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Abstract. During the last three decades, a large number of analytical methodologies have been de-
veloped for the seismic assessment of bridges and the derivation of bridge fragility curves. However,
recently, the research focus has shifted on the derivation of bridge-specific fragility curves, recogniz-
ing the effect of different geometry, structural system, component and soil properties, on the seismic
assessment results. In this context, a new, component-based methodology for the derivation of bridge-
specific fragility curves has been proposed by the authors, with a view to overcoming the inherent dif-
ficulties in assessing all bridges of a road network and the drawbacks of existing methodologies,
which propose usage of the same group of fragility curves for bridges classified within the same cate-
gory. Therefore, the main issue addressed in this paper is to analytically determine capacity and de-
mand in bridge-specific fragility analysis in the frame of the methodology previously proposed by the
authors, aiming at application to realistically sized bridge stocks. Capacity (resistance) is calculated
individually for each critical component with the aid of inelastic pushover analysis, quantifying dam-
age in displacement terms based on the capacity curve and the correlation of global to local damage.
Bridge piers, abutments and bearings are considered as the (seismically) critical components of a
bridge system, piers of different types and characteristics, and different types of abutments and bear-
ings are analysed and included in a database that provides case-specific limit state thresholds of com-
ponent capacity. The effect of component parameters on limit state thresholds is therefore assessed,
highlighting the differences according to the limit state and component considered. Demand is also
calculated for each component using either inelastic response-history or elastic dynamic analysis, de-
pending on the application scale (single bridge vs bridge stock), while uncertainties in both capacity
and demand are quantified. Case-specific capacity and demand estimations using the proposed meth-
odology are given here for three bridges having different structural systems, and the derived bridge-
specific fragility curves are compared with fragility curves for all bridges classified within the same
category, to assess the degree of over- or under- estimation of the probability of damage when generic
bridge classes are used.
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1 INTRODUCTION

Reliability of road systems and their components, exposed to multiple natural hazards is on
the frontline of engineering research during the last three decades, since possible damage to
critical components is strongly related to important direct and indirect economic losses.
Bridges are considered to be the most critical component of urban and interurban transporta-
tion systems, ensuring mobility and intercity connection after an earthquake event. Therefore,
numerous methods have been developed for the assessment of seismic vulnerability of bridges,
mainly in the context of developing fragility curves.

Seismic fragility is the quantification of the probability that bridge damage will exceed a
specific limit state threshold for a given level of earthquake intensity. Fragility curves are de-
rived for different limit states and levels of earthquake intensity and can be used for pre-
earthquake retrofit prioritization. The majority of the methodologies available in the literature
for the derivation of fragility curves are analytical, since earthquake damage data available to
derive empirical bridge fragility curves is sparse. A great number of analytical methodologies
is available in the literature (Table 1), and can be classified with regard to consideration of
multiple components ([1], [2], [3], [4], [5], [6]), or only the most critical one (piers) in fragili-
ty analysis, the estimation of component or system capacity (limit state thresholds) and seis-
mic demand (analysis method used), the uncertainty treatment and the probabilistic model
used. In particular, regarding component capacity, either local ([5], [6], [7]), or global ([8], [9])
engineering demand parameters are used, whereas quantification of damage, namely the limit
state thresholds, is commonly based on experimental results ([10], [11], [12]). Regarding the
calculation of seismic demand, different analysis methods have been put forward, namely ine-
lastic static (pushover) analysis (e.g. [3], [4]), modal response spectrum method (e.g. [1],
[12]?7?), and nonlinear response-history analysis ([13], [14]). The maximum likelihood meth-
od [15] or the probabilistic seismic demand model ([2], [16]) have been used for the calcula-
tion of fragility curves.

The variability in capacity and demand estimation in the frame of analytical methodologies
for the derivation of fragility curves is depicted in Table 1. The main drawback of the existing
methodologies is that capacity (limit state threshold) estimation is commonly based on exper-
imental results ignoring the effect of structure-specific parameters like pier type, geometry,
material, and reinforcement properties on results, whereas advanced analysis tools are pro-
posed for the estimation of seismic demand, increasing the computational cost when applied
to large bridge inventories. A new, component based methodology for the derivation of
bridge-specific fragility curves has been recently proposed by the authors [17], having a broad
application range (the method is independent of the structural system and the bridge proper-
ties), and being feasible to be applied to realistically sized bridge stocks. The main issue ad-
dressed in this paper is to analytically determine the capacity of multiple bridge components,
providing component-specific limit state thresholds and closed-form equations for their quan-
tification, while the effect of different pier type and properties on local and global engineering
demand parameters is assessed and discussed. Moreover, the estimation of seismic demand
from the analysis of a detailed or simplified model depending on the application scale (single
bridge or bridge stocks) in the frame of bridge-specific analysis is presented and discussed.
Finally, bridge-specific fragility curves derived for three bridges are compared with fragility
curves for the corresponding generic bridges, to assess the degree of over- or under- estima-
tion of the probability of damage when generic bridge classes are used.
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(2000)
Piers: p,

18. Tavares et al., Bearings: & Synthet-

(2012) Abutments: ¢ HAZUS (1997) 3D DM ic Accel, RHA
[4LS]

. Piers: p, .

19. Yietal (2007) A Choi (2004) 2D Model 60 accel. NRHA
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20. Zhong et al. (2012) Piers: Drift (%) Probablhs.tlc mgdel (closed 3D DM Elastic

form relationship) spectrum

* 3D DM: 3D Detailed Model, NRHA: Nonlinear Response History Analysis CSM: Capacity Spec-
trum Method

Table 1: Capacity and demand estimation in analytical methodologies for the derivation of fragility curves (full
references provided in [18]

2 METHODOLOGY FOR DERIVING BRIDGE-SPECIFIC FRAGILITY CURVES

The methodology, proposed by the authors, for the derivation of bridge-specific fragility
curves and the distinct steps for its implementation are described in detail elsewhere [17]. It is
noted that a key aspect of the methodology is the broad application range, independently of
the structural system and bridge properties, in principle overcoming the need for classification
to typological classes. The methodology is component-based and provides closed-form rela-
tionships for the quantification of component-specific limit state thresholds (component data-
base) and two alternatives for the calculation of seismic demand based on analysis of a
detailed or simplified bridge model, depending on whether a single bridge or bridge stock is
addressed. A detailed description of the methodology is beyond the scope of this paper, how-
ever basic principles for the estimation of component capacity (database development) and
seismic demand are briefly described in the remainder of this section.

2.1 Bridge capacity

As depicted in Table 1, different global or local engineering demand parameters are pro-
posed by methodologies available in the literature for the quantification of component damage,
while threshold values are based on experimental results in most cases. Analytical estimation
of limit state thresholds is rarely proposed, whereas component-specific analysis is required in
that case, rendering the methodology case-dependent and simultaneously increasing the com-
putational cost.

In the frame of the proposed methodology, bridge piers, abutments and bearings are con-
sidered as critical components affecting the system’s seismic performance and limit state
thresholds for four limit states are explicitly defined based on inelastic analysis results and/or
experimental data, depending on the component examined. The milestone of the proposed
methodology regarding the capacity estimation, is that the user- can define component limit
state thresholds for four limit states considering all different component properties that may
affect inelastic behaviour based on analysis results, without performing inelastic analysis for
each component. To this end, a database of different components is developed and multiple
parametric analyses are performed, to obtain limit state thresholds based on inelastic analysis
results, additionally considering different possible failure modes. Based on regression analysis
of results, closed-form relationships are provided for limit state thresholds, based on various
parameters affecting capacity for different component types. Therefore, irrespectively of the
methodology followed for fragility estimation, a reliable methodology for limit state threshold
(capacity) estimation is provided.
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Fig. 1 — Development of database for bridge piers

Regarding the component which is usually the most critical for the seismic response,
namely bridge piers, the procedure followed for the development of the database is presented
in Fig. 1. The distinct steps for the compilation of database are:

(a) Consideration of different pier types, encompassing practically all different types found

in a bridge stock. Cylindrical, hollow cylindrical, rectangular, hollow rectangular and
wall piers are considered herein. It should be mentioned that hollow rectangular and
wall piers are commonly designed to remain elastic (in bridges with pier-to-deck con-
nection through bearings), however their inelastic behaviour is additionally studied and
limit state thresholds are quantified.

(b) Consideration of varying pier section parameters, namely dimensions, longitudinal and

transverse reinforcement ratio, normalised axial force and material properties. Section
analyses are performed for all possible combinations of parameters considering con-
fined and unconfined concrete material laws. In particular, regarding confined concrete,
the Mander model [19] was used for cylindrical sections, Priestley & Ranzo model [20]
for hollow cylindrical, and Kappos model [21] for rectangular, hollow rectangular, and
wall sections. Parametrically defined input cross section files are set up and multiple
section analyses are performed using AnySection v.4.2.0 [22]. Pier damage is initially
defined at section level, using local engineering demand parameters (section curvature),
related to experimentally estimated damage (e.g. crack widths) via section analysis,
therefore limit state thresholds in curvature (local) terms (Table 1) are defined within
this step.

(c) Consideration of a sufficiently broad range of heights for each pier section type and

parametric setup of an inelastic cantilever model in order to perform pushover analysis
and calculate limit state thresholds in terms of global engineering demand parameter
(displacement of control point). Plastic hinge formation is considered at the cantilever
base (lumped plasticity model), whereas M- curve, calculated at step (b), is used as
input. Inelastic pushover analysis is performed for all sections considered (strong and
weak section direction separately) paired with all different pier heights, using a Matlab-
based code developed for the setup of input files, and Opensees [23] for inelastic static
analysis. Limit state thresholds in global engineering terms (displacement of control
point for limit states 1 to 4) are correlated to /ocal ones (curvature for limit states 1 to
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4), using the results of inelastic pushover analysis, additionally considering P-delta ef-
fects.

(d) Check of shear failure, calculating the displacement when Vy is developed (dv), addi-
tionally considering reduced concrete contribution in the inelastic range (Fig.1). Dis-
placement at shear failure (dv) is compared to the displacement due to flexural failure
(dfn) and the minimum value is considered as threshold value for the specific limit state
(Table 1).

Based on inelastic static analysis results, limit state thresholds are defined in displacement
terms for all different pier types, section properties and heights considered (di to d4 for all
possible combinations described within steps a-d), and regression analysis is performed in or-
der to derive closed-form relationships for every pier type and limit state.

(e) Since all the previous steps are based on inelastic cantilever model and analysis results,
the effect of different boundary conditions on limit state thresholds should also be con-
sidered. In general, bridge piers are restrained at the top (depending on the type of pier-
to-deck connection and the type of the deck, namely deck rotational stiffness) and at
the bottom, depending on the foundation type and the ground properties. The tip dis-
placement of the equivalent cantilever (height equal to the height of contraflexure point
calculated for each case as pier top to bottom moment ratio, from elastic analysis) is re-
lated to the displacement of the restrained pier, on the basis of the methodology de-
scribed and the analytical solution provided in [17] and shown in Fig.1(E).

o R/C Piers / EDP: d (m) Abutments Bearings
Limit State
Local Global EDP: d (m) EDP: vy (%)
o /181_ h}/fi_ d {d(¢1 } d =11- dgap 20
nor/Shght Q1. @y 1:m _ )
damage v, ('u(p,backwull = 1‘5) (d, =0.02 hbf)
LS 2 — Moder- |#2: min (¢: & >0.004 , . d(% B 100
dp: mi dZ _001hb owvall —
ate damage p: & 20.015) d(V ) acka (d,=0.1- hbr)
£ <0.004+

LS 3 - Ma- @3: min (¢: . d(@,) 200
jor/Exten-sive L4-p, f_ ds: mi { b ld,=0035-h (d.=02-% )
damage ce dV,) 3= 0et

p: € 20.06)

@4: min (¢
LS4-Fail- | p1<090-M . d(p,) d —01h 300
ure/Collapse - da: min d(V,) Pl (d,=03-h,)

p:¢,20.075) 4 '

Table 1 — Limit state thresholds for critical structural components

For the quantification of abutment and bearing damage, threshold limit state values are de-
fined in terms of displacement of the component control point, based on experimental results
and other information from the literature, as described in [17] and summarised in Table 1.

In particular, threshold displacement values for abutments are related to the curvature duc-
tility (LS1) and backwall height (LS2 to LS4). However, since curvature ductility is related to
backwall inelastic performance and properties (M-¢ curve), correlation to gap size is attempt-
ed in order to easily define threshold limit state value for LS1, avoiding inelastic analysis of
the component in each application. To this end, parametric analyses of abutment (component)
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models are performed, considering varying backwall heights and section properties as well as
different backfill soil properties. Based on analyses results, the displacement corresponding to
pp=1.5 was approximately equal to 1.1dgqp (Table 1).

Abutment Response
(Hysteretic Material) |r
[F(kN) ||
A3p A2pAlp | HI\T\)
o~ X1 ~/Kv

Backwall
properties

ZL Element - Bearings -

1 >
Kly u(m) Ly
K2p S >

u(n;)
K3p

cohesive or
cohesionless soil

[ZL Element - EPPGap} Ekstouncile Bosiing

INF(kN)

£ K=3.4e07kN/m —
Agap u(m) S ——
Agapx=10cm 1 * ,
Agapy=15cm [rubber | [steel plate]

Fig. 2 — Stick model for the abutment

Threshold displacement values for elastomeric bearings are related to shear strain, based
on experimental data (Table 1). For the case of lead rubber bearings, limit state thresholds are
differentiated mainly regarding LS1, associated with the shear strain corresponding to lead
core yielding. It should be noted that for both elastomeric and lead rubber bearings, attain-
ment of the buckling load (Pcr) is also checked, whereas pot bearings, allowing sliding in one
or both directions are not considered as critical components.

Wil -

Fig. 3 — Elastomeric, lead rubber and pot bearings

Based on the above, a database of critical components is developed, providing component-
specific limit state thresholds (as described in §3), for calculating component capacity (and
the associated uncertainty Bc). A website providing all information regarding the database
compilation, namely software developed for multiple parametric inelastic static component
analysis and analytical limit state threshold definition, experimental data collected for quanti-
tative damage definition, etc., is currently under development. The site will eventually pro-
vide an online platform, allowing component-specific limit state threshold quantification in
the frame of fragility analysis, avoiding both time-consuming inelastic analyses and approxi-
mate definition of capacity regardless of the properties of the component , that will affect the
reliability of fragility analysis.

2.2  Seismic demand

In the frame of the proposed methodology, the calculation of seismic demand at the com-
ponent control point is differentiated depending on the application scale (single bridge or
bridge stocks). In particular, when bridge-specific fragility curves are derived for a single
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bridge, nonlinear response history analysis of a detailed inelastic model is proposed, using an
enhanced IDA procedure described in [17] (IDA combined with multiple stripe analysis), in
order to estimate seismic demand at component control points for different levels of earth-
quake intensity. Uncertainty in seismic demand (Bp) is calculated for every critical component,
additionally considering the effect of record-to-record variability. Since the application of the
methodology to bridge stocks for the derivation of bridge-specific fragility curves is computa-
tionally demanding, response spectrum analysis of a simplified elastic model for varying lev-
els of earthquake intensity is proposed in this case (scaling PGA, e.g. from 0.1g to 1g) to
estimate seismic demand at component control points, whereas the evolution of damage with
earthquake intensity is plotted for every component considered (mean value). Bridge-specific
fragility curves are plotted assuming lognormal distribution, while uncertainty in seismic de-
mand (Bp), calculated for generic bridges representative of a specific bridge class according to
the classification system presented in [24], is used as dispersion value.

GENERIC MODEL FOR DEMAND CALCULATION (RSA) :INPUT PARAMETERS (by user)

General param eters Pier Properties Bearing Properties Gap Open
## Line 1 : Number of spans ## 1.1 : Pier Section Area (m?) # 1.1~ 1.6 : Kv, Kn , Kos, Koy (KN/m®
## Line 2 : Span Lenghts #12~1.5 : J(m* Iz(m*) Iy(m*) E (kN/m? | ## 1.7 : Bearing Type (1: Elastomeric.
## Line 3 : Meshsize for every span ## 1.6 : My0y (0: Input by User, 2: Lead. 3: Pot)
## Line 4 : Distributed span load (kKN/m") 1: Proposed closed form solution) |## 1.8 : Total Bearing Height (m
## Line 5 : Pier Height (m) - Left to Right ##1.7 : Section Geometry (1: Cylindrical , Abutment Properties -
## Line 6 : A(m’) J(m") Iz(n?') Iy(nt') E (KN/m’) 2: Hollow Rectangular, 3: Rectangular, | ## 1.1~ 1.2 : Kx, Ky (KN/m?) Kabtm Kbear
## Line 7 : Number of eigenmodes 4: Wall, 5: Hollow Circular, ## 1.3 : Backwall height (m)
## Line 8 : Direction of loading (1=x. 2=y) 6: RC Jacket . 7: FRP Jacket) #1.4~1.5: Gap_x - Gap_y Deck
## Line 9 : Damping #1.8~1.10: D (m). H (m). B(m). t(m) ## 1.6 : 0: Cohesive / 1: Cohesionless
## Line 10 : Pier to Deck Connection #1.11~1.14 : e, fy. pt. pw
(1:Monolithic. 2: Bearings) ##1.15~1.18 : My, @y(x & y directions) Spectrum x&y
## Line 11 : Bp(according to bridge category) ##1.19~1.26: Jacket Properties
#7:: No of eigenmodes #6: A(m2) J(nr') Iz(m) Ty(m) E(kN/m?) Gap Closed
#9 : Damping 5, 3 : -\ -
#4 - Distributed Loade_72 Span Length #3 : Meshsize 21 : Number ofSpan;
des dos s | daa e
m2

#8:

‘ i: No of Bridges (Invemory)‘

Fig. 4 — Software for bridge-specific fragility curves (input data — cases of open/closed gap)

The Matlab-based software developed for the implementation of the previously de-
scribed methodology and the derivation of bridge-specific fragility curves is illustrated in Fig.
4. The software is based on a generic simplified 3D bridge model created using the OpenSees
platform [23], wherein the methodology described in [17] for single bridge analysis is incor-
porated. It should be highlighted that different boundary conditions at abutments are consid-
ered for the case of open and closed gap, while fragility curves are automatically derived for
longitudinal and transverse directions separately, under the assumption of series connection
between components (lower bound).

3 SEISMIC CAPACITY ASSESSMENT (LIMIT STATE THRESHOLDS)

As described in §2.1, different pier types and properties are considered, in order to develop
a database encompassing practically all different types found in a bridge stock. A broad range
of different section properties, namely dimensions, longitudinal and transverse reinforcement
ratio, normalised axial force and material properties are considered and section analysis is
performed using AnySection v.4.2.0 (as described in 2.1(b)). Damage is initially quantified
using material strain values, namely & and &s values corresponding to experimentally ob-
served crack widths, and moment corresponding to loss of bearing capacity for limit state 4
(M=0.9-Mmax). Based on cross section analysis, moment-curvature curves are calculated (bi-
linear curves) and curvature values corresponding to the aforementioned material strains are
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defined. Hence, damage is defined in curvature terms (@1, @2, @3, @4), and M- curves and ef-
fective stiffnesses Eletr (My/@y), needed for pushover analysis, are also defined.

Cylindrical @/D =exp[ B, + B, -In(f. 1)+ B, In(v)+ Sy Inp +B,-Inp,]
e M[2:-7-R' - [, =explfy+ B, I/, ) £,)+ f, () + fy-In py + - Inp, ]
HOIIQW CY' ¢/Dout = exp[ﬁo +181 'ln(fc /fy)"'ﬂz 'ln(v) +ﬂ3 ‘In P +ﬂ4 ‘In P
})1?6(1:15‘108.1 +;Bs '1n(Douz / D in )]
M/[2:7(R,," = R,))" fog = eXpLf + B, (£ ] £,)+ B, In(v)+ ;- n
+ﬂ4 'lnpw +ﬂ5 .ln(Dout/Din)]
Hollow p/h=exp[B,+ B, -In(h/b)+ B, -In(h/ 1)+ B, -In(v)+ B, -In(f. / f,)+ B -In p,
Rectangular | 5 | '
Piers P lnp,]
(Strong Di- | M/(h-b=(h=2-1)-(b=2-1))-h- f,, =exp[ B+ -In(h/ b)+ B, In(h /1)
rection) +4;-In(v)+ B, -In(f,/ f,)+ B -Inp,+ B -Inp,]
Hollow @/b=exp[f,+ f,-In(h/b)+ B, -In(h/t)+ B -In(v) + B, -In(f, / f,)+ f5-In p,
Rectangular I
Piers theInp,]
(Weak Di- | M/(h-b=(h=2-1)-(b=2-1))-b- f,, =exp[f, + B, -In(h/b)+ B, -In(h/ 1)
rection) +4; - In(v)+ B, - In(f, /fy) +fs-Inp +f-Inp,]
R.ectangular o/h=exp[fB,+ B, -In(b/h)+ B, - In(v)+ S, - In(f, If)+ B, Inp +p-Inp,]
fslfrrsng b | M/(h-b)- 1 £y =expl By + B -Inb/ B)+ B, - In(v) ++3, -In(f, / £,)+ B, - In
rection) +f;-Inp, ]
R.ectangular @/b=exp[f,+ B, -In(b/h)+ B, -In(v)+ B;-In(f, / f,)+ B, -Inp, + B -Inp,]
f;;g;k Di. | M/(h-b)-b- [, =expl[ 5, + B -In(b/ h)+ B, - In(v) ++f3, -In( £,/ £,)+ B, In p,
rection) +f4;-Inp, ]
Wall Pier.S @/h=exp[B,+ B, -In(b/h)+ B, -In(v)+ B -In(f, / f,)+ f,-Inp, + f;-Inp,]
ot D17 M[(h-b)-h- [, = expLB, + A6/ W)+ B, () + 3, -In(f. )+ f, I
+f;-Inp, ]
Wall Pier.s @/b=exp[B,+ B -In(b/h)+ B, - In(v)+ S, - In(f, [ 1)+ B Inp +fB-Inp,]
gz;zl;) PN MY(h-b)-b- £, =expl B, + - In(b/ B+ B, -Inw) ++3,-In(f. / )+ S, In

+ﬂ5 .lnpw]

Table 2 — Closed-form relationships for limit state thresholds of different pier types

(local engineering demand parameter)

Section analysis results for all possible parameter combinations (nearly 8000 section anal-
yses for each pier type considering weak and strong section axis separately), are obtained for
each pier type and regression analysis is performed. Closed-form relationships for ¢, and M,
are presented in Table 2; S coefficients can be found elsewhere ([18] and online database).

The effect of varying cross section parameters on local engineering demand parameters (¢
or u, values) is depicted in Fig. 5 and 6 for cylindrical piers and Fig.7 for different pier types,
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highlighting the over- or under-estimation of threshold values in case that a uniform value,
irrespective of section properties, is considered.

0 0.005 0 0.005

D=2.0 (m), f= 33 (MPa), f,= 550 (MPa), v=0.20 D=2.0 (m), f= 33 (MPa), fy= 550 (MPa), v=0.20

Fig. 5 — Effect of longitudinal and transverse reinforcement ratio on yield (left) and ultimate (right) curvature
of cylindrical sections

As depicted in Fig.5, yield curvature increases for increasing longitudinal reinforcement
ratio (pr), while the effect of transverse reinforcement ratio (pw) is negligible. On the contrary,
ultimate curvature is highly effected (increased) for increasing transverse reinforcement, due
to the relevant increase in ultimate concrete strain (&) caused by core confinement, whereas
the effect of concrete and steel strength on ultimate curvature is depicted in Fig. 6(right).
Based on the above, curvature ductility decreases for increasing longitudinal reinforcement
ratio (Ly=0./@y — Fig. 6(left)), whereas this effect is more pronounced for p;>0.01.

0.03 200 20 200

D=2.0 (m), f= 33 (MPa), pu= 0.010, v=0.20 D=2.0 (m), p=0.015, pw= 0.010, v=0.20

Fig. 6 — Effect of steel strength and longitudinal reinforcement ratio on curvature ductility (left) and steel and
concrete strength on ultimate curvature (right) of cylindrical sections

It is evident from Fig. 7 that an increase of compressive axial load (vq) results in decrease
of curvature ductility, due to the associated increase of compression zone depth (xu). In addi-
tion, according to Fig. 7, the effect of transverse reinforcement increase on available curvature
ductility is greater for lower values of compressive axial load.

All different pier sections considered within the database are paired with a sufficiently
broad range of pier heights and pushover analyses are performed (Fig.1) to correlate local to
global engineering demand parameters and quantify damage in terms of displacement of the
control point (di, dz2, ds, d4). The possibility of different failure modes (flexure, shear) as well
as P-delta effects are accounted for, while the number of analyses varies from 30000 to ap-
proximately 78000, depending on pier type and range of heights considered. It should be not-
ed that various equivalent cantilever heights (e.g. equal to half the column height) should
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additionally be considered, in order to account for different boundary conditions as described
in §2.1(e) and Fig.1(e).

Cylindrical Piers Hollow Rectangular Piers Rectangular Piers

D=2.0 (m, f.= 33 (MPa), f,= 550 (MPa), H=6.0 (m), B=3.0 (m), t=0.6 (m), f.= 33 H=0.8 (m) , B=1.0 (m) , f.= 33 (MPa), f,=

v=0.20

(MPa), f,= 550 (MPa), v=0.20 550 (MPa), v=0.20

Fig. 7 — Effect of normalised axial force and transverse reinforcement ratio on curvature ductility of cylindrical,

hollow cylindrical and rectangular sections

Cylindrical Piers

5/H:exp[ﬂo+:81 In(D/ H) + 3, - In(v) + S, - In(f, /fy)+ﬂ4 ‘Inp,+/f-Inp]

Hollow Cylindrical
Piers

5/H =exp[f, + B, -In(D/ H) + S, -In(D,,/ D, ) + B - In(v) + S, - In(f, /fy)
+ﬁ5-lnpw+ﬂ6-lnpl]

Hollow Rectangu-
lar Piers (Strong
Direction)

S/H =exp[B,+ B, -In(h/ H)+ B, In(h/b)+ B, -In(h/ )+ B, - In(v)
+ﬂ5 'ln(fc /.f;/)+ﬂ6 -lnpw+,57 'hlpl]

Rectangular Piers
(Strong Direction)

S/H =explf, + f,-In(h/ H)+ B, -In(b/ ) + B, - In(v) + B, -In(f, / f,)
+ﬁ5 -lnpw +ﬁ6 'lnpz]

Wall Piers (Strong
Direction)

§/H =exp[f, + B, -In(h/ H)+ B, -In(h/b)+ f, -In(v) + B, - In(f, /fy)
+fs-Inp,+ [ Inp,]

Table 3 — Closed-form relationships for limit state thresholds of different pier types

(global engineering demand parameter)

Based on equivalent cantilever analysis results closed-form relationships are derived for

every different pier type and limit state (di, d2, d3, d4), as shown in Table 3. Coefficient values
(p) for all pier types and both strong and weak direction can be found elsewhere ([18] and
online database), whereas f values are indicatively provided for cylindrical piers and all limit
states in Table 4.

Cylindrical Piers
S/H=exp[B,+ B, -In(D/ H)+ S, - In(v)+ B - In(/, [ f)+ B, Inp,+ B -Inp]
By A A, B B, Bs
o,/H -6.524 -0.876 -0.018 -0.688 +0.086 +0.292
o,/H -6.016 -0.674 -0.265 -0.076 +0.030 -0.072
o,/H -3.872 -0.572 -0.238 -0.470 +0.505 -0.108
o,/H -3.663 -0.542 -0.381 -0.518 +0.439 +0.001

Table 4 — Limit state thresholds for cylindrical piers (global engineering demand parameter)
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The effect of varying cross section parameters on global engineering demand parameters (d
or us values) is depicted in Fig. 8 and Fig. 9, while the conclusions are similar to those con-
cerning local engineering demand parameters. Threshold values in terms of drift for limit state
4 increase for increasing transverse reinforcement ratio (pw) due to the relative increase in ul-
timate curvature, while the effect of longitudinal reinforcement ratio (pr) is negligible. The
latter is consistent with pertinent experimental results [25]. On the contrary, regarding limit
state 1, the effect of longitudinal reinforcement ratio (p1) on drift value is more significant.

H=10 (m), D=2.0 (m), f= 33 (MPa), fy= 550 (MPa), H=10 (m), D=2.0 (m), f= 33 (MPa), fy= 550 (MPa), v=0.20
v=0.20

Fig. 8 —Effect of longitudinal and transverse reinforcement ratio on di/h (left) and d4/h (right) value of cylindri-
cal sections

H=10 (m), D=2.0 (m), fo= 33 (MPa), fy= 550 (MPa), H=10 (m), D=2.0 (m), f= 33 (MPa), f,= 550 (MPa), v=0.20
v=0.20

Fig. 9 — Effect of longitudinal and transverse reinforcement ratio as well as shear span and normalised axial force
on displacement ductility of cylindrical piers (engineering demand parameter: Li5)

Displacement ductility increases for increasing transverse reinforcement ratio (pw) and
slightly decreases for increasing longitudinal reinforcement ratio (pw) as depicted in Fig. 9
and supported by experimental results [26]. In addition, increase in compression axial load
and shear span length results in decreased displacement ductility, again consistently with per-
tinent experimental results [27], [26].

4 SEISMIC DEMAND ASSESSMENT

4.1 Single Bridge

The calculation of seismic demand for the derivation of bridge-specific fragility curves, in
the case of single bridge assessment is based on the results of nonlinear response history anal-
ysis of a detailed inelastic model. Specifically, seismic demand is calculated at the control
point of every component, namely piers, bearings and abutments for different levels of earth-
quake intensity, using an enhanced IDA procedure described in [17] (IDA combined with
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multiple stripe analysis). Multiple analyses of statistically different, yet nominally identical,
bridge samples are performed and displacements of component control points are recorded
and compared to limit state thresholds in order to calculate agmean for every limit state. Since
lognormal distribution is assumed for the fragility curve, dispersion value, the uncertainty in
seismic demand (Pp), is calculated for every component. The calculation of dispersion is
computationally demanding, as it entails multiple analyses results, and could be assumed to
be the same for bridges within the same category class. Three case study bridges classified to
different bridge classes (according to the classification system presented in [24]) are analysed
herein and uncertainty in seismic demand, additionally considering uncertainty due to record-
to-record variability, is quantified. This is the most refined method for Bp quantification,
based on analysis results, rather than literature recommendations [12].

Fig. 11 — Case Study of Egnatia Motorway Bridges (category #121)

The three different case study bridges analysed herein, are typical samples of the types:
simply-supported girder bridge (#232), prestressed concrete box girder bridge (#221) and
overpass (#121). Uncertainty in seismic demand is calculated for different levels of earth-
quake intensity and all critical components and the relevant results are presented in Table 5
for #232 bridge and Fig.12 for #121 bridge. Based on the results, uncertainty in seismic de-
mand varies, depending on the component considered and earthquake intensity. In general,
uncertainty in demand increases for increased earthquake intensity, depending on the inelastic
performance of the component studied. In addition, it should be highlighted that the variation
of Bp values is due to record-to-record variability (three earthquake groups and different
earthquake motion selection criteria for every group as described in [17]).

Longitudinal Direction
Component | Bd (0.1g)[Ba (0.2) |Ba (0.3g) |Ba (0.4g)| Ba (0.5g)|Ba (0.6g) | Ba (0.78)[Ba (0.8g)| Ba (0.9g)|Ba (1.09)| Ba
Piers 0.45 0.44 0.46 0.82 0.81 0.81 0.85 0.89 0.87 0.86 [ 0.73
Bearings 0.37 0.41 0.43 0.84 0.86 0.85 0.84 0.83 0.82 0.81 0.71
Abutments - - 0.25 0.28 0.30 0.48 0.55 0.83 0.83 0.82 [ 0.51
Transverse Direction
Component | Ba (0.1g)[Ba (0.2) |Ba (0.3g) | Ba (0.4g)| Ba (0.58)|Bd (0.6g) | Ba (0.78)[Ba (0.8g)| Ba (0.9g)|Ba (1.09)| Ba

Piers 0.45 0.44 0.45 0.82 0.80 0.79 0.84 0.82 0.80 0.85 ] 0.71
Bearings 0.44 0.42 0.42 0.84 0.85 0.84 0.79 0.78 0.77 0.77 ] 0.69
Abutments 0.16 0.15 0.18 0.49 0.49 0.49 0.46 0.45 0.44 0.46 ] 0.38

Table 5 — Component and system Pp values for typical simply-supported bridge (#232)
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Fig. 12 — Component and system Bp values for typical overpass (#121)

Bridge stock

In the case of a bridge inventory, response spectrum analysis for varying levels of earth-
quake intensity is invoked, for increasing PGA values (typically from 0.1g to 1g), in order to
estimate seismic demand at component control points and calculate system fragility curves for
different limit states (using the Matlab-based software developed), assuming series connection
between components (equation 1). Uncertainty in seismic demand (Bp value) is calculated ac-
cording to §4.2 and is considered the same for bridges within the same class.

Fragility (Direction x)

Fragility (Direction y)

2 LS1 LS2 LS3 LS4 LS1 LS2 LS3 LS4 Lspan (m) Hpier (m) Lot (m)
1 0.35 0.68 0.86 1.33 0.30 0.75 1.19 2.02 61.5+112.1 41.30+45.23 234.1
2 0.30 0.76 0.83 1.07 0.48 0.70 1.21 2.38 94.5+160 55.00+58.00 349
3 0.36 0.93 1.23 1.74 0.54 0.77 1.36 2.58 80+120 34.20+36.41 290
4 0.16 0.59 0.98 1.81 0.24 0.55 0.97 1.39 75.6+120 28.12+63.39 636.2
5 0.33 0.79 1.12 1.33 0.41 0.77 1.36 2.58 60.75+101.5 34+63.03 426
6 0.24 0.89 1.13 1.39 0.45 0.70 1.17 2.40 91+144 39+45.10 326
7 0.36 0.72 0.95 1.35 0.35 0.77 1.34 2.32 61+107 29.12+87.83 457
8 0.37 0.76 0.96 1.50 0.30 0.62 1.09 2.30 64.3+118.6 35.86+44.89 2472
9 0.36 0.72 0.95 1.35 0.47 0.72 0.95 2.50 85 32.47 170
10 0.29 0.75 1.04 1.80 0.43 0.62 1.09 2.32 80+86 46.08 166
11 0.41 0.65 0.82 1.42 0.42 0.75 1.29 2.05 75+80 38.37 155
mean 0.32 0.75 0.99 1.46 0.40 0.70 1.18 2.26 314.23
stand.
devia- | 0.070 | 0.098 0.131 0.231 0.091 0.074 0.147 0.341 147.49
tion
Cov 22.0 % 13.1% 13.3% 15.8% 22.8% 10.6% 12.4% 15.1% 46.9%

Table 5 — Limit state thresholds in PGA terms for all bridges of typological class #221

(longitudinal and transverse direction)
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n}éx[P(E < P(F,, ) <1-T1[1- P(F)] )

Fragility analysis of all (44) bridges of an Egnatia motorway section (Western Macedonia,
Greece) was performed using the simplified model and the results are analytically presented
in [24]. Limit state thresholds in PGA terms are presented in table 5 for all (11) bridges of
class #221; moreover, mean, standard deviation and coefficient of variation (COV) values
based on statistical analysis of results are provided, highlighting the variation of limit state
thresholds for bridges within the same category. It is seen that COV values exceed 20% in
some cases, which is clearly not negligible.

5 BRIDGE-SPECIFIC AND GENERIC FRAGILITY CURVES

Based on the above, the need for a reliable methodology for bridge-specific fragility curve
development is highlighted, aiming at a reliable estimation of component capacity and de-
mand (as well as relevant uncertainty values).

The proposed methodology was applied to all bridges of categories #232 and #221 (bridg-
es with hollow rectangular piers connected through bearings to the prestressed concrete beam
deck, and monolithically connected to the box-girder bridge deck, respectively) whereas fra-
gility curves of the generic bridge, representative of each category, are depicted in Figures 13
and 14, along with upper and lower threshold values (dashed lines - range of thresholds) for
each limit state. As far as bridge class #232 is concerned, the variation of upper and lower
level fragilities from the fragility curve of the generic bridge is small, therefore fragility
curves of the bridge selected as representative can be used for all bridges that fall within the
same category for the longitudinal direction and LS1 to LS3. The range of threshold values is
fairly narrow (25% variation compared to the generic bridge) for lower limit states, however it
increases for higher earthquake intensity and limit states and is dependent on the component
that is critical for each limit state and the direction of loading. The variation of upper and
lower level fragilities for bridge class #221 is lower for LS2 to LS4 but higher for LSI. In
general, the use of the fragility curves of the generic bridge for all those in the same category
may underestimate or overestimate fragility by up to 35%, however in some cases (as shown
in [24] the underestimation may reach 50%.

1

#232 #232
x direction y direction
0.8

0.8

LS.1
##| ——1.S.2
1|=1.s.3
—L.S.4
L.S.1(min)
L.S.1(max) 0.4
L.S.2(min)
L.S.2(max)
A== L.S.3(min) 02F
---L.S.3(max)
- LS. 4(min)

0.6f 061
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Fig. 13 — Fragility of the generic bridge in class #232 and range of damage thresholds
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Fig. 14 — Fragility of the generic bridge in class #221 and range of damage thresholds

6 CONCLUSIONS

Capacity and demand assessment in bridge-specific fragility analysis was presented herein,
in the context of developing a database for limit state thresholds (capacity estimation) and
rendering computationally demanding bridge-specific analysis applicable to bridge stocks.
The most important findings are summarised below:

¢ Limit state thresholds (capacity) are highly affected by component properties and the en-
gineering demand parameter selected for the quantification of damage; therefore, use of
component-specific values is clearly in order.

e The analysis method for the estimation of seismic demand at component control points
should be differentiated according to the application scale (single bridge vs. bridge stock).

e Uncertainty in seismic demand generally increases with earthquake intensity depending
on the inelastic performance of the component studied, the record-to-record variability,
and the criteria for earthquake motion selection.

e The use of generic bridge fragility curves for all bridges belonging to the same category
may underestimate or overestimate fragility, typically by up to 35%, however in some
cases the underestimation may reach 50%, which is clearly an issue of concern. The
range of LS threshold values is fairly narrow for lower limit states, but increases for
higher earthquake intensity and higher limit states (heavy damage, failure).
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