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ARTICLE INFO ABSTRACT

More than half of cable-stayed bridges adopt the tower with inclined legs, which can be loaded with a combi-
nation of bending, torsion, shear and axial force under earthquakes. To study the seismic response of inclined
tower legs, shake table tests were conducted on a 1/20 scaled cable-stayed bridge model with an inverted Y-
shaped tower. A description of the model design was introduced and observed damages including horizontal and
diagonal cracks at inclined tower legs were presented. A numerical model, considering reduction of torsional
stiffness of inclined tower legs after diagonal cracking, was established. The feasibility of the numerical model
was validated by a comparison of numerical and test results, which showed good correlation in displacement
response at tower top and deck end, and cable force. Based on numerical results, the crack torsional moment of
the inclined tower could be easily reached at small peak ground acceleration (PGA), leading to a substantial
reduction of torsional stiffness of the section. This reduction helped alleviate the torsional moment demand at
larger PGAs and delay the torsional failure of the tower legs. Numerical results also revealed that the bending
moment is the primary factor to cause concrete cracks at the lower regions of inclined tower legs whereas
complex interaction of large bending moment and torsion results in flexural and torsional damage near the
intersection. Conventional ways, which adopt an elastic behavior of torsion, either using stiffness prior to or after
diagonal cracking, will lead to intensive overestimation or underestimation of torsional response of the inclined

Keywords:
Cable-stayed bridge
Inclined tower leg
Torsional effect
Shake table test
Seismic response

tower legs.

1. Introduction

In recent decades, with the continual development in design
methodology and construction technology, cable-stayed bridges have
gained worldwide popularity in spanning large distance, probably up to
1000 m. The ability of a cable-stayed bridge to span such large distance
owes much to its supporting system: the decks are supported by cables
that are diagonally resisted by strong stiff towers. Acting as the main
load-bearing element, the tower is of critical importance to a cable-
stayed bridge. In general, the tower should be designed to vertically
resist large gravity load and also accommodate an amount of lateral
loads associated with live loads, wind and seismic actions, and possible
others [1].

The tower shape, by affecting load transmitting mechanisms, to
some extent determines the success of a tower design. There are several
tower shapes that have been successfully applied to practical en-
gineering, namely H-shaped, A-shaped, inverted Y-shaped, single
column, diamond-shaped and so forth. Fig. 1(a) shows the typical tower
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configurations of cable-stayed bridges. A detailed analysis of the bridge
tower shape inventory of 70 existing cable-stayed bridges in China
shows that approximately 1/3 of cable-stayed bridges utilized H-shaped
tower and another 1/3 adopted inverted Y-shaped tower while the rest
occupied the remaining 1/3 [2], as shown in Fig. 1(b). Also note that
more than half of the bridges utilized the tower with inclined legs
(including Y-shaped, A shaped, and diamond-shaped). The preference
of the tower with inclined legs owes to the aesthetical appearance, ef-
ficiency and stability of the structure.

However, the load condition of inclined tower legs can be extremely
complicated during a longitudinal earthquake, as shown in Fig. 2. When
longitudinal inertia force of the deck (V) is transmitted to tower top, it
will result in bending moment M, for a horizontal cross section (Section
§’-S” in Fig. 2), which in turn induces bending moment M, and torsion T
in the inclined cross section (Section S-S in Fig. 2). With gravity effects
included, inclined tower legs can be loaded with a combination of
bending, torsion, shear and axial force. Currently, for seismic design of
towers, bending, shear and axial force are considered primary effects

Received 3 September 2018; Received in revised form 27 December 2018; Accepted 27 December 2018

0141-0296/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/01410296
https://www.elsevier.com/locate/engstruct
https://doi.org/10.1016/j.engstruct.2018.12.081
https://doi.org/10.1016/j.engstruct.2018.12.081
mailto:lijianzh@tongji.edu.cn
https://doi.org/10.1016/j.engstruct.2018.12.081
http://crossmark.crossref.org/dialog/?doi=10.1016/j.engstruct.2018.12.081&domain=pdf

J. Yi, J. Li

Engineering Structures 183 (2019) 180-194

Nomenclature P compressive force acting on section
Po perimeter of the shear flow
Ag area of the shear flow Ryon response of nonlinear model
Ae total longitudinal reinforcement areas R; response of i model
A transverse reinforcement area s stirrup spacing
Ag gross area of member cross section t thickness of tubular section
A, total cross sectional area of shear reinforcement Ter cracking torsional moment
b width of rectangular section Tnax maximum torsional moment
d depth of section Ty yielding torsional moment
d; effective depth of section in direction of loading Uy relative velocity of bearings
E. moduli of concrete V. concrete contribution to shear capacity
E, moduli of steel Vinax maximum shear force
Fy friction force of sliding bearing Va shear capacity
fe compressive stress of the concrete Vs reinforcement contribution to shear capacity
fw confinement effective coefficient Vie nominal torsional shear stress
fyn yield stress of stirrups X1 stirrup distance at short side of the section
G shear modulus of concrete 1 distance of stirrup at long side of the section
h height of section B discrepancy of maximum response
J; elastic torsional moment of inertia " sliding coefficient of friction
Jo post-cracking torsional moment of inertia My curvature ductility
K torsional stiffness before cracking Up maximum local displacement ductility ratio
K> torsional stiffness after cracking ) peak curvature of a section
My yield bending moment é, yield curvature of a section
Mpax maximum bending moment v Poisson ratio of concrete
N normal compression force of the bearings
\ - \ \ | \
H-shaped A-shaped  Inverted Y-shaped
(a) Single column Diamond-shaped (b)

Fig. 1. Tower shapes of existing cable-stayed bridges in China: (a) tower shapes and (b) statistics.

[3-6], whereas torsion is limitedly recognized or valued. On the other
hand, torsional moment can be significantly developed in irregular
three-dimensional structures and torsional oscillations are often con-
sidered the cause of distress in buildings and bridges [7-9]. Con-
sideration of torsion responses has been generally required in seismic
design of these types of structures [10-13]. However, limited attention
has been stressed on torsional behavior of inclined tower legs. To ex-
pand the knowledge on the behavior of cable-stayed bridge with in-
clined tower legs, it is essential that the effects of torsion be understood
so that rational provisions can be made for design.

More importantly, cable-stayed bridges, usually with low damping
ratios [14], are quite sensitive to large amplitude oscillations from
earthquakes. The tower of cable-stayed bridges can develop significant
nonlinear behavior or even suffer severe damage under strong earth-
quakes, as is the case of Ji-Lu cable-stayed bridge in Chi-Chi Earthquake
[15] and Yokohama Bay Bridge in Great East Japan Earthquake [16].
For inclined tower legs subjected to large earthquake force, concrete
crack is expected, either from flexural crack or torsional crack. Along
with the occurrence of torsional cracks at tower legs, the torsional

stiffness of the tower decreases sharply [17,18]. It is revealed that the
drop in torsional stiffness in pure torsion after cracking was generally
much greater than the drop in flexural stiffness in pure bending [19].
The reduction of torsional stiffness will inevitably in turn influence the
seismic response of the bridge. It is desirable to investigate the influ-
ence of reduction of torsional stiffness on seismic performance of cable-
stayed bridges with inclined tower during an earthquake.

To address this problem, this paper illustrated shake table tests on a
1/20 scaled cable-stayed bridge model. Laboratory tests are used here
to characterize the bridge in a more realistic way [20]. A description of
the model design was presented and a numerical model which con-
sidered the reduction of torsional stiffness of inclined tower leg was
established. The feasibility of numerical model was verified through a
comparison of experimental and numerical results. An elaborate nu-
merical analysis was conducted on seismic performance of inclined
tower legs loaded with bending, torsion, shear and axial force. Further
discussion was performed on different strategies to consider torsional
stiffness of inclined tower leg and consequent seismic performance of
the bridge. The object of this paper is to address the torsional effect on
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seismic response of the cable-stayed bridge and shed light on further
investigation of complex load condition of inclined tower legs.

2. Shake table tests
2.1. Prototype bridge

To investigate the torsional response of inclined tower legs of cable-
stayed bridges, one typical bridge with an inverted Y-shaped tower is
utilized as the prototype bridge. The inverted Y-shaped tower is se-
lected here because 1/3 of cable stayed bridges adopted this type of
tower (see Fig. 1), so as to account for the common cases. Fig. 3 shows
the layout of the prototype bridge, which is a symmetric single tower
cable-stayed bridge with two 230 spans, consisting of a concrete tower,
double-plane cables, a steel deck and two concrete side piers.

The inverted Y-shaped tower is 150 m high from the bottom to the
top and 60 m wide at the foundation level. It consists of two 106 m
inclined tower legs, one 44 m anchor zone, and a 43 m rectangular
crossbeam. Hollow rectangular boxes are used for inclined legs whose
cross section gradually decreases from 14 m X 7.5 m at the foundation
level to 8.5m X 5m at the intersection. The longitudinal steel ratio is
approximately 2.17-2.51%.

The steel deck is formed into a streamlined closed box with welded
flanges, webs, stiffeners and diaphragms. It has a width of 37.5m and a
height of 3.2 m high at middle span. The deck is supported by a total of
68 parallel wire cables and two side piers. The cables are diagonally
arranged at anchor zone of the tower, forming into fan types. Two side
piers are portal frames with a height of 34 m and a width of 25 m. The
cross section of piers is 6.25m X 5m with the longitudinal steel ratio of
2.51%.

2.2. Test model design

The shake-table bridge model is designed as a 1:20 scaled geometric
model of the prototype bridge, to fully exploit the dimensions and the
payload capacity of the shaking table facilities. The geometrical char-
acteristic of the test model is shown in Fig. 4.

In designing the inverted Y-shaped tower, micro-concrete was used
with elastic modulus 1/3 of the prototype material. The cross section of
inclined tower leg decreased from 0.66 m X 0.48 m at the foundation
level to 0.4 m X 0.24 m at the intersection of two inclined legs and the
thickness was 8 cm. Available rebar with a diameter of 6 mm and 3 mm
in Chinese commercial market was used for longitudinal reinforcement
and transverse reinforcement, respectively. The number and the

y

b

Fig. 2. Load condition of inclined tower leg under longitudinal earthquakes.

182

Engineering Structures 183 (2019) 180-194

arrangement of longitudinal rebar were properly designed so that the
towers and bent columns of the test model would have the same
bending capacity exactly scaling down from the prototype bridge. The
longitudinal steel ratio of tower sections is approximately 0.7-2.1%.
The space of transverse rebar is set 3 cm, which is suitable for con-
struction and also guarantees that bending failure appears prior to shear
failure. The volumetric content of transverse reinforcement is ap-
proximately 0.2-0.5%. Besides, a strong beam was designed at the base
of the tower to provide the fixed condition of the tower and also be used
to move the tower onto and off the shake table.

Besides the tower, other components are also detailedly designed to
satisfy the following two conditions - to provide a realistic re-
presentation of the prototype bridge response and to simplify con-
struction of bridge model. The following actions are taken:

(1) For the deck, a regular box section composed of 10 mm thick steel
plate was used to substitute the original streamlined steel box. The
box section had exact scaling bending moment of inertia at both
strong and weak axes from the prototype box.

(2) Original 68 cables of the prototype bridge were condensed to a total
of 16 cables for the test model, following the principles of equiva-
lent cable forces in the vertical direction and the dynamic char-
acteristics from the prototype. High-strength stainless steel wires
were used for the cables, each with a cross-sectional area of
7.85 x 10~ ° mm?

(3) Sliding bearings were used to support the deck, which allowed
movement in the longitudinal direction and prevented deformation
in the transverse and vertical direction.

(4) For two side piers, solid section was used to substitute hollow
section of the prototype. The cross section of piers was
0.3m x 0.25m with the longitudinal steel ratio of 0.5%.

Table 1 lists the material properties of the test model. Also note that
in Fig. 4, the cables are numbered C1-C4 and some sections of inclined
sections are named A-A, B-B, C-C, D-D and E-E, for later illustration.
Fig. 5 depicts the shake-table test system of the scale model.

2.3. Testing protocol

The input signal of the test was a near-field ground motion, TCU052
from the 1999 Chi-Chi Earthquake. Fig. 6 shows the acceleration, ve-
locity and displacement time histories of the wave together with the
acceleration spectrum. To account for the scale effect of the test model,
the time axis of the prototype motion was compressed by 0.2236 (1/
J/20). The peak table acceleration was progressively increased during
the test from 0.05 g to 0.7 g, at 0.05 g intervals, which yielded a total of
14 cases.

2.4. Observations

During the test, seismic damage was detected at the tower while the
deck, cables and bents were visually undamaged. Fig. 7 shows the
concrete cracks formed at inclined tower legs during the excitation. The
concrete cracks first formed and extended at the bottom of inclined
tower legs (Height = 0.25-0.7 m) at PGA = 0.3-0.5g, as shown in
Fig. 7(a). As PGA increased to 0.7 g, several horizontal parallel cracks
formed at bottom region and middle region of the tower
(Height = 0.7-2m), as shown in Fig. 7(b), while cracks formed earlier
remained almost unchanged. Meanwhile, horizontal and diagonal
cracks together with slight concrete spalling appeared near the inter-
section of two inclined tower legs, as shown in Fig. 7(c). In Fig. 7(c), for
better illustration, five sides of intersection are named Side A, B, C, D, E
respectively. Concrete cracks were detected at Side A, Side C and Side E
while no damage occurred at Side B and Side D. The cracks with red
underlined were formed diagonally at Side A, Side E and Side C suc-
cessively while other cracks were formed horizontally. Slight concrete
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Fig. 3. Description of the prototype bridge (Unit: m).

spalling also occurred at Side A and at the corner of Side C and Side E.

Even though obvious concrete cracks occurred at the tower legs, the
test showed that the bridge system was stable during the test and had
negligible residual displacement subjected to high amplitudes of ex-
citations. In the test, larger PGAs (PGA = 0.75 g and PGA = 0.8 g) were
sequentially applied to the bridge model, which at last failed at an-
chored zones of the tower with considerable concrete spalling and ex-
posed longitudinal reinforcements. However, since analyzing the failure
mode of the tower at anchored zones is beyond the scope of this study,
it is not further discussed. More information can be found in Reference
[21].

3. Numerical model

Due to large spans and the flexible cable-supporting system, cable-
stayed bridges can quite easily develop nonlinear behavior during a
seismic excitation. Both Nazmy [22] and Ren [5] recommended fol-
lowing nonlinear characteristics when modeling large long cable-stayed
bridges for seismic analyses (1) sag effect of inclined cables, (2) com-
bined axial load and bending moment interaction effect of towers and
deck, (3) large displacement effect of the structure and (4) material
nonlinearity. Besides the above nonlinearities, this study also considers
nonlinear torsional response of tower legs. The background of torsional
behavior of reinforced concrete (RC) members is first introduced here.

3.1. Background of torsional behavior of RC members

In three dimensions, the tower leg can be subjected to a total of six
internal forces: three normal (axial force and two bending moments)

183

and three tangential (torsion and two shear forces). In most of nu-
merical models of the tower, bending, shear and axial behavior of RC
members were included, while torsional behavior was seldom con-
sidered. To illustrate the behavior of the cable-stayed bridge during an
earthquake, it is essential that the torsional property of tower leg be
understood.

Laboratorial tests on RC hollow section members subjected to pure
torsion up to failure can often lead to a typical T-0 curve, as shown in
Fig. 8 [23]. This curve shows three different phases (Phase 1-3 of
Fig. 8). Before the development of cracks (Phase 1), the torsional mo-
ment is resisted by concrete only, and torsional stiffness of RC beam can
be considered to be constant K;. The RC beam first cracks diagonally at
T., when the principal tensile stress of concrete reaches its tensile
strength. There is a sudden change in the local stiffness at and im-
mediately adjacent to this first inclined crack. In the regions with in-
clined cracks, the torsional stiffness drops significantly, and space truss
mechanism between concrete and stirrups is formed (Phase 2). Nor-
mally, it is feasible to assume 45° inclined concrete struts and linear
behavior for the concrete and the steel [23]. At this stage, the slope of
the torsional load-twist curve is K,. When the stirrups first yield, the
yielding torsional moment, T,, is reached. After that, the truss me-
chanism will change due to nonlinear behavior of the materials and
softening effect of the concrete [24] (Phase 3). At this stage, slightly
larger torsion can be resisted by the RC members, but at the expense of
large nonlinear response of the stirrups or concrete. The torsion failure
is reached when either the strain of the concrete struts or the steel stain
reaches the maximum value.

Since torsion failure of the RC members represents brittle shear—
dominated failure, which may result in a fatal catastrophe of the
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structure, this study only adopts Phase 1 and Phase 2, assuming torsion
failure of the RC members was reached once yield torsion (T,) was
attended. The parameters that depict Fig. 8 are illustrated as follows.

3.1.1. Before cracking

Before cracking, the torsional moment is resisted by concrete only.
The torsional moment of inertia J; can be determined via the elasticity
method. For tubular section (which is the case of tower leg under
study), J; is:

_4AGt  4[(h—t(d - Pt
T opy | 2h+d-20)

J
' eH)

Table 1
Material properties for the test model.

where A, and p, represent the area and perimeter of the shear flow in
the tubular section (see Fig. 9(a)), and d is the width of the section;

Thus the torsional stiffness before cracking is
K = Gh 2

where G is shear modulus of concrete, and G = 1/[2 X (1 + v)], where v
is the Poisson ratio; in this study and v is assumed 0.2. In the presence
of flexure, the cracking torsional moment is researched when [17]:

3 3

where v, is the nominal torsional shear stress, and v,. = 0‘2\/?“ , where f,

Compressive/yield stress (MPa)

Application

Material Elastic modulus ( x 10° Mpa)

Micro-concrete 11.6 8.24
6 mm rebar 200 400
3 mm rebar 200 400
Steel plate 200 235
Steel wires 195 1860

Concrete of Tower/side piers

Longitudinal reinforcement of Tower/side piers
Transverse reinforcement of Tower/side piers
Deck

Cables

184



~
=
~
=

Fig. 5. Photo for full-bridge of the test model.

is the compressive stress of the concrete.

3.1.2. After cracking

Based on a space truss model, Lampert [19] revealed that post-
cracking torsional stiffness can be regarded as independent of the shear
force and also is not greatly influenced by bending. It can be re-
presented by following function:

4A%E; [A/A,
PE. \ sp C))

HL =

where Es and E¢ are the moduli for steel and concrete, A and p can be
taken as 0.85 Aq and 0.9 p, defined above; A; and s are the transverse
reinforcement area of a stirrup and the stirrup spacing, respectively;
and A, is the total longitudinal reinforcement areas. Thus the torsional
stiffness after cracks is

Kz = GJz (5)
The yielding torsional moment [17] is:

Xy Ay,

Ty=Ty+ a and o, = 0.66 + 0.33 = (y,/x) < 1.50

(6)
where x; and y, are the distance of stirrup at the short and long side of
the section, as shown in Fig. 9(b), and fyh is the yield strengthen of
stirrups. The later part is the contribution of space truss which consists
of stirrup tension members and diagonal concrete compression strut.
Table 2 shows the sectional torsion properties of inclined tower legs,
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with section named in Fig. 3. Since the tower section reduces along with
the tower height, J;, 5, T, and T, gradually decreases from the bottom
to the top. Meanwhile, with the onset of torsional cracks, the torsional
stiffness of the section decreases sharply, with a reduction of approxi-
mately 94%.

3.2. Establishment of numerical model

In consideration of all sources of nonlinearities, a sophisticated
model was conducted for the test model based on OpenSees framework
[25].

3.2.1. Tower and bents model

The tower leg can be subjected to a combination of six internal
forces during an earthquake. To consider bending, torsional, shear and
axial behavior together, a section aggregator is used [26,27], as shown
in Fig. 10. This command aggregates the following responses into a
single section force-deformation model. (1) The axial-flexural response
is described by means of fiber-section approach. This approach is es-
tablished by discretizing the tower and bent section into unidirectional
confined concrete, unconfined concrete and steel fibers. Both confined
and unconfined concrete fibers were represented using the uniaxial
Kent-Scott-Park model [28] with degraded linear unloading/reloading
stiffness, whereas the steel fibers were represented using a bilinear
hysteretic model with kinematic strain hardening. In this way, material
nonlinearity and axial force-moment interaction effect was accounted
for within the section. (2) Shear response is described by an elastic
behavior; and (3) the torsion response is described by the bilinear law
shown in Fig. 8. In this way, each Material-Object represents the section
force deformation response for a particular degree-of-freedom. Then,
flexibility-based elements with five Gauss-Lobatto integration points
are employed. At each integration point, the section was applied by
above section aggregator.

In the above modeling, the sectional interaction between torsion,
shear and bending moment is ignored. This is because (1) for the
concrete members with high span-to-depth ratio, the effect of shear
stiffness on the total deflection is negligible [29], (2) under combined
flexural displacement and torsional rotation, it’s shown that plastic
hinge capacity of columns is not affected adversely by torsional rota-
tions up to 5% if well-distributed longitudinal reinforcement and stir-
rups are placed [30], and (3) torsion mechanics is not clearly under-
stood and no contribution from longitudinal reinforcement was
included in Eq. (6). On the other hand, axial-shear-bending-torsion
interaction is achieved at the element level, where equilibrium is im-
posed and reached.

2
e 1L
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C
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Fig. 6. Input ground motion histories and acceleration spectrum (5% damping).
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Fig. 8. Torsional twist-moment curve.

186

3.2.2. Modeling of other components

During the test, no damage occurred at the superstructure. The su-
perstructure was modeled using linear-elastic element which can ac-
count for axial force-moment interaction and large displacement effect.

The stay cables were represented by truss elements, in which sag
effect was accounted for using Ernst’s equivalent elastic modulus con-
cept [31]. Besides, initial strains were applied to cable materials so that
the cable force resets at pre-stressed value under dead load.

The longitudinal behavior of sliding bearing was represented by
friction models. The friction force was dependent on the normal com-
pression force of the bearings N and sliding coefficient of friction g,
expressed as:

= {— N-u-sng(iiy) N<O
* 0 N>0 %)

where 1, depicts the relative velocity of bearings. Based on experi-
mental results, the sliding coefficient of friction was a constant value of
0.15 [32]. In the transverse and vertical direction, the bearings were



J. Yi, J. Li

Y
\ Shear flow

(@)

restrained.

3.2.3. Finite element model

Since the test model was fixed on the shake tables, the restraints of
the supports in the numerical models were fixed. The finite element
model is shown in Fig. 11. Before nonlinear seismic analysis, dead load
was applied to the model prior to nonlinear dynamic analysis so that
nonlinear seismic analysis starts from the equilibrium configuration of
dead loads [5]. Rayleigh damping which incorporates 5% inherent
damping was used based on 1st and 2rd longitudinal vibration period.

4. Measured and numerical results
4.1. Displacement response

To determine the adequacy of above numerical in estimating the
seismic response of cable-stayed bridges, numerical and experimental
results were compared. Achieved shake table motions was used to ex-
cite the numerical model. Some representative samples of the calcu-
lated and measured displacement histories at tower top and deck end
are plotted in Fig. 12, and Table 3 lists the peak displacement of nu-
merical and measured results for all the cases.

From Fig. 12, it can be seen that: (1) when PGA was small
(PGA = 0.4 g), although slight discrepancy existed between the nu-
merical and measured time histories, numerical results caught the main
features of the measured results for all the cases and the shapes of the
time histories fitted in quite well, indicating close agreement of dis-
placement response between numerical and measured results. (2) When
PGA became large (PGA = 0.5-0.6g), the discrepancy between nu-
merical and measured results became obvious. This is mainly because
the concrete cracks appeared at inclined tower legs in test model after
PGA = 0.3-0.5 g, which altered the properties of the bridge model for
the subsequent tests, whereas numerical model did not consider this
damage accumulation. However, Table 3 reveals that for displacements
at tower top and deck end, the maximum difference between numerical
and measured results was less than 12% for all the cases, indicating a
reasonable correlation between the numerical and measured results.

4.2. Cable response
Taken C3 as an example, Fig. 13 shows numerical and measured

cable force histories. Similar to displacement response, when PGA was
small (PGA < 0.4 g), the shapes of the numerical and measured force
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Fig. 9. Parameters of hollow sections: (a) shear flow and (b) distance of stirrup.

curves were alike for all the cases, showing good agreement of nu-
merical and measured results. When PGA became larger (PGA >
0.4 g), the vitiation of calculated cable force was not as intense as
measured results and the maximum cable force was slightly under-
estimated. However, the difference of peak response is less than 10%,
which is acceptable for analytical modeling.

Based on the overall satisfactory correlation between the measured
and calculated results, it was concluded that by modeling all sources of
nonlinearities of the cable-stayed bridges including nonlinear torsion-
twist behavior of inclined tower legs, numerical model can adequately
simulate the response of the bridge during an earthquake.

5. Numerical study on seismic response of inclined tower legs

Since measured force response of inclined tower legs is not avail-
able, the response of inclined tower legs is studied numerically. The
feasibility of numerical model is further assessed in comparison of
structural damage predicted from numerical analysis and observed
during the test. In this way, the numerical results serve to explain the
observations of damage of inclined tower legs during the test and test
results further verify the numerical results. The bending, torsional and
shear response of inclined tower legs are illustrated respectively, as
follows.

5.1. Bending

Normally, the curvature of a section is a good indicator of damage
state of the section from bending. Based on the numerical model, nor-
malized curvature response of inclined tower legs was presented in
Fig. 14. The normalized curvature is expressed in the form of the cur-
vature ductility:

e ®)
where ¢ is the peak curvature of a section during earthquake and ¢, is
the curvature when tensile reinforcement first yields. ¢, can be obtained
either from empirical formulations or from cross section analysis. When
My < 1, no reinforcement yields and the section is within elastic be-
havior, and as u, > 1, the section develops material nonlinearity and
bending cracks or concrete spalling is anticipated.

From Fig. 14, the sections near the cross beam were the most vul-
nerable region of the tower legs. These sections first reached yield
curvature at PGA = 0.3 g, agreeing well with observed concrete cracks

B |e

Table 2

Sectional torsion properties of inclined tower legs.
Section Ji (x107°m* Jo (x107°m%) Jo/Jy T (KN'm) Ty (kN-m) Te/ Ty
A-A 4481 279 6.2% 15.1 43.6 34.7%
B-B 2637 170 6.4% 9.47 30.0 31.5%
C-C 2467 157 6.4% 8.84 28.2 31.3%
D-D 1636 111 6.8% 6.60 22.5 29.4%
E-E 894 73.4 8.2% 4.48 16.6 26.9%




J. Yi, J. Li

Fiber

Engineering Structures 183 (2019) 180-194

M M, Multi-linear v Elastic
¢
K
e
(a) Bending (b) Torsion (c) Shear

(d) Combination

Fig. 10. Section aggregate of inclined tower legs.

Bearing

Truss element

I
I
I

) I

Nonlinear beam-column element }

I

i
}
I
il Bearing }
I
I

Fix

Elastic beam-column element

Fig. 11. Finite element model constructed in OpenSees.

in Fig. 7(a). As PGA increased, more sections reached yield limit. Unlike
the pier of conventional girder bridges which for most cases had only
one plastic region, the whole tower legs can be vulnerable to damage
during the earthquake. This result fits in well with the observations
during the test in Fig. 7(b). When PGA = 0.7 g, except for intersection,
all other sections of inclined tower leg are beyond yield curvature. The
maximum curvature ductility for PGA = 0.7 g is approximately 2.75 at
the cross beam (Height = 1.5m), which is considered as moderate
damage [33]. This explains the observation during the tests that no
obvious concrete spalling is observed at this region even when PGA is
doubled after cracking.

5.2. Torsion

The torsion moment response of inclined tower leg is shown in
Fig. 15, in which crack torsion moment (T,,) and yield torsion moment
(T,) along the tower leg are also presented. Note that the crack moment
and yield moment gradually decreased from the bottom of inclined
tower leg to the top due to reducing dimension of the cross section.

Fig. 15(a), when PGA = 0.05 g, shows that the torsional moment of
all sections is below the crack moment. Unlike crack moment, torsional
moment remained almost the same along tower height. This led to
crack torsional moment first exceeded at upper region of the tower legs
(with tower height approximately from 4.5m to 5m when PGA was
0.1 g), while the rest part was within elastic range. The diagonal tor-
sional cracks were anticipated at cracked regions, followed by a
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reduction of torsional stiffness within this area. However, since these
diagonal cracks were quite small and immediately closed after earth-
quake, no diagonal cracks could be visually observed at such PGAs
during the tests. The cracking regions further expanded to lower
heightwith the increase of PGAs. When PGA sequentially increased to
0.35 g, except for bottom region of the tower (with tower height around
0-1 m), torsional moment of all sections almost reached or exceeded
crack moment, indicating a further reduction of tower torsional stiff-
ness. When PGA further increased to 0.5-0.7 g, crack moment was al-
most exceeded for all sections. Also note from Fig. 15 that after
reaching crack torsional moment, torsion moment continued to in-
crease with PGAs, but was smaller than yield torsional moment for all
the cases.

5.3. Shear force
To better illustrate the shear response of inclined tower legs, the

shear force is normalized by nominal shear force capacity (V,), which
for a hollow section is calculated as [34]:

Vi=Ve+ Vs (9a)
V.= 0025605’(1 + L)\/fA

’ 24, JNE (9b)
y o Ay

s (99)
o.3<a’:ﬂ+3.67—u <3

0.15 P (9d)
fo = 20,1, €035 (%)
=4
Pu = s ©)i)]

where V, and V; are concrete contribution and reinforcing steel con-
tribution to shear capacity, respectively; P is the compressive force
acting on section; A, is gross area of member cross section, d, is the
effective depth of section in direction of loading measured from the
compression face of the member to the center of gravity of the tension
reinforcement; u;, is the maximum local displacement ductility ratio of
member; A, is total cross sectional area of shear reinforcing bars in the
direction of loading; b is the width of rectangular column.

Fig. 16 shows the normalized shear force of inclined tower leg along
tower height. One can see that shear force gradually increased with the
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Fig. 12. Comparison of numerical and measured time history of displacement at: (a) tower top and (b) deck end.
Table 3 moment and torque exceeded 50 percent of the strength of the

Comparison of numerical and measured peak displacements.

PGA (g) Tower displacement (mm) Deck displacement (mm)
Measured  Numerical  Error Measured  Numerical  Error
0.05 8.2 9.0 8.9% 8.5 8.6 1.6%
0.10 22.8 24.3 6.5% 26.1 24.6 —5.9%
0.15 35.0 36.0 2.9% 41.3 42.6 3.1%
0.20 46.5 42.0 —-9.7% 56.8 53.1 —6.6%
0.25 57.6 58.1 0.9% 73.7 73.9 0.2%
0.30 67.9 69.1 1.8% 91.7 89.4 —-2.5%
0.35 78.7 80.4 2.1% 113 106.4 —6.0%
0.40 86.5 89.7 3.8% 127 120.7 —4.9%
0.45 93.7 98.4 5.1% 140 133.7 —4.7%
0.50 102 106 3.7% 155 145.5 -6.0%
0.55 111 113 1.7% 170 157.2 —7.4%
0.60 121 124 2.3% 187 176.0 -6.0%
0.65 132 134 1.7% 204 192 -6.1%
0.70 154 150 —-2.8% 239 218 —-9.1%

PGAs, despite flexural cracks appeared after PGA = 0.3 g. For all PGAs,
the normalized shear force is less than 0.2, showing that shear alone
would far less lead to diagonal cracks during the earthquake.

5.4. Prediction of damage zones

Loaded with a combination of bending moments, torsional mo-
ments, shear forces, and axial force, it is difficult to assess stress dis-
tribution of inclined tower legs, especially when the tower goes into
inelastic range. Based on available literatures regarding a combination
of bending, torsion, shear and axial force, some conclusions can be
drawn as follows:

(1) There is limited interaction between bending moment and torsion
for reinforced concrete specimens until either or both the bending
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specimen in pure bending and pure torsion respectively [35].

(2) There was a significant interaction between torsion and shear since
both of them cause inclined tensile stresses [35].

(3) At a low level of axial compression, the torsional capacity of col-
umns is slightly enhanced, and square columns exhibited localized
torsional damage [36].

(4) The shear capacity of the columns under bending and shear in-
creased with reduction in aspect ratio, but both the displacement
and twist at ultimate shear and ultimate torque of the columns
under combined loadings reduced significantly [7].

(5) Despite some numerical models or experiments [37-41] has been
published concerning the behavior of specimens subjected to axial
force, torsion, shear and bending, none of them are applicable to
estimate onset of the damage of concrete sections.

Based on above conclusions, two criteria are adopted to determine
structural damage of inclined tower legs. The first criterion considered
the interaction of torsion and moment as [42]:

B2

where T and M are applied torque and bending moment, respectively;
T, and M, are the yield torque and bending moment, respectively; and r
is the ratio of yield force of flexure tension and compression re-
inforcement; for a symmetric section, r = 1.

Another criterion involved interaction of torsion and shear, as [43]:

Y (VY

— + | — =1
( T ) ( Va )
where V and V}, are applied shear force and nominal shear force capa-

city.

Based on Egs. (10) and (11), two structural damage limit are defined

(10)

an
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Fig. 13. Comparison of numerical and measured time history of cable force (C3).
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Fig. 14. Normalized curvature of inclined tower legs along tower height.

as follows:

2
C[b — ( Tmax ) + [Mmax )
Ty My

2 2
C[u = (’I;n_ax) + (Vmax)
T, Vv,

where Ty, Mpax and V., are the maximum torsional moment, max-
imum bending moment and maximum shear force during the earth-
quake, respectively. In this way, Cy;, and C,, refers to damage limit from
interaction of torsion and bending, and from torsion and shear, re-
spectively. When C;;, < 1, there would be no cracks from interaction of
torsion and moment while Cy, > 1 indicates possible structural damage
(either horizontal and diagonal concrete permanent cracks or steel
yielding) from torsion and moment. Similar to Cyp, C, > 1 refers to
potential structural damage from torsion and shear. However, since
Egs. (10) and (11) were developed conservatively for section design,
neither Cyp, > 1 or C, > 1 would ascertain structural damage at the
section, but indicated the applied forces were beyond the design limit.
Fig. 17 shows the Cy and C,, along tower height for different PGAs.
When PGA = 0.3 g, C first reached design limit at the regions above
the crossbeam, indicating possible structural damage first occurred at
this region. After PGA > 0.3 g, Cy further increased and was larger
than 1 for all sections when PGA > 0.5 g. On the other hand, C;, was less
than 1 for all the cases, showing no structural damage from the inter-
action of torsion and shear. The most vulnerable part to torsional and

(12a)

(12b)
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shear damage is located at the regions near the intersection. Thus, it can
be concluded that the structural damage observed during the test
mainly came from interaction of torsion and bending.

Fig. 18 further illustrates the relative contribution of torsion,
bending and shear to Cj; and C,, at PGA = 0.7 g. From Fig. 18(a), for
lower inclined tower (Height = 0-4 m), bending made the most con-
tribution (larger than 80%) to Cy, while the contribution from torsion
could be neglected. This explains the observations during the test that
bending cracks dominated at the bottom and middle tower. However,
for the upper inclined tower (Height = 4-5m), the contribution from
torsion increased to a much larger extent (larger than 20%). Especially
at intersection, torsion occupied approximately 40% to the total value
of Cy, so that torsional effect cannot be ignored. Under a combination of
large torsion and bending, and also possible stress concentration, the
region near intersection experienced both bending cracks and torsional
cracks, as shown in Fig. 7(c). From Fig. 18(b), torsion made the most
contribution to C,, (larger than 85% for all the sections), while the
contribution of shear was of no significance. Above results indicate that
bending moments were the primary factor that caused concrete cracks
at bottom of the tower, and the complex interaction of large bending
moment and torsion led to flexure and torsional damage near the in-
tersection, whereas shear force made negligible contribution to the
damage of inclined tower legs.

6. Influence of torsional stiffness

This section further investigates the influence of different torsional
stiffness choice on predication of seismic response of the bridge.
Normally, when modeling tower structures, a constant torsional stiff-
ness was applied to inclined tower legs since reduction of tower tor-
sional stiffness during the earthquake is seldom recognized or valued.
To reveal the influence of torsional stiffness choice, two more models in
addition to the above numerical model (referred to Nonlinear model
later) were established, namely Elastic model and Crack model. These
two models are identical to the Nonlinear model (including bending
and shear modeling) except that an elastic behavior was applied to the
torsional stiffness of inclined tower legs: Elastic model: K, = K;, and
Crack model: K, = K. Thus, Elastic model referred to the normal case
which only considered elastic behavior at Phase 1 (see Fig. 8), ne-
glecting the reduction of torsional stiffness, while Crack model referred
to the case which only adopted crack stiffness of Phase 2, neglecting the
elastic behavior at Phase 1.

6.1. Modal results

First, modal analyses were conducted on three models. Note that
due to nonlinear behavior, Nonlinear model failed to conduct modal
analysis. Table 4 shows the first two normal mode shapes and natural
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Fig. 16. Normalized shear force of inclined tower legs along tower height.

periods of two models using the initial stiffness of the bridge de-
termined from the static equilibrium solution under dead loads. As the
torsional stiffness of inclined tower legs decreased (from Elastic model
to Crack model), periods of the first two modes slightly increased, re-
flecting increasing flexibility of the bridge in the longitudinal direction.
This indicated that torsional stiffness to some extent contributed to the
longitudinal vibration of the bridge and consequently seismic response

Ryon is the response of Nonlinear model. A positive value of § means
overestimation of the seismic response while a negative value indicates
underestimation. Fig. 19 shows the values of § for Elastic model and
Crack model with respect to Nonlinear model.

For Elastic model, DT and DC will be slightly underestimated and
the underestimation increases with the PGA. The maximum difference
is around 7% and 5% for DT and DD respectively when PGA = 0.7 g.
Meanwhile, before yielding of the tower leg (PGA < 0.3g), CT is
slightly overestimated about 4%, but tends to be underestimated after
yielding (PGA > 0.3 g). The maximum underestimation of CT is ap-
proximately 8% when PGA = 0.7 g. Contrary to Elastic model, DT and
DD of Crack mode will be overestimated for all the PGAs, and CT is
underestimated before yielding of the tower leg but overestimated after
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Table 4
Modal shape and periods of three models.

Mode no. Modal shape and description Periods (s)
Mode 1 Elastic model 1.149
Nonlinear model -
Crack model 1.154
Mode 2 Elastic model 0.545
: Nonlinear model -
i N Crack model 0.547

m

Longitudinal bending of the tower

yielding. The maximum difference between Nonlinear model and Crack
model is within 5% for all cases. For FC, both Elastic model and Crack
model yield almost the same results as Nonlinear model, with the
maximum difference less than 2%.

Taking the intersection (Section E-E) as an example, Table 5 lists the
torsion moment for three models. For Elastic model, the torsional mo-
ment is the same as Nonlinear model before reaching crack torsion
(PGA = 0.05 g). After that, the torsional moment of Elastic model in-
creased steadily, and exceeded the yield moment (16.64 kN m) even at
PGA = 0.15g. Comparing to Elastic model, Nonlinear model con-
sidered substantial reduction of torsional stiffness of tower legs after
crack torsion. This reduction helped alleviate the demand of tower
torsional moment, which in turn delayed the torsional failure of the
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tower legs. For Crack model, on the contrary, the torsional moment is
largely underestimated comparing to Nonlinear model. The crack tor-
sional moment is not exceeded until PGA = 0.7 g. Therefore, traditional
approach which adopts a constant torsional stiffness (either using
stiffness prior to or after crack torsional moment of the tower legs) will
result in unrealistic torsional response.

7. Conclusion

To investigate earthquake-induced torsional response of a cable-
stayed bridge with inclined tower legs, this paper conducted shake table
tests on a 1/20 scaled cable-stayed bridge model. A description of the
model design was presented and a numerical model which considered
the reduction of torsional stiffness of inclined tower leg was established.
The feasibility of numerical model was verified through a comparison
of measured and numerical results. Further discussion was performed
on different strategies to consider torsional stiffness of inclined tower
leg and consequent seismic performance of the bridge. Conclusions
were drawn from the current works as follows:

(1) During an earthquake, the bottom and middle region of inclined
tower legs exhibited predominant flexural damage mode, while the
region near the intersection suffered from a combination of flexural
and torsional damage.

(2) With the reduction of torsional stiffness of inclined tower leg con-
sidered, the numerical model showed correlated results with the
test model in displacement at tower top and deck end and cable
force. The numerical model also predicted the flexural and torsional
damage of inclined tower legs of the test model.
Numerical results revealed that torsional crack moment can be
easily reached at small PGAs, leading to substantial reduction of
torsional stiffness of tower legs. This reduction helped to alleviate
the demand of tower torsional moment, which in turn delayed the
torsional failure of the tower legs.
Based on numerical result, bending moment was the primary factor
that caused concrete cracks at the lower inclined tower legs
(Height < 4 m) whereas the contribution of torsion increased sig-
nificantly at higher region of inclined tower legs (Height = 4-5m),
and the complex interaction of large bending moment and torsion
resulted in flexural and torsional damage near the intersection. On
the other hand, shear force made a negligible contribution to the
damage of inclined tower legs.

(5) Conventional ways, which adopt an elastic behavior of torsion ei-
ther with stiffness prior to or after crack torsional moment, will lead
to slight errors in predicting displacement response at tower top
and deck end, cable force and bending response of the tower, and

@3

—
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Table 5
Torsion moment of intersection for three models (Unit: KN m).
PGA(g) 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
Elastic model 4.3 9.3 17.3 20.5 28.0 33.1 38.4 42.7 46.6 49.8 52.9 57.8 61.5 66.4
Nonlinear model 4.3 5.7 7.0 7.4 8.2 8.7 9.3 9.7 10.1 10.4 10.7 111 11.6 12.2
Crack model 0.4 0.8 1.5 1.8 2.4 2.9 3.4 3.8 4.2 4.5 4.8 5.2 5.7 6.3
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