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Monte Carlo Simulation technique is employed to construct fragility curves of a highway bridge
substructure under Level-1 earthquake ground motion. Elastic limit criteria for pier, footing, and
pile body are considered in terms of flexure, shear, and combination of flexure and axial stresses in
concrete and tensile stress in reinforcing steel. In addition, for pile foundation, the axial load bear-
ing capacity and horizontal stability of pile are considered. Fragility analysis results indicate differ-
ent levels of safety margins for different design criteria and members. Statistical tests of goodness-
of-fit show that all fragility curves follow normal distribution. Lifetime failure probability is esti-
mated by convoluting the fragility curves with the seismic hazards of the 50-years extreme values
of earthquake ground motions. Finally, relationships between member safety factors and the failure

probability are presented.
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1. Introduction

The earthquake resistant structural design methodology
employed in recent seismic design codes calls for ensuring
different levels of performance depending on characteristics
of earthquake ground motion. In fact, design specifications'
%) define two levels of ground motion, namely Level-1 (L1)
and Level-2 (L2) based on the probability of occurrence and
the extent of consequences of such events. According to
earthquake resistant design code in Japan®, L1 earthquakes
are of moderate magnitude and may occur several times
during the service life of a structure, while the earthquakes
defined as L2 are of much larger magnitude and much lower
occurrence probability than those of L1. Therefore, a struc-
ture may not encounter 1.2 earthquakes during its lifetime.
According to these specifications, designed structures are
required to perform adequately in resisting L1 earthquakes
without any damage. Hence, due to L1 earthquakes, the re-
sponse of the structures is required to be within the elastic
limit so that any residual deformation does not remain in the
structures. In the case of L2 earthquakes, the designed struc-
ture, however, should not collapse even though the occur-
rence of limited damage is permitted.

To design highway bridges against L1 earthquakes,
Specifications for Highway Bridges (SHB)4) uses the seismic
coefficient method, whereas the ductility design method is
employed for a bridge capable of resisting L2 earthquakes.
In order to design bridges meeting L1 performance level,
SHB® uses the allowable stress design (ASD) method as a
design basis. In ASD, safety is ensured by a single safety
factor that is derived from experience and/or engineering
judgments. However, this traditional design method has a

number of well-recognized and significant limitations. For
example, it lacks the flexibility to adjust a constant safety
margin for different load cases and load combinations. Very
often, the same numerical safety factor in ASD approach
may imply different levels of the safety margin in actual
design. Another significant source of ambiguity lies in the
relationship between the safety factor and the underlying
level of risk. A larger safety factor does not always imply a
lower level of risk, since the effect of safety factor can be
negated by the presence of many uncertainties in design
variables. In order to overcome these ambiguities, it is indis-
pensable to improve the traditional design approach to deal
adequately with the uncertainties.

As an alternative to this approach, a current trend in de-
veloping design codes encourages to use load and resistance
factor design (LRFD) method based on reliability analyses™
® In LRFD, safety factors are assigned to both resistance
and load separately. Accordingly, we have to consider un-
certainties in load and resistance separately. One of the ways
to assess the uncertainty only in resistance is to use fragility
curves. Fragility curves represent the probability of a struc-
ture being damaged beyond a specific damage state for vari-
ous levels of earthquake ground motions. Seismic probabil-
istic risk assessmentg), vulnerability informationw’“), and
risk based policy development'” for designing structures can
be developed from the fragility curves. Moreover, they may
be utilized to analyze, to evaluate, and to improve the seis-
mic safety margin of structural systems'”. Recently, Yama-
zaki et al.'” constructed sets of empirical fragility curves for
highway bridges based on actual damage data from the 1995
Hyogoken-Nanbu earthquake. Later on, Kim and Feng”,
Karim and Yamazaki'®, and Shinozuka er al.'” developed
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analytical fragility curves for highway bridge pier by nu-
merical simulation of seismic responses.

With this background, the present work aims to construct
fragility curves of a highway bridge substructure subjected
to L1 earthquake ground motions and to discuss the safety
margin of different design criteria and members. Monte
Carlo Simulation (MCS) is employed to take account of
uncertainty of the design variables adequately. Statistical
data of the random variables are collected from published
literatures. In conventional studies”™'"”, the fragility curves
were approximated with lognormal distribution. To verify
adequacy of the approximation of fragility curves with log-
normal distribution, statistical test has been carried out. In
addition, lifetime failure probabilities are calculated by con-
voluting the fragility curves with the seismic hazards for 50
years extreme values of ground motion records. Finally,
relationships between the failure probability and member
safety factors of designing highway bridges under L1 earth-
quakes are presented.

2. Elastic limit criteria for Level-1 earthquake

In order to meet the seismic performance criteria for
Level-1 earthquake, the structures are required to behave
elastically. Accordingly fragility of the elastic limit for indi-
vidual parts or failure modes in a bridge substructure will be
developed in subsequent chapter. To this end, first, we adapt
the design equations specified in SHB* '® for L1 earthquake
as a criterion for elastic [imit. Since our main concern of this
study is to propose a rational method to determine safety
factors, the accuracy of the design equations themselves will
not be discussed in this paper.

In SHB® for L1 seismic design, ASD is adopted as men-
tioned before, and a general form of design equations for an
elastic limit criterion is expressed as

R
—=>8,+8 1
FS d e ()

where R,= nominal resistance; F.S= factor of safety; S, and
S,=design values of dead load effect and seismic load effect,
respectively.

Since we will discuss uncertainty only in resistance in
terms of fragility curves and investigate safety factors on the
basis of LRFD format, we rewrite the design equation into
simplified LRFD format:

—I-R[—f—"-) 28, +S, (2)
}/b 7m

where y,and y, =member and material safety factors, re-

spectively; f, =characteristic value of material strength;
R=resistance against a particular mode of failure. In this
simplified LRFD format, the importance factor and the
safety factors for analytical method are assumed to be unity
for simplicity.

Table 1 shows the list of design equations employed in
construction of fragility curves. These design equation are
classified into four parts: pier, footing, pile body and pile
foundation. The checking points of individual design equa-
tions are shown in Fig. 1. Except for pile foundation, all
design equations are expressed in terms of stresses including
the material safety factors for steel y,, and for concrete ..
When rewriting these design equations from the ASD format
into SHB, the following relationships between allowable
stresses and design strengths are used:

1 1 fu
o, =— =—=E 3
ca zfcd 2 }/mc ( )
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where o, and 7, are the allowable stresses for bending
compression and shear, respectively; f,; and f,, denote the

design and characteristic compressive strengths of concrete;
fia stands for design shear strength of plain concrete; ¢, and
¢, denote the correction factors with respect to the effective
depth of a member section and reinforcement ratio of the
main tensile reinforcement.

The allowable stress for reinforcing steel o, can be writ-
ten:

f yk

Ogg = (5)
Vs

where f,=characteristic yield strength for reinforcing steel.
For foundation, the allowable axial load bearing capacity
of pile for push-in P, and pull-out P, are defined by

qunp +U2Lifs -w

©6)

push =

pull =

3
izL'é—+Ws—W (7

where g,and f; are the tip resistance and side frictional resis-
tance of pile; U denote peripheral length of a pile section;
Ayp stands for cross-sectional area of pile tip; ; is the thick-
ness of soil layer; and W and W; indicate weight of a pile
body and weight of soil replaced by the pile body.

The allowable displacement at pile head is considered as
1% of the pile length.
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Fig. 1 Checking points of design equations
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Table I Design equations considered in construction of fragility curves

Part of Checking Design criteria Design equations
substruc- point
ture
Tensile stress in reinforcing 1 [ S
bar Ep = — tr
ybp‘ yms
Bending compressive stress 1 (1 £,
Pier Section 1-1 in concrete 82 =—| === |~ 0y,
}/bp2 Y me
Shear stress in concrete
g L 0.2 3 S -7
P }/bpj 1.67 Y me ¢
Tensile stress in reinforce-
1 fyk
ment 8= —= |~ 0,
Section 2-2 }/bﬁ Vs
. Bending compressive stress 1 (1 £,
Footing in concrete Ero=""I\7% ~ O
717]2 2 7mc
Section 3-3 or  Flexural shear stress in
section 4-4 concrete g = L | Cem 0.2 3 o -7
}/bf3 1.67 Vme
Tensile stress in reinforce- 1 "
Section 5-5or ment Epsy = | T |70«
section 6-6 Y ps; \ Vs
Bending compressive stress 1 (1 £y
in concrete Eps2 = 5 = =04
Pile }/psz Y me
body
Section 5-5 g U S joof of S 1|,
Shear stress in concrete P Y | 167 Y me ‘
L P P
Section 7-7  Axial force of push-in Epn = ” push ~ Fim
Ph
Pile Lp,-p
founda- Axial force of pull-out Ep2 = pull = 2
tion Head of pile oz
Lsos
Horizontal displacement Epry = -
Voprs

Note:

The subscripts p, f ps, and pf of g and y; are used to indicate pier, footing, pile structure, and pile foundation,
respectively; P,; denotes axial force of a pile in push-in; P,, stands for axial force of a pile in pull-out; and Jis
the horizontal displacement at pile head. Section 6-6 of Fig. 1 represents the point on the embedded portion of
the pile body where maximum bending moment occurs if the connection between the pile and the footing is

considered as hinge.

3. Model Bridge Substructure

The model bridge substructure shown in Fig, 2 is adopted
from a reference manual of seismic design'”. As with con-
ventional design procedure, only a set of the substructure is
considered, which consists of a reinforced concrete (RC)
pier, RC footing, and cast-in-place RC piles. The effect of
superstructure is modeled as an inertia force of 6340 kN,
acting at the center of gravity of the super structure, in the
longitudinal direction as shown in Fig. 2(b). The dimensions
of the model bridge and the amount of reinforcement are
designed in accordance with SHB*'®. The material parame-
ters used in designing are listed in Table 2. According to
SHB'?, the foundation system i.e. a footing supported by a
group of piles is modeled as an elastic frame supported by

axial and radial springs of constant stiffness. The axial
spring constants are computed by means of an estimation
formulae based on previous vertical load test data as men-
tioned in SHB? and the radial spring constants of piles are
estimated using the modulus of subgrade reaction and based
on the theory of a beam on elastic floor. The bottom ends of
the piles are assumed to reach the dense sand stratum. For
simplicity, the ground condition is considered homogeneous.
However, the random variability of the soil properties is
considered.

4. Monte Carlo Simulation

For simplicity and robustness, this study employs the
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Table 2 Design strength of materials

Part of substructure Concrete Reinforcing steel (yielding)
Pier and footing 20.6 N/mm’ 295 N/mm’
Pile 23.6 N/mm’ 95 N/mm’
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Fig. 2 Model bridge substructure

simplest form of Monte Carlo Simulation (MCS) denoted as
Direct Monte Carlo Simulation (D-MCS). Here, random
values of each variable are generated independently. Struc-
tural responses e.g. stress in reinforcing steel and concrete
are evaluated for all the realizations of random variables. For
specific ground acceleration a, the probability of damage P
i.e., probability of exceeding elastic limit criteria, is esti-
mated by
nSim
P(x; a): Z I[g(x)s O]wn (@) 8)
n=1
where x=random variables, w,(a)= weight of the sample;
nSim= sample size; g (x)= the limit state function and 1[ ]=

an indicator function which equals 1 if { ] is ‘true’ and 0 if [ ]
is false. In D-MCS, all weights are constant and equal to
1/nSim .

A total of 350 ground acceleration values starting from
0.01 with an increment of 0.01g are used in this study. The
points on the fragility curves are worked out by repeating the
aforementioned estimating procedure for all the ground ac-
celeration values. Fig. 3 shows the flow chart of Monte
Carlo technique used in this study to construct fragility
curves.

4.1 Statistical Properties

The uncertainty and variability of the design parameters
related to resistance are considered in this study. However,
the uncertainties concerning section dimensions such as the
height and width of a section, the depth of concrete cover
and the amount of reinforcement are ignored due to less
significant effects'®. Table 3 shows the characteristics of all
considered statistical variables, which have been collected
from several previous studies. The fundamental random
variables belong to three basic materials: concrete, soil, and
reinforcing steel. For concrete, the unit weight, compressive
strength and modulus of elasticity are considered as the fun-
damental random variables. The fundamental random vari-
ables related to reinforcing steel are yielding strength and
modulus of elasticity. Unit weight, SPT N-value, side fric-
tion and end bearing resistance of a pile are considered as
the fundamental random variables for soil.

(1) Concrete

For the compressive strength of concrete, normal prob-
ability distribution has been considered by many investiga-
tors®"®. In this study, the construction quality is assumed as
well controlled and the coefficient of variation (COV) is
selected as 0.11'%,
The mean strength of concrete is often related to its charac-
teristic strengths, and that relationship is shown in Fig. 4.
Hence, the relationship between the mean and characteristic
strength can be written as

fck:fcm(l_knyc) (9)
where f_ and f,= mean and characteristic values com-

pressive strength of concrete; V,=COV for concrete strength;
k,= a factor depending on the type of statistical distribution.
For the normal distribution and 5% level of significance £,
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equals 1.645 and the Eq. (9) tumns into
Joo = Jem(1-1.645V,) (10)

Using the design value of compressive strength of con-
crete specified by SHB'®, mean value of the compressive
strength is estimated. Taking into consideration of all these
information, the statistical values indicated in Table 3 are
employed for the present analysis.

(2) Reinforcing steel

Different statistical distribution for the yield strength of
reinforcing steel has been proposed by different researchers:
Low and Hao™ (normal); Galambos and Ravindra® (log-
normal), and Mirza and McGregor™ (beta distribution).
However, the normal distribution is more appropriate for
yield strength of reinforcement at 95% confidence level™.
Hence, the normal distribution for yield strength of reinforc-
ing steel is used in this study. Galambos and Ravindra®"
recommended a COV equal to 8-12%. Considering progress
of manufacturer’s control over quality with time, a lower
value of COV i.e. 8% is selected for this study.

From the characteristic value of yield strength as speci-
fied by SHB'®, mean value f,,, is evaluated considering that
characteristic value at 5% fractal. The relationship is defined

by
e
om = 1-1.645V,
where £, is the characteristic yield strength and V, is the
COV of yield strength of reinforcing steel.

(1)

(3) Soil properties

In SHB'®, SPT N-values is used to estimate the side fric-
tion, and bearing resistance of piles, and the spring constants
of the ground. Kulhway*”, Phoon®, and Rackwitz*® sum-
marized the nature of distributions and COV ranges of soil
properties for different types of deposits. They reported that
COV of SPT N-values lies within the range of 15-45%. It is
worthy to note that the average of SPT N-values along the
depth, instead of N- values at points for a certain significant
depth, controls the side friction, end bearing resistance of a
pile and the spring constants of the ground. Honjo et al””
and Vanmarcke®® recommended reducing the variance SPT
N-values averaged over depth. Kulhway®” and Phoon® pro-
posed a COV of SPT N-value 0.3 for sandy layer. Hence,
SPT N-value is assigned to 0.3 in this study. Normal distri-
bution is assumed for the averaged SPT - values, because it
is more likely to follow the normal distribution following the
central limit theorem.

Honjo et al.*® considered a relationship between SPT N-
values and side friction or end bearing resistance of piles
after analyzing 350 pile load test results. They also evalu-
ated the uncertainty of side friction and end bearing resis-
tance of piles. Using the x* fitness test results, they con-
firmed whether normal or lognormal distribution is valid for
representing the respective uncertainties with a significance
level of 5%. However, they introduced two new random
variables so called biases, for representing the uncertainty in
the evaluation of pile side friction and end bearing resis-
tance. The mean values, used by the above authors, of these
parameters are evaluated as 1.07 and 1.12 with COV 0.46
and 0.63, respectively. For simplicity, without considering
additional biased parameters, this study uses the side friction
and end-bearing resistance of pile as normally distributed
random variables with COV of 55% and 43%, respectively.

-261 -



Table 3 Selected Statistical Properties of Random Variables

Basic mate- Fundamental Type of Mean value cov References
rial Random Distribution (%)
Variables
Pe Normal 23.5 kKN/m’ 11 Al-Harthy and Frangopol®”
Concrete Fa Normal 25 N/mm’ 11 Mirza ef al."”
E, Normal 26 kN/mm’ 8 Mirza et al."”
Sk Normal 360 N/mm” 8 Galambos and Ravindra®’
I;R:rlsnforcmg E, Normal 201 KN/mm* 11 Mirza and McGregorzz)
0, Normal 18 kN/m’ 7 Kulhawy””, Duncan’"’
Soil Py Normal 17 kN/m’ 8 Rackwitz*”
SPT N-value Normal 15" 30 Kulhway*®, Phoon®”
f. Normal 175" kKN/m* 55 Honjo et al.*”
9. Normal 3800  kKN/m* 45 Honjo ez al.””
Notes:

1) *: these values are estimated

2) Pe ps > and p . @ unit weight of concrete, original soil and fill soil, respectively; SPT N: standard penetration blow

count; f,,: characteristic compressive strength of concrete E|: modulus of elasticity of reinforcing steel, E.:

modulus of elasticity of concrete; [, : characteristic yield strength of reinforcing steel; f, : side resistance of pile;

and g, :end bearing resistance of pile.

5. Convergence of fragility curves

Convergence of the fragility curves is investigated to get
the minimum number of simulation cycles for MCS so that it
can be used in constructing fragility curves. First of all, fra-
gility curves are constructed for an arbitrary number of
simulation cycles. Then the simulated fragility curves are
fitted to normal and lognormal distribution function by a
nonlinear least square method’®. Simultaneously, a statisti-
cal test of goodness-of-fit has been conducted to find out the
distribution that is to be followed by the fragility curves.
Later on, the number of simulation cycles is changed and the
same process is repeated for different numbers of simulation
cycles. However, for presentation purpose, the convergence
and the test of goodness-of-fit of the fragility curves are
described in two different chapters. According to the test of
goodness-of-fit, which will be described in detail in chapter
6, the fragility curves are found to follow normal distribu-
tion, and therefore these curves can be expressed by their
mean values and standard deviations. In the following, the
convergence of fragility curves is considered as the conver-
gence of the parameters and checked for all members. Al-
though the convergence is checked for all members, the re-
sults for pile foundation are presented for illustrations that
are shown in Fig. 5.

It can be seen from Fig. 5 that at lower values of simula-
tion cycles, the statistical parameters fluctuate, while after a
certain number those become stable indicating the conver-
gence of the fragility curves. As an example, the mean val-
ues of fragility curves for pier converge after 1000 cycles
simulation that is not shown here, while fragility curves of
pile foundation, as shown in Fig. 5a, are found to converge
at around 1500 realizations.

The larger number of realization is needed for pile foun-
dation due to larger variability of the random variables af-
fecting the fragility curves, which will be discussed in detail
in chapter 7. Fragility curves for all the design criteria consi-
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dered in this study are found to converge at 1500 cycles.
Hence, 1500 simulation cycles is considered as minimum for
convergence and will be utilized subsequently for develop-
ing fragility curves.

In order to ascertain the tail of the distribution, life time
failure probability for different design criteria and members
have been estimated for different number of simulation cy-
cles and found to converge at or before 1500 cycles.

6. Goodness-of-fit

The Kolmogrov-Smirnov (K-S) test has been conducted
to verify adequacy of the approximation that fragility curves
follow lognormal and normal distributions and to know the
level of significance for these approximations. The test is
based on the maximum difference between the simulated
and assumed cumulative distribution function (CDF) of the
ordered data expressed as,

D, =max|Fy(a,)-S,(a,)| (12)
where F, (a;) is the theoretical CDF of assumed distribu-

tion at the j-th simulation of the acceleration a,, and
S,(a;) denotes the corresponding CDF of the simulated

samples. D, is a random variable and its distribution depends
on the sample size n. The CDF of D, can be related to the
level of significance (LS) o as,

(D, <Df)=1-a (13)

and the critical values for different « are obtained from text
book of statistics®® If the maximum difference D, is less

than or equal to critical value D) , one can accept the as-

sumed distribution at the LS a. Since D? depends on the

number of data, the K-S tests are carried out for different
sample sizes by changing the increment of ground accelera-
tion. In this paper only results for an increment of ground
acceleration 0.01g are shown due to limitations of space.

Fig. 6 presents the results of K-S tests for all design crite-
ria considered in this study. For pier, it is seen from Fig. 6(a)
that the approximation of fragility curves with lognormal
distribution is valid with a=1% and that with normal distri-
bution is accepted with &>20%

It is clear from Fig. 6(b), 6(c) and 6(d) that all design crite-
ria of other members are not fitted to lognormal distribution,
because the maximum differences between two CDF exceed
the critical values. In contrast, the normal distribution func-
tion is acceptable with a=5% in the present simulation.

A reason for it might be due to assumption of normal dis-
tribution for all random variables. When the limit state equa-
tion is a linear function of the random variables those are
normal, then the probability of exceeding the limit states i.e.
the probability of damage against ground acceleration will
be normal.

7. Fragility Curves

Fig. 7 shows the fragility curves of the bridge substruc-
ture subjected to L1 earthquake ground motions. One can
easily see the qualitative differences in the locations and
variability of fragility curves for different design criteria. In
order to quantify the differences, the mean values and the
standard deviations of the fragility curves are evaluated con-
sidering those as normally distributed. Fig. 8 shows the sta-
tistical parameters of these curves together with the list of
random variables affecting each design criterion. In this fig-
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ure, the fundamental random variables affecting each design
criterion are marked.

The tensile failure of reinforcing steel is the most critical
mode in pier as shown in Fig. 7(a). The reason is that at any
level of ground acceleration the probability of damage for
this mode is higher than the other modes. Furthermore, it can
be seen from Fig. 8 that this mode is affected by the tensile
strength of reinforcing steel that is less variable than the
other random variables. In contrast, the bending compressive
stress and shear stress in concrete are affected by the com-
pressive strength of concrete, which possesses higher vari-
ability than the tensile strength of reinforcing steel. Due to
lower variability of the affecting random variables, the ten-
sile stress in reinforcing steel exhibits lower variability than
the other two design criteria in pier.

In the fragility curves for footing shown in Fig. 7(b), the
bending stress in concrete is of higher reliability than other
criteria, because the thickness of the footing is larger than
that required to satisfy the design equations for bending
compressive stress in concrete. In addition, this mode pos-
sesses the largest variability which can be explained in more
detail using Fig. 8 as, (1) the mean value of fragility curve of
this mode is larger than any other mode as explained before;
(2) the affecting random variables are of higher variability
than those affecting the tensile stress in reinforcement.

For pile body, the bending compressive stress in concrete
is the most reliable mode of failure and of higher variability
than the other modes, as shown in Fig. 7(c). A reason of the
higher variability of this mode can be explained in a similar
way to that of pier. However, the shear stress in pile is seen
to be the most critical mode.

Fig. 7(d) shows the fragility curves of pile foundation. In
this case, the horizontal displacement at the pile top is ob-
served to be the most critical mode. The axial force of push-
in is more critical than that of pull-out at lower level of
ground acceleration. However, it becomes the most reliable
when the ground acceleration is more than 0.875g. In fact,
this limit value of the ground acceleration is more than the
upper limit of the L1 earthquake.

In addition, the fragility curve of axial force of push-in
has the highest variability in all design criteria that is seen
from Fig. 8. One can also see that end bearing resistance and
side resistance are effective for axial force of push-in. Due to
combined effect of highly variable end bearing and side fric-
tional resistance of pile, such a high variability in the push-in
is observed. Comparing with axial force of pull-out, only
one additional random variable, which is the end bearing
resistance of pile is active in axial force of push-in.

8. Failure Probability

Lifetime failure probabilities Py for different design crite-
ria are estimated in order to assess the safety levels quantita-
tively. It is done by convoluting the fragility curves with the
probability distribution function (PDF) of seismic hazards
for 50 years maximum values of ground acceleration.

8.1 Uncertainty in earthquake ground motion

In order to consider the uncertainty of earthquake force,
the method proposed by Kanda and Dan®¥ is adopted in this
study. They evaluated the uncertainty of earthquake force in
terms of the areal average earthquake velocity at the bedrock
Vst by compiling a large earthquake catalogue and by fitting
those data to an extreme value distribution with the lower
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Fig. 7 Fragility curves for the highway bridge substructure
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Fig. 8 Statistical parameters of the fragility curves with list random variables affecting the fragility curves for
different design criteria and members item by item.

and upper limits. The areal average velocity v, implies the
estimated average bedrock earthquake velocity over some
area. The relationship between the peak ground acceleration
and v, proposed by Kanai et al.’® is used for this study. It is
given by

lomesl

max \/i

where T, = natural frequency of the ground.

Based on Eq. (14), Honjo ef al.”” developed the follow-
ing relationship to estimate peak ground acceleration on stiff
ground in Tokyo area,

amax = 47'4v251 (15)
The parameters a,,,, and v, estimated for Tokyo area and the
50-year maximum value are employed in the present analy-
sis.

(14)

a

8.2 Numerical results

Fig. 9 shows the estimated values of failure probability in
50 years for all design criteria. It can be seen from Fig. 9 that
P, values fall within a very wide range, ranging from 0.0001
to almost 1. However, for pier P; values lie within a rela-
tively narrow range (0.09-0.11). The variation for different
modes in footing is quite wider, ranging from 0.0001 to
0.12. The minimum value is for bending compressive stress
in concrete. The reason for it has been described in Chapter
7. In the case of pile body, the maximum value is for the
shear stress in concrete, which is almost equal to one. For
the pile foundation, the smallest value of Pis observed for
the axial force of pull-out which is around 10°. However

the maximum value is for the horizontal displacement at pile
top and it is around 0.5.

Furthermore, it should be noted from Fig. 9 that the val-
ues of Py for the tensile stress in reinforcement are within a
very narrow range (0.1-0.11) in different members. How-
ever, it varies significantly in different members for the
bending and shear stresses in concrete. For bending com-
pressive stress in concrete,
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Fig.9 Lifetime failure probability for different members and
design criteria
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this range is around 0.0001-0.1, while the same for shear
stress in concrete is 0.0011-0.9.

9. Member safety factor

In the current work, the material safety factors for con-
crete and reinforcing steel are considered as 1.3 and 1.1,
respectively. It is clear from discussion of the previous chap-
ters that different design criteria in different members have
different levels of safety. However, ISO 23947 recommends
for a uniform level of safety. To do this, we adjust the mem-
ber safety factor (MSF) on the resistance side of the design
equation. To propose the value of MSF, it is necessary to
calibrate the safety level by evaluating the failure probability
for a large number of bridge’s substructures and for wide
variety of material parameters. Nevertheless, in order to
propose a method of determination of the safety factors,
attempts are made to show the relationships between the
failure probability and the member safety factors for the
substructure considered in this study. In this chapter, first of
all, a number of bridges have been designed for different
values of MSF. After that the failure probabilities are evalu-
ated for those MSF. Fig. 10 shows the shift of the fragility
curves for three different design criteria of pier with the
variation of the member safety factors. It is seen from Fig.
10 that fragility curves for all three criteria of pier are shifted
towards the right direction. However, the change in variabil-
ity of the fragility curves is different for different design
criteria. From Fig. 10(a), no significant increase in the vari-
ability of the tensile stress in reinforcing steel is observed.
However, remarkable increase in the variability of the fragil-
ity curves is observed for the bending compressive stress in
concrete.

Fig. 11 shows the relationships between the failure prob-
abilities and MSF. The rate of change of failure probability
is different for three different design criteria. For pier, the
failure probability for the bending compressive stress in
concrete is found to decrease faster than the other two modes
as shown in Fig. 11(a).

In order to propose the numerical values of the member
safety factors, the recommendations of ISO 23947 is fol-
lowed for target level of failure probability. The conse-
quences of failure of a design criterion to remain within elas-
tic limit have been considered as moderate and the relative
cost of safety measures is taken as high. For these condi-
tions, target level of lifetime failure probability is set at 102,
For pier, the values of MSF for tensile stress in reinforcing
steel, bending compressive and shear stresses in concrete are
1.57, 1.3, and 1.58, respectively. However, the values for
bending and shear stresses in concrete for footing cannot be
considered because, the value of failure probability is less
than the target one for MSF=1.0. The reason is that the
thickness of footing is designed to treat it as a rigid body,
and hence, it is larger than that required to satisfy the con-
cerned design equation which was discussed Chapter 7.

For pile body, as seen from Fig. 11(c) that the values of
MSF for tensile stress in reinforcing steel and bending com-
pressive are 1.38 and 1.03, respectively which fall within the
expected level of the values of MSF.

An MSF value for axial load bearing capacity against
push-in is found to be around 1.6. However, MSF for axial
force of pull out cannot be considered for the same reason as
explained for bending compressive and shear stresses in
concrete.

Probability of Damage Probability of Damage

Probability of Exceedance
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Fig. 10 Shifting of fragility curves of pier with member
safety factors
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Fig. 11 Relationship between member safety factors and
failure probability

10. Conclusions and further remarks

The main objective of this study is to propose a method
of determination of safety factors based on reliability analy-
ses. In order to describe the way of our considerations a
bridge substructure is selected as a model. The fragility
curves for that model bridge under Level-1 earthquake
ground motions have been constructed by using the Monte
Carlo simulation.

The following conclusions are drawn for the present study.

Due to higher variability of the random variables related
to soil, the variability of the fragility curves for load bearing
capacity of pile have been found to be very high as com-
pared to other design criteria in different members. For in-
stance, the standard deviation of fragility curves for axial
force of push-in and pull-out are around 0.4 and 0.27, re-
spectively. In contrast, the largest value for the other mem-
bers is around 0.1.

The Kolmogrov-Smimov test results' indicated that the
lognormal distribution, as assumed by many researchers for
developing fragility curves, is not followed by the fragility
curves for Level-1 earthquakes simulated in this study.
Rather the normal distribution is more suitable to approxi-
mate the fragility curves.

Remarkable variations of the failure probabilities are
found for different design criteria within a member except
for pier. For instance, in footing, the maximum value of fail-
ure probability is around 0.1 for the tensile stress in reinforc-
ing steel, while that for the bending compressive and shear
stresses of concrete are 10™ and 10'3, respectively. However,
the variation in pier lies within a very narrow range (i.e.,
0.08-0.11).

It is observed that large variation of the failure probabili-
ties exists for same design criteria and different members
except for tensile stress in reinforcing steel. As an example,
the bending stress in concrete ranges from 107 to 0.07.
However, the failure probabilities for the tensile stress in
reinforcing steel in different members lie within a very nar-
row range (0.09-0.11).

As stated in chapter 2, establishment of a rational proce-
dure to determine safety factors is the major concern of this
study. Consequently, other issues such as obtained values for
the member safety factors, the accuracy of design equation,
and the model itself have been dealt with secondary impor-
tance.

It should be noted that the above conclusions are obtained
only for a particular bridge and a set of material properties.
To make the conclusions more comprehensive, a large num-
ber of bridges for a variety of material properties should be
studied. This is a future work to be carried out.
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