the bridge superstructure and columns and
respectively. The spring elements at the abutment are consistent with the
s of the SDC Section 7.8.1, “Longitudinal Abutment Response”. The shear key
182

ements were modeled with springs orthogonal to the longitudinal abutment spring and assigned

183  properties consistent with the requirement of the SDC, Section 7.8.2, “Transverse Abutment
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Response” (i.e., half the stiffness of the adjacent bent), or the non-linear model described in the
following section. The effects of compliant soils at foundations were considered for bridge
configurations E and F. For other bridge configurations, the foundation supports at th
were assumed to be rigid. Torsional restraint was not provided at the bridge
Additional model parameters, such as superstructure and substructure s
properties, were set in compliance with all applicable SDC recommen
and are summarized in Table 1.

In common design practice, linear bridge analyses fo

loading conditions are performed

e shapes and participation

ific acceleration spectrum.

ness matrices are accurately calculated from known material parameters
ries, the formulation of the damping matrix is somewhat more intangible. For
e damping matrix is constructed directly through a mass-proportional approach such

nat a 5% of critical damping ratio is achieved at the first mode of vibration.
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CONSTITUTIVE MODELS
Standard constitutive models, consistent with the current edition of the Caltrans SDC, are used

such that gross cross-section properties are assumed for the post-tensioned superstruc

cracked section properties are assumed for the substructure column bents. The

elasticity for all concrete elements is calculated using the concrete co

according to E, = 57,000 f.

taken to be 1.0. Figure 6a illustrates the cross-section of the shear key, where As = 2550 mm?,
dducing a capacity of 1054 kN. Adjusting the coefficient of friction to 0.5 - a conservative

value for a concrete to concrete interface with construction joints - yields a shear key strength of

10
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527 kN. Both strength values (1054 and 527 kN) will be used in the parametric study to

investigate the influence of strength on the overall bridge performance.

The stiffness of the shear key for the nonlinear model is calculated with a plane

a pinned end condition once the transverse gap has cl

Soil-Structure Interaction
Soil springs are used to tion soils for bridge configurations F and G.

are typically estimated by examining the lateral

11
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For this work, two separate foundations were considered to envelope the response due to flexible
and stiff foundation-to-soil conditions. Each column in Configuration F is assumed to be
supported by twelve 1.2m-long, steel HP310x79 (HP12x53) piles with an axial service
of 41 metric tons. The pile cap is assumed to be free, while the soil is assumed t@

e layered

gravel, sand and silt. The configuration yields a lateral pile stiffness of

layered silty sand and sandy clay. tion yields a lateral pile stiffness of

approximately 14 kN/mm. Pile g eglected, and the total lateral stiffness of each

column footing is assumed

motions produced for the Pacific Earthquake Engineer Research (PEER) Center
ansportation Research Program (TRP). For the TRP study, 40 pairs of orthogonal motions

were chosen for relatively generic bridge structures, and sites with M = 7, R = 10 km and soil-

12
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type with an average shear wave velocity of 250 m/s in the upper 30 m soil strata (Jayaram and
Baker, 2010). To characterize the expected seismic demands at the site, the ground motions are

scaled to the Maximum Considered Earthquake (MCE) level using the 5%-damped 8

has been shown to create somewhat biased analysis results (Luco and B
2011), for the purposes of this comparative work on the shear-ke luence,

scaling is not rigorously considered.

Figure 7c and 7d illustrates the acceleration respo scaled Fault Parallel (FP)

motions for the transverse mode period of vibratio and A, respectively. The

otions. An eigenvalue analysis demonstrated
nd modes correspond to the longitudinal and
. Due to the skewed geometry of Bridge B, the first

ixed longitudinal-transverse mode. For structure D (long

one bridge models, consisting of seven geometrical and constitutive variations with
vo shear key strength values for the nonlinear transverse shear key model, and the standard

linear elastic representation, were analyzed for 40 pairs of ground motions. Thus, for each of the

13
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seven bridge configurations, results from 80 ground motions applied to the linear elastic model
are compared to results from nonlinear models with the same ground motion loading of varying

shear-key strength capacities. For the purposes of this study, the maximum cg

deformation in the lateral and longitudinal directions of each bent is reported. To.Cempare a

single quantity across each structure, the deformations are combined with t
square (SRSS) rule, where, typically, the lateral direction controls the

deformation.

en models. Note, the ground motions correspond to the Fault Normal and

EFFECT OF ULTIMATE SHEAR KEY STRENGTH

14
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Table 2 and Figure 8 demonstrate that the shear key strength has little effect on the median
deformation demands across bridge geometries A, B, C, and E and a marginal effect for
geometry D. For example, the median deformations for bridge A with a key strength of
and 527 kN are 10.6 cm and 11.7 cm (equivalent drift of approximately 0.0
respectively. Owing to the ductility demands of a weaker nonlinear shear ke

del, the

with a stronger key showed a smaller variation across the 80 ground moti

EFFECT OF BRIDGE GEOMETRY
In general, the analysis results of the seven bridge co ns suggest the current elastic
shear key model predicts larger and more conservative deformatiofis\as compared to the use of a

nonlinear representation of the key. The largest disc the results from the linear

and nonlinear shear key models occurs fo pe bridge structure, A. Referring to Table
2, the median maximum deformati ded‘from the linear analyses are approximately 0.73
and 0.79 times smaller the

conditions. jure strates the significant dispersion of maximum

deformations agths across the 80 ground motions for structures A and C-

edian maximum deformations recorded from the nonlinear analyses with nearly
inned end conditions are approximately 0.96 and 1.02 times the deformations for the linear

model. However, referring to Figure 8d, structure D also had the largest standard deviation of

15
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the five analyses. Most likely, this result is due to the flexibility of the structure and the torsional
nature of the fundamental mode of vibration. When comparing results through the square root of

the sum squares of the transverse and lateral deformations, a more torsional mode of defor

nging from 0.73 to 0.86 across the two strength values. As discussed
ison of models on structure D (long column) appears to be accurate, but
The least scatter was recorded from the analysis results on bridge
n B with the larger skew angle. A stiff, short period structure with regular geometry

nfiguration E), appears to be the most applicable use of the current provisions. The nonlinear
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shear key models consistently produce smaller deformations as compared to the linear model due

to the pinning effect of the large stiffness calculated from the finite element model (Figure 6).

EFFECT OF SOIL SPRINGS AT BENTS

For configurations F and G, and referring to Table 1, the soil springs at bottom

SUMMARY

While several i

2erhaps due to the erstwhile lack of an analytical study, the current modeling assumptions for the

transverse behavior of shear key elements in California developed primarily from convenience
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and assumed behavior. Assuming linear elastic behavior, the transverse abutment is represented
with a spring boundary condition equal to half the stiffness of the adjacent bent. The likely

reason for this is to reduce spurious modes of vibration, which may result from a

condition, while accounting for the gap distance between the deck and shes

Considered Earthquake (MCE) level fo iverside, California. To investigate the

sensitivity of the shear key m tric study is presented using seven bridge

configurations and two ulti r the nonlinear shear key model.

model. Furthermore, considering the large stiffness value of the nonlinear
mption may be a suitable lateral boundary condition at the abutments for
etries. For more flexible, yet standard, bridge geometries (T > 1.0 seconds),
suggest the current modeling approach may be overly conservative. The large
ndard deviation associated with the analysis results from a structure with long columns

indicates that the current modeling approach may be, on average, unconservative for bridges
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with highly flexible substructures. Finally, while the nonlinear shear key model was developed
in accordance with expected physical behavior, the true behavior of the shear key element may

warrant future experimental work.

NOMENCLATURE

As - Avrea of steel reinforcement, mm?
Ec. - Elastic modulus of concrete, MPa
Fy - Yield strength of steel, MPa

M - Earthquake magnitude

R - Source to site distance, km

a - Nodal relative acceleration vector, m/s
ag - Ground acceleration vector,

c - Damping matrix, kg

fs(u)

S

k

m

| relative displacement vector, m
Ive velocity vector, m/s
mum column deformation from linear shear-key model, cm

Maximum column deformation from nonlinear shear-key model, cm

Static coefficient of friction

19
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1 TABLES

2  Table 1 -Bridge properties

| Al B[ c | Db [ E | F |
Periods of Vibration
Mode 1 (sec) 131 | 142" | 122 | 1.44" | 074 | 154
Transverse (sec) 1.05" | n/a | 1.00" na | 055" | 1.26"
SUPERSTRUCTURE

No. of Spans 3
Length (m) 97.5 | 732 |
Superstructure depth (m)

Span 1 Length (m) 29.0 | 16.8 |
Span 2 Length (m)

Span 3 Length (m) 29.0 | 16.8 |

Strong Axis | (m?)

Weak Axis | (m?)
Cross-Sectional Area (m?)
Concrete Strength (f’., MPa)

SUBSTRUCTU

Columns per Bent
Column Diameter (m)

Bent 2 Height (m) 6.1
Bent 3 Height (m) 9.1
Effective | (m®)
Cross-Sectional Area (m?) .
Concrete Strength (f'., MPa) 34.5
Soil spring stiffness (kN/mm 0 (fixed support) | 1.75 | 140
Linear model v
154 1.92 61.6 154
4.56 0.57 18.2 4.56
2.36
25
18,900 kN/mm
1054 & 527

Period used to scale ground motions


http://www.editorialmanager.com/jrnbeeng/download.aspx?id=139120&guid=4761d730-e04a-479b-82f5-e796f755e967&scheme=1

8  Table 2 — Maximum combined (SRSS) column deformation (cm) and ratio of maximum deformation

9  from nonlinear and linear shear key analyses (Anonlinear/ Alinear) for fixed-base bridges.

Geometry Shear-key Model | Strength (kN) | Mean | COV | Median
Nonlinear 1054 11.0 0.24 10.6
527 12.2 0.31 11.7
A Linear - 15.6 0.31 15.2
Ao Ao 1054 0.74 0.28 0.73
! : 527 0.81 0.26 0.79
Nonlinear 1054 13.4 0.29 12.
527 13.9 0.31 A
B Linear - 16.2 0.31 15.0
Anonlinear/ AIinear 1502574 82;1 0 0 84
Nonlinear 1054 9.3
527
C Linear --
Anonl inear/ AIinear 1502574
Nonlinear
D Linear 0.26 14.8
Anonlinear/AIinear 82‘71 282
Nonlinear 6.1 0.34 5.7
6.6 0.35 6.5
7.0 0.42 6.1
0.92 0.19 0.93
0.99 0.24 0.96




18  Table 3 — Maximum column deformation (cm) and ratio of maximum deformation from nonlinear and

19 linear shear key analyses (Anoninear/Alinear) for flexible-base (deformable soil) structures.
Geometry Shear-key Model | Strength (kN) | Mean | COV | Median

Nonlinear 1054 11.8 0.28 11.2
F 527 13.1 0.35 12.4
(Ksoit =21 Linear -- 14.8 0.33 13.3
kN/mm) A A 1054 0.84 | 0.25 0.86
nonlinear/ Rlinear 527 091 023 090

Nonlinear 1054 11.1 0.25 10.
G 527 12.4 0.30 .8
(Ksoit =168 | Linear -- 15.4 0.31 149
kN/mm) A A 1054 076 | 0 74

nonlinear/ Rlinear 527 084 6

20
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Figure 1

Shear keys

ck loading

— >
Longitudinal ¥
earthquake

typical longitudinal and (c) lateral (transverse) abutment and

shear key details and loading.
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Figure 2

concrete bridge deck w/

/ End abutment post-tensioned reinforcement cable

ngitudinal elevation view of bridge geometry
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Figure 3

#36 bundled longitudinal
reinforcement bar (F, = 414
MPa)

#25 hoops at 64 mm

50 mm cover

A
/// 1.60 m
v

Figure 3 — (a) Typical column and (b) Bridge deck cross-sections.
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Figure 4

Reinforced concrete bridge
deck — 9 to 13 elements per

span Longitudinal

abutment spring
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Figure 5
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Figure 6
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failure plane
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Figure 7

100

—Ground motions (40)
==Scaled mean
@ —Site MCE Hazard

S, (2)

Period (s)
100

—GQGround Motions
==Scaled mean
—Site MCE

Figure 7 — Fault Paral s at (a) 0.55 seconds for Bridge Structure E, and (b)

ridge Structure A transverse mode periods.
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Figure 8

S, (T =0.55s)

strengths -- 1054 kN (e ) and 524 kN (0).
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aximum column deformations from nonlinear shear-key model normalized by linear model
deformations plotted versus the unscaled ground motion intensity for bridge configuration (a) A, (b) B,

(c) C, (d) D, and (e) E (note the scale change). The plots also illustrate the effect of the two shear key
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Figure 9
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Figure and Table Captions List

TABLES AND FIGURES CAPTIONS
Table 1 — Bridge properties

Table 2 — Maximum combined (SRSS) column deformation (cm) and ratio of maximum deformati

from nonlinear and linear shear key analyses (Anontinear/ Alinear) for fixed-base bridge
Table 3 — Maximum column deformation (cm) and ratio of maximum deformation fro
linear shear key analyses (Anoniinear/Alinear) for flexible-base (deformabl
Figure 1 — (a) Abutment shear keys, (b) typical longitudinal and (c) latera
shear key details and loading.
Figure 2 — Longitudinal elevation view of bridge geometry.
Figure 3 — (a) Typical column and (b) Bridge deck cross-gections.
Figure 4 — Schematic analysis model and mesh for bridg

ometry “A”

Figure 5 — Nonlinear shear key constitutive m

plotted versus the unscaled ground motion intensity for bridge configuration (a) F

) G with soil-structure interaction.





