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paper mainly investigates the efficiency of rocking foundations in improving seismic
performance of tall pier bridges, with the results presented in the format of fragility
curves. Finite element model of the prototype tall pier bridge is developed, and the
responses subjected to near-fault motions are obtained using nonlinear time history
analysis. Probability seismic demand models and fragility curves are then developed
accordingly, based on which the performance of tall pier bridges are assessed. The
results show that employment of rocking foundations could significantly reduce the
demands of tall piers and the probability of being damaged. Before the initiation of
uplifting at pier base, the behavior of rocking piers resembles that of conventional
ones with integrated foundation. While rocking initiates under strong excitations, the
demands of rocking piers reduce drastically compared with integrated ones and
tend to be similar under different motions, which benefits the post-earthquake
performance assessment of these bridges.

Keywords: Tall pier bridges, Near-fault motions, Rocking foundations, Fragility analysis,
Seismic performance

1 Introduction

Numerous coastal highway bridges have been constructed in recent decades, among
which tall piers could be widely observed since the engineering sites are usually ex-
posed to deep water circumstances (Liu et al. 2007; Deng et al. 2017). Current investi-
gations showed that the seismic performance of tall piers is significantly affected by
the distributed masses and vibration modes of columns, which differed from conven-
tional short-to-medium piers Chen et al. (2016, 2018b, (2019; Chen and Guan (2020),
2018a, 2018b) pointed out that due to the higher-order modes, the seismic shear force
and bending moment demands of tall piers could several times greater than those
computed with capacity-protect method employed in current codes. Therefore, how to
improve the seismic performance of tall piers deserve careful investigations.
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For conventional bridges with short-to-medium piers, one of the most commonly
employed seismic isolation design strategy is to implement isolation bearings be-
tween girders and piers (Jangid 2007; Chen et al. 2009; Kelly and Konstantinidis
2011), including lead rubber bearings (LRB), friction pendulum bearings (FPB), and
high-damping rubber bearings (HDRB). These bearings protect the piers through
mitigating the lateral inertial force transmitted from the superstructures, as well as
increasing the structural damping vibration periods (Yamamoto et al. 2012). How-
ever, these devices were demonstrated not be that efficient for tall piers, since the
inertial force of columns could not be reduced (Chen and Li 2020a).

Alternatively, implementing base isolation for tall pier bridges might be a promising ap-
proach improving their seismic performance. From previous numerical (Xie et al. 2019) and
experimental (Solberg et al. 2009) investigations, rocking foundation was shown as an effective
design strategy mitigating the contribution of columns, which, however, were mainly focused
on short-to-medium piers. While rocking foundation has been applied on existing tall pier
bridges (e.g., Rio Vista Bridge (Yashinsky and Karshenas 2003), North Approach Viaduct of
the Lions Gate Bridge (Dowdell and Hamersley 2000)), analytical analysis on these rocking tall
piers is still limited.

Current study concentrates on the seismic performance tall piers employing rocking
foundations, with the results presented in the format of fragility curves. Finite element
models of the prototype tall pier bridge, as well as that using rocking foundations, are
developed, and the seismic responses subjected to near-fault ground motions are ob-
tained using nonlinear time history analysis (NTHA). Probability seismic demand
models (PSDMs) and fragility curves are then developed accordingly, based on which
the performance of tall pier bridges are assessed.

2 Bridge prototype and numerical model
2.1 Bridge prototype
A typical tall pier bridge might occur in coastal bridge systems is employed for study, as
shown in Fig. 1. This prototype consists of 4 x 30 m continuous pre-cast T-shaped girders,
with width and heights of 12 m and 2 m, respectively. Totally 10 GJZ 300 x 300 x 61 rect-
angular rubber bearings are implemented at the top of each pier. The piers are composed
of variable hollow sections with dimensions changing from 2.1 m x 5.0 m (pier top) to 3.5
m x 5.0 m (pier base), and the wall thickness is 0.6 m along the height (shown in Fig. 1).
To improve the system stability, an expanded pier base is design for rocking pier as shown
in Fig. 2. The dimensions of pier base are 6.0 m and 7.0 m in longitudinal and transverse di-
rections, respectively, while the height is 1.0 m. The pier column is expected to rotate around
the two corners (i.e, point O and O’ in Fig. 2) when subjected to strong earthquakes. Note
that before initiation of uplifting at pier base, the rocking pier with expanded base would re-
main contact with pile cap, and thus perform identical to its monolithic counterparts.

2.2 Numerical model

Due to the regular mass and stiffness distribution of the prototype bridge, one column
(shadowed in Fig. 1) is extracted for analysis in this study, which is simplified and rep-
resented as a cantilever beam to focus on the seismic behavior of pier columns. The
corresponding numerical model is developed using OpenSees platform as shown in
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Fig. 1 Prototype bridge (unit: mm)

Fig. 3 (a). The distributed masses of column are simulated at nodes of pier element
(rm), while the tributary mass of adjacent half spans are designated at the pier top (M,).
Due to the large pier height, the P-A effect is incorporated during simulation, while the
soil-structure-interaction (SSI) effect is neglected since the flexibility of tall pier bridges
is generally dominated by the pier column.

To consider the nonlinear property, the bilinear material as shown in Fig. 3 (b) is
employed to simulate the rubber bearings. The post-yielding stiffness k, and yield
strength f,, could be computed through (Wang, et al. 2019):

ky = GbAb/tr (1)

fby:kl/aby (2)

where G,, A, and ¢, denote the shear modulus, area and total thickness of rubber
layers; initial stiffness k; = 10 - ky; yield displacement d,, = 0.075 - ¢,.

While modelling the reinforced concrete pier columns, force-based nonlinear fiber el-
ements are adopted, accounting for the potential nonlinear behavior when subjected to
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Fig. 2 Rocking foundation (Transverse direction, unit: mm)
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Fig. 3 Finite element model: (@) cantilever model; (b) force-deformation relationship of bearings; (c) fiber
element section; constitutive relationship of (d) steel and (e) concrete
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strong earthquakes. As shown in Fig. 3 (c), the cross sections are subdivided into
steel and concrete fibers (confined and unconfined), the constitutive relations of
which are simulated with Giuffre-Menegotto-Pinto (Guirguis and Mehanny 2012)
and Kent-Scott-Park (Scott et al. 1982) model, respectively (shown in Fig. 3 (d)
and (e)).

For simulation of the rocking interface, sufficient friction is assumed to avoid sliding
between pier base and pile cap. 81 elastic-no-tension (ENT) spring elements are
employed to present the rocking behavior, as plotted in Fig. 4. According to the articles
in FEMA 356, these ENT springs are classified into 3 categories, and named as ‘end
zone’ (Zone 1 and 2) and ‘middle zone’ (Zone 3) as shown in Fig. 4 (b) (Chen and Li
2020b). The end zones are defined as regions at each side of foundations from the mar-
gin to 1/6 of the width in the perpendicular direction; and other parts are the middle
zones. This classification is originally proposed for shallow bearing foundations; while
in this paper, the pier base and pile cap could be regarded as shallow foundation and
supporting soil, respectively, and the pier base is not rigid with respect to the pile cap.
The stiffness of per unit area for each spring could be estimated using Eqs. (3) and (4).
More details could be found in FEMA 356.

kZoneland2 = 683G/(1 - V) (3)
kZone3 = 073G/(1 - l/) (4)

in which G and v are the shear modulus and Poisson ratio of material at rocking inter-

face, respectively.
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Fig. 4 Simulation of rocking foundation
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3 Seismic fragility analysis methodology

Seismic fragility analysis has been recognized as an effective approach to investigate
the vulnerability of structures under earthquakes, which provides a means to con-
nect the probability of being damaged over a range of potential ground motion in-
tensities (Padgett and DesRoches 2008). The fragility function actually shows the
conditional probability of structural demands exceeding pre-specified damage level
for a given earthquake intensity (Tekie and Ellingwood 2003, Chen 2020), and

could be expressed as:
Fragility = P[D > C|IM =y] (5)

in which D and C denote the structural demand and the capacity of damage limit
states, respectively; IM is the intensity measure of input ground motions, e.g., peak
ground acceleration (PGA), peak ground velocity (PGV), and spectral acceleration at
certain period (S,(T)); y is the given value of IM.

To develop the fragility function shown in Eq. (5), the relation between engineering
demand parameter (EDP) of structures and IM is required, and named as probabilistic
seismic demand models (PSDMs) (Nielson and DesRoches 2007). According to previ-
ous investigations (Cornell et al. 2002), these two parameters generally follow the

power-law function:
EDP = alM?orIn(EDP) = In(a) + bln(IM) (6)

where a and b are unknown regression coefficients, which could be obtained from re-
gression analysis. When further assuming that the structural demand and capacity fol-
low lognormal distribution (Gardoni et al. 2003), the seismic fragility, i.e., the failure
probability of a damage states conditioned on a given /M, could be computed by:
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in which @(-) is the standard normal cumulative distribution function; S; and S, are

Pt = P[EDP > LS|[IM] = @

the median values of EDP and structural capacity, respectively; - means the dispersion
of damage state capacity, while j,;,, denotes the dispersion of demand conditioned on

IM and can be expressed as (Alam et al. 2012):

Bomi = \/ R ®

where N is the number of total simulation cases, and i is the ith realization.

4 Seismic assessment of rocking foundation

4.1 Selection of input motions

Although current seismic design specifications generally consider the far-field motions
as inputs, provided studies have shown that near-fault excitations might lead to more
devastating damage to structures, especially the flexible ones as tall pier bridges (Phan
et al. 2007). Consequently, this paper employs 40 near-fault motions selected from
PEER database as input motions. Details of these motions are listed in Table 1, in
which all the parameters are obtained using the algorithm proposed by Zhao, et al.
(Zhao et al. 2016).

Furthermore, to generate sufficient data for the development of PSDM, each motion
listed in Table 1 is scaled with 4 factors, namely 0.5, 1.0, 1.5 and 2.0. Note that the scal-
ing factors are limited less than 2.0 to avoid overly-scaling-induced structural response
biases (Sica et al. 2013). Finally, 4 x 40 = 160 motions in total are generated and used as
inputs for nonlinear time history analysis, obtaining the seismic responses and con-
structing PSDMs.

Note that the prototype tall piers are simplified and represented by single column
cantilever models as shown in Fig. 3. Thus, the pier model is expected to perform with
similar tendency in longitudinal and transverse directions, while the detailed demand
values could be different due to the rectangular configuration of pier sections. Conse-
quently, these input motions are only considered in longitudinal direction in the follow-
ing analysis, to avoid data redundancy.

4.2 Limit states and proper intensity measure (IM)

Definition of various damage states and the corresponding quantitative measures is
pre-requisite for assessing seismic fragility of structures. Here in this paper, four dam-
age states (i.e., slight, moderate, extensive and complete) used in previous literatures
are employed (Chen and Li 2020a). As demonstrated in previous experimental and nu-
merical studies (Chen et al. 2018a, b), the displacement at the top of tall piers was not
highly correlated to the section curvature at pier base, due to the distributed masses
and higher-order modes of columns. This conclusion denotes that displacement cannot
be employed as damage index as in the case of conventional short-to-medium piers.
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Table 1 Near-fault motions

No. Events Year Magnitude Station PGA(g) PGV(cm/s) T,(s)
E1 Parkfield 1966 6.1 Temblor 1.34 62.21 0.67
E2 San Fernando 1971 6.6 Pacoima dam 0.16 40.17 4.71
E3 Imperial valley-06 1979 6.5 Brawley airport 0.22 7298 372
E4 EC County center FF 0.20 53.17 393
E5 EC Meloland overpass FF 0.27 5842 292
E6 El Centro array #3 038 97.94 352
E7 El Centro array #4 044 123.96 3.26
E8 El Centro array #5 046 112.07 317
E9 El Centro array #6 0.57 7218 517
E10 El Centro array #7 0.35 7646 2.72
EN El Centro array #8 0.23 75.08 3.85
E12 Holtville post office 1.30 79.96 0.80
E13 Westmorland fire sta 0.26 3797 1.14
E14  Morgan hill 1984 6.2 Gilroy array #6 045 144.54 232
E15  Supersition hill 1987 6.6 El Centro Imp. Co. Cent 033 3285 041
E16 Parachute Test Site 0.27 44.58 1.32
E17  Loma Prieta 1989 7.0 Gilroy - Gavilan Coll. 046 3797 041
E18 Gilroy Array #1 037 46.37 2.16
E19 Gilroy Array #2 0.61 103.80 0.74
E20 Gilroy Array #3 0.32 5833 1.67
E21 LGPC 037 73.03 1.19
£22 Saratoga - Aloha Ave 043 119.75 2.10
E23 Saratoga - W Valley Coll. 0.72 135.25 4.66
E24  Erzincan, Turkey 1992 6.7 Erzincan 045 100.68 254
E25  Landers 1992 73 Lucerne 043 76.29 1.28
E26  Northridge 1994 6.7 Jensen Filter Plant 0.71 119.91 1.26
E27 LA Dam 042 120.79 2.09
E28 Pacoima Dam (downstr) 0.85 146.33 1.06
E29 Sylmar - Converter Sta 0.75 127.84 2.59
E30 Sylmar - Olive View Med FF 030 56.61 1.31
E31  Kobe 1995 6.9 Kobe University 043 104.70 1.35
E32 OSAJ 0.13 41.14 5.75
E33 Port Island (0 m) 032 60.86 391
E34  Kocaeli 1999 74 Arcelik 0.19 53.73 4.54
E35 Duzce 0.51 21331 12.8

E36 Gebze 047 348.82 10.2

E37  Chi-Chi 1999 76 TCUO052 032 109.24 444
E38 TCU068 0.20 73.51 839
E39 TCU075 0.27 114.84 255

E40 TCU101 0.13 68.60 7.81
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Therefore, the section curvature ductility (4,) is utilized herein as suggested by shake
table tests (Chen et al. 2018a). The thresholds for each damage state recommended by
Neilson and DesRoches (2007) are employed and presented in Table 2.

Selection of proper intensity measure (IM) is another significant aspect for seismic
fragility analysis. Generally, various parameters could be candidates, among which
PGA, PGV and PGD are commonly employed ones. Previous investigations show that
the performance of IMs could be evaluated through efficiency, practicality and profi-
ciency (Luco and Cornell 2007; Padgett et al. 2008). A more efficient /M leads to less
dispersion and could be represented by a lower value of B ;,;; while a more practical
IM is usually measured by a higher value of regression parameter b. The proficiency is
evaluated through a combined measure (£) denoting the ratio between B, ), and b, and
a lower generally indicates a better IM.

To find out a proper IM, current study computes and compares the performance of PGA,
PGV and PGD in terms of efficiency, practicality and proficiency. The results are listed in
Table 3, which shows that the PGV possesses greatest b value, as well as lowest /3 Dl and &

for all scenarios considered, indicating PGV a better /M compared with PGA and PGD. Con-
sequently, PGV will be employed as IM in the following analysis, to develop more reliable
PSDMs and fragility curves

Note that the response mechanism of rocking piers depends on whether uplifting ini-
tiates during earthquakes, which is related to the input intensity of input motions.
Therefore, the parameters (b, B, and &) for rocking piers are presented for moderate
and strong excitations, which corresponds to contact and rotating of rocking interface,
respectively. More details about this issue will be presented and discussed in the follow-

ing section

4.3 Probability seismic demand models (PSDMs)

Figure 5 shows the PSDMs for the prototype and rocking pier bridges, as well as the
linear regression results for each case; while the corresponding parameters are listed in
Table 4. From Fig. 5, the performance of rocking pier is observed resembling that of
prototype (integrated) pier when motions with low intensity are considered. However,
with the increase of PGV, rocking foundations could significantly mitigate the seismic
demands of 4, While the PSDM of prototype could be presented linearly as shown in
Fig. 5, that of rocking pier should be simulated in a bi-linear manner (black line in
Fig. 5). From this figure, the inflection point of the polyline approximately occurs with
In(PGV) =4.5, i.e, PGV ~90 cm/s, which is used to classify the moderate and strong
excitation in Table 3.

This phenomenon is due to the change of dominant dynamic mechanism of rocking
piers during earthquake events. Under moderate earthquake excitations, uplifting does
not initiate at the rocking interface, and the performance of rocking piers is dominated
by the flexural deformation of columns, which is similar to its integrate counterpart

Table 2 Damage states of pier column

Damage states Slight Moderate Extensive Complete
Sc 1.29 2.10 352 524
B. 0.59 0.51 0.64 0.65




Chen and Li Advances in Bridge Engineering

(2021) 2:7

Table 3 Comparisons of various IM in terms of efficiency, practicality and proficiency

Scenarios Prototype Rocking piers

Moderate excitation Strong excitation
IMs b Boyma 13 b Bojm 3 b Bojim 3
PGA 0.752 0.630 0.838 0.289 0.786 2717 0.141 0.340 2417
PGV 1.095 0.302 0.276 0.877 0.310 0.353 0.164 0.070 0424
PGD 0538 0.607 1.128 0.220 0.866 3.944 0.030 0.106 3.590

(denoted in Fig. 5 by black circle). While strong earthquakes are considered, the rigid
body rotation becomes the dominant for rocking pier, which functions as base isolation
and reduce the demands of columns (denoted in Fig. 5 by red circle).

To better illustrate this change of response mechanism, analytical explanation is
briefly provided here. For the rocking pier designed in current study (shown in Fig. 2),
the maximum bending moment at pier base before uplifting equals the resistance (M,)
provided by the self-weight of pier column and superstructure, which could be esti-
mated as:

M, = (ZmiJer)gxb/Z 9)

in which M; and mjare the mass of the superstructure and the ith column node,
respectively.

When rocking initiates, the bending moment at pier base will roughly remain con-
stant of M,. Thus, the maximum curvature ductility (¢,) can be computed by Eq. (10),
where M, and ¢, are the yielding moment and yielding curvature of pier base section.

3 j I j I T ' T
O Rocking pier 1
2 *  Prototype . 7]
L y=1.10x-5.52‘} |
R x5 .
3, ' i
~ OF 3
S 1y=088x-481 N
-1F 7 -
2k
_3 f A~ . . 1 . .
2 3 4 5 6 7
In(PGV)
Fig. 5 PSDM for prototype and rocking foundation bridges

Page 9 of 12
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Table 4 Parameters of PSDMs

Scenarios In(a) b Bom
Prototype -5.522 1.095 0.638
Rocking pier PGV <90 cm/s -4.814 0.877 0310
PGV >90 cm/s -1.531 0.164 0.070

b = (M:/My) p, (10)

By using results of moment-curvature (M-¢) analysis for the pier base section and
Eq. (10), the ¢, value of current rocking pier is estimated around 0.407 x 10~ % rad/m.
All the responses in red circle of Fig. 5 yields a mean value of 0.412 x 10™> rad/m,
which is only 1.2% higher than the analytical results.

Examination of Fig. 5 also reveals that the ductility demand of rocking pier is always
less than 1.0 (ln(u¢) <0), indicating that the pier column remains elastic and undam-
aged for all earthquake excitations considered. Furthermore, when uplifting initiates
(shown in red circle), the rocking pier yields similar responses under different input
motions. Similar tendency could be observed in Table 4, in which the By (0.07) of
strong excitations (PGV > 90 cm/s) only accounts for 22.5% and 10.9% that of moderate
excitation (PGV <90 cm/s, fp;y=0.310) and prototype (Bp=0.638). This
phenomenon indicates that the seismic demands of rocking pier under strong earth-
quakes are mainly independent of ground motion characters, which significantly bene-

fits the prediction of post-earthquake states of these structures.

4.4 Fragility curves

Figure 6 presents the fragility curves for both prototype and rocking piers, in which the
PGV (i.e., IM) value plotted in lateral axis is up to 350 cm/s, corresponding to the max-
imum value of selected motions (Table 1). Note that when rocking foundation is
employed, the probability of exceeding moderate damage is only 0.54% with PGA =
350 cm/s, which is negligible in engineering practice. Therefore, the fragility curves of
more severe damage states (extensive and complete) are not presented for discussion.
Since bi-linear regression is used to construct the PSDM of rocking pier, the fragility
curves are composed of two parts as well, with the critical PGV around 90 cm/s (de-

noted as initiation of rocking).
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— 08 Z _ 06 ‘ , 006 O 5
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206k 5 < ! 2 o
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Fig. 6 Comparisons of fragility curves
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From the results shown in Fig. 6, the rocking foundation is observed able to effect-
ively reduce the seismic vulnerability of tall piers for both damage limit states; while
the conclusion for extensive and complete damage states is similar. With the employ-
ment of rocking foundation, the probability of being damaged of the prototype tall pier
reduces from 83.3% and 59.1-8.3% and 0.54%, respectively, for slight and moderate
damage.

5 Conclusions

This paper investigates the efficiency of improving seismic performance of tall pier
bridges using rocking foundation, with the results presented in the format of fragility
curves. Based on the analysis, the main conclusion are as follows:

(1) Employment of rocking foundation at pier base could significantly reduce the
seismic vulnerability of tall piers. Since rocking piers generally remain elastic after
earthquake events, these bridges could function as lifelines during post-earthquake
rescue operations.

(2) When subjected to moderate excitations (PGV <90 cm/s in current study), seismic
behavior of rocking piers resembles that of integrated ones, since rocking interface
remains contact. While rocking initiates during strong excitations, the seismic
performance of tall piers is drastically improved by rocking foundations.

(3) Once the seismic behavior is dominated by the rocking vibration mode, the section
curvature ductility demands of piers tend to be independent of characteristics of
input motions. Thus, the designers could provide reliable prediction for post-
earthquake states of rocking piers, which benefits developing rescue plans in
advance.

Note that current investigation mainly focuses on the seismic performance of tall pier
columns, while the potential influence of water and soil layers is not incorporated.
These issues will be considered in future works to provide more comprehensive
insights.
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