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Abstract

The rocking shallow foundation (RSF) allows seismic protection of the superstructure by
guiding the plastic hinge onto the soil. Fragility curves are probabilistic measures to esti-
mate the likelihood that a structure and/or its components exceed a particular damage state
for a given intensity measure. In this study, the fragility analysis of the bridge pier-RSF
system is carried out to quantify the seismic damage in a probabilistic framework. The
deterministic finite element model of the bridge pier-RSF system is created using BNWF
modelling approach and is implemented in OpenSees platform. Five broadband and five
pulse-type ground motions are selected from the PEER ground motion database and are
modified to generate sixty more ground motions for the response analysis of the system.
The probabilities of failure are evaluated using the Monte Carlo simulation technique
considering four engineering design parameters, four model configurations and seventy
ground motions for the three performance levels. Results of the analyses showed that
the bridge pier-RSF system is more vulnerable in the case of pulse-type ground motions
compared to the broadband-type. This study is an initial attempt to develop the fragility
curves which will be helpful in the seismic vulnerability assessment of the bridge pier-
RSF systems.
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1 Introduction

In the case of bridges supported on conventional fixed-base (FB) foundations, the dissipa-
tion of seismic energy occurs by formation of plastic hinges in the bridge pier (CALTRANS
2016). Even if the FB bridges do not collapse during earthquakes, the bridge system may
experience considerable plastic deformations necessitating repair and partial or perhaps
even the complete demolition (Herdrich 2015). Hence, as an alternate design approach, the
bridge pier can be supported on rocking shallow foundation (RSF). The plastic hinges are
guided onto the soil in this case by allowing the foundation to rock and uplift. Thus, the
inevitable nonlinear failure mechanisms of the soil can be used for the seismic protection
of the superstructure (Paolucci 1997; Pecker 2003; Kutter et al. 2006; Gerolymos et al.
2008; Anastasopoulos et al. 2010). The seismic performance of the bridges supported on the
RSF have been analyzed deterministically by many researchers and it was reported that the
bridges undergo larger settlements compared to the FB bridges but suffer less damage due to
smaller residual drift during the earthquake loading (Anastasopoulos et al. 2010; Antonellis
2015; Deviprasad and Dodagoudar 2020).

The deterministic studies do not consider the uncertainties associated with soil and struc-
tural parameters. However, it is necessary to consider the uncertainties in order to evaluate
the seismic vulnerability of the bridge system realistically. The fragility curves are used to
define and quantify the seismic damage in a probabilistic framework. The fragility curve
is a probabilistic measure representing the probability of exceeding a given damage state
as a function of an engineering design parameter (EDP) that represents the response of a
structure due to ground motion of a particular intensity level. The different approaches used
to develop the fragility curves are (i) based on expert opinion, (ii) empirical methods, (iii)
analytical methods and (iv) numerical methods. The method based on the expert opinion is
completely subjective in nature. The empirical fragility curves are based on observational
data and have limited application as they are related to a specific earthquake and a struc-
ture (Jeong and Elnashi 2007). Analytical fragility curves are based on structural models
that characterize the performance limit states of the structure. These are very useful, where
earthquake data is limited or not available. However, it is difficult to obtain a closed form
solution for the probability of failure with respect to the different limit states of the system.
The limitations of the above methods of developing the fragility curves can be overcome by
the numerical method. The fragility curves developed by the numerical method are based on
numerical simulation of the seismic performance of the structures. A number of studies have
been reported for bridges using the above-mentioned approaches (Shinozuka et al. 2000;
Hwang et al. 2000; Kim and Feng 2003; Elnashi et al. 2004; Mackie and Stojadinovic 2005;
Nielson 2005; Jeong and Elnashi 2007; Ni et al. 2018). However, all the fragility curves are
developed for the bridges supported on FB foundations.

In this study, the fragility analysis of the bridge-pier RSF system is carried out using
Monte Carlo simulation (MCS) technique with Latin hypercube sampling (LHS). The deter-
ministic finite element (FE) model of the bridge-pier RSF system is modelled using beam
on nonlinear Winkler foundation (BNWF) approach in OpenSees platform. The ground
motions for the response analysis are selected from the PEER ground motion database com-
patible with the target spectrum as per IS 1893 (Part 1): 2016 for Zone IV and Type II soil.
The fragility curves are developed for three performance levels: immediate occupancy (10),
life safety (LS), and collapse prevention (CP) considering the peak ground acceleration
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(PGA) as the intensity measure. The beneficial effects of the RSF in the response analysis
of the bridge pier-RSF system are assessed considering the broadband-type and pulse-type
ground motions.

2 Methodology

The methodology adopted for the fragility analysis of the bridge pier-RSF system is pre-
sented in this section. The methodology is depicted pictorially in Fig. 1. The initial step is
selection and scaling of the ground motions. Once a ground motion suite is generated, that
is considered as input to the different model configurations and responses of interest are
evaluated. The probabilities of failure are then evaluated and plotted with the PGA for all
the combinations of the model configurations, EDPs and ground motion types. The detailed
explanation of the methodology is given in subsequent sections.

2.1 Finite element Model and Model Configurations

The bridge pier-RSF system is considered as resting on the homogenous medium dense to
dense sand strata. The geometrical properties of the model and material properties of the soil
are given in Tables 1 and 2, respectively. Four model configurations corresponding to the
height of the pier (#,) to the width of foundation (B)), i.e., H/B,ratios of 1.5, 2.0, 2.5 and
3.0 are considered to understand the influence of footing width on the seismic performance
of the system. The Young’s modulus of concrete (E,) is taken as 27 GPa. The total seismic
weight is taken as 15 MN for all the four configurations. The sensitivity analysis was per-
formed using 2* factorial design to identify the most influential parameters on the response
of the bridge pier-RSF system and are published elsewhere (Deviprasad et al. 2021). It has
been concluded that the maximum bending moment of the footing (MBM) and residual ver-
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Fig. 1 Methodology of fragility analysis for bridge pier-RSF system
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Table 1 Geometrical charac- Bridge deck Width, B, (m) 12.2
teristics of the bridge pier-RSF
Length, L, (m) 12.2
system .
Height, H,,., (m) 1.8
Bridge pier Height, H,. (m) 12.2
Diameter, D, (m) 2
Foundation H/B,»ratio 1.5,2,2.5,3
Height, H,(m) 1.8
Embedment depth, D,(m) 2.4
Table 2 Material properties of Soil type Young’s Pois- Friction  Unit Damp-
the soil modu- son’s angle,¢  weight,y, ing
lus, E ratio, (") (kN/m%)  ratio,
(MN/m?*) v ¢ (%)
Sand 40 03 36 18 5
(medium dense (30 to 50) (30to42) (153 to (2.5t
to dense) 20.7) 7.5)
Coefficient of 15 - 100 9 30

variation (%)

tical settlement of the footing (RVS) are sensitive to the uncertainties in the angle of internal
friction (¢), Young’s modulus (E;), and unit weight (y,) of the soil. The horizontal displace-
ment due to flexure alone, in addition to the above-mentioned three parameters, is found
to be sensitive to the damping ratio of the soil (£,) as well. Hence, in the present study, the
uncertainties with respect to the above-mentioned parameters are considered for the fragil-
ity analysis with respect to the three performance levels. The upper level and lower level of
the random variables considered (Table 2) are u+/.65¢ and u — 1.650 respectively, where u
is the mean and o is the standard deviation of the respective variable. In Table 2, the values
inside the brackets represent the lower and upper levels of the respective random variables
and the values outside the bracket represent the mean values. All the random variables are
considered as normally distributed in the analysis. Therefore, the range between the upper
and lower levels include 90% of the uncertainties in the random variables.

The deterministic behavior of the RSF is modelled using the BNWF approach in OpenS-
ees platform. A number of studies have been reported on the use of BNWF model for the
performance analysis geotechnical structures (e.g., Raychowdhury 2008; Gerolymos et al.
2009; Antonellis 2015; Pelekis et al. 2021). Figure 2 shows the schematic of the BNWF
model for the bridge pier-RSF system. The approach based on the BNWF model consists of
elastic beam-column elements to capture the structural (footing and pier) behavior and zero-
length elements to model the soil-footing interaction. The zero-length elements, viz. g-z, p-x
and t-x springs (Fig. 2) are incorporated to capture the vertical load-displacement, horizon-
tal passive load-displacement and shear-sliding behavior, respectively. The gap elements
added in series with the elastic and plastic elements account for soil-foundation separation.
The zero-length element springs are characterized by the nonlinear backbone curves which
are bilinear in nature with linear and nonlinear regions representing the degrading stiffness
as the displacement increases. The material models available for the zero-length elements
in OpenSees library (Boulanger et al. 1999; Boulanger 2000) are for the pile foundations
whose backbone curves are calibrated against the pile load tests. For shallow foundations,
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Schematic of zero-length element
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Fig. 2 Schematic of the BNWF model for bridge pier-RSF system

the modified versions of the above curves (Raychowdhury 2008) are used which are cali-
brated with the results of the load tests on shallow foundations. Detailed explanations of
the finite element modelling including the description of the material model and valida-
tion studies are given elsewhere (Deviprasad and Dodagoudar 2020) and the same is not
repeated here.

2.2 Engineering Design Parameters and Limit States

The reservations to adapt the RSF in bridges as an alternative to the FB foundations can
be attributed to (i) the general notion that the strength of the RSF is uncertain, (ii) con-
cerns regarding the overturning of bridges due to rocking and (iii) lack of comprehensive
approaches to evaluate the drift and settlements of the bridge-RSF system (Deng et al. 2012).
The concern regarding the uncertainty of strength of the RSF and the lack of procedure for
evaluating the drift and settlements is addressed by considering the maximum and residual
horizontal displacements of the deck due to flexure alone (FDM and FDR respectively)
and RVS as the three EDPs in the study. In case of bridges on RSF, the deck drift has two
components: (i) drift due to flexural distortion of the bridge pier and (ii) drift due to rock-
ing motion of the footing. The flexural drift causes permanent or plastic deformation of the
bridge pier. This is another reason why the flexural drift is considered as one of the critical
performance criteria to assess the seismic performance. The bridge pier overturns when the
moment capacity of the RSF is exceeded. Therefore, to address the concern regarding the
overturning due to rocking, the MBM is considered as the fourth EDP.

The methodology of deterministic analysis of the bridges on RSFs is well established
and is similar to that of the conventional shallow foundations. However, the use of RSFs for
bridges is not still common in practice. Therefore, the limit states or threshold values for dif-
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ferent responses are not readily available in the literature and are chosen in this study based
on the guidelines available for the conventional bridge design and other related structures.
The threshold values for the MBM are expressed in terms of rocking moment capacity of the
footing (Deng and Kutter 2012) whereas, for the FDM, FDR and RVS are selected appro-
priately based on the published results (Bozozuk 1978; FEMA-356; Eurocode 8; Yakut and
Solmaz 2012). In the study, the limit states for the EDPs are defined considering three per-
formance levels, viz. immediate occupancy (IO) corresponding to slight damage, life safety
(LS) corresponding to moderate overall damage and collapse prevention (CP) correspond-
ing to severe structural damage. The corresponding threshold or limiting values for all the
EDPs and performance levels are listed in Table 3.

2.3 Selection and scaling of Ground Motions
Asper IS 1893 (Part 1): 2016, the minimum number of ground motions required for the time

history analysis of the structure are seven. In this study, ten ground motions corresponding
to five broadband-type and five pulse-type events are selected considering a few earthquake

-tr;b!fe3 Threshold V?iﬁesbﬁ')(rl Response Perfor- Threshold values
€ Tour responses o ¢ briage
pier-RSF S}?stem ¢ mance level IILI'LS/B/: gb/B/': gl,%/B/: fcs/%f
MBM 10 12,500 10,000 7500 6250
(kNm) LS 25,000 20,000 15,000 12,500
CP 50,000 40,000 30,000 25,000
FDM and 10 25
FDR LS 100
(mm) CP 150
RVS 10 25
(mm) LS 50
CP 100

o0

-~ 2 T T T T

<

e — Target spectrum
< — Mean spectrum
5)

N Mean+o spectrum
- - - - Mean-o spectrum

Spectral a

Period (s)

Fig. 3 Target and mean spectra and response spectra of the selected unscaled ground motions
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characteristics such as magnitude, rupture distance and fault mechanism from the PEER
strong motion database. The ground motions are selected in such a way that, their mean
response spectrum is compatible with the target spectrum as per IS 1893 (Part 1): 2016 cor-
responding to Zone IV and Type II soil (Fig. 3). The acceleration time histories selected cor-
respond to recording stations with medium-stiff to stiff soil site conditions (Average shear
wave velocity up to 30 m depth, V;, = 180 to 360 m/s). The characteristics of the selected
horizontal ground motions are given in Table 4. The amplitudes of the ground motions are

Table 4 Characteristics of acceleration time histories of the selected ground motions

Earthquake Name

Year

Station name

Faulting Rupture M, Vs, PGA

w

Type type distance (m/s)  (g)
(km)
Broadband Imperial valley 1979 Parachute test site  Strike slip  12.69 6.53 348.69 0.11
Loma Prieta 1989 Coyote lake dam  Reverse 20.8 6.93 295.01 0.16
(downstream) oblique
Northridge 1994 LA-W 15th S Reverse 29.74 6.69 329.52 0.098
Kobe 1995 Abeno Strike slip  24.85 6.9 256 0.22
Darfield 2010 RKAC Strike slip  16.47 7 295.74 0.17
Pulse Imperial valley 1979 Meloland Geot. Strike slip  0.07 6.53 26457 03
Array
Superstition 1987 Parachute test site  Strike slip  0.95 6.54 348.69 0.38
hills
Northridge 1994 Newhall- W Reverse 5.48 6.69 28593 0.357
Pico canyon road
Kocaeli 1999 Yarimca Strike slip  4.83 7.51 297 0.32
Chi-Chi 1999 TCUO051 Reverse 7.64 7.62 350.06 0.24
oblique
3 02 Kobe (1995)-Abeno C Northridge-01 (1594)-LAW 15th S
é ‘5’ 0.1F 1
g O g 0 ﬁWWMMNW
8 02 I —§ -0.1
2 ‘ ‘ ‘ ‘ ‘ A | 2
0 20 40 60 8 100 120 140 § & 0 18 20 5° 8 58 40
Time (s) Time (s)
) Loma Prieta (1989)'-C0y0te lake dz;m (downst) C) - Imperial Valley (1979)‘»Parachute test site
Z ol = O
g 2
:—§ -0.1 g -0.1
< <
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Time (s)
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Time (s)

Acceleration (g)
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Time (s)

Darfield (2010)-RKAC

40 50 60

Fig.4 Time histories of the selected broadband-type ground motions
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modified appropriately to generate similar acceleration time histories. The ground motions
are scaled to PGA values 0of 0.1 g, 0.2 g, 0.4 g, 0.6 g, 0.8 and 1 g to represent all the dam-
age states of the bridge pier-RSF system. From the one unscaled ground motion, six more
scaled records are obtained and are used in the assessment of the seismic response. The time
histories of the unscaled broadband-type and pulse-type motions are shown in Figs. 4 and
5 respectively.

2.4 Probability of failure and Monte Carlo Simulation technique

The safety and serviceability of the structure is assessed using probabilistic methods by
evaluating the probability of failure (). If O is the resistance or capacity of the structure
and S is the demand on the structure, then the failure is expressed as

f=Q-5<0 (M

The failure, fis a function of several demand and capacity variables which can be expressed
as

[ (X X, X)) = f(X) ()

where X is the k-dimensional vector of random variables X}, X,, ..., X, related to different
capacity and demand variables. The limit state f{X)=0 is the boundary between the safe
domain [f{X)>0] and the failure domain [f{X)<0]. Then the P, is expressed as

Py =Pl[f(X) <0 3)

Kocaeli (1999)-Yarimca Northridge-01 (1994)-Newhall, W Pico canyon rd.

03F

N —)WWMWMV

0 5 10 15 20 25 30 35 0 S 10 15 20
Time (s) Time (s)

03r
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Fig. 5 Time histories of the selected pulse-type ground motions
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If O and S are correlated and fj5(g, ) is the joint probability density function of Q and S,
the P, is expressed as

Pr=|[ fos(a 5)dgds @)

F(X)<0

It is difficult to obtain the closed form solution for the above equation and hence, alternate
solution methods are required for the evaluation of P In the case of responses evaluated
using the finite element method, a simulation technique like the MCS is more appropriate
to evaluate the associated P In recent times, the MCS technique has been used extensively
in geotechnical and structural engineering (e.g., Radu and Grigoriu 2018; Diaz et al. 2018;
Liu and Change 2020; Ni et al. 2020; Giordano et al. 2021). In the present study, the prob-
abilities of failure needed for the construction of the fragility curves are evaluated using the
direct application of the MCS technique, wherein the FE analyses are carried out for » num-
ber of realizations of the bridge pier-RSF system corresponding to #» number of realizations
of the different random variables set, sampled according to their respective probabilistic
characteristics. If n,is the number of times the threshold values are exceeded out of the n
realizations, the probability of failure is expressed as

Pr= (%)

The MCS technique requires a sampling scheme which can represent the variability and
range of a particular random variable. In the case of random sampling, new sample points
are generated without considering the previously generated sample points. This may lead
to the consideration of only localized randomness within the range of values for a random
variable. Hence, the Latin hypercube sampling (LHS) technique is adopted in the study for
generating random values of the input uncertain parameters considering their associated
uncertainties. The LHS method equally divides the uncertainty range of a random vari-
able into a specified number of intervals and selects a random value from each interval for
the random variable under consideration. The LHS ensures that the random sampling is
representative of the uncertainty of the variable. In addition, the LHS also reduces the com-
puter processing time as it optimizes the number of simulations. The number of simulations
required in the MCS technique using the LHS is determined by comparing the maximum
change in the P, observed for different number of trial runs (Table 5). Figure 6 shows the
variation of the P, corresponding to the MBM and RVS with respect to the number of real-

Table 5 Number of simulations  gimulation number Maximum change in P,
and corresponding maximum (%) ’
change in P, values 10 10 100 33

100 to 1000 =13

1000 to 5000 1.3

5000 to 10,000 0.8

10,000 to 100,000 0.8
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Fig.6 Variation of P, for MBM
MBM and RVS with number of
simulations

0 200 400 600 800 1000

Number of simulations

RVS

0.8

P, 0.4

0 200 400 600 800 1000
Number of simulations

izations. It is observed that one thousand number of simulations ensure a stable Pf value
beyond which the change in the P, is negligible.

3 Results and discussion

The probabilities of exceedance corresponding to the four EDPs (i.e., MBM, FDM, FDR and
RVS) for different seismic intensities (i.e., PGA values) and for all the model configurations
are evaluated using the MCS and are plotted as the fragility curves in Figs. 7, 8, 9, 10, 11,
12, 13 and 14. Figures 7, 8, 9 and 10 depict the fragility curves for H,/B ratios of 1.5, 2, 2.5,
and 3 for the broadband-type ground motions and Figs. 11, 12, 13 and 14 depict the fragility
curves for the pulse-type ground motions. In Figs. 7, 8, 9, 10, 11, 12, 13 and 14, the FDM ,
FDR,, M, 4,0, and RVS, are the threshold values for the FDM, FDR, MBM and RV'S respec-
tively. The fragility curves quantify the seismic damage associated with the 10, LS, and
CP performance levels and are the main performance indicators of the performance-based
design in earthquake engineering. Using these curves, the component level damage state of
the bridge pier-RSF system can be assessed for the future earthquakes. The P, values cor-
responding to different intensities are useful for assessing the expected loss that a particular
bridge pier-RSF system may undergo in the future earthquakes.

It is observed from the figures that the P, values for the FDM, FDR and MBM reduce
with increase in the H /B, ratio but the P, for the RVS increases with increase in the H /B,
ratio. This can be attributed to the increased rocking because of the decreasing width of
the foundation. The rocking effect is higher when the H /B, ratio is 3, which results in
the higher reliability with respect to the limit states corresponding to the FDM, FDR and
MBM. However, for the case when the H /B, ratio is 1.5, the rocking effect is lesser and
consequently the lesser reliability with respect to the said limit states. Moreover, the 10
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performance level has the highest variation in the probabilities of exceedance with the H /B,
ratio and the CP performance level has the lowest irrespective of the limit states considered.
For the LS performance level, the probability of exceedance falls in between the above two
performance levels. It is also observed that the probabilities of exceedance for the different
responses (FDM, FDR, MBM and RVS) vary with the H /B, ratios for all the performance
levels. This leads to the conclusion that, the reliability of the bridge pier-RSF system is not
uniform across the different H /B, ratios. Hence, a careful dimensioning of the RSF for the
bridges should be made without compromising the safety and serviceability of the system. It
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is advocated to define the performance criteria as a combination of the maximum allowable

probability of failure and the corresponding performance levels.

Figure 15 shows the fragility curves for the broadband (BB) and pulse-type (P) ground
motions for all the EDPs corresponding to the LS performance level of the bridge pier-RSF
system with H,/B,=2.5. It is seen that the P values corresponding to the MBM and FDM
are higher for the pulse-type motions compared to the broadband-type motions. However,
the P, values corresponding to the RVS are lower for the pulse-type motions compared to
the broadband-type motions. This could be attributed to the shorter duration of the higher
amplitudes of the pulse-type motions. According to Newton’s second law of motion, the
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Fig. 12 Fragility curves for bridge pier with RSF corresponding to H/B,= 2.0 for four EDPs and pulse-type
earthquakes: (a) FDM; (b) FDR; (¢c) MBM; and (d) RVS

time rate of change of momentum is directly proportional to the force applied on the body.
This implies that the pulse-type motions impart higher rate of change of momentum hence
the higher magnitude of force is applied to the bridge pier-RSF system. In addition, as the
duration of the higher amplitude motion is very short in the case of pulse-type motions, the
complete mobilization of the soil strength does not take place. This results in reduced rock-
ing of the foundation. As observed earlier, because of the lesser rocking effect, the MBM
and FDM are higher and the RVS is lower. However, the beneficial effects of the rocking of
the foundation are still significant during the pulse-type ground motions. The difference in
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the values of the FDR is negligible due to recentering of the bridge pier-RSF system after

the earthquake event.

4 Conclusions

The fragility analysis of the bridge pier-RSF system is performed to quantify the seismic
damage in a probabilistic framework in the paper. For the response analysis of the system,
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five broadband-type and five pulse-type ground motions are selected from the PEER ground
motion database such that the mean spectrum of these motions is compatible with the tar-
get response spectrum of IS 1893 (Part 1): 2016 for Zone IV and Type II soil. These ten
ground motions are scaled to generate sixty more ground motions to reflect the amplitudes
corresponding to the no failure state to the certain failure of the bridge pier-RSF system.
The probabilities of failure are evaluated using the MCS technique with LHS. The fragility
curves are developed considering the four EDPs (i.e., FDM, FDR, MBM and RVS), four
model configurations (H/Bf ratios of 1.5, 2, 2.5, and 3) and three performance levels (10,
LS and CP). The developed fragility curves can be used to assess the probable damage state
of the bridge pier with RSF under different PGA and accordingly the loss estimates and
retrofitting strategies can be undertaken. The following conclusions are made based on the
results of this study.

e The rocking of the foundation increases with decrease in the width of the foundation.
The maximum bending moment of the footing and horizontal displacement of the deck
due to flexure alone decrease with decrease in the width of the footing whereas the
residual vertical settlement shows the opposite trend. Therefore, one should be careful
while dimensioning the RSF in the design of bridges. It is advised to dimension the RSF
based on the required performance expected out of the structure and specify the perfor-
mance criterion as a combination of the performance level and maximum probability
of exceedance.

e The developed fragility curves show that the bridge pier-RSF system is more vulner-
able in the case of pulse-type ground motions compared to the broadband-type ground
motions. However, even in the case of pulse-type ground motions, the beneficial effects
of the RSF are still significant.

e The values of the probability of failure for residual horizontal displacement of the deck
due to flexure is found to be very small compared to the residual vertical settlement for
both the pulse and broadband-type ground motions. The results of the study emphasize
the fact that, even though the bridge pier-RSF system may undergo larger settlements
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during an earthquake event, it remains structurally stable owing to recentering of the
system post the seismic activity.
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