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Progressive seismic failure of a highway bridge,
including abutment-backfill interaction
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Current engineering practice pays little attention, if
any, to nonlinear abutment—backfill soil interaction
(ABSI) effects on seismic behaviour of bridges. The
primary focus of this article is to assess the influence
of ABSI on the progressive seismic failure of bridge
structures. Emphasis is placed on the significance of
ABSI effects, including abutment behaviour and back-
fill soil flexibility. Nonlinear dynamic analysis is per-
formed using a bilinear hysteretic model for the
bridge superstructure and nonlinear characteristics of
the expansion joint. Results indicate that ABSI has a
significant effect on the seismic response in the longi-
tudinal direction and can effectively reduce bridge
seismic demands. ABSI affects rotational ductility
demand at pier ends of the bridges, relative displace-
ments, pounding and axial forces in the restrainers.
Thus, it is essential that numerical models used in
seismic assessment of bridge structures properly con-
sider abutment—backfill interaction.

Keywords: Abutment-backfill soil interaction, high-
way bridges, nonlinear dynamic analysis, seismic failure.

HIGHWAY bridges represent structures of economic and
strategic importance. They are generally built in rein-
forced or prestressed concrete to span over a valley, river,
road or any physical obstacle to essentially allow the
passage of all kinds of vehicles. High seismic perform-
ance is usually required for this special category of struc-
tures, the potential collapse of which can result an
significant economic impact.

Abutment modelling and behaviour', soil conditions
and foundation soil stiffness®, soil structure interaction’
and embankment flexibility* have been found to signifi-
cantly influence the response of bridge systems and even-
tually their seismic failure’ under strong ground motions.
In addition, analysis of past and recent bridge damage
data has illustrated that seismic participation of bridge
abutment and backfill soil can lead to cost-effective
design of bridges®.

The primary focus of this article is to assess the influ-
ence of abutment—backfill soil interaction (ABSI) on the
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progressive seismic failure of bridge structures. Emphasis
is placed on the significance of ABSI effects, including
abutment behaviour and flexibility of backfill soil at the
abutments. The effective stiffness, foundation soil damp-
ing and capacity parameters at the base of the spread
footings have been evaluated using FEMA procedures’.
Yields strengths of abutment backfill in compression and
in tension have been evaluated using Mononobe—Okabe
pseudostatic approach for passive force and frictional
sliding capacity at the abutment footing respectively.
Nonlinear dynamic analysis is performed using a bilinear
hysteretic model for the bridge superstructure and non-
linear characteristics of the expansion joint. Based on the
results obtained in the present study, it is concluded that
ABSI has significant influence on seismic demands of
bridge systems and hence can lead to cost-effective
design of bridge structures. However, special attention
should be given to axial forces in the restrainers whose
displacements can be, under certain design conditions,
increased due to yielding of backfill soil.

Description of highway bridge

The reinforced concrete bridge structure considered in
this study is a typical long-span box girder bridge with
expansion joints and elastomeric bearings at the abut-
ments. This highway bridge is of strategic importance and
is to be built in order to connect Mascara downtown and
Hallilef faubourg in Algeria. This bridge is situated in
Mascara district, NW Algeria, classified under seismic zone
[la with an expected PGA =2.697 m/s’, in accordance
with the Algerian seismic design code®. Figure 1a—d pre-
sents the cross-section of segments and piers and seat-
type abutment of the actual bridge.

Young’s modulus of concrete is 33 GPa for all piers
and abutments, while it is taken as 36 GPa for the bridge
deck. Mass density of concrete is estimated to be equal to
2500 kg/m®. A constant 5% damping value is taken for
both the first and second vibration modes in order to
estimate the damping matrix of the bridge system.

The actual site conditions are of Sp type (i.e. high stiff
soil profile with initial shear wave velocity V=366 m/s).
The weight density and Poisson ratio are: y= 21 KN/m®
and v = 0.40 respectively.
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Figure 1.

Soil stiffness and damping matrices

The elements of foundation soil stiffness and damping
matrices have been evaluated using the analytical expres-
sions derived from theoretical solutions of a circular foot-
ing bonded to the surface of an elastic half space’
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The coefficients (K,, C,) and (K., C.) on the one hand,
and (K, ,C, ) on the other, are translational and rota-
tional stiffnesses and dashpot coefficients respectively,
associated with x and z directions. v is the Poisson ratio
coefficient whereas G and ¥ are respectively, the effec-
tive shear modulus and effective shear wave velocity
consistent with the type of soil and PGA design value.
The extra-diagonal terms of the 3 x3 foundation soil
stiffness and damping matrices may be calculated using
the following expressions
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For a rectangular foundation, the radii R,, R, and Ry for
the equivalent circular foundation and the associated
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Description of bridge: (@) Elevation of bridge, (b) cross-section of segments, (c¢) cross-section of pier and (d) seat-type abutment.
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attached soil masses have been evaluated using FEMA
procedures’”’

Abutment wall stiffness

Full-scale bridge abutment passive earth pressure experi-
mentation and simulation have shown that soil structure
interaction (SSI) and backfill soil flexibility can signifi-
cantly influence the earthquake response of bridge struc-
tures'.

In this study, design procedures and guidelines are util-
ized to evaluate back wall translational and rotational
stiffnesses'”.

In Figure 2, the resultant back wall longitudinal trans-
lational (K,,) and rotational (K,) stiffnesses act at a dis-
tance h; = 0.37 H,, from the bottom tip of the abutment
(Figure 2a) and can be obtained using the following
equations' "'

K, =0425E,B,; = 0.072E,B, H? (4)
w STW

STW w?

where Ej is the backfill soil Young’s modulus and B, and
H,, are the width and height of the abutment wall respec-
tively.

Equivalent foundation springs

Figure 2 a shows equivalent foundation springs for wing
wall and back wall footings as well as the resultant trans-
lational and rotational stifnesses of the back wall.

Based on the assumption of abutment rigid body
movement, the translational and rotational stiffness springs
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indicated in Figure 2 b for both back wall and wing wall
footings, as well as for abutment back wall can be trans-
ferred to the stiffness centre located at height z above the
footing base.

The resultant translational stiffness can be simply cal-
culated as

Ky =K, + K¢ + Ky, Q)

where Ky, Ky and Kp are respectively, the translational
stiffnesses of the back wall, and the two wing wall and
back wall footings.

The resultant rotational stiffness is

Ky =K, +K, +K,+K,(0.37TH, +1; —x)*

+HKq +Kp) ¥, (6)

where K, is the back wall stiffness, K;; and K,, are the rota-
tional stiffnesses of the back wall foundation and wing
wall footings respectively (see Figure 2 a), while H,, and
tr are the back wall height and footing depth respectively.

Assuming abutment rigid body movement, it can be
shown that the stiffness centre is located at a height z
above the footing base such that

z=(0.37HW+tf)&. (7
Kt
Further, the translational and rotational stiffnesses (Fig-
ure 2 b) can be moved to the point of impact supposed to
be located at the centroid of the bridge deck, as illustrated
in Figure 2 ¢ in the final simplified model.
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Abutment foundation springs: (@) springs for various components; (b) equivalent springs at the point of impact and (c) simplified model.

The equivalent translational stiffness of this simplified
spring mass system, K, can be easily calculated from

KpKy

K, = ——RBT
" (Kt +KR)

®)

Abutment strength

A bilinear load—deformation spring model in bridge longi-
tudinal direction is used to simulate the behaviour of
abutment—backfill soil system. The compressive yield
strength, C,, at the abutments is determined using Mono-
nobe—Okabe approach for passive force as

1
Cx =5yH2(l_av)KPEBW’ (9)

where y and H are the unit weight and height of backfill
soil respectively. B, the abutment width, a, the vertical
acceleration coefficient and Kpg denotes the earth pres-
sure coefficient determined from the equation

~ cos’(p—y +6,)
: cos(y) cos” (6,)cos(y -6, +9)

- sin(p +6)sin(p —y + B) N
cos(ff —6,)cos(y -6, +6)

K

(10)

where ¢ is the angle of the friction of the soil, 8, the incli-
nation of the wall with respect to vertical, d the soil-wall
interface friction angle assumed to be equal to ¢/2, S the
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Figure 3. Nonlinear model properties of bridge piers, expansion joints, abutment-backfill soil system and foundation soil. a, Plastic hinge,
including SSI; b, expansion joint; ¢, bilinear spring at abutment; d, nonlinear foundation soil model.

slope angle of the ground surface and y denotes the seis-
mic inertia angle calculated from the equation

wzarctan(la (11)

where a, and a, represent the horizontal and vertical
acceleration coefficients respectively.

The abutment yield strength, T,, under tensile load is
supposed to be equal to the frictional sliding capacity, as

T.=Ntand, (12)
where 0 is the frictional angle at the interface of founda-
tion soil-abutment footing and N is the total force at the
interface.

Figure 3¢ shows the nonlinear load—displacement

relationship used to characterize the behaviour of the
ABSI system.

Nonlinear analytical model

The bridge has seat-type flexible abutments in the longi-
tudinal direction, which allow limited longitudinal
movement of the superstructure due to the gap between
the superstructure and the abutment back wall. The sup-
port provided by the abutment is assumed to be fixed
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against translation in the vertical direction, translation
free in the longitudinal direction and rotational free about
the lateral direction.

Seismic excitation of the bridge generates bending
moments in piers resulting eventually in plastic hinges at
the piers ends. The nonlinear moment—curvature relation-
ships at these plastic hinges have been developed in ac-
cordance with the methodology established in Yoshida'2.
Nevertheless, for the sake of convenience, bilinear rota-
tional springs have been used herein to simulate the
behaviour of these possible plastic hinges (as shown in
Figure 3 a). All nonlinearities, including expansion joints
involved in the model are also shown in the figure. Hook
and gap elements (Figure 3 b) are used to simulate the
opening and closure of expansion joints respectively. The
hook element controls the relative displacement between
superstructure and abutment back wall, while the gap
element controls pounding effects between superstructure
and abutment back wall. The hook and gap elements
are modelled by linear springs with stiffnesses being
Krestrainer = 0.13 x 10° KN/m and K., = 45.87 x 10° KN/m
respectively. The initial slack in restraining cables and
the initial gap at expansion joints are taken to be 0.01 and
0.10 m respectively.

Bilinear springs with parameters evaluated in accordance
with the procedure described earlier in the text are intro-
duced at the abutments to model ABSI system (Figure 3 ¢).

An elastoplastic soil model is utilized to evaluate the
nonlinear seismic response of the coupled foundation
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soil-bridge system. Typical parameters of load—displace-
ment characteristics utilized for the elastic—plastic soil
model are defined in Figure 3 d, where K,,; represents
elastic stiffness and f, the capacity parameter for rigid
footing subject to vertical, longitudinal loads and
moments.

Three-dimensional finite element (FE) modelling of
soil idealized as a continuum with solid elements could
have been used. However, this would require a pertinent
soil constitutive model and an experimental characteriza-
tion of model parameters. Further, the FE model for con-
tinuum soil modelling is complex compared to nonlinear
springs modelling, which has the important advantages of
simplicity in FE modelling, short CPU time, only few
material parameters to be determined, simple connection
of the springs to the study structure and the possibility to
incorporate cyclic loading effects’.

The expected vertical capacity Qc, the ultimate
moment capacity M. and the base traction strength
¥, have been evaluated using FEMA procedures’ and are
reported in Table 1. The equivalent translational stiff-
nesses at each abutment of the bridge with and without
backfill are given in the table.

To further evaluate the effects of nonlinear foundation
soil stiffness on the overall seismic response of the study
bridge, the effective stiffness constants are determined
using a simulated acceleration input time history com-
patible with RPOA® spectrum scaled for an expected
PGA = 0.70 g that represents approximately a probability
of exceedance equal to 10% in 50 years. Accordingly, the
PGA consistent reduction factors for the effective shear
modulus and shear wave velocity obtained using FEMA
procedures are calculated to be equal to G/G, = 0.24 and
ViVs=0.65 for the range of average shear strains
(7.37 x 10°-6.17 x 107°) interpolated from tabulated
values given in Yoshida'2.

Figure 4 shows the entire bridge system modelled
as a lumped mass structure represented by 2DFE
model.

Table 1. Effective stiffness of foundation soil (k), capacity parame-
ters for foundation soil (f}) and equivalent stiffness with and without
backfill soil (Kj)

Soil class Sp (high stiff soil): G/G, =0.24, Vg /Vg=0.65 for the range
of average soil shear strains (7.37 x 10* —6.17 x 107) expected from
0.7 g EPA event

Koil K, (KN/m) 3,417,561
K. (KN/m) 3,579,583
Ko, (KNm/rd) 119,364,909
5 0. (KN) 37,078
M. (KN m) 37,999
V (KN) 11,977
K With backfill (KN/m) 897,735
Without backfill (KN/m) 640,802
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Rotational ductility assessment and the
corresponding damage state limits in flexibly-
supported structures

To analyse the moment—curvature behaviour in concrete
piers, the standard procedure incorporated in the
SAP2000 platform has been used"’.

Plastic hinges have been modelled utilizing bilinear
hysteretic spring elements. Following Priestley e al.'*,
the load—deformation characteristics of these bilinear
elements can be calculated from moment—curvature rela-
tionships. The resulting moment-rotation characteristics
at the yield and ultimate levels have been determined at
each plastic hinge location for each bridge pier in longi-
tudinal direction ((M,, 6,) and (M,, 6,) respectively).

Global rotational ductility assessment of bridge
piers in flexibly-supported structures

To assess the effect of soil flexibility on the inelastic
response of bridges, a simple structural idealization is
utilized (Figure 5).

For the flexibly-supported system, the rotational ductil-
ity of the bridge has been established in the general
form"

p =9f+49y+6'p (13)
T e+,

where 6 is the foundation rotation, 6, the rotation at yield

of pier caused by bending and 6, is the post-yield rota-

tion.

By combining the flexibility of the nonlinear inelastic
spring at base of pier and the linear rotational foundation
spring, the final rotational spring can be obtained. As
shown in Figure 3 a, the corresponding moment—rotation
diagram is characterized by a first branch (uncoupled
rotational) stiffness equal to Jy, a second branch stiffness
equal to Jp and a third branch stiffness equal to J%. These
terms have been evaluated using the procedures described
in the literature'>"'¢.

Damage state-based rotational ductility limits of
piers, including soil flexibly

The quantified damage state for the bridge piers with
rotational ductility limits associated with five damage
states ranging from yield to collapse have been estab-
lished. Following the methodology proposed by Dutta
and Mander'’, five different damage states may be deter-
mined based on the yield and ultimate rotations obtained
from typical moment—rotation plot shown in Figure 3 a.
Rotational ductility limits at damage states other than
‘almost none’ and ‘collapse’ of the highway bridge are
determined proportional to the drift limits.
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Table 2

Damage states and rotational ductility limits of piers considering flexibility-

supported bridge

Rotational ductility limits

Damage state Description Short pier Tall pier
Almost none First yield 1.00 1.00
Slight Cracking, spalling 1.15 1.13
Moderate Loss of anchorage 1.59 1.53
Extensive Incipient pier collapse 2.33 2.19
Complete Pier collapse 3.07 2.85

D) Key

Figure 5. A simple soil-structure system representation.

Table 2 illustrates these five damage states and the
computed ductility limits in the plastic zones formed at
the pier ends of the study bridge in the longitudinal direc-
tion.

Numerical results and discussion

In order to highlight the bridge progressive failure me-
chanism, the longitudinal dynamic responses of the
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highway bridge, including the effect of abutment stiffness
were analysed.

The longitudinal time-history response of temporal
variations of rotational ductility demands at pier ends and
axial force in the restrainers at the interface of the deck
and abutment back wall of the study bridge with backfill
soil at the abutments have been evaluated and compared
to those of bridge without backfill at the abutments.
Newmark direct time-integration method with parameters
a=0.5 and B=0.25 (unconditionally stable average
acceleration method) as implemented in SAP2000 (ref.
13) using nonlinear link elements, has been applied to the
coupled bridge—foundation system subject to the simu-
lated acceleration input time-history. Details on simula-
tion techniques for the generation of spectrum compatible
earthlc%uake motions can be found for example in refer-
ence

Effects of abutment backfill soil stiffness on
rotational ductility demands at pier ends of the
bridge

Figure 6 shows the temporal variations in longitudinal
direction of rotational ductility demands at pier ends
under simulated earthquake motions. It can be noted from
Figure 6 a that rotational ductility demands at the bottom
of the short pier are more important when effects of
abutment backfill soil are ignored leading to the forma-
tion of plastic hinge at t=7.29 s (i.e. when rotational
ductility demands at the bottom of the short pier cross the

CURRENT SCIENCE, VOL. 112, NO. 2, 25 JANUARY 2017



RESEARCH ARTICLES

® v

300 - —[- .- :':—\nir\upf‘{\?l’ﬂ Lfﬂ}livu—w‘ff Complete damagel: T padecdes coesadlo o de o des oo coe o de— b
X i e L Extensive damage:.ﬂ ] ‘ } ___________
I S e QML jﬂ TR

1,0 : T Almost no T .:.I[I I[ T 0
L = T
“‘ Time‘(;ec) ) Tir';e (sec) \ )

_________ With backfill soil
Without backfill soil

Figure 6.
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Rotational ductility demands in longitudinal direction at pier ends of flexibly-supported bridge model under

simulated earthquake motion. @, Rotational ductility at the bottom of the short pier. b, Rotational ductility at the top of the

short pier.

Table 3. Maximum ductility demand of plastic hinge and corresponding damage state at column ends
of the bridge

Without backfill With backfill
Short pier Bottom 3.86 Collapse 1.38 Slight to moderate
Top 2.66 Collapse 2.13 Extensive
High pier Bottom 0.36 Almost none 0.13 Almost none
Top 1.79 Moderate 1.11 Slight

pier collapse damage state corresponding to rotational
ductility limit value of 3.07). On the other hand, it can be
clearly seen from Figure 6 a that there is only slight dam-
age when ABSI is considered due to beneficial effect of
yielding of abutment backfill soil. The same trends are
observed for rotational ductility demands at the top of the
short pier. It may therefore be concluded that the bridge
failure mechanism can be delayed due to the beneficial
effect of ABSI.

Similar conclusions can be drawn for the taller pier.
However, ABSI effects are found to be less significant
than in the case of the short pier due to higher flexibility
of the tall pier (Figure 6 b).

Effects of abutment backfill soil on relative
displacements and maximal forces at expansion
joints

Figure 7a is a plot of the relative displacement time-
history at the two ends of the expansion joints. Impact
force develops at the bridge deck and abutment back wall
when the initial gap is exhausted resulting in pounding.

CURRENT SCIENCE, VOL. 112, NO. 2, 25 JANUARY 2017

Figure 7 b shows that pounding force is generated only at
those time instants when relative inward movement
between deck and abutments exceeds the initial gap
(0.10 m). It is seen that a maximum impact force of
13,880 KN develops at £ = 7.61 sec while including back-
fill soil effects at abutments, while it becomes to
27,024 KN at £ = 10.56 sec (a significant increase of more
than 94%) when the backfill soil effects are ignored.

Figure 7 ¢ shows time-varying axial force in the re-
strainers, transmitted to the abutment back walls through
anchors devices. It should be noted that the bridge failure
mechanism is modified as the design capacity of the
restrainers is exceeded. As an example, if the restrainer is
assigned to a design capacity of 2500 KN or less, col-
lapse of the bridge occurs due to failure of the restrainer
or anchorage at time ¢ = 1.89 sec, regardless of the ABSI
effects.

This scenario changes for a different value of design
capacity of the restrainers.

For design capacity of the restrainers equal to
3500 KN, the bridge collapses again due to failure of re-
strainer or anchorage at time ¢ = 1.91 sec when the back-
fill soil effects are included at the abutments, resulting in
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¢, Axial force in the restrainer.

unseating failure and subsequent bridge collapse of (i.e.
deck fall-off).

However, for restrainer capacity of 4500 KN or more,
failure cannot occur but plastic hinges form at £ =7.29 sec
at the bottom of the short pier and =9 sec at the top of the
short pier of the bridge, resulting in anticipated bridge col-
lapse.

It also may be concluded that special attention should
be given to axial forces in the restrainers whose dis-
placements can be, under certain design conditions, in-
creased due to yielding of the backfill soil.

In order to prevent deck unseating resulting from
restrainer failure and subsequent bridge collapse, particular
attention should also be given to the proper design of
nonlinear characteristics of restrainers and bearing devices.
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a, Relative displacement at element pounding. b, Pounding force developed at expansion joint.

Table 3 shows maximum ductility demands of plastic
hinges and corresponding damage state at column ends
for the bottom and top piers of the bridge with and with-
out backfill. It can be noticed from the table that maximal
ductility demand responses with and without backfill are
significantly different and more importantly, at the bot-
tom of the short pier. In all cases, ABSI can effectively
reduce seismic demands of the studied bridge.

Summary and conclusion

In this study, the influence of ABSI on longitudinal
progressive seismic failure and hence identification of the
anticipated overall failure mechanism of a highway

CURRENT SCIENCE, VOL. 112, NO. 2, 25 JANUARY 2017
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bridge with expansion joints at seat-type abutments are
presented. FE modelling of the bridge is performed and
comparative assessments of the nonlinear seismic
response of the bridge when accounting for or neglecting
the resistance of the abutments are carried out under
simulated earthquake strong ground motions. Bridge re-
sponses, including effects of ABSI are discussed in terms
of temporal variations of rotational ductility demands at
the pier ends, axial forces in the restrainers and pounding
forces at the interface of deck and abutment back walls.

From the numerical results obtained in this study, the
following main conclusions can be drawn:

e Moment—rotation relationships, including SSI for
plastic zones at the pier ends of reinforced concrete
bridge and associated rotational ductility limits con-
sistent with five damage states, ranging from yield to
collapse, have been established.

e The results obtained clearly demonstrate that ABSI
has a significant effect on the seismic response in lon-
gitudinal direction and reduces effectively the seismic
demand of the studied bridge. In particular, forces at
the expansion joints and rotational ductility demands
at the pier ends of the bridge (although to a lesser de-
gree for the tallest piers) are reduced by ABSI. How-
ever, special attention should be given to axial forces
in the restrainers whose displacements can be, under
certain design conditions, increased due to yielding of
backfill soil.

e In order to prevent deck unseating resulting from
restrainer failure and subsequent bridge collapse,
particular attention should also be given to proper
design of nonlinear characteristics of the restrainers.

o Safer and more economical bridge designs can be
obtained by properly accounting for ABSI.
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