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ABSTRACT 

Traditional seismic design of bridges includes ductile details that allow bridges to develop 
substantial inelastic deformations when subjected to severe earthquakes. While bridges designed 
in this manner may be safe from collapse following an earthquake, they are susceptible to 
considerable damage and permanent lateral displacements that can impair traffic flow and 
necessitate costly and time-consuming inspections and repairs (perhaps even demolition). 
Nowadays, as an alternative design strategy, bridges with columns supported on rocking 
foundations are designed to undergo large deformations but sustain far less damage and can re-
center after large earthquakes. 

The numerical study presented herein investigates the seismic response of two bridges 
subjected to two sets of forty ground motions each, one consisting of pulse-type near-fault 
ground motions and another containing a mix of near- and far-fault ground motions. Three 
design strategies were considered for each of the two bridges. The first design is based on current 
common practice, which expects flexural plastic hinging in the columns. The other two designs 
use rocking shallow and pile foundations, respectively. The columns in the bridge with the 
rocking foundation are designed to remain elastic while also accounting for the effect of framing 
between the columns, the deck, and the abutments. The bridges with rocking foundations 
consider several different cases in terms of size of columns, bearings, and expansion joints at the 
abutments. 

Each bridge model is subjected to the two sets of ground motions using two horizontal 
components for each ground motion. The numerical results show that lateral drift similar to that 
experienced by fixed-base bridges is possible in the bridges with rocking pile foundations, with 
essentially an elastic response in the columns. A comparison of the seismic performance of the 
bridges in terms of post-earthquake repair cost is conducted using an existing performance 
evaluation framework based on the Pacific Earthquake Engineering Research Center’s 
performance-based earthquake engineering method. Existing damage models for the columns, 
bearings, and shear keys are used, while a new damage model of rocking shallow foundations is 
developed. The structural components are classified in different performance groups, with 
discrete damage states and repair methods. Based on an existing methodology developed by 
other researchers, repair costs are calculated based on the repair quantities and the materials used 
in the repair methods of every performance group. The post-earthquake repair cost of the rocking 
bridges is negligible for the range of intensity measures considered in this study. 
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1 Introduction 

Traditional design of fixed-base bridges includes ductile details that permit bridges to develop 
substantial inelastic deformations when subjected to severe earthquakes. While bridges designed 
in this manner may be safe from collapse, they are susceptible to considerable damage and 
permanent lateral displacements that can impair traffic flow and necessitate costly, time-
consuming, dangerous, and disruptive inspections and repairs (and perhaps even demolition). As 
an alternative design, bridges with columns supported on foundations allowed to uplift can 
undergo large deformations but suffer far less damage, with the added bonus of re-centering 
following large earthquakes. Compared to fixed-base bridges, bridges supported on rocking 
foundations may have additional economic benefit because fixed-base bridges require larger 
spread foundations as well as larger and/or more piles. 

The rocking behavior of structures has been investigated numerically and experimentally 
since the nineteenth century [Milne and Omori 1893] and early in the twentieth century by 
Kirkpatrick [1927]. For forty years rocking of structures has been considered an effective 
mechanism of resisting lateral forces and developing deformations expected during earthquake 
excitation. Early numerical studies include Muto et al. [1960], who studied numerically the 
overturning vibration of slender structures, and Housner [1963], who studied numerically the 
rocking behavior of rigid blocks supported on a rigid base subjected to sinusoidal excitation. 
Beck and Skinner [1974] studied the rocking response of a step bridge pier, a system later used 
in the design of the South Rangitikei Railway Bridge, New Zealand, constructed in 1981. The 
rocking behavior of rigid blocks on a rigid base has been studied considering harmonic [Spanos 
and Koh 1984; Tso and Wong 1989], broadband [Ishiyama 1983], and pulse-type ground 
excitations [Makris and Roussos 2000; Makris and Zhang 2001; Makris and Konstantinidis 
2003]. Other studies have considered the rocking response of rigid blocks on elastic [Psycharis 
and Jennings 1983] and inelastic bases [Apostolou et al. 2007].The rocking response of flexible 
structures supported on rigid [Meek 1978; Chopra and Yim 1985], flexible [Chopra and Yim 
1985], and inelastic bases [Apostolou et al. 2007] has also been studied. Finally, Cremer et al. 
[2001; 2002] studied numerically the nonlinear two-dimensional (2D) response of rocking 
shallow foundations. Foundation rocking has been identified numerically as a mechanism that 
may explain why some engineered structures did not sustain as severe damage during 
earthquakes [Rutenberg et al. 1982]. In contrast, overturning of equipment or structures due to 
rocking during earthquakes has also been reported [Anooshehpoor et al. 1999; Shi et al. 1996]. 
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Shaking table tests of buildings using rocking foundations supported on a rigid base 
[Kelly and Tsztoo 1977; Clough and Huckelbridge 1977] and simple single-mass structures 
supported on a rigid or flexible base [Priestley et al. 1978] were first conducted in the 1970s. 
Shake table tests with either of single bridge columns or two-column subassemblies supported on 
rocking foundations [Saidi et al. 2002; Chen et al. 2006; Sakellaraki and Kawashima 2006; 
Espinoza and Mahin 2008] were conducted thereafter. Large-scale experimental studies 
involving geotechnical aspects of rocking of shallow foundations include research done by 
Bartlett [1976], Wiessing [1979], Georgiadis and Butterfield [1988], Pecker and Pender [2000], 
Faccioli et al. [2001], and Paolucci et al. [2007]. 

Numerous centrifuge tests of simple piers supported on rocking shallow foundations 
[Harden et al. 2005; Kutter et al. 2006; Gajan et al. 2008; Ugalde et al. 2010] and rocking pile-
foundations [Deng and Kutter 2011] as well as of simple bridge models [Deng et al. 2011] with 
columns supported on rocking foundations have been conducted. The latter study considered 
model columns with different heights, footing widths, and skews relative to the axis of shaking. 

Rocking foundations have been utilized in the design of major bridges like the Rion 
Antirion Bridge, Greece [Pecker 2006], and the retrofit of bridges, including the Golden Gate 
Bridge, San Francisco, California, [Ingham et al. 1995], the Carquinez Bridge, Vallejo, 
California [Jones et al. 1997] and the Lions Gate Bridge, Vancouver, British Columbia [Dowdell 
and Hamersley 2000]. They have also been proposed for a retrofit scheme [Astaneh-Asl et al. 
1993]. 

1.1 REPORT OUTLINE 

This report contains six chapters, including the Introduction. Chapter 2 describes the benchmark 
bridges considered in this study, their design, and the seismic hazard and the ground motions 
used. Linear and nonlinear single-degree-of-freedom (SDOF) response spectra are also 
presented. Next, the objectives and the design procedure are presented for both the fixed-base 
bridges and the bridges with rocking foundations. Chapter 3 presents the three-dimensional (3D) 
numerical model of the bridge. Chapter 4 presents the results from modal and nonlinear response 
history analysis (NRHA) of the bridges. These results are presented in terms of relative 
deformations of the top of the bridge columns with respect to the ground, displacements of the 
bearings of the abutments, settlement of the shallow foundations, and steel tensile strains in the 
columns, including axial load variation in the columns due to vertical inertial and kinematic 
interaction effects between the columns, the deck, and the abutments.  

Chapter 5 performs a probabilistic seismic performance evaluation of the bridges using 
the methodology and framework developed by Mackie et al. [2008] for the Pacific Earthquake 
Engineering Research Center (PEER) with the results presented in terms of repair cost versus 
intensity measure of the ground motion. The disaggregation of the cost into different repair cost 
quantities is also discussed. Finally, Chapter 6 presents the conclusions of this study. 
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2 Benchmark Bridges and Ground Motions 

2.1 GROUND MOTION REPRESENTATION 

Two different sets of ground motions [Baker et al. 2011] were used for the NRHA of the bridges, 
see Chapter 4. The first set (see Table 2.1) consisted of 40 ground near-fault motions that 
included strong acceleration, velocity, and displacement pulses as a result of directivity [Baker et 
al. 2011]. For each of the near-fault motions, the fault-normal and fault-parallel horizontal 
components were used in the NRHA. The second set (broadband set of ground motions, see  

Table 2.2) consisted of 40 unscaled ground motions selected so that their mean response 
spectrum matched the median spectrum, in the period range of 05 sec computed from Boore 
and Atkinson [2008], of a magnitude 7 strike-slip earthquake at a distance of 10 km from the 
fault for a site with Vs30 equal to 250 m/sec [Baker et al. 2011]. 

The mean linear acceleration spectra of the sets of ground motions are shown in Figure 
2.1. The mean spectrum of the broadband set of ground motions is similar to the corresponding 
spectrum of the fault-normal, near-fault motions in the period range of 2 to 3 sec, while stronger 
for periods larger than 3.2 sec. Figure 2.1 also depicts the single-degree-of-freedom (SDOF) 
oscillator nonlinear displacement spectra for two different force-displacement (F-D) 
relationships: bilinear plastic and bilinear elastic. These two force displacements are shown in 
Figure 2.2. These F-D relationships were considered because they approximate reasonably well 
the force-displacement relationship of bridges with fixed-base columns and with columns 
supported on rocking pile foundations that are used in this study.  

Figure 2.3 plots the linear acceleration and displacement response spectra of the 
individual ground motions of the two sets including their mean spectra. Figures 2.4 to 2.6 plot 
the nonlinear displacement spectra of the near-fault, fault-normal component, near-fault, fault-
parallel component, and broadband sets of ground motions, respectively. The comparison of the 
mean linear and nonlinear displacement spectra is shown in Figure 2.7, and the following 
conclusions can be drawn: 

1.  The spectral displacements for the bilinear elastic response (for bridges with rocking 
pile-foundations) are 1.3 to 2 times larger than the corresponding displacements for 
bilinear plastic response (for fixed-base bridges) for the period range of interest (T = 
13 sec). 
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2.  Linear and nonlinear spectral displacements (both for bilinear plastic and bilinear 
elastic response) increase almost linearly with an increase of period for periods up to 
3 sec.  

3.  An increase of R from 2 to 4 results in 2060% increase of the spectral 
displacements in the period range T = 13 sec. 

 

 

Figure 2.1 (a) Mean linear acceleration spectra of the 40 near-fault, fault-normal 
ground motions, the 40 near-fault, fault-parallel ground motions, and 40 
ground motions of the broadband set at 2% damping. Linear, bilinear 
elastic, and bilinear plastic displacement spectra for the (b) near-fault set 
(fault-normal component) and (c) the broadband set of ground motions. 

 

 

Figure 2.2 Nonlinear force-displacement relation of the SDOF systems considered. 
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Table 2.1 Near-fault set of ground motions. 

Number NGA Record Earthquake Name Year Magnitude Station Name 

1 170 Imperial Valley 1979 6.5 EC County Center FF 
2 171 Imperial Valley 1979 6.5 EC Meloland Overpass FF 
3 179 Imperial Valley 1979 6.5 El Centro Array #4 
4 180 Imperial Valley 1979 6.5 El Centro Array #5 
5 181 Imperial Valley 1979 6.5 El Centro Array #6 
6 182 Imperial Valley 1979 6.5 El Centro Array #7 
7 183 Imperial Valley 1979 6.5 El Centro Array #8 
8 184 Imperial Valley 1979 6.5 El Centro Differential Array 
9 451 Morgan Hill 1984 6.2 Coyote Lake Dam (SW Abut) 

10 77 Loma Prieta 1989 6.9 Gilroy - Gavilan Coll. 
11 779 Loma Prieta 1989 6.9 LGPC 
12 879 Landers 1992 7.3 Lucerne 
13 900 Landers 1992 7.3 Yermo Fire Station 
14 982 Northridge 1994 6.7 Jensen Filter Plant 
15 983 Northridge 1994 6.7 Jensen Filter Plant Generator 
16 1044 Northridge 1994 6.7 Newhall - Fire Sta. 
17 1045 Northridge 1994 6.7 Newhall - W Pico Canyon Rd. 
18 1063 Northridge 1994 6.7 Rinaldi Receiving Sta. 
19 1084 Northridge 1994 6.7 Sylmar - Converter Sta. 
20 1085 Northridge 1994 6.7 Sylmar - Converter Sta East 
21 1086 Northridge 1994 6.7 Sylmar - Olive View Med FF 
22 1050 Kobe, Japan 1995 6.7 KJMA 
23 1119 Kobe, Japan 1995 6.7 Takarazuka 
24 1161 Kocaeli, Turkey 1999 7.5 Gebze 
25 3548 Chi-Chi, Taiwan 1999 7.6 CHY028 
26 1244 Chi-Chi, Taiwan 1999 7.6 CHY101 
27 1489 Chi-Chi, Taiwan 1999 7.6 TCU049 
28 1492 Chi-Chi, Taiwan 1999 7.6 TCU052 
29 1493 Chi-Chi, Taiwan 1999 7.6 TCU053 
30 1494 Chi-Chi, Taiwan 1999 7.6 TCU054 
31 1505 Chi-Chi, Taiwan 1999 7.6 TCU068 
32 1510 Chi-Chi, Taiwan 1999 7.6 TCU075 
33 1511 Chi-Chi, Taiwan 1999 7.6 TCU076 
34 1515 Chi-Chi, Taiwan 1999 7.6 TCU082 
35 1519 Chi-Chi, Taiwan 1999 7.6 TCU087 
36 1528 Chi-Chi, Taiwan 1999 7.6 TCU101 
37 1529 Chi-Chi, Taiwan 1999 7.6 TCU102 
38 1530 Chi-Chi, Taiwan 1999 7.6 TCU103 
39 1546 Chi-Chi, Taiwan 1999 7.6 TCU122 
40 1595 Chi-Chi, Taiwan 1999 7.6 WGK 
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Table 2.2 Broadband set of ground motions. 

Number NGA Record Earthquake Name Year Magnitude Station Name 

1 231 Mammoth Lakes 1980 6.0 Long Valley Dam (Upr L Abut) 
2 1203 Chi-Chi, Taiwan 1999 7.6 CHY036 
3 829 Cape Mendocino 1992 7.0 Rio Dell Overpass – FF 
4 169 Imperial Valley 1979 6.5 Delta 
5 1176 Kocaeli, Turkey 1999 7.5 Yarimca 
6 163 Imperial Valley 1979 6.5 Calipatria Fire Station 
7 1201 Chi-Chi, Taiwan 1999 7.6 CHY034 
8 1402 Chi-Chi, Taiwan 1999 7.6 NST 
9 1158 Kocaeli, Turkey 1999 7.5 Duzce 

10 281 Trinidad 1980 7.2 Rio Dell Overpass, E Ground 
11 730 Spitak, Armenia 1988 6.8 Gukasian 
12 768 Loma Prieta 1989 6.9 Gilroy Array #4 
13 1499 Chi-Chi, Taiwan 1999 7.6 TCU060 
14 266 Victoria, Mexico 1980 6.3 Chihuahua 
15 761 Loma Prieta 1989 6.9 Fremont - Emerson Court 
16 558 Chalfant Valley 1986 6.2 Zack Brothers Ranch 
17 1543 Chi-Chi, Taiwan 1999 7.6 TCU118 
18 2114 Denali, Alaska 2002 7.9 TAPS Pump Station #10 
19 179 Imperial Valley 1979 6.5 El Centro Array #4 
20 931 Big Bear 1992 6.5 San Bernardino - E & Hospitality 
21 900 Landers 1992 7.2 Yermo Fire Station 
22 1084 Northridge 1994 6.7 Sylmar - Converter Sta 
23 68 San Fernando 1971 6.6 LA - Hollywood Stor FF 
24 527 N. Palm Springs 1986 6.0 Morongo Valley 
25 776 Loma Prieta 1989 6.9 Hollister - South & Pine 
26 1495 Chi-Chi, Taiwan 1999 7.6 TCU055 
27 1194 Chi-Chi, Taiwan 1999 7.6 CHY025 
28 161 Imperial Valley 1979 6.5 Brawley Airport 
29 1236 Chi-Chi, Taiwan 1999 7.6 CHY088 
30 1605 Duzce, Turkey 1999 7.1 Duzce 
31 1500 Chi-Chi, Taiwan 1999 7.6 TCU061 
32 802 Loma Prieta 1989 6.9 Saratoga - Aloha Ave 
33 6 Imperial Valley 1940 7.0 El Centro Array #9 
34 2656 Chi-Chi, Taiwan 1999 6. TCU123 
35 982 Northridge 1994 6.7 Jensen Filter Plant 
36 2509 Chi-Chi, Taiwan 1999 6.2 CHY104 
37 800 Loma Prieta 1989 6.9 Salinas - John & Work 
38 754 Loma Prieta 1989 6.9 Coyote Lake Dam (Downst) 
39 1183 Chi-Chi, Taiwan 1999 7.6 CHY008 
40 3512 Chi-Chi, Taiwan 1999 6.3 TCU141 
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Figure 2.3 Linear acceleration and linear displacement spectra for the two sets of 
ground motions used. 

 
 

 

Figure 2.4 Nonlinear displacement spectra for the near-fault ground motions (fault-
normal component); damping ζ = 2%, and hardening ratio r = 0%. 
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Figure 2.5 Nonlinear displacement spectra for the near-fault ground motions (fault-
parallel component); damping ζ = 2% and hardening ratio r = 0%. 

 
 

 

Figure 2.6 Nonlinear displacement spectra for the broadband set of ground motions; 
damping ζ = 2% and hardening ratio r = 0%.  
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Figure 2.7 Mean linear and nonlinear displacement spectra comparison. 

2.2 BENCHMARK BRIDGES 

Figure 2.8 shows the structural layout of the eleven bridges considered; the characteristics of the 
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bridges are described in Ketchum et al. [2004]. 
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the two types of bridge; one bridge is composed of columns fixed at both ends, another bridge 
used columns supported on rocking pile foundations, and the third bridge used columns 
supported on rocking shallow foundations. 

As shown in Table 2.3, the column diameter for the fixed-base (FB) bridge was 1.8 m 
and 2.1 m for the rocking pile (RP1) and shallow foundation (RS) designs. Bridges with rocking 
pile (RP) foundations with the same column diameter and abutment configuration as the fixed-
base bridges were also considered for comparison’s sake (termed “RP2a” bridges). In order to 
study the effect of the lead-plug rubber bearings at the abutments, an additional model (termed 
“RP2b”) was analyzed. This model was identical to the RP1 model except for the bearings, 
which did not include lead plugs. For the fixed-base design with Hc = 6.7 m, two bridges with 
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different longitudinal steel ratio of the columns were considered. For all bridges with rocking 
foundations, a pin connection in the longitudinal direction of the bridge between the top of the 
column and the deck was used. The deck was supported on three circular rubber bearings at each 
abutment (see Figure 2.10). The size and type of bearings and the type of the expansion joints 
differed between the fixed-base and rocking designs are described below and are summarized in 
Table 2.3. Shear keys in all designs were designed to resist a force equal to 667 kN, that is 30% 
of the vertical service loads at the abutments. The gravity loads included the factored dead load 
of the structural system of the bridge. 
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Figure 2.8 Side view of the structural system layout of the benchmark bridges. Two 
column heights were considered: Hc = 15.2 m and 6.7 m. 

 

 

 
(a) (b) 

 

Figure 2.9 Foundation-column-deck elevation for the bridges considered: (a) the 15.2 
m tall bridges and (b) the 6.7 m tall bridges. 
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Table 2.3 Characteristics of the eleven bridges considered. 

Bridge 
number 

Bridge 
name 

Type of 
design 

Column 
height Hc 

(m) 

Column 
diameter 

Dc (m) 

Column 
longitudinal 

reinforcement 
ratio (ρl) 

Foundation 
width B (m) 

Displacement 
capacity of 
expansion 
joint (m) 

Type of 
bearings in 
abutments, 

[diameter (m), 
total rubber 
height (m)] 

Total 
seismic 
weight 

W, 
(kN) 

Gravity 
load at the 

base of 
columns 

NcG, (kN)* 

1 B15-FB1 Fixed-base 15.2 1.8 2% N/A 0.10 RB [0.90, 0.22] 33826 
7473 

(6823) 

2 B7-FB1 Fixed-base 6.7 1.8 2% N/A 0.10 
RB  

[0.90, 0.22] 
31713 

6945 
(6295) 

3 B7-FB2 Fixed-base 6.7 1.8 1.2% N/A 0.10 
RB  

[0.90, 0.22] 
31713 

6945 
(6295) 

4 B15-RP1 
Rocking pile 
foundation 

15.2 2.1 3% 6.5 0.40 
LPRB 

[1.26, 0.36] 
35194 

7816 
(7165) 

5 B15-RP2a 
Rocking pile 
foundation 

15.2 1.8 3% 4.7 0.10 
RB  

[0.90, 0.22] 
33826 

7473 
(6823) 

6 B15-RP2b 
Rocking pile 
foundation 

15.2 2.1 3% 6.5 0.40 
RB  

[1.26, 0.36] 
35194 

7816 
(7165) 

7 B7-RP1 
Rocking pile 
foundation 

6.7 2.1 3% 6.5 0.40 
LPRB  

[1.26, 0.36] 
32314 

7095 
(6445) 

8 B7-RP2a 
Rocking pile 
foundation 

6.7 1.8 3% 4.7 0.10 
RB 

[0.90, 0.22] 
31713 

6945 
(6295) 

9 B7-RP2b 
Rocking pile 
foundation 

6.7 2.1 3% 6.5 0.40 
RB 

[1.26, 0.36] 
32314 

7095 
(6445) 

10 B15-RS 
Rocking 
shallow 

foundation 
15.2 2.1 3% 6.5 0.40 

LPRB 
  [1.26, 0.36] 

35194 
7816 

(7165) 

11 B7-RS 
Rocking 
shallow 

foundation 
6.7 2.1 3% 6.5 0.40 

LPRB 
 [1.26 / 0.26] 

32314 
7095 

(6445) 

*Interior column, exterior in parentheses. 
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(a)

 

 
(b) 

 

Figure 2.10 (a) Configuration of bearings and shear keys at the abutment; and (b) side 
view of the region near the end of the deck and the abutment (drawing not 
in scale). Rubber bearings without lead plugs were used for the fixed-base 
designs. 

2.3 FIXED-BASE DESIGN 

The majority of deformations in the design of the fixed-based bridge were concentrated in 
flexural plastic hinges that developed at the bottom and at the top of the columns. The columns 
were monolithically connected at their bottom and top to the foundation and the deck, 
respectively. The foundations consisted of an 8 × 8 × 1.8-m pile cap supported on 6 steel piles, 
with external diameter Dp = 0.61 m, thickness tp = 0.013 m, length Lp = 18 m, and steel yield 
strength fy = 414 MPa. The bearings supporting the deck at the abutments were 0.90 m in 
diameter and had a total height of rubber of 0.22 m. 

Figure 2.11 presents the first mode pushover curves of the fixed-base bridges. For the 
pushover in the transverse direction, the force vector had the shape of the mode with the most 
predominant component of transverse displacement of the middle columns. The points where the 
reinforcement tensile strain, εs, reaches 0.5%, 1%, and 3% in the columns are also shown. 
Chapter 3 describes the numerical models used in this analysis. 

Figure 2.12 shows the bilinear approximation of the pushover curves used to estimate the 
nonlinear displacement demand in the transverse direction of the bridges using SDOF analysis. 
The initial stiffness, Ky, of the bilinear approximations was defined based on two points of the 
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pushover curves: the point at zero displacement and the point with displacement Δε,0.2%, at which 
the longitudinal reinforcement in the column reached a tensile strain εs equal to 0.2%. The 
strength, Fy, of the bilinear approximation was determined from the monotonic response at the 
mean drift ratio computed from NRHA. Based on this approximation, Ky and the corresponding 
SDOF period, Ty, Δy, was determined using the effective seismic weight, Weff, of the mode with 
the most predominant translational component in the transverse direction, as described in 
Chapter 4. Similarly, the force reduction factor, Ry, was calculated, defined as the linear seismic 
force, Fe, computed using the elastic spectral acceleration at Ty multiplied by the first-mode 
effective seismic mass, to Fy. Based on Ty and Ry, and using the nonlinear (bilinear plastic) 
SDOF displacement spectra shown in Figure 2.4, the nonlinear displacement demand, ΔNL, was 
calculated, as shown in Table 2.4. 

The corresponding drift ratios were 2.1% and 1.0%, for Bridges B15-FB1 and B7-FB1, 
respectively. The corresponding mean values computed using 3D NRHA of the bridges using 
two horizontal components of ground motion were 2.4% and 1.0%. In both cases the SDOF 
analysis resulted in very good agreement with the NRHA results. Even though this analysis used 
the mean drift ratio computed by NRHA, it can easily be used in an iterative way to estimate the 
nonlinear displacement demands. 

 

Table 2.4 Pushover and SDOF analysis results in the transverse direction for two of the fixed-
base bridges. 

Name 
Δε,0.2% / 
H (%) 

Δy,ideal  / 
H (%) 

Secant 
stiffness 
Κy at 
Δε,0.2% 

(kN/m) 

Effective 
seismic 
weight 

Weff, (kN) 

Tuncr 
(sec) 

Ty 
(sec) 

Ry 
SDOF 

analysis ΔNL 
/ H (%) 

NRHA ΔNL / 
H (%) 

B15-FB1 0.70 1.30 31465 25708 1.30 1.81 1.5 2.1 2.4 

B7-FB1 0.32 0.60 129940 11100 0.53 0.59 1.6 1.0 1.0 
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Figure 2.11 Fixed–based Bridges B7 and B15: system pushover curves. 

 

 

Figure 2.12 Fixed-based bridges: bilinear idealizations of the pushover curves. 

2.4 ROCKING FOUNDATION DESIGNS 

The majority of deformations for these designs were accommodated at the rocking interfaces. 
Two different designs using rocking foundations were considered: (a) pile foundations where the 
pile cap is designed to uplift on top of piles; and (b) shallow foundations designed to uplift on 
top of soil. The objective in both designs was to ensure that the columns remain essentially 
elastic. In the case of shallow foundation, the soil properties in the vicinity of the foundation 
were assumed to be such to prevent extensive inelastic response of the soil. To prevent the 
formation of a flexural plastic hinge at the top of the columns, a pin connection between the 
columns and the deck was used in the plane parallel to the longitudinal axis of the bridge. Three 
lead-plug rubber bearings—1.26 m in diameter and with a total rubber height of 0.36 m—were 
used at each abutment. The lead plug of each bearing was 0.35 m in diameter with a yield force 
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of 1025 kN. The deformation capacity of the expansion joint was 0.40 m for all designs with 
rocking foundations except for Bridge RP2a, as described below. 

2.4.1 Rocking Pile Foundations  

The design considering a rocking pile foundation consisted of a square pile cap supported on 
four piles (see Figure 2.13). This design resulted in a nonlinear elastic moment-rotation behavior 
(approximately) of the rocking plane (see Figure 2.2). A comparison between the bilinear elastic 
versus bilinear plastic behavior for the same moment strength and same initial stiffness should 
result in an increase of about 80% of the displacement demand (see Figure 2.7). Moreover, 
comparing this design with the fixed-based design results in an increase in the periods of the 
longitudinal modes due to the pin connection between the top of the columns and the deck in the 
longitudinal direction. Thus, significant increase of the displacements of more than 100% is 
expected if rocking foundations are used compared to the fixed-base design with similar columns 
and bearings. 

The maximum overturning capacity of the pile foundation was calculated as Mmax = 
NtotBd / 2, where Ntot is the total vertical load including the effective weight of the deck (Wd ), the 
weight of the column (Wc), and the weight of the foundation (Wf), as well as the variation of the 
vertical load due to framing (NF) between the columns, the deck, and the abutment, as described 
below. The maximum distance of a pile from the centroid of the vertical load was Bd (see Figure 
2.13). Aiming at an elastic response of the columns, the largest Bd was determined such that 
when Mmax developed at the base of the foundation, the steel tensile strain in the column, εs, did 
not exceed 0.2%. Compared with the fixed-base bridge, where Dc was 1.8 m and ρl was equal to 
2%, in the rocking foundation bridges the column diameter was increased to 2.1 m. A ρl = 3% 
was used as an upper bound for constructability as well as for performance, thus achieving a 
lateral strength of the bridge that was similar to the fixed-base design at 2% drift ratio. To ensure 
adequate performance of the piles when all the vertical load is resisted by a single pile, the piles 
were designed so that the corresponding axial load ratio of the pile Ntot / fc

‘ Ag, where fc
’ = 48 

MPa, the compressive strength of concrete, and Ag (the cross-section area of the pile) is less than 
0.25. 

The total axial load at the base of the columns Ntot, including framing effects between the 
columns, the deck, and the abutment, was computed using monotonic static analysis of the 
bridges. Figure 2.14 and Figure 2.15 show the variation of the total axial force at the base of the 
column versus drift ratio for Bridges B15 and B7, respectively. The analysis results for loading 
in the transverse and the longitudinal direction are presented. As shown in Figure 2.14 for the 
response in the transverse direction with an increase in lateral drift, the framing effects increased 
the axial load in the exterior columns and decreased it in the interior columns. The total axial 
load for the exterior columns was less than the gravity load on the interior columns, NcG, for 
loading in the transverse direction and for drift ratios up to 8%. In the longitudinal direction, the 
framing resulted in larger total axial load in the exterior columns than the gravity load for drift 
ratios larger than 4%. Nevertheless, the drift ratio in the longitudinal direction was expected to 
be less than 4%; thus, the axial load after this level of displacement was not critical for the 
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design. Therefore, the axial load used for the design of the columns and the foundations was 
equal to the gravity load in the interior column (NcG = 7819 kN). 

The design of foundations of the interior and exterior columns were identical. The axial 
load used in the design of the foundation was Nftot = 9647 kN [7816 (gravity load at the base of 
the interior column, NcG) + 1831 (weight of footing, Wf)]. For Nftot = 9647 kN and Bd = 6.8 m, 
Mmax,d = 32,800 kN-m, as shown in Table 2.5. Assuming a triangular bending moment diagram 
along the height of the column, the moment at the base of the column, Mcol,max was 94.6% of the 
moment at the base of the foundation for Bridge B15, and equal to 31028 kN-m. This is less than 
Mε,0.2% = 31,100 kN-m, which is the moment capacity of the column section when the steel 
reinforcement reaches a tensile strain εs = 0.2% for the design axial load, NcG. Because the shape 
of the bending moment diagram can be affected by the bending moment that develops at the top 
of the column in the transverse direction, it was not considered in this design. For the Nftot 
defined above and the limit of the axial load ratio of the piles, the required pile diameter Dp was 
1.05 m. Knowing the pile diameter, Dp, the diagonal distance between the piles, Bd, and using 
0.30 m distance from the pile surface to the pile-cap edge, the length of the square pile cap was 
determined to be 6.5 m with a height of 1.8 m (see Figure 2.13). 

Two additional rocking-on-piles bridges were analyzed (RP2a and RP2b) for Bridges 
B15 and B7, but only for the near-fault ground motions. The same design procedure was 
followed for the design of Model RP2a, which had a column diameter of 1.8 m, reinforcing steel 
ratio equal to 3%, and same bearings and expansion joints as the fixed-base designs (with 
expansion joints of 0.10 m and the same rubber bearings without lead plugs used in the fixed-
base bridges). Here, the resulting foundation width was 4.7 m (see Table 2.5). Bridge RP2b was 
identical to bridge RP1 with a 6.5-m-wide foundation; the only difference was in the type of 
bearings used.  

 

 

Figure 2.13 Plan view of the rocking pile foundation. 
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Figure 2.14 Static monotonic analysis of Bridges B15 and axial load at the base of 
columns versus drift ratio. The plus sign is for the column ahead and the 
minus sign for the column behind, with respect to the direction of loading. 

 

 

Figure 2.15 Static monotonic analysis results for the three B7 bridges and axial load at 
the base of columns versus drift ratio. The plus sign is for the column 
ahead and the minus sign for the column behind, with respect to the 
direction of loading. 
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Table 2.5 Design parameters for the rocking on piles footing. 

Name Bd (m) 
Nftot 
(kN) 

NcG 
(kN) 

Mmax,d for Nftot 

(kN-m) 
Mcol,max for Mmax,d at 
foundation (kN-m) 

Mε,0.2% for ρl = 3% 

and NcG (kN-m) 

B15-RP1 6.8 9647 7816 32800 31028 31100 

B15-RP2a 4.7 8426 7473 18160 17252 18972 

 
 

 

Figure 2.16 Static monotonic analysis results of seven bridges in terms of total 
horizontal force versus drift ratio. 

The results of the static monotonic analysis in terms of total force versus drift ratio at the 
mid-length of the bridge deck for seven bridges are shown in Figure 2.16. For the response in the 
transverse direction, Bridges B15 and B7 with rocking pile foundations showed similar strength 
when compared to the corresponding fixed-based bridges. In the longitudinal direction, the soil 
behind the back wall of the abutment was activated at a drift ratio of 0.6% and 3.6% for the 
fixed-base and rocking designs, respectively. 

Figure 2.17 shows the bilinear idealization of the pushover curves used in the SDOF 
nonlinear analysis. The initial stiffness was assumed to be 50% of the initial stiffness obtained 
from the monotonic static analysis of the bridge; the strength was computed from the monotonic 
analysis at a drift ratio equal to the mean response computed with NRHA. Based on this 
idealization, Δy, Ty, and Ry were determined (see Table 2.6), and the ΔNL / H was calculated using 
the nonlinear elastic displacement spectra shown in Figure 2.4. The computed ΔNL / H was equal 
to 2.6% for Bridge B15-RP1 and 1.4% for Bridge B7-RP1. These results are in very good 
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agreement with the mean values computed by NRHA (see Chapter 4), which were 2.4% and 
1.6%, respectively. 

Figure 2.18 shows the static cyclic analysis results for the RP bridges for two cycles at 
drift ratios of 2.5% and 5%, respectively; the bilinear elastic SDOF behavior approximates well 
the transverse response. In the longitudinal direction, the lead-plug rubber bearings at the 
abutments increased the hysteretic energy dissipation and did not impede re-centering. 

 

 

Figure 2.17 Bilinear idealization of the horizontal force-drift ratio response (transverse 
direction) for the rocking bridges. 

Table 2.6 Pushover and SDOF analysis results. Design parameters in the transverse direction 
for the rocking bridges. 

Name 
Δy,ideal / H 

(%) 

Secant 
stiffness 
Κy (kN/m) 

Effective 
seismic 

weight Weff, 
(kN) 

Tuncr 

(sec) 
Ty (sec) Ry 

SDOF 
analysis 
ΔNL / H 

(%) 

NRHA ΔNL 
/ H (%) 

B15-RP1 0.98 46554 24988 1.05 1.47 1.8 2.6 2.4 

B7-RP1 0.42 209520 15188 0.45 0.54 1.9 1.4 1.6 

B15-RS 0.89 41893 26396 1.26 1.59 2.1 3.1 2.6 

B7-RS 0.56 177950 20681 0.60 0.68 2.1 2.3 2.4 
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Figure 2.18 Cyclic static analysis results for the rocking pile foundation bridges (RP1). 

2.4.2 Rocking Shallow Foundations 

For the design of the shallow foundations, the soil in the vicinity of the footings for was assumed 
to be a clean sand with critical state friction angle φc = 28o, specific weight γ = 18.6 kN / m3, 
Poisson’s ratio v = 0.2, minimum void ratio emin = 0.5, maximum void ratio emax = 0.8, and 
relative density DR = 80%. The square footings were the same for Bridges B15 and B7, with a 
width equal to 6.5 m and a height of 2.0 m. 

The maximum moment capacity of the shallow foundations was calculated as Mmax = 
Nftot(B-Lc)/2, where B is the length of the footing parallel to the plane of loading, and Lc is the 
length of the contact between the soil and the footing area. The calculation of Lc and Mmax is an 
iterative procedure. First, a value of Lc is assumed, and the corresponding mean effective vertical 
stress is calculated, which results into the dilatancy index, IR. Then the peak angle of friction, φp, 
is calculated using Bolton’s equation [Salgado 2006] and based on that, the ultimate stress 
capacity of the soil, qu, within the contact area is calculated [Salgado 2006]. The above 
procedure is repeated until convergence of the vertical force capacity to the Nftot. The main 
parameters of the last iteration of this procedure are shown in Table 2.7. The footing of Bridge 
B15 with Nftot = 9.9 MN resulted in Lc = 0.42 m, φp = 41.1o and Mmax = 29.8 MN-m. The 
corresponding values for the footing of Bridge B7 with Nftot = 8.4 MN were Lc = 0.34 m, φp = 
40.7o, and Mmax = 26 MN-m. 

The safety factor against gravity loads for the foundations is FSv = Nftot / (Af qu), where Af 
the area of the footing. Assuming full contact of the footing with the soil, FSv was calculated 
equal to 9.2 and 10.7 for the footings of Bridges B15 and B7, respectively. 

Using the model described in Chapter 3, Figure 2.19 shows the computed cyclic moment 
rotation response of the shallow foundation for moment parallel to one of its two primary axes. 
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The design procedure was similar to that performed for the rocking pile foundations aiming at 
elastic response of the column when the foundation at its base developed the moment Mmax. As 
shown in Figure 2.14 and Figure 2.15, the framing effects for the bridges with rocking shallow 
foundations are lower than the ones of the rocking pile foundations. Even for drift ratios up to 
6%, the total axial load at the base of any of the columns is smaller than the initial gravity load at 
the base of the interior column. Thus, the initial gravity load of the interior column was used for 
the design of the footings of all columns. 

Table 2.6 lists the computed nonlinear displacements using SDOF nonlinear analysis for 
the bilinear idealizations shown in Figure 2.17. The initial stiffness in this case was assumed to 
be 80% of the initial stiffness obtained from the monotonic static analysis of the bridge. The 
lateral strength of the bilinear idealization was computed from the monotonic analysis at a drift 
ratio equal to the mean response computed with NRHA. Because the large FSv of the footings in 
this study limit the soil inelasticity, a bilinear elastic behavior results in a good approximation of 
the force displacement curve. This approximation is shown in Figure 2.4, resulting in an ΔNL / H 
equal to 3.1% and 2.3%, for Bridges B15 and B7, respectively. These were in good agreement 
with the results of NRHA (2.6% and 2.4% for Bridges B15 and B7, respectively, see Chapter 4). 
Figure 2.20 plots the first-mode cyclic static analysis curves for the shallow foundation designs 
for cycles with peak drift ratios 3% and 6%. These designs resulted in limited soil inelasticity 
and hysteretic energy dissipation associated with this in the transverse direction, whereas the 
lead-plug rubber bearings provided significant hysteretic dissipation in the longitudinal direction. 

 

Table 2.7 Design parameters for the rocking shallow foundations. 

Name 

Design axial 
load of the 
footing Nftot 

(kN) 

B (m) FSv for Nftot 
Mmax (kN-

m) 
Mcol,max (kN-m) 

Mε,0.2% for ρl = 
3% and NcG 

(kN-m) 

B15-RS 9806 6.5 9.2 29830 28220 31650 

B7-RS 8435 6.5 10.7 25988 20958 29970 
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Figure 2.19 Moment-rotation response for the shallow foundation of Bridge B15-RS. 

 

 

 

Figure 2.20 Cyclic static analysis results for the shallow foundation bridges (RS). 
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3 Numerical Modeling 

The analyses were conducted using the Open System for Earthquake Engineering Simulation 
[OpenSees 1999] computer software. The 3D model developed is shown in Figure 3.1; a side of 
view of the column and foundation part of model is shown in Figure 3.2. Fiber-section nonlinear 
Euler Bernoulli beam-column (frame) elements were used to model the columns and the deck, 
with 6 and 8 integration points per element, respectively. Existing material models in 
OpenSees—Concrete03 and Steel02—were used to model the concrete and steel, respectively. 
The compressive strength of concrete was 35 MPa, and the yielding stress of steel was 450 MPa 
with a 2% hardening ratio. The post-tensioning of the deck was modeled using the initial strain 
material and co-rotational truss members in parallel. A linear elastic stiff element was used to 
connect the top of the columns with the centroid of the deck (see Figure 3.2), as well as the 
foundation centroid with the bottom of the column and the bottom of the foundation. The 
bearings at the abutments were modeled with zero-length spring elements, with a linear elastic 
force-displacement behavior (for the bearings without lead plugs) in two horizontal directions 
and stiffness equal to1870 kN/m for the fixed-base models. The lead-plug rubber bearings for the 
rocking models had an initial stiffness of 2450 kN/m, a yielding force of 1025 kN, and post-yield 
stiffness equal to 10% of the initial stiffness, see Figure 3.3(c). In the vertical direction, the 
bearings were modeled to have zero tensile strength and a linear elastic behavior in compression 
with stiffness equal to 1,050,000 kN/m and 6,500,000 kN/m for the fixed-base and rocking 
models, respectively. The abutment wall and the backfill soil were modeled according to 
Caltrans Seismic Design Criteria [2010] using a zero-length spring with zero tensile strength and 
a trilinear behavior with gap in compression, see Figure 3.3(b). The shear keys were modeled 
using zero-length spring elements with the tri-linear force-displacement relationship shown in 
Figure 3.3(d). 

The soil underneath each shallow foundation was modeled using 81 zero length springs 
distributed in a non-uniform 9 × 9 grid. The vertical force-displacement relation was modeled 
using the QzSimple1 F-D relation, see Figure 3.3(a). The initial stiffness of the vertical springs in 
the middle and end region was determined according to Harden et al. [2005], which were 
calibrated to match the vertical and rotational stiffness of the shallow footings [Gazetas 1983]. 
Because the combined horizontal resistance at the bottom and sides of the footing due to friction 
and passive reaction of the surrounding soil was significantly higher than the expected peak base 
shear, the horizontal translations at the base of the foundation were restrained. Each pile of the 
rocking pile-foundations was modeled using a zero-length spring having a zero-tension and 
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linear elastic behavior in compression with stiffness equal to c p pE A L , where Ec = 27,500 

MPa, Lp the length of the pile, and Ap the cross-section area of the piles. This modeling is 
appropriate for end bearing piles. 

The mass was assigned at the abutments, the intersection of the columns with the deck, 
and at the centroid of the foundations. The corresponding mass moments of inertia at each of 
these locations were also assigned. The gravity load was assigned as point loads in the above 
locations. An initial stiffness Rayleigh damping of 2% was used in mode 1. 

 

Figure 3.1 Three-dimensional bridge model in OpenSees (drawing not to scale). 

 

 

Figure 3.2 Modeling of the bridge column supported on rocking shallow foundation. 
(drawing not to scale). 
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Figure 3.3 Nonlinear force/stress-displacement relationships: (a) contact behavior of 
the soil-foundation system in the vertical direction; (b) abutment 
(longitudinal direction); (c) bearings; and (d) shear keys. 
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4 Numerical Analysis Results 

4.1 MODAL ANALYSIS 

Table 4.1 lists the modal periods T1,t, and T1,l of the two modes with the most predominant 
translational component of the interior columns in the transverse and longitudinal directions, 
respectively. The plan and side view of the first ten mode shapes in and the corresponding 
periods of Bridges B15-FB1, B7- FB1, B15-RP1, B7-RP1, B15-RS, and B7-RS, see Table 2.3, 
are shown in Figure 4.1 to Figure 4.6. In these figures, only the translational components are 
plotted. The modal masses normalized to the total horizontal seismic mass are also shown for 
some of the modes, with predominant translational component in the transverse (MT*) or 
longitudinal direction (ML*). 

The modal periods were computed using the initial stiffness matrix. Mode period T1,t is 
larger than T1,l for all bridges except Bridges B7- FB1 and B7-FB2. The periods T1,t, T1,l of 
Bridge RP1 are smaller than those of the fixed-base bridges, primarily due to the larger initial 
stiffness of the bearings. For Bridge B7-RS, the T1,t was slightly larger than the fixed-base 
design, whereas the T1,l was 34% smaller. The B7 bridges had three modes of similar period with 
predominant the translational component in the transverse direction. Table 4.1 shows the ratio of 
the moment at the base of the foundation due to the concentrated modal moment at the top of the 
internal column to the modal force at the same location times the height from the foundation 
level. This ratio, Mr / MFI, indicates the relative contribution of the rotatory and horizontal inertia 
forces to the moment at the base of the foundation. Note the significant contribution of the 
rotatory inertia for the B7 bridges. 
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Table 4.1 Modal periods of primary modes and relative contribution of rotatory and horizontal 
inertia to the moment at the base of the foundations. 

 B15 B7 

 FBI RP1 RP2a RS FBI FB2 RP1 RP2a RS 

T1,t (sec) 1.30 1.05 1.34 1.26 0.53 0.55 0.45 0.59 0.60 

T1,l (sec) 0.77 0.72 0.87 0.79 0.68 0.69 0.36 0.46 0.45 

Mr / MFI 
(%) 

5.7 5.3 5.5 4.6 26.8 26.8 27.2 25.3 18.3 

 
 
 
 

 

 

Figure 4.1 Mode shapes and periods of the first ten modes of Bridge B15-FB1. 
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Figure 4.2 Mode shapes and periods of the first ten modes of Bridge B7-FB1. 

 
 
 
 
 
 
 
 
 

T = 0.68 sec 

T = 0.68 sec

T = 0.60 sec

T = 0.58 sec

T = 0.53 sec

Mode 1

Mode 2

Mode 3

Mode 4

Mode 5 M 
T
* = 34.9% 

M
T
* = 38.7% 

M
L * = 30.7% 

Plan view Side view

T = 0.45 sec

T = 0.44 sec

T = 0.41 sec

T = 0.37 sec 

T = 0.35 sec 

Mode 6

Mode 7

Mode 8

Mode 9

Mode 10

M
L
* = 25.6% 



 

32 

 
 
 
 
 
 

 

 

Figure 4.3 Mode shapes and periods of the first ten modes of Bridge B15-RP1. 
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Figure 4.4 Mode shapes and periods of the first ten modes of Bridge B7-RP1. 
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Figure 4.5 Mode shapes and periods of the first ten modes of Bridge B15-RS. 
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Figure 4.6 Mode shapes and periods of the first ten modes of Bridge B7-RS. 
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4.2 NONLINEAR RESPONSE HISTORY ANALYSIS 

This section presents the results of NRHA for the two sets of ground motions described in 
Chapter 2. The peak values obtained for the following response parameters for each of the 
ground motions are as follows: 

 drift ratio of the columns, defined as the ratio of the peak lateral displacement (in any 
direction) at the centroid of the deck to the height of this point from the base of the 
columns for fixed-base bridges and from the base of the foundation for bridges with 
rocking foundations 

 rocking drift ratio, defined as the peak rotation of the foundation (in any direction) 

 displacement in the longitudinal direction of the bridge at the end of the deck 

 displacement of the bearings (in any direction) 

 tensile strains at the base of the interior and exterior columns 

 tensile strains at the top of the interior and exterior columns 

 peak settlements at the edges of the rocking shallow foundations due to plastic 
deformation of the soil 

 variation of vertical force at the base of the foundation normalized by the axial load due 
to gravity loads 

 variation of the vertical force at the base of the foundation due to framing effects NF 
normalized by the vertical force due to gravity. 

Table 4.2 lists the mean values of the above response parameters for the near-fault  
ground motions as well as their corresponding peak values in parentheses for three B15 bridges 
(FB1, RP1, RS) and four B7 bridges (FB1, FB2, RP1 and RS). Table 4.3 compares the drift 
ratios as well as the drift ratios in the transverse and longitudinal directions of Bridges FB1, RP1, 
RP2a, and RP2b, B15 and B7. For the analyses using the near-fault ground motion set, the fault-
normal and fault-parallel component were used in the transverse and longitudinal direction, 
respectively. 

4.2.1 Mean Response: B15 Bridges subjected to Near-Fault (Set 1) Ground 
Motions 

Analysis of Bridge RP1 resulted in mean displacement responses, except for the bearing 
displacements, similar to those for the fixed-base bridge (drift ratios and displacement of 
expansion joints), while for the RS bridge the mean displacement response was about 8% to 20% 
larger, respectively. Compared to Bridge FB1, however, the peak drift ratios were 47% and 32% 
larger for Bridges RP1 and RS, respectively.  

Table 4.4 compares the drift ratio response of Bridges RP1 with RP2a; note that using 
larger foundations, columns and lead-plug rubber bearings for the RP1 bridge resulted in a 31% 
smaller drift ratio than for Bridge RP2a. The corresponding difference in the peak drift ratio for 
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all near-fault motions was 32%. A comparison between Bridges RP2b and RP2a demonstrates 
that increasing only the foundation and column size did not reduce the mean drift ratio; however, 
it did reduce the peak drift ratio by 19%, indicating the significant effect that the larger bearings 
had in reducing displacements of the bridges with rocking pile foundations. Using lead-plug 
rubber bearings reduced the peak longitudinal drift ratios for Bridge B15 by 65%. Note that for 
Bridge RP2, the longitudinal drifts were similar to those calculated for the RP1 bridges; the 
smaller expansion joint allowed the mobilization of the back-wall soil at small longitudinal 
drifts. 

 Bridges RP1 and RS, which had the same type of expansions joints, resulting in about 
19% larger peak displacement of the expansion joints compared to Bridge FB1. The peak 
displacement of the bearings in rocking designs with lead-plug rubber bearings was about half 
that exhibited by the fixed-base design. The mean and peak settlements at the edge of the 
foundations of the RS bridge were 0.04 m, and 0.11 m, respectively, corresponding to 
settlements normalized to the width of the foundation B, equal to 0.6% and 1.7%, respectively. 
Note that these are not mean residual settlements at the middle of the foundations. 

 In the fixed-base design, significant tensile strains developed at the base of the columns, 
with the mean values being 2.47%, and 2.03% for the interior and exterior columns, respectively. 
The corresponding mean values at the top of the columns were significantly smaller and less than 
0.65%. The rocking foundation designs significantly reduced the inelastic response of the 
columns compared to the fixed-base design, with the mean strain in the columns being less than 
0.20% for a peak value of 0.42%. Bridge B15 with rocking shallow foundations resulted in peak 
tensile strains less than 0.19%. The increase in axial load of the exterior columns due to framing 
effects was 9% and 5% for Bridges FB1 and RP1, respectively. The axial load variation ratio was 
higher and equal to 30%, and 32% because of the significant contribution of the vertical inertia 
effects. All the axial forces reported were filtered using a finite impulse response low-pass filter 
[Matlab R2008a], with cut-off frequency equal to 5 Hz, This is done to ensure that spurious 
numerical spikes due to sudden change of stiffness during impact of the foundation are 
eliminated [Wiebe and Christopoulos 2010]. 

4.2.2 Mean Response: Bridges B7 Subjected to Near-Fault (Set 1) Ground 
Motions 

With the fixed-base design as the benchmark, use of rocking foundations in the B7 bridges 
resulted in larger displacements compared to the B15 bridges. The increase of mean drift ratios 
was 60% and 140% for the rocking on piles and shallow foundations designs, respectively, 
compared to the fixed-base bridge. Due to the use of lead-rubber plug bearings, the mean 
displacement of the bearings of the RP1 and RS bridges was 0.07 m and 0.10 m, respectively, 
compared to the 0.13 m of the fixed-base bridge. Compared to the negligible expansion joint 
displacements of 0.01 m of Bridge B7-FB1, the RP1 and RS bridges developed displacements of 
0.03 m and 0.07 m, respectively. 

As shown in Table 4.3, using smaller foundations, columns, and bearings resulted in total 
drift ratios 2.2 times larger in Bridge RP2a compared to Bridge RP1. The increase in the peak 
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total drift ratio was 180%. Comparing the responses of Bridges RP1, RP2a, and RP2b, the most 
important factor for reducing the total drift ratios was the size of the foundation rather than the 
size of the bearings. 

In terms of inelastic response in the columns of the B7 bridges, the rocking designs 
resulted in mean strains less than 0.30% while the mean values for the exterior columns of 
Bridges FB1 and FB2 were 2.16% and 3.05%, respectively. The peak strains were 6.28% and 
7.75% for Bridges FB1 and FB2, respectively. For Bridge RP1, the peak strain was 1.33% and 
0.39% for the external and internal columns, respectively, while the equivalent values for Bridge 
RS were less than 0.20%. 

The axial load variation due to framing was nearly constant for all four bridges with a 
mean value of about 12% for the exterior column. The effect of framing was larger in the B7 
bridges than found in the B15 bridges due to the larger axial rigidity of the columns. Note that 
for the rocking designs the peak value of the increase in vertical force due to framing was equal 
to 32%, which is significantly higher than that computed from monotonic static analysis. This is 
because the latter was conducted using a force vector of a specific mode, resulting in 
significantly different response in terms of framing effects than when computed using 3D 
NRHA. 
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Table 4.2 Mean, and peak (in parentheses) values for different response parameters for the near-fault set of ground motions. 

 B15 B7 

FB1 RP1 RS FB1 FB2 RP1 RS 

Drift ratio (%) 2.4 (6.8) 2.4 (10.0) 2.6 (9.0) 1.0 (3.9) 1.3 (4.2) 1.6 (6.6) 2.4 (7.4) 

Rocking drift ratio (%) N/A 1.9 (9.5) 2.1 (8.4) N/A N/A 1.4 (6.4) 2.2 (7.1) 

Expansion joint 
displacement (m) 

0.11 (0.27) 0.11 (0.31) 0.12 (0.32) 0.01 (0.04) 0.01 (0.05) 0.03 (0.14) 0.07 (0.24) 

Bearing displacement (m) 0.27 (0.65) 0.14 (0.34) 0.16 (0.34) 0.13 (0.44) 0.13 (0.41) 0.07 (0.17) 0.10 (0.27) 

εs, interior column base (%) 2.47 (7.42) 0.20 (0.42) 0.15 (0.19) 1.73 (6.15) 2.79 (7.53) 0.30 (1.33) 0.14 (0.20) 

εs, exterior column base 
(%) 

2.03 (6.45) 0.18 (0.37) 0.13 (0.17) 2.16 (6.28) 3.05 (7.75) 0.19 (0.39) 0.13 (0.20) 

εs, interior column top (%) 0.64 (2.55) - - 0.29 (1.27) 0.60 (2.95) - - 

εs, exterior column top (%) 0.65 (2.28) - - 0.39 (1.34) 0.79 (3.03) - - 

Peak foundation edge 
settlement (m) 

N/A N/A 0.04 (0.11) N/A N/A N/A 0.04 (0.13) 

Axial load variation ratio, 
interior column* 

0.27 (0.53) 0.32 (0.85) 0.53 (0.71) 0.28 (0.75) 0.32 (0.86) 0.57 (1.39) 0.60 (1.45) 

Framing effect in axial load 
variation ratio, interior 

column NF / NG 
0.03 (0.06) 0.03 (0.08) 0.02 (0.04) 0.04 (0.14) 0.01 (0.07) 0.07 (0.13) 0.06 (0.15) 

Axial load variation ratio, 
exterior column* 

0.30 (0.56) 0.25 (0.76) 0.23 (0.56) 0.43 (0.96) 0.47 (1.05) 0.41 (0.93) 0.45 (1.16) 

Framing effect in axial load 
variation ratio, exterior 

column NF / NG 
0.09 (0.13) 0.05 (0.13) 0.04 (0.09) 0.11 (0.26) 0.01 (0.18) 0.12 (0.32) 0.11 (0.27) 

*Filtered at 5 Hz. 
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Table 4.3 Mean, and peak (in parentheses) values for the drift ratios for the near-fault ground 
motions of the fixed-base and rocking-on-piles bridges. 

 Total (%) Transverse (%) Longitudinal (%) 

B15-FB1 2.4 (6.8) 2.4 (6.8) 0.8 (1.7) 

B15-RP1 2.4 (10.0) 2.4 (10.0) 0.7 (1.9) 

B15-RP2a 3.5 (14.6) 3.3 (14.6) 0.8 (2.1) 

B15-RP2b 3.5 (11.8) 3.1 (11.0) 1.8 (5.5) 

B7-FB1 1.0 (3.9) 1.0 (3.9) 0.2 (0.6) 

B7-RP1 1.6 (6.6) 1.5 (6.6) 0.6 (1.8) 

B7-RP2a 3.7 (18.3) 3.5 (18.3) 1.2 (3.2) 

B7-RP2b 2.2 (8.0) 1.7 (7.2) 1.4 (5.9) 

 

4.2.3 Mean Response: B15 Bridges Subjected to Broadband Set (Set 2) of 
Ground Motions 

For the broadband set of ground motions, the mean drift ratios in Bridges B15 were 17% smaller 
for the rocking-on-piles bridges and equal for the shallow foundations designs compared to the 
fixed-base bridge. The peak drift ratio increased by 33% and 40% for the two rocking designs, 
respectively. The mean tensile strains of the longitudinal steel at the base of the columns of the 
fixed-base bridge were less than 0.67%, with a peak of 5.62%. The corresponding numbers for 
the top of the columns were less than 0.22%. The rocking designs had strains less than 0.21% for 
all cases. The mean and peak foundation edge settlements of the shallow foundation design were 
0.02 and 0.08 m, respectively. 

4.2.4 Mean Response: B7 Bridges Subjected to Broadband Set (Set 2) Ground 
Motions 

Bridges B7-RP1 and B7-RS developed 20% and 100% larger drifts compared to the fixed-base 
designs, respectively, with peak drifts roughly twice for both rocking bridges. The mean 
expansion joints were negligible for all cases; both the mean and peak bearing displacements 
were again significantly reduced in the rocking designs. The tensile strains at the columns of 
Bridge B7-FB1 were similar to those strains recorded for Bridge B15-FB1, and they were less 
than 0.47% for all rocking designs. The mean and peak foundation edge settlements of the 
shallow foundation design were 0.02 and 0.07 m, respectively. 
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Table 4.4 Mean, and peak (in parentheses) values for different response parameters for the broadband set of ground motions. 

 

B15 B7 

FB1 RP1 RS FB1 FB2 RP1 RS 

Drift ratio, (%) 1.2 (5.5) 1.0 (7.3) 1.2 (7.7) 0.5 (3.0) 0.6 (3.6) 0.6 (6.2) 1.0 (6.2) 

Rocking drift ratio, (%) N/A 0.7 (6.8) 0.8 (7.1) N/A N/A 0.4 (6.0) 0.8 (5.9) 

Expansion joint displ., (m) 0.01 (0.09) 0.01 (0.06) 0.01 (0.07) 0.00 (0.00) 0.00 (0.00) 0.00 (0.01) 0.01 (0.03) 

Bearing displacement, (m) 0.13 (0.47) 0.04 (0.16) 0.05 (0.16) 0.06 (0.33) 0.06 (0.28) 0.03 (0.07) 0.03 (0.07) 

εs, int. column base, (%) 0.67 (5.62) 0.13 (0.21) 0.11 (0.18) 0.43 (4.97) 0.68 (5.89) 0.12 (0.47) 0.10 (0.17) 

εs, ext. column base, (%) 0.50 (4.18) 0.10 (0.18) 0.08 (0.16) 0.66 (5.11) 0.87 (5.27) 0.12 (0.19) 0.08 (0.14) 

εs, int. column top, (%) 0.04 (0.20) - - 0.05 (0.13) 0.06 (0.18) - - 

εs, ext. column top, (%) 0.06 (0.22) - - 0.13 (0.17) 0.16 (0.24) - - 

Peak foundation edge 
settlement, (m) 

N/A N/A 0.02 (0.08) N/A N/A N/A 0.02 (0.07) 

Axial load variation ratio, 
interior column* 

0.13 (0.34) 0.18 (0.71) 0.16 (0.52) 0.16 (0.53) 0.18 (0.63) 0.24 (1.58) 0.27 (1.23) 

Framing effect in ALVR, 
interior column NF / NG 

0.01 (0.03) 0.01 (0.05) 0.01 (0.04) 0.02 (0.03) 0.01 (0.03) 0.01 (0.08) 0.02 (0.08) 

Axial load variation ratio, 
exterior column* 

0.13 (0.41) 0.13 (0.47) 0.10 (0.32) 0.21 (0.90) 0.22 (0.95) 0.16 (0.77) 0.17 (0.55) 

Framing effect in ALVR, 
exterior column NF / NG 

0.04 (0.09) 0.02 (0.07) 0.02 (0.06) 0.03 (0.08) 0.04 (0.10) 0.03 (0.17) 0.04 (0.17) 

*Filtered results at 5 Hz. 
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4.2.5 Response to Individual Ground Motions 

This section presents the responses to the 40 individual ground motions of each of the two sets 
considered. Figure 4. shows the peak drift ratios for all bridges. For the B15 bridges with rocking 
foundations for all motions except near-fault ground motions (number 19, 21, 28 and 31 and 
broadband motions number 10, 18 and 19), the drift was less than 7%. Four of these ground 
motions—two from the Northridge 1979 earthquake and two from the Chi-Chi 1999 
earthquake—include strong pulses of long predominant period Tp. The peak drift ratio for the 
B15 bridges with rocking-pile and shallow foundations occurred when subjected to the TCU052 
station record ground motion 28 (the 1999 Mw 7.6 Chi-Chi, Taiwan, earthquake), which was 
equal to 10%, and 9.0%, respectively. 

Figure 4. shows the drift ratios of Bridges B7-FB1 and B7-FB2. The mean drift ratio for 
Bridge B7-FB2 was about 30% larger than that of Bridge B7-FB1, which had 25% more lateral 
strength at 2% drift ratio based on monotonic static analysis. As shown in Table 4.2, the mean 
tensile strains at the base of the columns of Bridge B7-FB2 were 70% larger than the 
corresponding mean strain of Bridge B7-FB1. 

Figure 4. shows the peak tensile strain of the steel at the base of the interior columns of 
Bridges B15 and B7 for the two sets of ground motions, and Figure 4. plots the corresponding 
results for the exterior columns. For Bridge B15-FB1, the number of near-fault ground motions 
that resulted in strains at the base of the interior larger than 3% and 4%, was 16 and 11, 
respectively. The corresponding numbers for Bridge B7-FB1 were 10 and 8.  

The tensile strains for the B15 bridges with rocking foundations were less than 0.5% for 
all ground motions considered herein. For Vridge B7 with rocking pile foundations, six near-
fault records resulted in strains larger than 0.5%. This was due to the 3D response of the bridge, 
which resulted in large moments at the top of the columns of equal sign with the moments at the 
base, as opposed to zero top column moments assumed in the design (triangular moment 
diagram). 

The maximum tensile strains near the top of the columns of the fixed-base bridges are 
shown in Figure 4.1. For the near-fault ground motions and for Bridge B15-FB1, 11 motions 
resulted in strains larger than 1%, while seven motions resulted in strains larger than 1% for 
Bridge B7-FB1. For ground-motion Set 2, the strains were less than 0.24% for every motion for 
both B15 and B7 fixed-base bridges. 
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Figure 4.7 Drift ratios of the six main bridges considered. 

 
 
 

 

Figure 4.8 Comparison of the drift ratios for the two fixed-base B7 bridges. 
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Figure 4.9 Maximum tensile strains near the base of the interior columns. 

 
 
 

 

Figure 4.10 Maximum tensile strains near the base of the exterior columns. 
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Figure 4.1 Maximum tensile strains at the top of the columns for the FB1 bridges. 
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compared to the fixed-base bridge. In general, the lead-plug rubber bearings reduced the 
longitudinal drifts of the rocking bridges. Figure 4.19 plots the peak displacement of the 
bearings, which are higher for the fixed-base bridges, as discussed above. Finally, Figure 4.20 
presents the edge settlements of the shallow foundations, where peak edge settlement of more 
than 0.10 m corresponding to 1.5% of the foundation width B was computed for three and one 
near-fault ground motions in Bridges B15 and B7, respectively. 

 

 

Figure 4.2 Unfiltered axial load variation in the interior columns. 

 

 

Figure 4.3 Unfiltered axial load variation in the exterior columns. 
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Figure 4.4 Low-pass filtered axial load variation in the interior columns (with a cut-off 
frequency of 5 Hz). 

 
 

 

Figure 4.5 Low-pass filtered axial load variation in the exterior columns (with a cut-off 
frequency of 5 Hz). 
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Figure 4.6 Increase in axial load of the interior columns due to framing effects. 

 
 
 

 

Figure 4.7 Increase in axial load of the exterior columns due to framing effects. 
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Figure 4.8 Peak expansion joint displacement for the six main bridges. 

 
 
 
 

 

Figure 4.9 Peak bearings displacement for the six main bridges. 
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Figure 4.20 Maximum settlements at the edge of the footings for the shallow 
foundation bridges (RS). 
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5 Probabilistic Seismic Performance 
Evaluation 

This chapter presents the probabilistic seismic performance evaluation of nine of the eleven 
bridges described in Chapter 2, conducted using PEER’s PBEE methodology developed by 
Mackie et al. [2008]. The results are presented in terms of post-earthquake repair cost versus 
seismic hazard intensity measure, which in this study is the linear spectral acceleration Sa at 
period T = 1 sec with a 2% damping ratio. 

5.1 DESCRIPTION OF METHODOLOGY 

The method used in this study was developed by Mackie et al. [2008] based on the PEER PBEE 
methodology [Cornell and Krawinkler 2000]. The PEER PBEE framework utilizes the total 
probability theorem and involves intermediate probabilistic models that include seismic hazard 
intensity measures (IMs), engineering demand parameters (EDPs), damage measures (DMs), and 
socio-economic decision variables (DVs). The DVs are then related to the seismic hazard IMs 
considering randomness and uncertainties in all the intermediate models. 

Mackie et al. [2008], classifies structural components into performance groups according 
to their repair method corresponding to their damage states. This allows for a detailed calculation 
of the post-earthquake repair cost and duration by considering in a discrete manner the damage 
developed in the main components of the bridge. 

As implemented here, the method  starts with a Demand Model, which relates the seismic 
hazard IM of the ground motions and the elastic spectral acceleration Sa (T = 1 sec), to different 
EDPs, which have been calculated from NRHA. The next intermediate probabilistic model of the 
method is the Damage Model for the different components of the bridge, which relates the 
probability of exceedance of a discrete damage state (DS) of each component to the EDP 
selected to describe the damage of this component. Five components of the bridge were 
considered: 

 columns  

 combined expansion joints, abutment back-wall, and approach slab 

 bearings 
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 shear keys at the abutments 

 shallow foundations. 

As shown in Table 5.1, a different EDP was used for each of the five components. 

The next part of the method relates the damage states of the different components with 
appropriate repair methods, which require different quantities (Q) of materials with specific unit 
costs. The total repair cost is calculated based on the Q quantities and their unit costs. Therefore, 
the Decision Model, which traditionally relates the damage states to different decision variables 
DV, is quantified through the Qs. In this study, the second of the three approaches considered by 
Mackie et al. [2008] was adopted, which uses continuous functions between IM-EDP, EDP-DS 
and DS-Q, and integrates them by using the closed form solution described below. 

Table 5.1 Engineering demand parameters for the components considered. 

Component Engineering Demand Parameter 

Column Flexural drift ratio 

Exp. joint, abutment back-wall, approach slab  Expansion joint displacement 

Bearing Bearing displacement 

Abutment shear key Transverse deck displacement at abutment 

Shallow foundation 
Settlement of footing along the four sides of its 

perimeter 

 

5.1.1 Demand Model 

The Demand Model relates the EDPs to the IM. For each of the ground motions considered the 
different EDPs are calculated using NRHA, see Chapter 4. Figure 5.1 shows the demand models 
of three EDPs for near-fault ground motions (Set 1) of Bridges B15-FB1 and B15-RP1. The 
same demand models with the addition of the shallow foundation are shown in Figure 5.2 for 
Bridge B15-RS for the near-fault set of ground motions. A power law relation between EDPs 
and IM is developed in linear and logarithmic scale using a least squares fitting based on 
Equations (5.1) and (5.2), respectively, where  exp and .a A b B   

 bEDP a IM  (5.1) 

   ln lnEDP A B IM   (5.2) 
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Figure 5.1 Three of the five demand models for Bridges B15-FB1 and B15-RP1 for the 
near-fault set of ground motions. 

 

 

Figure 5.2 Four of the five demand models for Bridge B15-RS for the near-fault set of 
ground motions. 
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5.1.2 Damage Models 

This model relates the probability of exceedance of a discrete DS of a component to a 
characteristic EDP. The damage models of the columns, shear keys, combined components of 
expansion joint-abutment back wall-approach slab, and bearings were similar to those described 
in Mackie et al. [2008]. A new damage model for the shallow foundations was developed and is 
described below. 

The damage models were assumed continuous, and the following power law relation 
between the DM and EDP was used: 

 dDM c EDP  (5.3) 

   ln lnDM C D EDP   (5.4) 

with exp andc = (C)  d = D  

While the damage states are discrete, the damage models are assumed continuous, 
whereby C = 0 and D = 1. Figure 5.3 shows the four damage models used in this study (with the 
exception of the shallow foundations). The damage model of the rocking and fixed-base bridges 
for the bearings and combined expansion joint-back wall-approach slab presented herein differs 
from that described in Mackie et al. [2008] because different bearings and expansion joints were 
used. The damage states considered for each of these four components and the value of EDP for 
which the probability of exceedance of each DS is 50% are shown in Tables A.1 to A.4 of 
Appendix A. 

The repair methods for each performance group were assigned according to the damage 
state. The repair work required different materials such as epoxy, concrete, reinforcing steel, 
removal of concrete, etc., and the amount of materials required was related to the geometry of 
the bridge. These are summarized in the Tables A.1 to A.4 and are similar to those used by 
Mackie et al. [2008]. The unit costs (at 2008 prices) for each repair quantity are shown in Table 
A.5 of Appendix A. 
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Figure 5.3 Damage models of the components considered (except for shallow 
foundations). 

5.1.3 Damage Model for Shallow Foundations 

The damage indicator and thus the EDP used for the shallow foundations in this study was z / zy, 
where z is the settlement of the foundation and zy the settlement at first yield of the soil. The 
damage of the foundation was assumed to be related only to the soil under the footing; no 
damage was associated with the concrete footing itself. As shown in Figure 5.4, the yield 
settlement, zy, was defined based on the uniaxial vertical soil stress versus settlement relation and 
is 2.5 times the settlement z50. This is the settlement at vertical stress q = 0.5qult, where qult is the 
ultimate stress. Figure 5.4 also plots the settlements at which the four discrete damage states are 
defined. 

Response parameter z was computed from NRHA. For each side of the perimeter of the 
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Four damage states were defined for the shallow foundation based on the magnitude of z / 
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of the soil near the perimeter of the footing. The surface area requiring compaction is up to 1.2 m 
away from the footing perimeter. No excavation and soil replacement is considered as necessary 
for this damage state. 

The third damage state (DS2) is defined as z / zy = 1.2, corresponding to limited 
inelasticity in the soil. To repair the soil in this case, the volume of soil shown in Figure 5.7 is 
replaced. This repair work requires temporary support of the deck and the column above the 
foundation. For shallow foundations of vertical load factor (FSv) larger than 5, the required 
temporary support was assumed to be designed for 20% of the service load on the footing; thus 
repair work can be conducted at different times on each side of the footing. The area of soil 
surface that needs replacement extends 1.8 m away from the perimeter of the footing, and the 
corresponding depth of this area is equal to the foundation height (Hf) plus the maximum 
settlement (z). The crew can then access the edge of the footing, place the required temporary 
support, and restore the soil beneath. The surrounding soil is replaced and compacted. Once that 
is completed, the next side of the foundation perimeter is repaired. The last damage state (DS3) 
occurs for z / zy = 1.6, which corresponds to more inelasticity in the soil. The repair work 
required is similar to the previous damage state, but in this case requires a temporary support 
able to carry 50% of the design axial load of the footing. 

 

Table 5.2 Damage states repair works and quantities for the shallow foundations. 

Damage State Description 
Normalized 

settlement z/zy 
Repair item Quantity 

DS0 Elastic soil 0.4 N/A N/A 

DS1 Onset of damage 0.8 
Compact soil around 

foundation (SM*) 
(Width of footing) × 1.2 
m + 2 x 2.4 m × 1.2 m 

DS2 
Limited 

inelasticity 
1.2 

Structure excavation 
(CM**) 

Structure backfill 
(CM) 

Temporary support 
(SM) 

Volume as shown in 
Figure 5.7 (same with 

excavation) 

0.2*(Tributary length) × 
(deck width) 

DS3 Some inelasticity 1.6 

Structure excavation 
(CM) 

Structure backfill 
(CM) 

Temporary support 
(SM) 

Volume as shown in 
Figure 5.7 (same with 

excavation) 

0.5*(Tributary length) × 
(deck width) 

*Square meters (SM), ** Cubic meters (CM). 
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Figure 5.4 Definition of the yield settlement zy based on the uni-axial stress-
displacement relation used in the springs representing the soil under the 
foundation. 

 

 

Figure 5.5 (a) Three-dimensional settlement profile of a rocking shallow foundation 
subjected to cyclic loading, and (b) 2D profile of settlement for a cut 
passing from the centroid, O. 
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Figure 5.6 Shallow foundation damage model. 

 
 

 

Figure 5.7 Foundation repair work: (a) DS1 (plan view) and (b) DS2 and DS3 (side 
view). 
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  fDV e DM  (5.5) 

   ln lnDV E F DM   (5.6) 

5.1.5 Integration of Intermediate Models 

Assuming the intermediate IM-EDP, EDP-DM, DM-DV models to be lognormal, with associated 
dispersions σEDP|IM, σDM|EDP and σDV|DM, and computing the closed form solution in the IM-EDP-
DM-Q space instead of the IM-EDP-DM-DV space, as described in Mackie et al. [2008], the 
following fragility curves can be calculated: 

     
2 2 2 2 2 2

| | |

ln ln
| 1

LS
LS

EDP IM DM EDP Q DM

q E FC FDA FDB im
P Q q IM im

d f f  

     
   

 
 (5.7) 

Using the above curves and for each IM, the expected values qn,l for every repair item n 
and performance group l are calculated. Some repair materials are used in several repair methods 
for different components, while the cost of the materials can change with the quantity required. 
Summing up over the repair quantities of each material needed and then multiplying it with the 
cost corresponding to its required quantity leads to material costs that are then summed up to 
result into a total median repair cost for the IM used. The final results of the probabilistic 
performance evaluation are presented in terms of median repair cost versus IM. 

5.2 PERFORMANCE-BASED EVALUATION RESULTS 

Figure 5.8 shows the total repair cost versus IM (Sa for T = 1 sec) for the fixed-base bridges 
(FB1, FB2), rocking on piles bridges (RP1, RP2a), and shallow foundation (RS) bridges. Bridge 
B15-FB1 was also evaluated for the case where damage in the expansion joint, back-wall and 
approach slab is avoided by using larger expansion joints, see FB1* in Figure 5.8. 

For the near-fault set of ground motions and the B15 bridges, the repair cost of the fixed-
base bridge is significant even for small values of the IM. For Sa (T = 1 sec) equal to 0.5g and 
0.65g reflecting that the shear keys have broken, whereas after 0.4g the columns repair cost 
exhibits a step increase (see also Figure 5.9, for the cost disaggregation). At Sa = 1.5g, one of the 
expansion joints, abutment back-walls, and approach slabs are damaged, increasing the cost by 
35% (see also the FB1*, which ignores the costs in FB1 associated with the abutments). The 
rocking on pile bridge (RP1) and the shallow foundation (RS) bridge require negligible repair, 
even for very large values of Sa. Finally, the RP2a model, which had identical bearings, 
expansion joints, and column diameter as the fixed-base designs, had significant repair costs for 
Sa > 1.8g, which was associated with the expansion joint damage. Nevertheless, for values 
smaller than that, the overall repair cost was similar to those calculated for Bridge RP1 and four 
times on average smaller than that for Bridge FB1. 
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For the same set of ground motions, the B7 bridges developed smaller overall damage 
and required smaller repair costs. The main cost contribution of the fixed-base models was from 
the columns and the shear keys, while the 0.10-m expansion joint was adequate for the whole 
range of Sa used in this study. Model FB2 model required slightly larger costs compared to 
Model FB1, which was expected due to the cost associated with repairing the cracks and spalling 
in the columns. The repair cost of the shallow foundation (RS) bridge was larger than the rocking 
on piles (RP1) bridge due to the damage associated with the soil underneath the footing. For the 
broadband set of ground motions, the repair cost was significantly smaller than those calculated 
for bridges subjected to the near-fault ground motions. 

 

 

Figure 5.8 Total repair cost for the fixed-base, rocking on piles, and shallow 
foundation bridges. 
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Figure 5.9 Cost disaggregation for Bridge B15-FB1 for the near-fault set of ground 
motions. 
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6 Conclusions 

This study considered the seismic design, response, and performance of bridges with columns 
supported on rocking foundations and compared their computed seismic response with the 
response of traditionally designed bridges expected to develop significant inelastic deformations 
in the columns. Two bridges with different column heights were studied and subjected to two 
sets of forty ground motions each, one consisting of strong pulse-type near-fault ground motions 
and the other containing a mix of near- and far-fault ground motions. Three design strategies 
were considered for each of the two bridges studied. The first used conventional fixed-end 
columns, with 1.8-m-diameter columns designed to develop flexural plastic hinges at both ends. 
The other two designs used rocking pile and shallow foundations, respectively, with all columns 
designed to remain elastic. 

The designs with rocking foundations used either 2.1-m- or 1.8-m-diameter columns, which 
were pinned at their top in the longitudinal direction; the fixed-base designs used 1.8-m-diameter 
columns. The fixed-based bridges used 0.9-m-diameter bearings and either 0.9-m- or 1.26-m-
diameter bearings for the bridges with rocking foundations. The fixed-base designs used 
expansion joints with 0.10-m displacement capacity, while the corresponding displacement 
capacity in the rocking foundation designs was 0.4 m. 

The vertical load factor of safety for the shallow foundations was 9.2 and 10.7 for Bridges 
B15 and B7, respectively. Each bridge was subjected to the two sets of ground motions using 
two horizontal components for each ground motion. In addition to comparing the seismic 
responses in terms of displacements, forces, and strain parameters, a comparison of the seismic 
performance of the bridges in terms of post-earthquake repair cost was conducted using the 
PEER performance based earthquake engineering method. Existing damage models for the 
columns, bearings, and the shear keys were used, and a new damage model for rocking shallow 
foundations was developed. The structural components were classified into different 
performance groups, with discrete damage states and repair methodologies. Repair costs were 
calculated from the repair quantities of different materials used in the repair methods of every 
performance group. Based on the results of this study, the following conclusions were drawn: 

1. Using columns supported on rocking pile-foundations (pile cap width B = 6.5 m for 
both the tall and short RP1 bridges), 2.1-m-diameter columns with 3% longitudinal 
reinforcement steel ratio, 1.26-m-diameter lead plug rubber bearings, and 0.4-m 
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expansions joints resulted in an essentially elastic response of the columns for 
Bridges B15 and B7, with the mean strains to be less than 0.3%.The mean drift ratios 
for the rocking pile foundations subjected to near-fault ground motions compared to 
the fixed-base bridge were the same (2.4%) for Bridge B15-RP1 and 60% larger 
(drift ratio = 1.6%) for Bridge B7-RP1. Among the 40 near-fault motions, the 
increase of peak drift ratio was larger for Bridges B15-RP1 and B7-RP1. The peak 
drift ratio for these two bridges was 10% and 6.6%, respectively, in response to the 
TCU052 ground motion (the 1999 M7.6 Chi-Chi, Taiwan, earthquake). Bridge B15-
RP1 developed 48% smaller mean deformation of the bearings (0.14 m) compared to 
the fixed-base bridge (0.27 m). The mean displacement of Bridge B15-RP1 was 
same as that of the fixed-base bridge (0.11 m). 

2. For Bridge B15-RP2a (with 1.8-m-diameter columns) supported on rocking pile 
foundations (pile cap width B = 4.7 m), 1.26-m-diameter bearings, and expansion 
joints with 0.1-m deformation capacity, the mean drift ratios for near fault ground 
motions increased to 3.5% compared to 2.4% for Bridge B15-RP1. The 
corresponding values of the peak drift increased to 14.6% for the TCU052 motion. 

3. For Bridge B7-RP2a with 1.8-m-diameter columns supported on rocking pile 
foundations (pile cap width B = 4.7 m), 1.26-m-diameter bearings, and expansion 
joints with 0.1-m deformation capacity, the mean drift ratios for near fault ground 
motions increased to 3.7% compared to 1.6% in Bridge B7-RP1. The corresponding 
values of the peak drift increased to 18.3% for the TCU052 motion compared to 
6.6% for Bridge B7-RP1. 

4. The absence of the 0.35-m diameter lead in the bearings of RP1 bridges resulted in 
46% and 38% increase of the drift ratios in Bridges B15 and B7, respectively. The 
corresponding increase in the mean longitudinal drift ratios was 157%, and 133%, 
respectively. 

5. Use of rocking shallow foundations compared to rocking pile foundations resulted in 
an increase of the mean drift ratios of 8%, and 50% in Bridges B15 and B7, 
respectively, with the mean drift ratios being less than 2.6% for Bridges B15 and B7. 
The displacements of the bearings and the expansion joints were similar in the 
bridges with columns on rocking pile and rocking shallow foundations, except for 
the expansion joint displacement of the B7 bridges.  

6. Framing effects between the columns the deck and the abutments were more 
important in the B7 bridges due to the larger axial rigidity of the columns. This effect 
resulted in a mean variation of the vertical axial force of the columns less than 5%, 
and 12% for Bridges B15 and B7 with rocking pile foundations, respectively. The 
corresponding peak values (among the 40 near-fault motions) were less than 13% 
and 32%, respectively. These effects were quantified based on 3D nonlinear response 
history analysis, while the monotonic static analysis significantly underestimated 
them. 
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7. Bilinear idealization of the nonlinear static monotonic force-displacement response 
of the bridge in the transverse direction and use of nonlinear SDOF displacement 
spectra resulted in very good estimation of the nonlinear displacement demand of all 
bridges. 

8. The PEER probabilistic methodology developed by Mackie et al. [2008] was used to 
investigate the post-earthquake assessment of the different bridge designs. The 
traditional fixed-base design resulted into significant repair costs for near-fault 
motions with intensity Sa (T = 1 sec) of about 0.5g. This cost was mainly due to the 
damage associated with inelastic flexural deformations of the columns and damage 
in the shear keys. An increased expansion joint would decrease that cost associated 
with damage of the expansion joint-abutment back-wall and approach slab for values 
of Sa (T =1 sec) larger than 0.45g. The rocking designs resulted in negligible post-
earthquake damage, even in the case of shallow foundations because the inelasticity 
of the soil was intentionally limited in the designs considered herein. 
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APPENDIX A: Damage States and Repair Methods for the 
Different Performance Groups 

Table A.1 Damage states and repair methods for the columns. 

 
Description 

Column flexure drift 
ratio (%) 

Repair item Unit computation 

DS0 
Negligible damage, 

cracking 
0.23 N/A N/A 

DS1 Concrete spalling 1.64 
Epoxy inject cracks (LM) 2 × (column height) 

Repair minor spalls (CM) 10% × (surface area) x (cover + 0.025 m) 

DS2 Bar buckling 6.09 
Epoxy inject cracks (LM) 4 × (column height) 

Repair minor spalls (CM) 25% × (surface area) x (cover + 0.025 m) 

DS3 Column failure 6.72 

Structural concrete, bridge 
(CM) 

(column height) × (column cross section) 

Reinforcing steel bars (KG) (column gross volume)x 268 kg / m3 

Temporarily support (SM) Tributary length × (deck width) 

Structure excavation (CM) 
1 m embedment plus 1.2 m concentric circle around 

columns 

Structure backfill (CM) same as structure excavation 
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Table A.2 Damage states and repair methods for the abutments. 

 
Description 

Expansion 
joint 

displacement, 
(m) 

Repair item Unit computation 

DS0 Onset of damage 
0.05 

 (0.20)* 
N/A N/A 

DS1 
Replace joint seal 

assembly 
0.10 

(0.40)* 

Joint seal assembly (LM) (deck width) 

Structural concrete , bridge (CM) (blockout volume) 

Reinforcing steel bar, (KG) (blockout volume) × 48 kg / m3 

Bridge removal (CM) (blockout volume) 

DS2 
Replace joint seal 

assembly and 
back-wall 

0.11 

 (0.41)* 

                          same as before plus 

Epoxy inject cracks (LM) 2 × (back-wall height) 

Repair minor spalls (CM) 10% × (back-wall height) x deck width) 

Structure excavation (CM) (deck width) x (deck depth) × 0.3 m 

Structure backfill (CM) (deck width) x (deck depth) × 0.3 m 

DS3 

Replace joint seal 
assembly, back-

wall and approach 
slab 

0.14 

 (0.44)* 

                     same as before plus 

Structural concrete, approach slab (CM) (approach slab volume) 

Aggregate base approach slab (CM) 1/2 × (settlement due to 1/62.5 gradient) × approach slab area) 

Approach slab removal (CM) (approach slab volume) 

 

*The values in parentheses correspond to the rocking bridges that had larger expansion joints. 
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Table A.3 Damage states and repair methods for the shear keys. 

 
Description Displacement (m) Repair item Unit computation 

DS0 Elastic limit 0.01 N/A N/A 

DS1 Concrete spalling 0.015 
Repair minor spalls (CM) 10% x (shear key volume) 

Epoxy inject cracks (LM) 2 × (shear key height) × (number of shear keys) 

DS2 Shear key failure 0.025 

Structural concrete (CM) (shear key volume) 

Reinforcing steel bars (KG) (concrete volume) × 48 kg/m3 

Bridge removal (CM) (shear key volume) 

 
 

 
 

Table A.4 Damage states and repair methods for bearings. 

Description Displacement (m) Repair item Unit computation 

DS0 Shear strain 150% 0.33 (0.60)* N/A N/A 

DS1 Shear strain 250% 0.55 (0.90)* Replace bearings (Number of bearings) 

 

  *The values in parentheses correspond to the rocking bridges that had larger rubber bearings. 
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Table A.5 Repair quantities, units, and unit costs. 

Quantity Unit  Unit cost, ($ / unit) 

Structure excavation Cubic meters, CM  165 

Structure backfill CM  220 

Temporary support, bridge Square meters, SM  407 

Temporary support, abutment SM  407 

Structural concrete, bridge CM  2225 

Structural concrete, approach 
slab 

CM  1625 

Aggregate base CM  325 

Steel rebars, bridge Kilograms, KG  2.7 

Epoxy Linear meters, LM  650 

Spalling SM  5100 

Joint seal assembly LM  825 (8250) 

Bearing Each, EA  6000 (15000) 

Bridge removal, column CM  3405 

Bridge removal, portion CM  2355 

Approach slab removal CM  1000 

Soil compaction SM  100 
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