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Ductile end diaphragms have been suggested as an appropriate device in the past to improve
the seismic response of steel girder bridges. This paper investigates the efficiency of the seis-
mic design strategy that utilized a slab-connected steel plate as a ductile diaphragm in the
superstructure. Protecting the main girder from typically reported damage and mitigating the
transferred lateral load to the non-ductile substructures are the main objectives of this study.
The results show that a slab-connected thin steel plate with low yielding stress (LYS) can miti-
gate the force demand on the non-ductile substructures and act as a structural fuse. It can also
reduce the transverse displacement of the superstructure and, consequently, prevent the end
of the main girder from buckling and/or yielding.

Cite this article as: Jamshidi M. LYS semi-supported plate as a ductile end-diaphragm in steel
girder bridges. Sigma J Eng Nat Sci 2024;42(1):70-81.

INTRODUCTION

Past study has shown the vulnerability of steel girder
bridges [1-3]. Hence, some studies were conducted to deter-
mine the lateral load path and define a critical component of
the superstructure. Preliminary analyses revealed the effect
of the end diaphragm and also the effect of bearing stiffeners
on the maximum lateral displacement of steel girder bridges
[4, 5]. In 1996, the application of ductile end diaphragms in
steel bridge superstructures was suggested [6]. It was found
that only the end diaphragm and a part of the steel girder
including the bearing stiffeners (adjacent to the supports),
were the main segment of the lateral load resistance system
of the steel girder bridges [7, 8]. Furthermore, due to the rea-
son that more practical ductile diaphragm sizes are designed
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when only one energy-dissipation device is located at each
end, only two steel girders are connected by a ductile end
diaphragm are needed to be studied [9]. In 1999, triangu-
lar-plate added damping and stiffness (TADAS) shear panel
system (SPS) and eccentrically braced frames (EBF) were
used as ductile end diaphragms [10]. Carden et al. [11, 12]
applied buckling-restrained braces (BRB) and single-angle
X braces as a ductile end diaphragm. Jamshidi et al. [5, 8]
proposed the use of steel plates as a ductile diaphragm in
steel girder bridges. In 2019 the effect of this strategy was
also approved in steel tube girder bridges [13]. In Jamshidi
studies, the vertical edges of the infill plate were connected
to the bearing stiffeners (which are primary elements of the
gravity load caring system). Thin infill plate end diaphragms

Published by Yildiz Technical University Press, Istanbul, Turkey

Copyright 2021, Yildiz Technical University. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).


https://sigma.yildiz.edu.tr
https://orcid.org/0000-0001-7859-4601
http://creativecommons.org/licenses/by-nc/4.0/

Sigma J Eng Nat Sci, Vol. 42, No. 1, pp. 70-81, February, 2024

71

buckled in shear at low lateral displacement and the exten-
sion of the tension field caused severe stress on the bearing
stiffeners as vertical boundary elements. This may lead to
the main girder damage and consequently, bridges collapse.
In the building structures to mitigate vertical boundary
demands, steel plates are only connected to the beam [14-
17]. By patterning this idea, the infill plate is only connected
to the concrete slabs to improve the seismic response of the
thin steel infill end diaphragm.

However, there is no adequate guidance to calculate
the ductility, force reduction factor, and stiffness of the
semi-supported steel plate end diaphragms for steel bridges.
Hence, this study is conducted to determine the efficiency
of semi-supported LYS plate end diaphragm as a retrofit
methodology using force reduction factor and also inves-
tigate the effect of LYS plate end diaphragm as a structural
fuse using ductility coefficient.

METHOD OF STUDY

Models

In this study, the span of a 40-m steel girder bridge with
a width of 8 m was considered. The full composite action
between a reinforced concrete slab with 200-mm-thick-
ness and steel girders (WWEF 1200x333) spaced at 2 m
was assumed. This bridge does not have the benefit of

underside bracing. The bridge was designed by Dicleli
and Bruneau [18] with respect to the strength require-
ments of the 1961 edition of the American Association of
State Highway Officials [19]. Based on the experimental
and numerical studies, the main part of the seismic load
is transferred to the substructure through the end of the
span [4, 20, 21]. Therefore, analysing the end diaphragm
panel can appropriately represent the seismic behaviour of
the bridge. Hence the stub of the steel girder bridge, con-
sisting of the end diaphragm, the bearing stiffener, and a
part of the steel girder (500 mm) (Figure 1) were used to
study the use of semi-supported steel plates in steel girder
bridges as an energy dissipation device by varying the infill
plate thickness (t,, = 3, 5, and 7 mm), length (I,,=540, 1080
and 1744 mm) and material properties of the steel plate
(S1, S2) (Table 1). Horizontal boundary elements (HBEs)
(W150%37) and bottom and top chords (2L55x55x5) were
designed based on the requirements of the AISC Design
Guide 20 [22] to permit the extension of yield lines across
the semi-supported steel plate, to resist the corresponding
tension from the plate, and to stay in the elastic range. The
bottom and top chords were fastened to the adjoining con-
crete components via adequate bolts. Two 20x 30x 2 mm
box sections of 735.6 mm height located at a distance of 20
mm from the horizontal boundary elements were used for
stiffening the free edges and preventing more out of plane
deformations of thin infill plates due to shear buckling.
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Figure 1. Semi-supported steel infill plate as a ductile end diaphragm.

Table 1. Definition of studied models

Name of Models Lw (mm) tw(mm) Name of Material

Name of Models Lw (mm) tw (mm) Name of Material
0540-t3-Fy86 540 3 S1
1080-t3-Fy86 1080 3 S1
1744-t3-Fy86 1744 3 S1
0540-t3-Fy165 540 3 S2
1080-t3-Fy165 1080 3 S2
1744-13-Fy165 1744 3 S2
0540-t5-Fy86 540 5 S1
1080-t5-Fy86 1080 5 S1
1744-t5-Fy86 1744 5 S1

0540-t5-Fy165 540 5 S2
1080-t5-Fy165 1080 5 S2
1744-t5-Fy165 1744 5 S2
0540-t7-Fy86 540 7 S1
1080-t7-Fy86 1080 7 S1
1744-t7-Fy86 1744 7 S1
0540-t7-Fyl165 540 7 S2
1080-t7-Fy165 1080 7 S2
1744-t7-Fy165 1744 7 S2
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Material Property

The stress-strain curve, which is adapted from the
experimental research of Zahrai and Bruneau [23], was
used to investigate the effects of the nonlinear material
properties of bearing stiffeners, HBEs, and steel girders on
the finite element (FE) studies (Figure 2 (a)). Moreover,
semi-supported LYS infill plates with various material
properties were applied as end diaphragms (Table 2). The
infill plate materials are elastic-plastic models with a lin-
ear strain hardening ratio (H/E) (Figure 2 (b)). For all
steel materials, the Poisson’s ratio and module of elasticity
equal 0.3 and 200 GPa, respectively. In this research, all
the materials follow the combined hardening rule, and the
Von-Mises yield criterion is used to show the yielding of the
metal materials.

Numerical Modelling

Buckling and incremental nonlinear pushover anal-
yses were conducted using ABAQUS FE software. The
bearing stiffeners, steel girders, infill plates, and horizontal
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(a) Stress-strain diagram for boundary elements
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(b) Typical stress-strain diagram for in-fill plates

Figure 2. Material properties.

Table 2. Various types of LYS material applied as infill plates

boundary elements were modelled and meshed using
4-node doubly curved thin shell (S4R) with reduced inte-
gration, hourglass control and finite membrane strains.
An 8-node linear brick (C3D8R) with reduced integration
and hourglass control was used to mesh the concrete slab
(Figure 3).

Quad element shape with standard technique was used
to mesh control of diaphragm elements and the finite ele-
ment size ranging from 35 to 50 mm. Minimize the mesh
transition option is also used during the meshing process.
In certain cases, this option will help to reduce the mesh
distortion. However, the mesh may deviate farther from the
specified seeds.

To study the effect of meshing size in the analysis
process, the capacity curve of the model 1080-t5-Fy86

An eight-node reduced
integration solid element
(C3D8R)

A four-node reduced
integrated shell element
(S4R) 4 3

1 2

4-node reduced
integration element

Figure 3. Element type in the numerical analysis.
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Figure 4. The capacity curve of the model 1080-t5-Fy86
with different meshing size.
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was extracted in five different cases (in terms of the
meshing size). As the meshing size increases, the differ-
ence between the capacity curves (for the displacement
of more than 10 mm) will increase; as far as the force
corresponding to the 35 mm displacement of the model
with a meshing size of 150 mm is equal to 567 kN which
is about 4% more than the corresponding force of the
models with the mesh dimensions of less than 50 mm
(Figure 4). Therefore, the meshing size is limited to less
than 50 mm in this paper.

A reduced integration formulation was applied to
obtain more precise results and to decrease computing
time. Furthermore, the inclusion of nonlinear effects of
large displacements was considered. The shear connector
was modelled using zero-length spring elements through-
out the steel girder to define the composite action among
the steel girders and the concrete slab. As shown in Figure
5, there are four supporting points each main girder. For
all these supporting points, the displacement in all direc-
tions and also rotation around all axes (except Y axes) were
restricted. A lateral load was applied to the FE specimen
through the displacement of the concrete slab, which was
gradually enhanced from zero to a target displacement
that corresponded to 3% of the steel girder height (Figure
5). This was conducted through the static-general analysis
with a time period of 100 and 0.1 maximum increment
size.

Validation of Numerical Modelling

To the authors’ knowledge, semi-supported plates
have not been considered as ductile end diaphragms to
date. Hence, there are not enough experimental stud-
ies. Therefore, to evaluate the accuracy of the numerical
modelling, the verification study is separated into end
diaphragm verification and semi-supported steel plate
verification.

The experimental results for the short girder segment
that were reported by Zahrai and Bruneau [9] were anal-
ysed to validate the modelling of the end diaphragm and
the composite action between the concrete slab and steel
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Figure 5. Support conditions and load case.

1000000

___ Experimental
— Pushover
Cyclic

00000

e

sty
- - - Experiment

Applied force (N)
g
o o

-10000 ——— FEA reported by Shekasteband et al.
15000 I T FEA reported by Author
-40 -20 o 20 40

Displacement (mm)

(b) Verification of SPSW capacity curve

Figure 6. Validation of numerical modelling.

girders. The end diaphragm modelling and the composite
action among the steel girders ad concrete slab were val-
idated by analysing the experimental results for the short
girder segment that were reported by Zahrai and Bruneau
[9]. The FE results slightly underestimated the experimen-
tal strength (by approximately 7%) up to the 25 mm drift
amplitude (Figure 6 (a)). During the cycles over a 25-mm
drift, strength loss was detected on the hysteretic diagrams.
This loss cannot be captured through the FE simulation as
the modelling of some secondary parameters is not consid-
ered. To evaluate the simulation of the semi-supported steel
infill plate, the boundary conditions, and the modelling of
initial imperfection, the experimental study conducted by
Shekasteband et al. [24] was considered. The blue curve was
drawn using the FE study and showed appropriate agree-
ment between the experimental results and the numerical
study (Figure 6 (b)).
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RESULTS AND DISCUSSION

The capacity curves of all models extracted from push-
over analysis (Figure 7) were replaced with an idealized
curve based on the procedure illustrated in FEMA 356 [25]
(Figure 8). This idealized curve is bilinear with initial slope,
K., and post-yield slope,a. The effective stiffness, K,
taken as the scant stiffness calculated at a strength equal to
60% of the effective yield force, V,,. The post-yield slope, a,

is
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Figure 7. Capacity curve of all studied models.

is determined via a straight line segment that passes through
the actual capacity curve at the target displacement. FEMA
356 [25] and FEMA P695 [26] define the displacement cor-
responding to 20% decrease in the maximum strength of
the diaphragm as ultimate displacement. Moreover, studies
on SPSWs have shown that the structures suffered signifi-
cant damages at 3% drift [27-29]. Hence, a minimum dis-
placement corresponding to these two mentioned criteria
was used as the target displacement.
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Figure 8. Idealized capacity curve.

The elastic lateral force was calculated based on
AASHTO [30]. In this design specification, equivalent
static earthquake loading is related to the seismic mass via
an elastic seismic response coefficient, C,,. C,, is a func-
tion of the period of the bridge that is calculated by equa-

tion (1).
T=2 n\/% (1)

For slab on girder steel bridges, the bridge stiffness, K,
is composed of the bridge end segment stiffness, K ,,;, the

Table 3. Stiffness and period of all models

generalized stiffness of the superstructures, K*, and the
stiffness of the substructure, K ,,;, (equation (2)) [8, 10].

sub?
K= 1
T 1 1.1 )
Kend K* Ksub

As this study concentrated on the single-span steel
bridges supported on stiff substructures, the flexibility term
of the substructure is neglected. K ,,; is obtained by add-
ing the lateral stiffness provided by bearing stiffeners to the
diaphragm stiffness. Based on the studied bridge dimen-
sions and applied materials, m and K* are calculated equal
to 14583 kg. sec’/m and 272 kN /mm, respectively. The
bridge periods due to the use of different semi-connected
end plate diaphragms are provided in Table 3. As can be seen
in Table 3, the period of all models lie within the constant
acceleration region of the design response spectrum pro-
vided by AASHTO [30]. Therefore, elastic seismic response
coefficient and consequently elastic force are constant for
all models and are equal to 0.61 and 825 kN, respectively.

To dissipate seismic induced energy, ductile end dia-
phragms should be calibrated to yield before the elastic
demand (825 kN) is reached. Hence the models, named
1744-t5-Fy165, 1744-t7-Fy86, 1080-t7-Fyl165, and 1744-
t7- Fyle5 with effective yield force (as an illustrated
in Figure 9) are equal to 1112, 982, 881 and 1413 kN,
respectively, cannot be considered as a ductile end dia-
phragm (because V,, . is greater than V). The von Mises
stresses distribution (in N/mm?) of 1744-t7-Fy165 (as an

Name of Models K, Kena K T
(kN/mm) (kN/mm) (kN/mm) (Sec)

540-t3-Fy86 33.19 46.47 39.69 0.38
1080-t3-Fy86 50.88 64.16 51.91 0.33
1744-t3-Fy86 135.21 148.49 96.05 0.24
540-t3-Fy165 41.73 55.01 45.76 0.35
1080-t3-Fy165 111.82 125.10 85.69 0.26
1744-13-Fy165 242.34 255.62 131.78 0.21
540-t5-Fy86 41.26 54.54 45.43 0.35
1080-t5-Fy86 142.70 155.98 99.13 0.24
1744-t5-Fy86 371.37 384.65 159.33 0.19
540-t5-Fy165 66.96 80.24 61.96 0.30
1080-t5-Fy165 216.16 229.44 124.46 0.21
1744-t5-Fy165 406.64 419.92 165.07 0.18
540-t7-Fy86 55.80 69.08 55.09 0.32
1080-t7-Fy86 258.54 271.82 135.95 0.20
1744-t7-Fy86 506.40 519.68 178.55 0.18
540-t7-Fy165 94.26 107.54 77.07 0.27
1080-t7-Fy165 278.94 292.22 140.87 0.20
1744-t7-Fy165 512.91 526.19 179.31 0.18
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Figure 9. Response modification parameters on idealized
curve.

inappropriate diaphragm) and 1080-t5-Fy86 (as an appro-
priate diaphragm) at the displacement corresponded to the
elastic demand, §,, are shown in Figure 10 (6,, is deter-
mined based on the linear elastic equation with a slope of
K, (Figure 9)). In Figure 10, the yielding zone is shown in
green and red color for the semi connected thin plate and
the surrounding frame, respectively. According to Figure
10(a), the semi-connected plate of the 1744-t7-Fy165 model
doesn't yield at §, which shows the 7mm plate (with F,, =
165 Mpa and the length of 1744 mm) cannot be used as a
dissipation energy device in a bridge demonstrated in sec-
tion 2.1. However, in the 1080- t5-Fy86 model, a semi-con-
nected thin plate significantly yields which shows a 5 mm
plate (with F,, = 86 Mpa and the length of 1080 mm) can
be used as a ductile end diaphragm in a bridge described in
section 2.1 (Figure 10(b)).

Main girders adjacent to the semi-connected end plate
diaphragms (SCEP) are considered a gravity load resisting
system and should behave elastically. The stiffness deg-
radation indicates the formation of a new plastic region

5, Mises.
SNEG, {fraction = -1.0)
Avg: 75%)

10; Step Time = 1,000

Primmary Var: S, Mises.
Deformed Var: U Deformation Scabe Factor: x = +124000 y = +1e+000 2 = +2e+00

(a) 1744-t7-Fy165 as a nonductile end diaphragm

5, Mises
SNEG, (fraction — 1.0}
[Ava: 75%)

Step: Step-1
Tnctement . 15: Stap Time = 1.500
Primary Var: S, Hises

Defarmed Var: U Daformation Scale Factor ¥ = +18+000 y = +1&+000 7 = +2e+00

(b) 1080-t5-Fy86 as a ductile end diaphragm

Figure 10. Mises stresses distribution at §, corresponded to
the elastic strength demand, 825 kN.

and/or new structural damage. Therefore, tangent stift-
ness degradation of the SCEP diaphragms to less than the
bare surrounding frame stiffness (K, = 16.85 kN /mm)
can be considered as a main girder damage criterion.
Tangent stiffness at the elastic strength demand, K, ,, of
the remained models, were calculated and provided in
Table 4. According to the mentioned main girder damage
criterion, 540-t3-Fy86, 1080-t3-Fy86, 540-t3-Fy165, 540-
t5-Fy86, 540-t5-Fyl65, 540-t7-Fy86 and 540-t7-Fyl65
with K, equal to 2.31, 6.68, 4, 4.04, 9.69, 7.22 and 13.89
kN /mm, respectively, cannot prevent the inelastic behav-
ior of the main girders at the elastic strength demand. The

Table 4. Tangent stiffness at the elastic strength demand, K, ,, of the ductile SCEP

Name of Models 5, Koy Name of Models 5, K,
(mm) (kN/mm) (mm) (kN/mm)
540-t3-Fy86 24.86 2.31 1080-t5-Fy86 5.78 22.35
1080-t3-Fy86 16.22 6.68 1744-t5-Fy86 2.22 35.49
1744-t3-Fy86 6.1 22.61 540-t5-Fy165 12.32 9.69
540-t3-Fyl65 19.77 4 1080-t5-Fy165 3.82 25.68
1080-t3-Fy165 7.38 18.37 540-t7-Fy86 14.78 7.22
1744-t3-Fy165 3.4 37.43 1080-t7-Fy86 3.19 24.48
540-t5-Fy86 19.99 4.04 540-t7-Fyl165 8.75 13.89
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Figure 11. Mises stresses distribution at ge.

von Mises stresses distribution of 540-t3-Fy86 (as an inap-
propriate diaphragm) and 1080-t5-Fy86 (as an appropriate
diaphragm) at the displacement corresponded to the elastic
demand, é,, are shown in Figure 11. According to Figure
11(a), the main girders yield at §, which shows the 5 mm
plate (with F y = 86 Mpa and the length of 540 mm) can-
not be used as a structural fuse in the bridge superstructure
demonstrated in section 2.1. However, in the 1080-t5-Fy86
model, the main girders don't yield at &, which shows a 5
mm plate (with F , =86 Mpa and the length of 1080 mm)
can be used as a structural fuse in a bridge superstructure
described in section 2.1 (Figure 11(b)).

Based on the ductile diaphragm definition and also
the structural fuse concept, 1744-t3-Fy86, 1080-t3-Fy165,
1744-t3-Fy165, 1080-t5-Fy86, 1744-t5-Fy86, 1080-t5-
Fy165 and 1080-t7-Fy86 are determined as the appropriate
SCEP diaphragms. The optimum SCEP diaphragm is dis-
tinguished according to the response modification factor,
R, which is extracted from the idealized capacity curve. In
this order, the ultimate displacement of the idealized curve,
6, is calculated through the assumption that the elastic
response of the SCEP is restricted to the strength equal to
825 kN (Figure 9). Therefore, the area enclosed by the ide-
alized capacity curve is calibrated to equal the area enclosed
by the elastic response (in Figure 9 A; = A4,). The amount
of 6,; and V are calculated for the appropriate SCEP dia-
phragms and presented in Table 5.

8, off is calculated via equation (3) and then the ductil-
ity ratio, y, is defined by equation (4).

Vr

8yerr = E (3)
_ 5ui
S @

The ductility reduction factor, R, can be expressed as a
function of the ductility ratio [31]:

R, =2u—1 (5)

In this study, the force reduction factor is calculated by
equation (6):

R = Ry (©)

In equation (6), the overstrength factor is:

4
Q=1 (7)

In equation (7), V, is the strength at the first significant
yield. The significant yield coincides with the significant
stiffness reduction. Hence stiffness reduction diagram is
used to determine the first significant yield. In Figure 12(a),
the stiffness reduction bar chart is shown for 1080-t5-Fy86.
According to this bar chart, the maximum stiffness reduc-
tion and consequently the first significant yield accrued at
the displacement is equal to 0.86 mm corresponding to the
183.3 kN strength (Figure 12(b)). The von Mises stresses
distribution of 1080-t5-Fy86 at the displacement corre-
sponded to the first significant yield, &, is shown in Figure
12(c). As shown in this figure, the first significant yield is
concentrated in the SCEP which shows the appropriate per-
formance of the proposed end diaphragm as a structural
fuse in the bridge superstructure. Moreover, Figure 12(c)
shows the diagonal tension field extension. Hence, although
the seismic energy dissipates through the thin plate yield-
ing, the residual stiffness and the increase in the strength of
the SCEP diaphragm are considerable due to the diagonal
tension field extension (such as the benefits reported for
the steel plate shear wall). For all appropriate models, the
response modification factors and all required parameters
are calculated and presented in Table 5. As seen in Table
5, by increasing the thickness, the length, and/or the yield-
ing stress of the appropriate semi-connected infill plate, the
ductility and the response modification factor of the end
diaphragms decrease. For example, the end diaphragms
have a semi-connected plate with 1080 mm length and 86
MPa yielding stress, increasing the plate thickness from 5
(in model 1080-t5-Fy86) to 7 mm (in model 1080- t7-Fy86)
decreases the ductility and the response modification factor
from 2.63 to 2.1 and from 4.55 to 3.03, respectively. And
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Figure 12. Specify the first significant yield of the 1080-t5-Fy86.
Table 5. ductility and response modification factor parameters of appropriate SCEPs
Name of Models S of Oy eff Oui v v, Vg u R, Q, R

(mm) (mm) (mm) (mm) (kN) (kN) (kN)

1744-t3-Fy86 0.80 3.33 3.47 7.17 199 450 469 2.07 1.77 2.36 4.17
1080-t3-Fy165 1.31 3.55 3.78 9.26 188 397 423 2.45 1.97 2.25 4.44
1744-t3-Fy165 1.31 2.51 2.54 3.56 340 609 616 1.40 1.34 1.81 2.43
1080-t5-Fy86 0.86 2.66 2.83 7.46 183 379 404 2.63 2.07 2.20 4.55
1744-t5-Fy86 0.87 1.51 1.53 2.38 333 560 567 1.56 1.46 1.70 2.48
1080-t5-Fy165 1.42 2.44 2.48 4.19 311 527 537 1.69 1.54 1.73 2.66
1080-t7-Fy86 1.06 1.75 1.79 3.76 274 451 463 2.10 1.79 1.69 3.03

also increasing the length from 1080 (in model 1080-t5-
Fy86) to 1744 mm (in model 1744-t5-Fy86) decreases the
ductility and the response modification factor from 2.63 to
1.56 and from 4.55 to 2.48, respectively. Moreover, increas-
ing the yielding stress from 86 (in model 1080-t5-Fy86) to
165 MPa (in model 1080-t5-Fy165) decreases the ductil-
ity and the response modification factor from 2.63 to 1.69
and from 4.55 to 2.66, respectively. Consequently, based on
Table 5 the semi-connected end plate diaphragm with 86

MPa yielding stress, 5 mm thickness, and 1080 mm length
infill plate (model 1080-t5-Fy86) is verified as an optimum
diaphragm.

The hysteresis behavior of the appropriate SCEP dia-
phragms is studied through the cyclic analysis (such as the
hysteresis curve of the 1080-t5-Fy86 shown in Figure 13).
This analysis is conducted to investigate the energy dissi-
pation capacity of a SCEP diaphragm up to ultimate dis-
placement, 6,,;.
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Figure 13. The hysteresis behavior of the 1080-t5-Fy86.

The amount of dissipated energy at each cycle is equiva-
lent to the area enclosed by aload-displacement curve of the
corresponding excursion. The energy dissipation capacity
of a device is generally stated via the cumulative hysteretic
energy dissipation (E};) parameter, which is equivalent to
the summation of the closed cycle’s area (from the initial
excursion up to the recent cycle). To compare the energy
dissipation capacity of proper LYS infill plates, the normal-
ized cumulative hysteretic energy dissipation parameter
(Eyn), which is calculated by equation (8), is applied [32].

Ey
Eyny = _Vy x5, (8)

In Figure 14, the variation of the E, is drawn against
the cumulative number of cycles. As can be seen in Figure
14, 1080-t5-Fy86 has the largest Eyy value and also the
cumulative number of cycles, with amounts of 41.6 and 22,
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Figure 14. The variation of the E ) versus the cumulative
number of cycles.

Table 6. Equivalent viscous damping ratio of appropriate
SCEPs

Name of 6y Vi E B eq
Models (mm) (kN) (kN.mm) (%)
1744-t3-Fy86 7.2 407 4050 22.1
1080-t3-Fy165 9.3 384 4001 17.9
1744-t3-Fy165 3.6 479 1574 14.7
1080-t5-Fy86 7.5 354 3483 21.0
1744-t5-Fy86 2.4 414 1514 24.4
1080-t5-Fy165 4.2 438 2024 17.6
1080-t7-Fy86 3.8 367 2512 29.0

respectively. This also indicates that the semi-connected
end plate diaphragm with 86 MPa yielding stress, 5 mm
thickness, and 1080 mm length infill plate (model 1080-t5-
Fy86) is the optimum diaphragm for the studied bridge.

Equivalent viscous damping ratio, f,,, is calculated via
equation (9) and based on the cyclic hysteresis date corre-
sponded to the ultimate displacement:

E
ﬁeq B 2 T[Vmﬁui (9)

The closed cycle’s area, E, and equivalent viscous damp-
ing ratio, S, of all appropriate diaphragms are provided
in Table 6. The equivalent viscous damping ratio of model
1080-t5-Fy86 is calculated as 21%. This value is appropriate
for ductile performance.

CONCLUSION

Eighteen semi-connected end diaphragm panels with
different infill plate thicknesses, different lengths, and dif-
ferent types of steel materials were used to enhance the seis-
mic performance of steel girder bridges.

The following summarizes were resulted through the
parametric studies:

o To dissipate seismic induced energy, the infill plate
should be yielded before the elastic demand (825 kN)
is reached. Excessive increases in the infill plate length
and thickness lead to the elastic behaviour of SCEP dia-
phragms. According to this study, the models named
1744-t5-Fy165, 1744-t7-Fy86, 1080-t7-Fy165, and 1744-
t7-Fy165 are considered nonductile end diaphragms.

o Main girders are considered a gravity load resisting
system and should stay behave elastically. Too much
reduction of the infill plate length and thickness con-
centrate damage to the bearing stiffeners of the main
girders. Based on this study, the models named 540-t3-
Fy86, 1080-t3-Fy86, 540-t3-Fy165, 540-t5-Fy86, 540-
t5-Fy165, 540-t7-Fy86, and 540-t7-Fyl65 cannot be
considered as a structural fuse.
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o The optimum SCEP diaphragm is distinguished accord-
ing to the response modification factor, R. According
to this study, the model 1080-t5-Fy86 with a 4.55
response modification factor is verified as an optimum
diaphragm.

o The variation of the normalized cumulative hysteretic
energy dissipation is studied against the cumulative
number of cycles through the cyclic analysis. The results
show that 1080-t5-Fy86 has the largest E, value and
also the cumulative number of cycles, with amounts of
41.6 and 22, respectively.

NOMENCLATURE

C,,,  Elastic seismic response coefficient.

Ey Cumulative hysteretic energy dissipation, kN. mm.

Eyy  Normalized cumulative hysteretic energy dissipa-
tion parameter, kKN. mm.

K Bridge stiftness, kN /mm.

K Generalized stiffness of the superstructures,
kN /mm.

Kbare Bare surrounding frame stiftness, kN /mm.

K, Effective stiffness, kN /mm.

K,,,  Bridge end segment stiffness, kN /mm.

K.,  Tangent stiffness at the elastic strength demand,
sec.

K.,  Stiffness of the substructure, kN /mm.

R Response modification factor.

R Ductility reduction factor.

T Period of the bridge, Sec.

4 Strength at the first significant yield, kN.
v, Yield force, kN.

V,ers Effective yield force, kN.

y
Greek symbols
a Post-yield slope.
Beq Equivalent viscous damping ratio.
6, Elastic demand, mm.
8, Displacement corresponded to the first significant
yield, mm.
Sy Ultimate displacement of the idealized curve, mm.
g, Yield displacement, mm.
8,rr Effective yield displacement, mm.
U Ductility ratio.
Q, Overstrength factor.
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