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,e stress ribbon bridge uses ribbon in high tension to transfer loads and exhibits geometric nonlinearity under dynamic
earthquake excitations. A typical double-span asymmetric stress ribbon pedestrian bridge was introduced as a prototype, and
nonlinear time history analysis was performed to investigate the effect of ground motion orientation on the structural responses.
Non-pulse-type and pulse-type ground motions were considered, and the influence of vertical ground motions was investigated.
Numerical results showed that the stress ribbon bridge’s vertical and transverse displacements were sensitive to the excitation of
the vertical ground motion. No single orientation led to the most critical values in all response indexes, and the critical orientation
was approximately independent of the vertical ground motion. ,e negative bending moment of the ribbons, the pier top
displacement, and the pier base moment at the transverse direction were sensitive to the groundmotion orientation. Checking the
responses resulting from different directions is necessary for a comprehensive estimation of the seismic performance of the stress
ribbon bridge.

1. Introduction

,e stress ribbon bridge is one of the essential bridge
prototypes applied for a long history. Typically, it consists of
cables or ribbons and concrete deck slabs placed on them.
,e vertical dead load and live load are supported by the
cables or ribbons in a high-tension state, and the deck slabs
serve to transfer the live load to the ribbons. Compared with
other types of bridges, the stress ribbon bridge has light-
weight, and it has a catenary shape that looks natural and
aesthetically attractive. Notably, the increasing use of high-
strength materials can minimize the construction material
and resources, making stress ribbon bridges sustainable and,
thus, more and more attractive worldwide. Many stress
ribbon footbridges have been constructed, including the
classic Lignon-Loex Bridge in Switzerland, IGA North
Bridge in Rostock, and the Slinky Spring to Fame near
Oberhausen, Germany [1]. For the stress ribbon bridges, the
deck can be formed by a monolithic band or assembled with
precast segments. In recent years, high-strength steel

materials have been well developed, and using high-strength
steel plates as ribbons of the bridge becomes more and more
popular. For example, Goldack et al. [1] reported two bridges
using S690L1 steel plates as ribbons. S690QL1 is a high-
strength steel material prescribed by European code for
engineering structures, and the yielding strength is 690MPa.
,e bridges adopted two ribbons with a section size of
600mm× 30mm and 460mm× 30mm, respectively, to bear
the loads. Very recently, a stress ribbon bridge was con-
structed in Shenzhen, China. ,is bridge also adopted a
thick (40mm) steel plate as ribbons, and the high-strength
steel material of the Chinese brand of Q690D was used. ,e
utilization of these high-strength materials is advantageous
for reducing the volume of materials and the construction
labor. Such a structural prototype is becoming more and
more attractive for pedestrian bridges.

,e stress ribbon bridges are mainly applied to pedes-
trian bridges but seldom to highway bridges due to the
possible significant change of bridge grade and excessive
displacements during the passage of heavy vehicles. So far,
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the research efforts have been focused on the comfortability
resulting from human walking [2–6] and aerodynamic
properties [7]. On the other hand, the safety of the bridges
subjected to earthquake excitations should also be strictly
guaranteed [8]. In high-risk seismic zones, the earthquake
may become the most critical factor that determines the
structural configurations. Usually, an urban pedestrian
bridge adopts a distinctive design from the perspective of
aesthetics. However, bridges with irregular arrangements are
generally more vulnerable to seismic excitations, which has
been evident by failures and damage of bridges observed in
recent major earthquake events [9–14]. ,e previous ob-
servations highlight the significance of seismic performance
estimation of the stress ribbon bridges with irregular shapes,
which has been seldom investigated in the past.

In the seismic analysis for bridges, the directionality of
earthquake action is usually chosen arbitrarily by the de-
signers. In seismic zones, bridges must be able to resist
seismic actions coming from any direction. Previous re-
search has shown that ignoring the ground motion direc-
tionality may lead to underestimating the seismic fragility of
bridges [15, 16]. ,e effect of ground motion directionality
should be investigated so that themost unfavorable direction
and the most critical response can be figured out.

As the stress ribbon bridge system is becoming more and
more popular worldwide, clarifying its seismic performance
and the influencing factors has become an essential issue.
,e stress ribbon bridge has significant geometrical non-
linearity, which makes the theoretical solution of dynamic
response difficult. In such circumstances, numerical analysis
based on the finite element model is an effective way to solve
the problem. Given these facts, this article aims to investigate
the effect of the orientation of the horizontal bidirectional
ground motions on the responses of a stress ribbon bridge.
,e impacts of the vertical ground motion and scaling of the
ground motion are also investigated. ,e article is organized
as follows.,e details of a stress ribbon bridge constructed in
Shenzhen, China, are introduced first, and the finite element
model is established by using this bridge as a prototype. Two
sets of ground motions recorded in near-fault zones, one
with and one without prominent impulsive characteristics,
are selected. An extensive time history analysis is performed.
,e tridimensional displacements and the corresponding
forces of the ribbons and the pier are recorded and com-
pared. ,e effect of ground motion orientation and im-
pulsive characteristics are discussed, and a few conclusions
are summarized.

2. Analytical Model of the Stress Ribbon Bridge

2.1. Structural Layout. Figure 1 shows the structural layout
of the stress ribbon bridge under consideration. ,e bridge
has two spans and a total length of 88.1m. ,e length and
initial sag under self-weight are 63.8m and 1.5m, respec-
tively, for the long span, and 24.3m and 0.3m for the short
span. ,e height difference between the two abutments is
5.6m. ,e bridge’s weight is transferred through two steel
ribbons, and each ribbon has width and thickness being
0.75m and 0.04m, respectively. ,e precast concrete deck

has a width of 2.7m, and each concrete deck slab is con-
nected to the ribbon by four bolts. ,e steel ribbon is made
of high-strength Q690D steel material, which has been
seldom used in civil structures in China.,e Q690D exhibits
appreciable strength but poor deformability. A yield-to-
tensile strength ratio of more than 0.9 and the elongation
ratio lower than 20% were obtained from the experiments
[17]. ,e deformability of Q690D is not as good as the steel
materials popularly used in civil structures in China, such as
Q235 [18]. However, the high strength is attractive for re-
ducing the weight of structural systems, and it is increasingly
used in civil structures, particularly those expected to be
elastic under design earthquakes.

,e pier is set to reduce the excessive sag of the
ribbon. It is constructed obliquely with a certain angle,
which can reduce the height of the pier and enhance the
bridge’s aesthetic. For stress ribbon bridges in a static
state, the tension forces of the ribbons are mainly gov-
erned by the sag. ,rough adjusting the initial sag of the
two spans, the tension forces of the ribbons can be
designed. ,e inclined pier is applied by both the vertical
load and the horizontal force. ,e horizontal force results
from the difference in the tension force between the two
spans. In the design, the tension force of the short span is
more significant than that of the long span; thus, the pier
bears a horizontal thrust toward the short span. ,e
horizontal and vertical force acting on the pier generate
bending moments with different signs, and thus the
bending moment and the stress at the pier base are re-
duced [19]. ,e material of the pier is Q420 C with a yield
strength of 420MPa. A saddle is erected on the top of
the pier to support the ribbon. ,e saddle is curved so
that the additional bending stress of the ribbon stays
within the allowable limit. ,e ribbons and saddle are
connected through welding in the central part of the
saddle. At both free ends of the saddle, the ribbon may
contact or leave the saddle depending on the loading
level. Such type of curved saddle has been used in many
stress ribbon bridges [1].

According to the Chinese seismic design code for urban
bridges [20], the irregular bridge can be identified if any of
the specific indices, such as the span length, the pier height,
the span length ratio, the stiffness ratio of piers, the foun-
dation conditions, and the axial compression ratio, exceeds
the corresponding threshold. For estimating the response of
irregular bridges, time history analysis is generally required
[12]. ,e stress ribbon bridge in consideration (Figure 1) is
characterized by many geometrical irregular factors, such as
the significant height difference of the two abutments, the
unequal span length, and the inclined pier. ,erefore, it may
be hard for static performance estimation to reflect its
seismic behavior under earthquake loadings.

2.2. Finite Element Model of the Stress Ribbon Bridge. ,e
analytical model of the stress ribbon bridge was estab-
lished through finite element program ANSYS. Except for
the part on the saddle, the ribbons were simulated by
beam elements, and the ribbon on the saddle is simulated
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by the plate element. ,e ribbon is characterized by the
vertical stiffness varied with the tension force, which is
called stress stiffening. Due to this effect, the bridge
exhibits significant geometrical nonlinear behaviors
[23, 24]. For thin structures with bending stiffness very
small compared to axial stiffness, including the stress
ribbon bridges, stress stiffening needs to be considered. In
the program, the effect of stress stiffening can be
accounted for by generating and adding an additional
stiffness matrix to the regular material stiffness matrix.
,e total stiffness Kt of the structure is the sum of the
material stiffness Km and stress stiffness matrix Ks(σ),
namely, Kt � Km + Ks(σ). ,e stress stiffness matrix can
be derived in an updated Lagrangian formulation [25].
,e stress stiffness matrix is represented as a function of
the stress state of the structural element; thus, the stress
stiffness matrix is generally computed based on the stress
state of the previous equilibrium iteration. For solving a
valid stress-stiffened problem, at least two iterations are
required, with the first iteration being used to determine
the stress state that will be used to generate the stress
stiffness matrix of the second iteration. If this additional

stiffness affects the stresses, more iterations need to be
done to obtain a converged solution.

Moreover, there is a contact effect between the saddle
and the ribbons within the nonwielding regions. In the
numerical model, the surface-to-surface contact pair was
defined to simulate the contact between the two bodies.
,e curved saddle was set to be the “target surface” and
simulated by TARGE170 element; the ribbon was set to be
the “contact surface” and simulated by CONTA174 el-
ement. ,e friction between the two surfaces was
accounted for and the friction coefficient was 0.6.

,e eigenvalue analysis was performed to understand
the dynamic properties of the bridge. Figure 2 shows the
first ten modes of vibration and the corresponding vi-
brational frequencies. Except for No.5, the other nine
modes occur within the long span, and most of the modes
result from vertical vibration. ,e natural frequencies of
vibrational modes are ranged between 0.89 Hz and 2.9 Hz,
indicating that the frequencies of the neighboring modes
are very close. ,ere is a high probability of modal su-
perposition among the torsional mode and vertical
modes, which is a critical factor affecting the seismic
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Figure 1: Sketch of the stress ribbon bridge. (a) Overall sketch of the bridge. (b) Transverse section.
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responses of the bridge. ,e Rayleigh damping model is
used to simulate the inherent damping of the bridge, and
the first and the second model are assumed to be 2%.

3. Selected Ground Motion Records

Two sets of ground motions, including pulse-type and non-
pulse-type records, were selected for performing time his-
tory analysis on the bridge. Each group consists of four
ground motions. All the ground motions were selected from
earthquake events with a magnitude between 6.5 and 7.5 and
from stations with site-source distances less than 20 km. All
the ground motions were selected from near-fault stations
because the vertical component is more prominent for
structures close to the active fault [26]. Meanwhile, the
vertical to horizontal component intensity ratios of all the
selected ground motions are comparable, and it has been
revealed by Shahi and Baker [27] that the site-source dis-
tance has a very minimal influence on the directionality.
Table 1 gives the general information for the selected rec-
ords, among which No.1–4 are non-pulse-type records, and
No.5–8 are pulse-type records. ,e records were down-
loaded from the Pacific Earthquake Engineering Research
(PEER) Center strong motion database [21]. In Table 1, RSN
denotes the record sequence number that helps identify the
record from the database; PGA, PGV, and PGD denote the
peak ground acceleration, peak ground velocity, and peak
ground displacement, respectively, at a specific direction.
,e significant duration computed as the time interval
between the 5% and 95% Arias intensity is also shown. ,e
pulse period is one of the most important parameters to
characterize the pulse-type ground motions. For the pulse-
type ground motions of No.5–No.8, their pulse periods are
0.931 sec, 0.84 sec, 1.092 sec, and 0.882 sec, respectively. ,e
pulse periods are close to the fundamental vibration period
of the bridge, which is usually considered a scenario for
obtaining the critical structural responses.

In order to investigate the orientation effect, the hori-
zontal groundmotion pairs are rotated from 0° to 90° with an
increment of 10° by means of (1), where ax(t) and ay(t) are
the originally recorded time series, and ax

′(t) and ay
′(t) are

the time series rotated with an angle θ.
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⎩

⎫⎬

⎭ �
cos θ −sin θ
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􏼢 􏼣
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,e PGA, PGV, and PGD obtained from all directions
(from 0° to 180°) are shown in Figures 3 and 4, for non-pulse-
type and pulse-type ground motions, respectively. ,e rota-
tion angle of 0° corresponds to the first horizontal component
of each record, as given in Table 1. ,e peak values vary
significantly with the orientation; for example, for the
RSN1051 record, the maximum PGV is approximately three
times the minimum PGV. Moreover, the maximum PGA,
PGV, and PGD of a record were obtained from different
orientations. No single orientation develops the most critical
values for all the intensity measures. ,e coefficient of vari-
ation (COV) of intensity measure over all directions is cal-
culated, and the average COV of PGA, PGV, and PGD over
the eight records is 0.16, 0.21, and 0.27, respectively.

Figure 5 shows a 3-dimensional graphic of the accel-
eration spectra of the horizontal component of the RSN953
record, with the rotation angle varying from 0° to 180°. It is
seen that the change of orientation leads to a corresponding
variation in spectral shape. ,e difference between the
spectra obtained from the neighboring two directions is
generally slight; however, the spectral value may be con-
siderably different at a specific period, for very different two
orientations.

Usually, the effect of vertical ground motion is non-
ignorable for large-scale or irregular structures in high-risk
seismic zones. Chinese seismic code regulated that the
vertical ground motion should be considered for arch
structures, long cantilever structures, and large-span
structures against the seismic intensity level above eight. For
this seismic level, the peak ground acceleration corre-
sponding to the reoccurrence period of 475 years is 0.2 g. In
seismic design, the design spectrum of the vertical ground
motion can be considered 0.65 times the design spectrum of
horizontal components. From Table 1, it is known that, for
non-pulse-type records, the ratios between the PGA of the
vertical and horizontal component are 0.65, 0.6, 0.61, and
0.76, respectively; for pulse-type records, the proportions are
0.34, 0.79, 0.41, and 0.25, respectively. ,e intensity dif-
ference between the vertical and horizontal components is

No.1: 0.8939Hz No.2: 0.9632Hz No.3: 1.3077Hz No.4: 1.4733Hz No.5: 1.5848Hz

No.6: 1.7975Hz No.7: 1.9373Hz No.8: 2.3156Hz No.9: 2.4339Hz No.10: 2.9335Hz

Figure 2: ,e first ten vibration modes of the stress ribbon bridge.
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much more significant for pulse-type records. In the fol-
lowing, the effect of the vertical component on the structural
response is investigated. When the horizontal components

are rotated, the vertical component remains unchanged. ,e
rotated tridirectional ground motions can be derived
through .

Table 1: General information of selected ground motions.

No. Event RSN Mw R (km) Component PGA (g) PGV (cm/s) PGD (cm) Duration (sec)

1 Northridge-01 953 6.69 9.44
9 0.44 59.2 15.5 9.3
279 0.49 66.6 12.2 8.1
UD 0.32 20.3 2.8 9.1

2 Northridge-01 978 6.69 17.82
90 0.14 12.7 4.8 15.5
180 0.25 27.0 5.5 12.6
UD 0.15 11.7 4.0 18.1

3 Tottori, Japan 3934 6.61 16.6
EW 0.18 21.9 11.5 14.0
NS 0.15 21.7 10.5 15.6
UD 0.11 6.1 2.2 16.0

4 Darfield, New Zealand 6889 7 18.4
1 0.21 67.1 59.9 20.3
89 0.15 21.6 11.6 26.6
UD 0.16 16.0 12.5 19.6

5 Northridge-01 1004 6.69 0
270 0.75 77.6 11.8 8.2
360 0.93 76.2 17.7 8.5
UD 0.32 25.0 11.1 10.5

6 Northridge-01 1051 6.69 4.92
104 1.58 54.8 5.5 5.4
194 1.29 103.3 22.2 5.9
UD 1.23 49.1 11.3 5.7

7 Kobe, Japan 1106 6.9 0.94
0 0.83 91.0 21.1 8.4
90 0.63 76.0 18.3 9.5
UD 0.34 40.3 14.4 9.7

8 Duzce, Turkey 1602 7.14 12.02
0 0.74 55.9 25.6 8.5
90 0.81 65.8 13.1 9.0
UD 0.20 23.4 13.9 12.5
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Figure 3: ,e peak values of non-pulse-type ground motions varied with orientation.
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Figure 4: ,e peak values of pulse-type ground motions varied with orientation.
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Figure 6 illustrates the acceleration response spectra for
the strong horizontal component (with large PGA), the weak
horizontal component (with small PGA), and the vertical
component. In the following, the PGA of the strong hori-
zontal component was scaled to match the target value, and
the other two components were subsequently scaled with the
same proportion.

4. Seismic Response of the Stress Ribbon Bridge

4.1. Effect of Ground Motion Intensity on the Response.
,e flexible ribbon exhibits geometric nonlinearity corre-
lated with its tension force. During the dynamic vibration,
the influence of geometric nonlinearity on the various re-
sponse quantities is worthy of investigation. For clarifying
this effect, the RSN 953 record was scaled to 0.1 g, 0.2 g, 0.3 g,
and 0.4 g, and nonlinear time history analysis was per-
formed. For the convenience of comparison, all the re-
sponses are normalized by the result obtained from
PGA� 0.1 g. Figure 7(a) shows the tension force and the
bending moments of the ribbons and the pier; Figure 7(b)
shows the tridirectional displacements.,e responses shown
in Figures 7(a) and 7(b) include the response induced by the
self-weight of the bridge. Figures 7(c) and 7(d) show the
responses excluding the contribution of self-weight. It is
seen that as the PGA increases, all the forces and dis-
placements increase as well, while the increase proportion is
slightly reduced as PGA becomes large. ,e increments in
different response quantities are different, and the increases
in most of the response quantities are less than the increase
proportion in the PGA. For example, when the PGA was
increased from 0.1 g to 0.4 g, the increases in the normalized

responses of most of the response indexes are less than 4.
Notably, the increase in the longitudinal displacement and
vertical displacement of the ribbon is limited. For the stress
ribbon bridge, the axial force of the ribbon becomes large as
the displacement increases, which further leads to the in-
crease in the stiffness of the steel ribbon. ,erefore, under
elastic stage, it is expected that the displacement increase
caused by an increased ground motion intensity will be
limited due to the enhanced stiffness.

4.2. Directionality of Seismic Responses. ,e critical orien-
tation is defined as the direction from which the maximum
structural response is obtained among all the rotated ver-
sions of groundmotion. For each earthquake record, ten sets
of bidirectional horizontal components and ten sets of tri-
directional components were generated, and time history
analysis was performed based on each set of ground motion.
,e following responses were obtained from the nonlinear
time history analysis: the tridimensional displacements
(vertical, longitudinal, and transverse displacement), the
tension force and the negative bending moment of the
ribbons, the pier top tridimensional displacement, and
the pier base bending moment.

Figure 8(a) shows the midspan displacements of the long
span under bidirectional excitations of RSN953, and
Figure 8(b) shows the counterpart results caused by the
tridimensional excitations. ,e static vertical displacement
of the midspan under self-weight was not included. It is
observed that, even under bidirectional excitations, the
vertical and transverse displacements are greater than the
longitudinal ones. ,e transverse displacement is non-
ignorable for the stress ribbon bridge.,e result is consistent
with the mode shape (Figure 2), mainly resulting from the
vertical displacement. When the vertical ground motion was
input simultaneously (Figure 8(b)), the vertical displacement
increased by 35%, and the transverse displacement remained
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Figure 9: Distribution of responses obtained from non-pulse-type ground motions.
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the same.,e vertical excitation caused a significant increase
in the longitudinal displacement from 0.01m to 0.013m;
however, the displacement was still a very small value.

Figure 9 shows the maximum responses obtained from
the ten rotated versions of ground motions.,e thrust of the
ribbon, the negative bending moments of the ribbon at both
spans, the transverse displacement of the pier top, and the
transverse bending moment of the pier base were presented.
,ese indexes are considered important because they de-
termine the stress of the structural component. ,e rotation
angle varied between 0° and 90°. Similarly, take the RSN 953
record as an example. In case the tridirectional ground
motions were input, the critical direction for thrust occurs at
0°, corresponding to the version that the weak horizontal
component with PGA of 0.44 g was input to the longitudinal
direction and the other component input to the transverse
direction. From Figure 9, the influence of ground motion
direction can be identified. Generally, the vertical ground
motion has little influence on the selected responses of the

bridges. ,e responses induced by tridimensional excita-
tions may be slightly larger than those obtained from
bidimensional excitations at a specific direction and for a
specific type of response, as shown in Figure 8. However,
adding the vertical excitation to the stress ribbon bridge is
not expected to change the critical direction of the horizontal
components. ,erefore, in most cases, it will not induce
much error in estimating the critical orientation for the
selected responses if ignoring the vertical excitation.

,e insignificant effect of the vertical component may lie in
several aspects. First, the energy content of the vertical ground
motion tends to be less than that in horizontal ground motion
over a larger frequency domain. It can be observed from
Figure 6 that the peak spectral values for vertical components
located in a period range approximately from 0.1s to 0.3s; in
contrast, the counterparts for horizontal components located in
the broader period range, mainly due to the contribution of the
pulse-type ground motions. Second, the responses shown in
Figure 9 may not be sensitive to the vertical ground motions.
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Figure 10: Distribution of responses obtained from pulse-type ground motions.
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,e negative moment of the ribbon will be limited due to the
curved saddle and abutment. Due to the flexibility and the
kinetic displacement of the ribbon, the thrust variation is not
proportional to the displacement of the ribbon.,e response of
the pier in the transverse direction is not sensitive to the vertical
component because of the orthogonal directions. ,ird, the
vertical component’s amplitude is also essential in determining
structural responses. Averagely, the PGA ratio between the
vertical and horizontal components of the selected records is
0.55, representing the typical scenario. However, in extreme
conditions, the PGA ratio may exceed 1 [26], making the
vertical ground motions more significant for estimating the
critical direction and the corresponding responses.

For different response indexes, the critical orienta-
tions are very different. ,ere is no specific orientation
that is critical for all types of response. ,us, for a
comprehensive estimation of bridge performance, it is
desired to check the responses at all incidence angles.
Among the response quantities shown in Figure 9, the
negative bending moment of ribbon and the pier dis-
placement and bending moment exhibit significant
variation with the ground motion direction. For the
bending moment or the ribbon obtained from RSN953,
the maximum is about 2.09 times the minimum. ,e
negative bending moment occurs at the top of the pier,
where a saddle supports the ribbon. ,e contact area

between the saddle and the ribbon changes during the
vibration, inducing a significant variation in the bending
moment. For the pier base bending moment obtained
from RSN953, the maximum is 2.15 times the minimum,
indicating that the pier responses are also sensitive to the
variation of the ground motion orientation. Similar re-
sults can be observed from the responses of other records.

4.3. Response Obtained from Pulse-Type Ground Motions.
,e responses obtained from the bidirectional pulse-type
ground motions are illustrated in Figure 10. Previous re-
search has shown that the near-fault pulse-type ground
motions exhibit significant directionality, as the pulse
characteristics are apparent only in limited range of direc-
tion. In the analysis, pulse-type ground motions have also
been scaled to PGA equal to 0.2 g to compare between the
two types of ground motions. Under such a condition, the
aggressive pulse effect may be limited. Moreover, the du-
ration of pulse-type ground motions is shorter than those of
non-pulse-type ground motions. It is known that the du-
ration greatly affects the seismic responses of structures; a
low-damping structure is expected to generate a stronger
vibration under a long-duration excitation [22]. Referring to
a similar trend as observed from the results of non-pulse-
type ground motions is obtained.
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For directly comparing the responses between the two
sets of ground motions, Figure 11 presents the mean and
standard deviation of nine response quantities obtained
from the ten directions for the eight records. ,e response
includes the tridimensional displacements of the ribbon, the
thrust force of the two spans, the negative bending moment
of the ribbon, the pier top transverse displacement, and the
pier base bending moment. ,e vertical bar shows the mean
responses, and the red line shows the standard deviation
interval of the responses over the ten directions.,e number
on the horizontal axis corresponds to the record number. In
the responses, the part induced by the self-weight has been
excluded. Generally, non-pulse-type ground motions gen-
erate mean responses slightly larger than those of pulse-type
ground motions. Notably, the No.6 record with the shortest
significant duration causes the smallest responses among the
eight groundmotions. For the same response, the directional
variations of the two types of ground motions are ap-
proximately on the same level. ,e COVs for the nine re-
sponse quantities are 0.13, 0.19, 0.16, 0.17, 0.16, 0.15, 0.16,
and 0.16, respectively. ,e COVs of the responses are still
large but smaller than the COVs of the ground vibration
intensity measures presented in Figures 3 and4. ,e result
suggests that the seismic response of the stress ribbon bridge
is sensitive to the ground motion directionality. However,
the directionality is insignificantly sensitive to the type of
groundmotions, and the variation is not as significant as that
of the peak values of ground motions. ,e result obtained
from the stress ribbon bridge is consistent with Shahi and
Baker [27], who investigated the directionality of the ground
motions based on the spectral variation and revealed the
insignificance of the type of ground motions (insignificance
of the directivity effect).

5. Conclusions

,is study investigated the variation in response quantities
of a two-span asymmetric stress ribbon bridge subjected to
bidirectional and tridirectional earthquake ground motions
changed with the direction. As-recorded pulse-type and
non-pulse-type ground motions were introduced, and the
bidirectional pairs were rotated from 0° to 90° with 10°
increment. ,e seismic responses were estimated by con-
ducting a nonlinear time history analysis with the stress
stiffening effect in consideration. Various responses, in-
cluding the deck displacement, ribbon tension force, ribbon
bending moment, pier top displacement, and pier base
bending moment, were examined based on the numerical
analysis. ,e major findings and conclusions are summa-
rized as follows:

(1) ,e vertical and the transverse displacements of the
ribbon under earthquake excitations are generally
greater than the longitudinal displacement. ,e
transverse displacement and bending moment of the
pier increase more significantly with the ground
motion intensity than other responses, and these
responses are sensitive to the ground motion
orientation.

(2) ,e ground motions used for time history analysis
has an average acceleration ratio between the
vertical and horizontal component of 0.55. ,e
vertical ground motion may cause an increase in
response in a specific direction. However, the
vertical component can be ignored in estimating
the critical orientation for the responses, in-
cluding the ribbon thrust force, the ribbon
bending moment, pier top displacement, and pier
base moment.

(3) ,e response quantities exhibit different sensitivities to
the orientation of groundmotion, and there is no single
orientation from which all responses are critical. ,e
maximum may be over two times the minimum of the
responses over directions, and the coefficients of vari-
ation of various responses over directions are from 0.13
to 0.19. A comprehensive check of the responses in all
directions is generally desired for deriving a conser-
vative estimation of the seismic response of the stress
ribbon bridge.

(4) ,e directionality obtained from the pulse-type and
non-pulse-type ground motions recorded in near-
fault regions is approximately on the same level. ,e
pulse effect can be neglected when estimating the
effect of the directionality of the near-fault ground
motions on responses of the stress ribbon bridge.

(5) It is noted that the above conclusions were drawn from
the analysis based on a typical steel-plate stress ribbon
bridge. Other factors such as the structural period and
geometries may also affect the directionality effect. It is
expected that broader conclusions can be drawn when
more factors are comprehensively investigated.
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