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Abstract: This paper summarises the ongoing research on the seismic design of isolated
and integral bridges at the University of Surrey. The first part of the paper focuses on the
tensile stresses of elastomeric bearings that might be developed under seismic excitations,
due to the rotations of the pier cap. The problem is described analytically and a multi-level
performance criterion is proposed to limit the tensile stresses on the isolators. The second
part of the paper sheds light on the response of integral bridges and the interaction with the
backfill soil. A method for the estimation of the equivalent damping ratio of short-span
integral bridges is presented to enable the seismic design of short period bridges based on
Eurocode 8-2. For long-span integral bridges, a novel isolation scheme is proposed for the
abutment. The isolator is a compressible inclusion comprises tyre derived aggregates (TDA)
and is placed between the abutment and a mechanically stabilised backfill. The analysis of
the isolated abutment showed that the compressible inclusion achieves to decouple the
response of the bridge from the backfill. The analyses showed that both the pressures on the
abutment and the settlements of the backfill soil were significantly reduced under the thermal
and the seismic movements of the abutment. Thus, the proposed decoupling of the bridge
from the abutment enables designs of long-span integral bridges based on ductility and
reduces both construction and maintenance costs.

1 Introduction

Bridges are important infrastructure assets, which are costly to construct and maintain.
Integral Abutment Bridges (IABs), which are jointless bridges with piers and/or abutments
rigidly connected to the deck, are resilient frame structures that have minimum maintenance
requirements, as they do not have bearings or expansion joints. However, integral bridges
are expected to respond in an elastic manner (Eurocode 8-2, 2005) when subjected to the
design earthquake motion. Hence, the available ductility of the piers is not utilised to reduce
the seismic actions. Also, the damping of integral bridges that occurs due to the inelastic
behaviour of the backfill (Caltrans, 2013) is not recognised by Eurocode 8-2 as a source of
damping. Additionally, in short-span jointless bridges, the kinematic effects in the backfill soil
may magnify the displacements of the backfill (Zhang and Makris 2002) and thus increase
the displacements of the deck (Inel et al., 2002; Kotsoglou and Pantazopoulou, 2007; Taskari
and Sextos 2015). In long-span integral systems, the interaction of the bridge with the backfill
soil under serviceability or seismic loads causes significant settlements of the backfill soil
(Mitoulis et al., 2014), soil densification and ratcheting flow patterns (England and Tsang,
2001), which increase the soil pressures in the long-term (Arockiasamy M and Sivakumar M
2005). Hence, the condition of the backfill soil deteriorates in time and it requires
maintenance and/or replacement that results in bridge closures and costly downtime.

The aforementioned design challenges of integral systems lead to the wide application of
seismically isolated bridges. In isolated bridges, the seismic action is being enhanced by
bearings, expansion joints and, in some cases, dampers. The structure is required to exhibit
zero-damage under the prescribed seismic action and this is the requirement for all the
structural components and especially the bearings, on which the overall bridge integrity is
relied. However, when the bearings are positively connected to the pier and to the deck, they
might be exposed to tensile stresses (Mitoulis, 2014), and this possibility increases when the
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bearings are placed eccentrically with respect the axis of the pier, which is common in
Southern Europe where precast beams are used for the erection of the deck. Kumar et al.
(2014) recognised the potential of bearing uplift and for this reason developed a bearing
model that accounts for the tensile non-linear response of elastomeric bearings under
extended or beyond design basis shaking. The load deformation of the isolators under pure
tensile loads was described before by Constantinou et al. (2007) and Warn (2006). Yang at
el. (2010) tested bearings having a shear modulus G of 0.55 Mpa under pure tensile loads
and identified that the bearing exhibit cavitation (Stanton et al., 2008; Dorfmann’? et al., 2000
and 2003; Yura et al., 2001) when the tensile stresses o; exceeded 1-2 Mpa or a strain ¢ of
1%, whilst the bearing uplift potential is evident throughout most bridge design codes
(AASHTO, 2012; CalTrans, 1999; EN1998-2, 2005; JRA, 2002).

This paper provides improvements and solutions for the aforementioned challenges of
isolated and integral bridges designed to Eurocode 8-2. A criterion that defines three levels
of the seismic response of bridge bearings subjected to combined shear, rotation and axial
loading is presented to limit the tensile loading of the bearings of isolated bridges. For short-
period integral bridges, a methodology for the estimation of the equivalent damping ratio will
be described based on a previous research (Mitoulis et al, 2015). The paper concludes with
the findings of previous studies on integral abutments that are isolated from the backfill soil
by novel compressible inclusions of reused waste materials. It is shown that the proposed
design enhances the bridge-backfill interaction under serviceability and seismic
displacements of the deck and introduces new cost-effective designs for longer and resilient
bridge structures.

2 A stress criterion for mitigating tension in steel-reinforced elastomeric bearings
The recent research on the response of isolated bridges subjected to longitudinal seismic
excitations (Mitoulis, 2014) showed that the governing parameters that define the tensile
displacements on the bearings are predominantly the eccentricity e of the bearing with
respect the axis of the pier and the relative rotation of the pier cap and deck, i.e. rpc.q= rpc-r
as shown in Figure 1a and 1b. The following procedure shows how the stresses on the
bearing critical edge (see the far edge on Figure 1b) can be calculated based on the
combination of: (a) the pure tensile displacement of the bearing r,c.4 - €, shown in Figure 1b;
(b) the rotation of the bearing ry,c.¢ sShown in Figure 1d and (c) the shearing of the bearing by
a displacement of uy, shown in Figure 1c.

2.1 Tensile stresses on the bearings imposed by the pier cap-deck rotations
The r,c.q induces a net tensile displacement to the isolators, (Figure 1b) and a net rotation of
the bearing, which is equal to r,.4 as shown in Figure 1d. Hence, the total tensile
displacement of the far edge of the bearing vb"s”;’sd due to rpeq is:
r L r,. - L
vb::li = (rpc - rd). (e + E) - vb;isd =Tpe—a’ (e + E) (1)

where L in eq.1 is the dimension of the isolator in the longitudinal direction. The axial
stiffness K\, of a steel-reinforced bearing is given by Kelly and Konstantinidis (2011):

_E.-A4
>t

1

K, (2)

where E; and A are the compression modulus and the area of the isolator respectively and Z;
is the total thickness of the elastomer. The stress o, caused by a net tensile strain of ¢, is
given by the following equation:

O-V,t:Ec' &yt (3)
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For the tensile stress on the far edge of the bearing due to the rotation r,.4 the following
procedure was followed. The flexural stiffness K,;, of the isolator is:
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Figure 1. (a) The geometry of the pier cap, (b) the net tensile displacement of the bearings on the right

due to the rotation rp.q, (¢) the tensile stresses under shear strains and (d) the rotation of the bearing
due to the rotation of the pier cap.

(@)

where I and I+ are the moment of inertia of a beam cross-section with the shape of the
bearing and the effective moment of inertia correspondingly. The compression modulus E;’
considering incompressibility behavior is:

E'¢c=6.073-G-§ (5)

where G is the shear modulus of the bearings, S is the bearing shape factor and K is the bulk
modulus, which is 2000Mpa (Kelly and Konstantinidis, 2011). It is:

E - E.-K (6)
E.+K

The stress o, at the edge of the isolator due to the rotation of the bearing, which is shown
in Fig. 1d, can be estimated based on the following equation:

_M(L/2) (7)

v.M
]eff

where M is the bending moment that causes a rotation r,., to the bearing, L is the
longitudinal dimension of the isolator that is equal to the diameter for a circular bearing, and
y=L/2 the distance of the edge of the bearing from the neutral axis of the bearing, which
remains elastic and is symmetric. The strain ¢, of the edge of the bearing due to the
rotation rpc.q is:

 Tpeed “(L/2) (8)
wM
2t
which yields:
o E,u 2t _ 2-€,, 28, (9)
i (L/2) L
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Also, the bending moment M of the isolator is:

M=K,r_ (10)

p

Hence, taking into account equation 7 it is:

_Krb'rpc—d.(L/2): =Krb'rpz‘—d'L (11)

Uv,M Ieﬂ av,M 2 . Ieff
2.2 Tensile stresses on the bearings due to second order effects

The bending moment due to the shear strain My, shown in Fig. 1c, also causes tensile

stresses to the bearing. The bending moment is:

M, =Lt (12)
2

where P is the vertical load acting on the bearing when the bearing is sheared by a
displacement of u,, as shown in Figure 1c. Hence, the tensile stress of the far edge of the
bearing due to M,y is:

=M,V'(L/2)_> _—P'ux-L (13)

O,
v.Mv v,My
1, 41,

Notice that P is typically a compressive load (i.e. P<0) that creates tensile stresses, i.e.
O, 20.

v

2.3 Total tensile stresses on the bearings & proposed performance criterion
The maximum strain of the far edge of the bearing ¢, is given by eq. 14:

max _ 14
Epurs =€ T EM T EM T Esis (14)

where &, s sis the compressive strain of the bearing due to the self-weight of the deck plus a
percentage of the variable loads, i.e. vertical load on the bearing at the onset of the seismic

event and ¢, is the tensile strain due to the My Hence, the maximum stress of the far edge
of the bearing is:

Chns = 0oy +Oup 0y, + 045 <05 =(2~3)°G (15)
where ¢, and ¢, ¢ are the maximum tensile stress of the bearing during the seismic
event (ULS) and the stress of the bearing that corresponds to the ¢, 5. s respectively. Where,

aZ”is the allowable tensile stress of the bearing. The above inequality assumes that the

maximum tensile stress that will be induced on the isolator will be smaller than o”
=(2~3)11G. Taking into account eq. 3, 11 and 13 eq. 15 yields:

max -E - Krb‘rpc—d'L_P'uJ.L
Op s = &

al _ 2y, 16)
¢ €y +0, g5=0,, =(2~3)'G (
2-1y 41,

The tensile strain due to the net tensile displacement rpc.q - € is:
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g, =2t C (17)

vt thi
If we substituted ¢, of eq. 17 in eq. 16 then we get the maximum allowable stress of the far
edge of the bearing as follows:

max rc—d.e Krb'rc—d.L PMXL all

Tpus =B =5 ST *Ouss 01 =(2~3)°G (18)

i eff eff

all Pl/le

Oy, = Oy 515 +4#
or = off (19)

rd=""E-e K, L
+
2t 2-1

i of

Inequality 19 describes the limit of the relative pier-deck rotation for which the far edge of the

bearing under tension (bearing on the right in Figure 1b) will exhibit a maximum tensile stress

of UZ” =(2~3)[1G. Notice that force P is compressive, i.e. P<0, and induces a tensile stress at

all

the far edge of the isolator. Also, notice that o, ,>0 and o, (<0, which means that for the

bearing to exhibit a tensile stress during an earthquake equal to, say, crbr?;xs =2 Mpa and the

compressive stress of the bearing during SLS is, say, 0, = - 5 Mpa, the tensile
displacements of the bearing due to the rotation of the pier cap and due to the shear
displacement u, should cause stress 0,7« -0, ¢ =2—(=5)=TMpa. If we substituted K
by eq. 4 in eq. 19 we get:

all P ux L
Opr = Op s + N
rooos & (20)
redT Eice E L
. 2-2,
Or taking into account eq. 5 and 6 we get:
all P'MX'L all P'ux'L
Opt = Op s + 4] Opr = Ops1s N
of of (21)

Tea =T I T et 2T 073G K (L
‘le+ — ‘le+—
3t 6.073:-G-S°+K ( 2)
Notice that it should always be P<0, i.e. the force on the bearing under the maximum shear
displacement u, should be compressive. If P>0 the bearing will be under tension and hence
equation 13 would give a misleading result. Hence it should be:

O, 515 -2t

E -e
P=\o +0, ., )A<0=0 +7r ==y == L
( b,SLS v,t) b,SLS pe—d Zt pe—d EC e (22)

1

Based on eq. 21 we can define the following criterion that represents the maximum allowable
stresses of the bearing during SLS and ULS as follows:
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a[fil <2-G for SLS (23)
2:Gsoy <3G Sor ULS

The limits of 2-G and 3-G were selected based upon the literature (EN15129, 2009; Gent,
1990), which suggests that steel-reinforced bearings do not exhibit significant cavitation for
stresses smaller than 2-G and this was considered adequate for the SLS design situations.
Partial cavitation of the elastomer is acceptable for accidental, i.e. infrequent loads that
occurs for stresses (2~3)-G. Equation 21 was validated by 3D FE models and it was found
that the predicted rotation of the pier cap had a maximum deviation of 6% from the FEM.

3 Seismic design of integral abutment bridges
3.1 Damping of short-span integral bridges

A methodology is described in a recent paper for the estimation of the equivalent viscous
damping ratio of short-span bridges (Mitoulis et al., 2015). The methodology enables the
design of integral bridges in Europe as it can be used for performing simplified response
spectrum analysis and displacement-based designs of integral bridges. The methodology
was applied on a typical integral abutment with representative backfill soil properties.
Numerical analyses of the coupled abutment-backfill system were performed with the FE
code PLAXIS. Subsequently, the concept of equivalent viscous damping that was first
proposed by Jacobsen (1930), to approximate the steady forced vibration response of linear
single degree of freedom SDOF damped systems, was employed, and the hysteretic
damping ratios were estimated based on the derived force-displacement curves of the
coupled system.

It was observed that the abutment exhibited different behaviours for the two loading
conditions that are illustrated in Figure 2, as the abutment is stiffer when it pushes the backfill
soil, whereas it is less stiff, when it moves away from it. Interestingly, the hysteretic damping
ratios that were estimated for loading condition 2 were higher than the ones that were
estimated for the first loading condition for the same target displacement. Also, it was
observed that the equivalent damping ratio that was calculated for the bridge of a period of
0.4 sec was approximately 18%, whilst the equivalent damping ratio was found to be
approximately 14% for bridges of a period of 0.8 sec. Notably, the above ratios include a 5%
damping in the elastic range.

The analysis of equivalent SDOF bridge models, as shown in Figure 3, showed that the
damping is successfully predicted by the proposed method for the long-period -0.8sec-
systems, whilst for short-period systems (0.4 sec) the proposed method underestimates the
damping ratio. Also, the proposed method was not able to account for the formation of the
voids that are developed between the abutment and the backfill soil, which soften the system
abutment-backfill and hence lead to larger displacements. Further analysis will be conducted
to develop a model for the damping of integral bridges designed to Eurocode 8-2 that will
account for the increased damping that occurs within the yielding backfill.

4

(a) (b)
Figure 2. (a) Loading 1: the abutment first pushes (ps) the backfill soil and (b) loading 2, the abutment
first pulls (pl) the backfill soil.
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Figure 3: The F-d curves for the bridge (effective period of 0.4sec & target displacement 25mm) and

description of the linear and non-linear SDOF models of integral bridges.

3.2 Enhancing the response of long-span integral bridges

An isolation scheme is proposed for integral abutments to mitigate the adverse coupling of
the bridge with the backfill soil under serviceability and seismic displacements, as shown in
Figure 4. The proposed isolation enables the design of longer maintenance-free bridges. For
this purpose, novel compressible inclusions of reused tyre derived aggregates were studied
and applied in numerical models of integral abutments with mechanically stabilised backfills.
The properties of the compressible inclusions were defined by laboratory tests. An ad-hoc
uniaxial test apparatus was produced for this purpose at the Laboratory of Strength of
Materials at the University of Surrey. Model compressible inclusions were tested under cyclic
compressive strains, which correspond to realistic strains that are imposed to the inclusion
by the movements of the integral abutment. The Young's modulus, the permanent
deformations and the behaviour of the compressible inclusion was defined under the
repetitive loads, strictly for the design purposes of this study. The experimental results were
validated with the triaxial tests conducted in Aristotle University of Thessaloniki.

Subsequently, typical integral abutments were modelled and numerical analysis by 2D
nonlinear FE model in Plaxis was conducted for bridges with or without compressible
inclusions. The validation of the static and dynamic response of the model abutments was
presented in a previous paper (Argyroudis et al, 2013). The settlements of the backfill and
the soil pressures on the abutment were evaluated for bridges with and without compressible
inclusions to assess the efficiency of the compressible inclusion. Figures 5a and b show the
settlements and the soil pressures for the conventional and the proposed integral abutment,
with the compressible inclusion. The Figures are indicative as they show the results for one
seismic motion only, which was scaled to a peak ground acceleration of 0.3g. It is shown that
the use of isolators of tyre derived aggregates can enhance the bridge-backfill interaction by
reducing significantly the settlements, as shown in Figure 5a, and the pressures on the
abutment, as shown in Figure 5b. Therefore, the isolation of the abutment from the backfill
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soil is key to the application of long-span integral bridges. Also, it was observed that the
bridge, which had its abutments isolated from the backfill soil, exhibited displacements which
were significantly larger than the conventional integral bridge. Hence, the available ductility of
the piers of integral bridges can be utilised as a means to reduce the seismic actions of this
type of bridges, i.e. a behaviour factor larger than one proposed by Eurocode 8-2 can be
used.

approach slab
deck l ] compressible
inclusion
Compressible
Inclusion Tm
I
| geogrid
E H % H
3
! H + H
! O 6D E | : compressible
1m foundation i‘; _—' e Pt | inclusion
Im 3m _{ VL7 I
(a) (b)

Figure 4: (a) The isolation of the abutment with compressible inclusions and (b) the 2D FE model that
was analysed in PLAXIS.
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Figure 5. (a) The swelling and the settlements of the backfill soil for integral abutments with and
without compressible inclusions and (b) the soil pressures on the abutment (indicative).

Conclusions

A synopsis of the research that is being conducted at the University of Surrey on earthquake
resistant bridges was presented. Open issues on the design of seismically isolated and
integral bridges were presented and solutions were proposed. The main outcomes of the
research are summarised below:

The design of seismically isolated bridges with bearings eccentrically placed on the pier cap,
which is common practice in Southern European countries, is required to account for
potential tensile loading in the bearings. A stress-based criterion was described in this paper.
The criterion was developed by applying elastic beam theory and defined the maximum
tensile stresses at the critical edge of the bearing. The analytical model was validated
through a FE model of a single-pier with steel-reinforced bridge bearings. The criterion
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suggests three levels of bearing tensile stresses that represent SLS (no cavitation), ULS
(potential of cavitation) and extensive cavitation of the elastomer of the isolator. The bounds
of the aforementioned stress criterion were decided upon the international literature, the
available laboratory tests and the current Eurocode provisions. The proposed criterion can
be useful for limiting the rotation of the piers for different bridge types and for bearings placed
either concentrically or eccentrically with respect the pier cap. This criterion was found to
predict with acceptable accuracy the maximum tensile stress of the critical edge of the
bearing.

The seismic response and design of integral abutment bridges to Eurocode 8-2 was
discussed for both short- and long-span systems. For the short period integral bridges, the
ongoing research on the estimation of the damping ratio of bridges is discussed based upon
a previous paper. The studies to date resulted in equivalent damping ratios higher than the
ones prescribed by Eurocode 8-2. Further verification of the numerical studies will be
conducted with the aim to develop a model for the estimation of the equivalent damping ratio
of integral bridges to simplify the analysis and design of this particular type of bridges in
Europe.

A novel solution for long-span frame bridges was presented. The experimental and numerical
studies conducted in collaboration with Aristotle University of Thessaloniki concluded that the
isolation of integral abutments from the backfill soil by means of ad-hoc compressible
inclusions, enables the design of longer and ductile integral bridges. Additionally, the
isolation of the bridge by means of reused tyre derived aggregates enhances the long-term
performance of the system as both the settlements of the backfill and the soil pressures on
the abutment are significantly reduced.
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