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Abstract. There is an urgent need for maintenance-free transportation infrastructures
worldwide. Integral Abutment Bridges (IABs) are robust structures, without bearings or ex-
pansion joints that require zero or minimum maintenance. The challenge to the assessment of
existing and the application of 1ABs is the dynamic interaction between the bridge and the
backfill soil. In many cases, this interaction is misinterpreted due to the inherent non-linear
behavior of the soil during the so-called in-service interaction, which modifies drastically the
stresses within the backfill soil under daily displacements of the abutment. A step towards the
better understanding of the seismic response of 1ABs is the evaluation of the resistance of the
abutment, which depends upon the geometry of the abutment, the properties of the soil and
the successive interactions, i.e. quasi-static, under thermal expansion and contraction of the
deck, or dynamic, when the bridge is subjected to seismic excitations and/or breaking loads.
Towards this end, this paper attempts to: (a) interpret the condition of the abutment and the
backfill soil at the onset of the dynamic excitation based upon the antecedent in-service inter-
action of the components and (b) to evaluate the stiffness and the damping properties of exist-
ing and/or representative integral abutments under dynamic loads to extend the Direct
Displacement-Based Design (DDBD) to the design of integral bridges. A typical geometry of
the integral abutment and typical backfill soil is investigated based on 2D fully coupled FE
simulations adopting a visco-elasto-plastic stress model for the soil (coupled approach) under
static and dynamic loads.
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1 INTRODUCTION

Integral Abutment Bridges (IABs) are structures that require minimum or zero mainte-
nance. The barrier for the extended application of 1ABs is the limited knowledge on the
bridge-backfill interaction, namely the in-service displacements of the deck, the consequent
movements of the abutment and its non-linear interaction with the backfill soil [1] [2] [3]. On
the other hand, there is an acknowledged lack of codes to provide guidance for the design of
IABs, as the only standards that support their design are BA 42/96 [4] and BD 37/01 [5],
which in principle require that all bridges with a length of less than 60 metres should be inte-
gral. More importantly, for earthquake resistant bridges, the use of integral abutments requires
the use of a behaviour factor [6] equal to 1 and 1.5 when the bridge is locked in backfills and
for abutments rigidly connected to the deck respectively. The aforementioned problems are
more challenging in longer bridges, due to the fact that large daily and seasona movements of
the abutment [7] are imposed on the backfill soil. This interaction adversely affects both the
long term response of the structure and the condition of the backfill soil, as it imposes settle-
ments and permanent disl ocations of the abutment.

It has been recognised that the backfill soil is asource of stiffness [8] [9] [10] and damping
due to the highly non-linear response of the soil [11] [12]. This has been addressed by past
studies [1] [13] [14] [15] and Caltrans seismic design criteria [8] (section 2.1.5). Despite the
large number of numerical and experimental studies on the stiffness of integral abutments
there are not many studies available for the estimation of the damping, which influences
mainly the displacements of the bridge, but not the overall dynamic response [15]. The design
and assessment of integral bridges by the displacement-based design method requires the con-
trol of the inelastic lateral displacements. One such method is the Direct Displacement-Based
Design (DDBD) approach [14] that utilises the concept of equivalent linearisation to predict
the response of inelastic systems with equivaent linear properties of effective stiffness and
equivalent viscous damping. Severa studies have been conducted to verify the performance
of this method for a variety of bridges [16] [17] [18]. However, integral bridges are structures
of short fundamental periods, which are expected to remain elastic under the design earth-
quake, whilst the effective stiffness of the bridge that is strongly dependent on the stiffness of
the backfill soil, is required for the equivalent linearisation of the system. Additionally, the
yielding of the backfill soil material under the seismic displacements of the deck requires a
reliable estimation of the damping ratio to estimate the displacement of the equivalent linear
system. Towards this end, bridge systems with fundamental periods ranging from 0.4 to 0.8
sec were analysed. The bridges had a typical integral abutment and backfill soil. Numerical
analyses of the coupled abutment-backfill system were performed with the FE code PLAXIS
adopting a visco-elasto-plastic stress model for the soil and the equivalent damping ratios
were estimated based on the derived force-displacement curves. Subsequently, the concept of
equivalent viscous damping that was first proposed by Jacobsen [19] to approximate the
steady forced vibration response of linear SDOF damped systems was employed. The results
showed that damping is successfully predicted by the proposed method for long-period sys-
tems, whilst for short period systems the method seems to underestimate the damping. Also,
the method is not able to account for the formation of the voids that are developed between
the abutment and the backfill soil, which reduces the stiffness of the system abutment-backfill
and hence leads to larger displacements. This effect is described herein as period shift effect.
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2 METHODOLOGY FOR DEVELOPMENT OF EQUIVALENT VISCOUS
DAMPING MODEL FOR INTEGRAL BRIDGES

The following procedure was applied for the estimation of the equivalent viscous damping
model for integral bridges. The successful prediction of the equivalent damping was assessed
with three bridge cases having periods ranging from 0.4 to 0.8 sec.

Step 1 Generation of time histories and aver age compatible design spectrum.

Seven artificial accelerograms compatible to EC8-1 spectrum for soil C and PGA=0.5g
were generated with Seismoartif [20] for damping ratios ranging from 5% to 35%. Subse-
quently, the average displacement response spectra were generated. Figure 1 shows the accel-
eration response spectra of the artificial accelerograms, the average spectrum of the artificial
motions (red line) and the type 1 response spectrum of EC8-1 (blue line) for 5 percent damp-

ing.
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Figure 1: The acceleration response spectra of the artificial accelerograms and the average spectrum (red) and
the EC8-1 type 1spectrum for Soil C and PGA=0.5g (blue).

Also, Figures 2a and 2b show the displacement response spectra of the artificial accelero-
grams, the average spectrum of the artificial motions (red line) and the response spectrum of
EC8-1 (blue line) for 5% damping. Small discrepancies are observed in the range of periods
between 0.6 and 0.8 sec. The average values of the design spectrum for these seven compati-
ble accelerograms at the corresponding seven values of damping are then obtained, which rep-
resent average compatible design spectrafor 5% to 35%, Figure 3.

Step 2. Deter mination of design displacement demand

Sep 2.1 Hysteretic damping of the abutment-backfill

The effective period is selected and the equivalent viscous damping (§eq) is estimated (eqg.
1). The ssimplest approach for estimation of hysteretic damping is proposed by Jacobsen [19],
as given by eq. 2, where A1oop IS the area of the hysteretic loop and Arpr is the area of the rig-
id-perfectly plastic rectangle that encloses the loop. Figure 5d shows the graphical representa-
tion of the parameters.

Eeq=Ea+Enyst (1)
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Figure 2: (a) The displacement response spectra of the artificial accelerograms and the average spectrum (red);
(b) comparison of the average response spectrum of the artificial motion (red) with the EC8-1 displacement
spectrum (blue) for {ag=5%, Soil type C and PGA 0.5g.
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Figure 3: Average displacement response spectrafor &aq ranging from 5 % to 35 %.

In eq. 1, &« corresponds to the damping in the elastic range and &nys corresponds to the
damping due to energy dissipation in the abutment-backfill system. Damping in the elastic
range is used to represent the damping that is not captured by the hysteretic model adopted for
the analysis such as energy dissipation due to nonlinearity in the elastic response. Traditional-
ly, thisterm istaken as 5 % of critical damping for reinforced concrete structures.

X, =2 e 2
"D A @)

For the estimation of the hysteretic damping ratio &nys, two different loading conditions
were considered, as shown in Figure 4, for the system abutment-backfill. It was found that the
system abutment-backfill has different stiffness and damping when loading 1 or 2 was applied
on it. More specificaly, it was found that the abutment has greater stiffness and smaller
damping when the abutment initially pushes the backfill and subsequently moves away from
it (loading 1, shown in Figure 4a). The opposite was found to be valid, i.e. smaller stiffness
and higher damping, when the abutment first moves away from the backfill and then pushes
the backfill (loading 2), as shown in Figure 4b. Thisisalso givenin Table 1.
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Subsequently the F-d curves of the bridge-abutment-backfill system were obtained for short
period integral bridges. Analysis of bridge-abutment-backfill systems with fundamental peri-
ods 0.4 to 0.8 sec was performed. The input motion was a sinusoidal input motion with peri-
ods ranging from 0.4 to 0.8 sec. As an example, Figure 6 shows the two loadings that were
employed to excite the short period system that had a fundamental period of 0.4 sec. The in-
put motions in Figure 6 are not symmetrical due to the different stiffnesses of the abutment
under loading conditions 1 and 2. Target displacements (d;) in the range of 25mm to 130 mm
were obtained for one full cycle of loading.

It is noted that Figure 5 shows the F-d response of the overall bridge system that took into
account the equivalent stiffness at maximum displacement of one abutment under loading 1
(Kps), one abutment under loading 2 (Kyi) and the stiffness of the bridge (Kb) i.e. the stiffness
of the bridge piers. Thisis further explained in step 2 below and by equation 3. Also, Table 2
summarises the Kpsand Ky values for different bridge systems that were analysed. The values
of the &g given in Table 1 correspond to the sum of the elastic damping ratio plus the average
damping ratio of the two loading conditions (cond. 1 and 2), because when one abutment is
pushing the backfill soil, the other one is moving away from the relevant backfill soil.

1
?:_i;j 2 3
4

(a) push-pull (b) pull-push

Figure 4. (a) loading 1: the abutment first pushes (ps) the backfill soil and (b) loading 2, the abutment first pulls
(pl) the backfill soil.

bridge period (sec) &a (%)  Ehyst1 (%) &hyst2 (%) Eeq (%)

target displ. di (mm) loading 1: push  loading 2: pull  &ataver(&nys,1t&nhys,2)
0.4 sec 5% 11.3% 14.8% 18%

25mm

0.62 sec 5% 12% 15% 18.5%

60 mm

0.8 sec 5% 8.0% 9.8% 13.9%

130 mm

Table 1: Calculation of & for short period integral bridges.

bridge period (sec)/(dt)  Kps(kN/m) Kpi (KN/m)
0.4 sec / (25mm) 75829.8 30716.5
0.62 sec / (60mm) 56587.4 21193.3
0.8 sec / (130mm) 32224.5 10901.3

Table 2: The stiffness of the abutment-backfill for different effective periods and target displacements ranging
from 25 to 130 mm.
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Figure 5: The F-d curves for loading condition 1: (a), (c), (€) and for loading condition 2: (b), (d), (f). Figures (a)
and (b) are for T«=0.4sec and di=25mm, figures (c) and (d) are for Ter=0.62sec and di=60mm and figures (€)
and (f) are for Ter=0.8sec and di=130mm (see Table 1).
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Figure 6: The input motion at the abutment for the systems with effective period 0.4 sec.

For the first iteration the equivalent viscous damping is estimated using the damping Eq. (2)
for &n«=10%. The design displacement demand (d;) is obtained by entering the average de-
sign spectra with the effective period (Te) to the point of the estimated equivalent viscous
damping value as shown in Figure 3. Linear interpolation is used to find the damping value if
it lies between two damping values of the average design spectra
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Step 3: Determination of SDOF system properties

For the analysis of the SDOF there are three components that define the stiffness, (see eqg.
3), and the damping of the system, namely: (@) the bridge, which was considered to respond in
an elastic manner with stiffness Ky and mass my, (b) the abutment that pushes the backfill soil
and has an effective stiffness Kys that corresponds to the target displacement d: and (c) the
other abutment that moves away from the backfill soil that has a smaller effective stiffness of
Kpi, dueto the fact that the backfill soil resists to the movement of the abutment mainly due to
its self-weight that sits on the surface foundation of the abutment. Hence, the effective stiff-
ness of the bridge-abutment-backfill systemiis:

Ker=Kp+Kps+Kpi (3)

whilst eg. 4 relates the effective stiffness of the bridge, the mass of the bridge and the effec-
tive period of the equivalent SDOF system:

2
2
Ka = (T—pJ m @
eff
Step 4 Characterisation of SDOF systems for nonlinear time history analysis (NLTH) of
the SDOF-Deter mination of the An.

NLTH anaysis is performed to a SDOF that has {g=5%, stiffness Kp and mass my, which
correspond to the stiffness and mass of an integral bridge. No yielding of the structural com-
ponents of the bridge was taken into account, i.e. the bridge remains elastic. The only non-
linearity that was taken into account here was due to the elasto-plastic behaviour of the back-
fill soil. The mass of the backfill soil was not considered in mp. The equivaent linear SDOF is
given in Figure 7a. The SDOF that accounted for the non-linearities of the soil is given in
Figure 7b. The SDOF is in series connected to four non-linear links that represent the non-
linear response of the abutments as shown in Figure 7b. Two links that receive only compres-
sion and represent the cases where the abutment is pushing the backfill soil and two links that
receive only tension and correspond to the case that the abutment is moving away from the

backfill soil. The Fps-d and Fpi-d curves were obtained by PLAXIS under two different condi-
tions that were either push (ps) or pull (pl) of the backfill soil. For the moda analysis half of

the Kggf and stf values were used as these springs in fact receive only compression or tension.

The stiffnesses KT and K were estimated at the target displacement that is given in Table

1, for periods of the systems ranging from 0.4 to 0.8 sec. The resulting displacements of the
NLTH were averaged and the displacement An. was compared to the Ag (i.€. the one we ob-
tain from Figure 3).

The Fps-d Fpi-d curves were produced based on the bi-linearisation shown in Figure 8a. The
dashed line shows the response of the system abutment-backfill soil for the push and pull
conditions as calculated with the FEA in PLAXIS that is described below. The solid lines
show the bi-linear curve that was used to model the non-linear response of the backfill soil.
Figure 8a a so shows the secant stiffness of the system abutment-backfill under loading condi-
tion 1. Figure 8b shows the response of the equivalent SDOF system of Figure 7b when the
response of abutment-backfill was idealised as per Figure 8a. Figure 8b corresponds to a tar-
get displacement di=60mm. Similar bilinear models were used for the smaller 25 mm and
larger 130mm target displacements. The figure shows that there is a reasonable agreement
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between the predicted and the actual response of the system abutment-backfill for both load-
ing conditions, i.e. push and pull. Also, Figures 8a and 8b show that indeed the system abut-
ment has different stiffness and prospected damping for the two different loading conditions.
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Figure 7: (a) The equivalent linear SDOF and (b) SDOF bridge model employed for the non-linear analysis.
4000 > 4000
— eC|UIV DOF ,’,/" \x-/ 1
£ 5000 “S\ o 3000 equiv. SDOF
2 T & 2000 =
& 2000 SSFEM /
1000 +/ 1000 1
) sec | | | /I, |
0 o] / Ly = 0 / 7 . |
z J I '1000 i —— 7 4
241000 | -7 4 3
= i 3 -2000
= -2000 -80-60-40-20 0 20 40 60 80
-80-60-40-20 0 20 40 60 80
d (mm) d (mm)
©) (b)

Figure 8: (a) Bi-linearisation of the F-d at target displacement (for di=60mm) for push (ps) and pull (pl) loading
conditions 1 and 2 and (b) comparison of the F-d response bilinear curve to the response of the non-linear SDOF
system.

3 MODELLING OF ABUTMENT-BACKFILL SYSTEM IN PLAXIS

The coupled integral abutment-backfill interaction analyses were performed with the 2D
(plane strain) finite element code PLAXIS v8.2 [21] as shown in Figure 7 The basis was as-
sumed to be rigid and the lateral sides were characterized by standard earthquake boundaries.
The total width of the model is 250m, which is sufficient to avoid boundary effects. The do-
main was discretised in a total of 2682 15-node plain strain triangular elements. In the area
around the abutment the mesh was refined (Figure 9). The foundation soil domain was mod-
eled with 10 horizontal layers to account for the variable stiffness with depth. In particular, a
clay material is used with shear wave velocity (Vs) that varies from 180 m/s at the surface to
310 m/s at the bottom layer, corresponding to soil type C according to the Eurocode 8. The
backfill was modeled in 17 horizontal layers. A sandy material with an average Vs equal to
270m/s was selected for the backfill. The values of other soil properties were consistently se-
lected. The integral connection of the abutment to the bridge deck is modeled through a rota-
tion fixity and a fixed-end anchor at the top of the abutment. The axial stiffness of the anchor
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has been estimated equal to E-A/L where E-A=2.637-10" kN/m for 1.0m of the abutment
width and L is 240.0m the length of the bridge.

Initial stage analysis was performed to simulate the initial geostatic stresses. Then the dy-
namic analyses followed where the sinusoidal force with specific fundamenta periods as de-
scribed in Step 2.2 is applied at the top of the abutment. The analyses were characterised by
the assumption of elasto-plastic behavior (i.e. Mohr-Coulomb criterion) for the soil and elastic
behavior for the concrete elements. Proper interface elements with a friction coefficient of
Rinter=0.70 were used to model the interface between the backfill and foundation soil with the
abutment [11].
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abutment

im 4m

@

Force loading

250 m
(b)
Rotation fixity and
fixed-end anchor \
— 8
- S\
m I/I\I\ )~
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Figure 9: (a) The geometry of the typical abutment, (b) the model of the integral abutment with the backfill soil,
(c) detail of the modelling in the vicinity of the integral abutment.
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4 RESULTS
The results obtained and the discrepancies of Aq and An. are givenin Table 3.

bridge period (sec)/(dt) A« (Mmm) Ane (mm) Aa/AnL
0.4 sec / (25mm) 314 24.5 1.28
0.62 sec / (60mm) 71.6 80.9 0.89
0.8 sec / (130mm) 114.0 115.0 0.99

Table 3: Comparison of Ag and An.

For the short period bridge system that has a period of 0.4 sec it seems that the proposed
procedure underestimates the hysteretic damping, which was found to be equal to 13%, ac-
cording to the hysteretic damping that is proposed by Jacobsen. If An is considered to be the
accurate displacement of 24.6mm, this displacement corresponds to an equivalent damping
ratio of approximately &eq=30%, based on the response of the equivaent linear SDOF system,
given in Figure 3. It was aso found that the permanent displacement of the abutment, for a
target displacement of 25 mm, was of the order of 1 mm (i.e. 4% of the di) for loading condi-
tion 1 and 0.8 mm for loading 2. Therefore, no considerable permanent deformation of the
backfill soil is expected and hence the change in the stiffness of the system during the seismic
motion due to the creation of voids between the abutment and the backfill soil is negligible.

For bridge systems with a period of 0.6 sec and a target displacement of 60mm the NLTH
showed that the displacement was underestimated by the equivalent linear SDOF and hence
the hysteretic damping ratio, which was found to be 12-15%, was overestimated. However,
the non-linear response of the backfill soil results in the formation of clearances behind the
abutment, i.e. gap are formed between the abutment and the backfill soil during the dynamic
response of the system. The magnitude of this gap increases during the seismic displacements
of the abutment, as it is becoming larger gradually when the abutment pushes the backfill soil
and the latter yields, and also when the abutment moves away from the backfill soil. Hence,
the stiffness of the system abutment-backfill soil decreases along the earthquake motion and
thisis described here as period shift effect. This effect isimportant as the increase in the peri-
od was found to be of the order of 18% for the bridge that has an effective period of 0.6 sec.
The permanent displacement of the abutment top, for a target displacement of 60 mm, was 14
mm (i.e. 25% of the d) for loading 1 and 10 mm for loading 2. This has also been described
by Dwairi [16] as softening effect. One way to account for this effect is to use the secant stiff-
ness at maximum deformation, which will account for the formation of the gaps as per Kow-
alsky et a. [22]. Hence, it is believed that the non-linear displacements An. are larger than the
elastic ones Ag due to the fact that gaps are being formed behind the abutment.

For the bridge system with a period of 0.8 sec, it seems that equivalent damping ratio is
predicted successfully as the equivalent eastic system and the non-linear analysis of the
SDOF yielded approximately the same displacements. In this case, the absolute permanent
displacement of the abutment top for the target displacement of 130mm, was 57 mm for |oad-
ing 1 and 61 mm for loading 2.

Also, Figure 10 shows the areas of the backfill soil that exhibited plastic deformations
when the abutment displacement was 20, 60 and 80 mm. The Figure suggests that the perma-
nent dislocations (displacement and rotation) of the abutment is very small when the dis
placements are 20mm and hence no significant permanent displacement of the abutment is
observed. On the contrary, when the displacement of the abutment is 60 or 80mm both the
foundation of the abutment and the backfill soil yields and as a result the abutment exhibits
significant permanent, dislocations which isin line with the above findings.
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(@ (b) (©
Figure 10: Points in the backfill soil where plastic deformation of the soil material is developed for
20, 60 and 80 mm.

5 CONCLUSIONS

The response of short period systems was studied for integral abutment bridges. The aim of
the research was to define the stiffness and the equivalent damping ratio of the system bridge-
abutment-backfill to extend the use of DDBD method to existing and new IABs. FEM soft-
ware PLAXIS was used to obtain the force-displacement curves of the system abutment-
backfill under dynamic loads having fundamental periods ranging from 0.4 sec to 0.8 sec.
Non-linear response of the system was considered due to both the material non-linearities
(soil) and due to the development of voids between the abutment and the backfill soil. The
equivalent damping ratio of the integral bridge system (bridge-abutment-backfills) accounted
for the elastic damping (¢ =5%) and the hysteretic damping (nys) due to the inelastic behav-
iour of the backfill soil. The damping model did not take into account the mass of the backfill
soil or other types of damping. The results showed that for the bridge systems with periodsin
the range of 0.6 to 0.8 sec the equivalent damping ratio can be predicted with adequate accu-
racy by the proposed methodology. For the short period systems the methodology was found
to underestimate the damping ratio and hence overestimate the displacement by 28%.

It was evident throughout the analyses of different bridge systems that the hysteretic damp-
ing of the system abutment-backfill was not strongly dependent on the magnitude of the target
displacement, as for greater target displacements the damping ratio, was not increased signifi-
cantly. On the contrary, greater frequencies of the input motion lead to larger damping ratios.
The equivalent damping ratios for bridge systems having periods in the range of 0.4 — 0.8 sec
was found to be in the range of 14-18.5%.

The softening of the system due to the yielding of the backfill soil, the gaps that are formed
between the abutment and the backfill soil during an earthquake and the significantly different
response of the abutment when it pushes the backfill soil and when it moves away from it,
complicate the interaction problem. The above, along with the geometry of the abutment, the
foundation soil and the properties of the backfill soil will be the object of further investigation.
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