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a b s t r a c t

Prestressed concrete bridges with corrugated steel webs have emerged as one of the promising bridge
forms. However, the presence of prestressing tendons and shear-deformable corrugated steel webs with
negligible axial stiffness complicates the formation of plastic hinges under applied loading to failure. The
full-range structural behaviour of these bridges and plastic hinge formation are therefore studied exper-
imentally and numerically. The more localised flange plastic hinge caused by both web shear deformation
and local flange bending interacts with the full-depth plastic hinge of such a bridge. Tests show that the
full-range structural behaviour of the bridge is mainly governed by the localised flange plastic hinges. A
formula is proposed to predict the equivalent interactive plastic hinge length, which helps to predict the
full-range structural behaviour taking into account the presence of external prestressing tendons. Some
design recommendations are also provided.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Concrete bridges with corrugated steel webs and external pre-
stressing have emerged as one of the promising bridge forms for
short to medium spans. Since the appearance of Cognac Bridge in
France in 1986, this form of bridges has evolved and spread to
other countries. Its lightness makes it ideal not only for girder
bridges but also serving as the deck in cable-stayed bridges. The
corrugated steel webs provide high shear resistance and obviate
the need for extensive stiffeners. Because of the negligible axial
stiffness of corrugated webs, the prestress can be introduced effi-
ciently to the concrete flanges that need pre-compression. Pre-
stressing is often achieved by both internal and external tendons.
This structural form therefore provides excellent structural effi-
ciency. Hereafter in this paper, this form of bridge is assumed
unless otherwise stated.

Although various models [1,2] have been proposed to predict
the static elastic behaviour of the bridge, few researchers have
studied the formation of plastic hinges in these bridges and their
effect on the full-range structural behaviour that covers both the
pre-peak-strength and post-peak-strength responses. Plastic hinge
formation is often used to describe the behaviour of concrete
beams at failure, e.g. Ho and Pam [3], Au et al. [4], Du et al. [5],
Chou et al. [6], Yang et al. [7], Di Ludovico et al. [8], and Lee
et al. [9], but it remains a controversial issue [10]. There are three
approaches in describing the extent of plastic region: (a) the actual
size of plasticity zone observed, (b) the equivalent size estimated
based on a representative plastic curvature, and (c) the size of
region requiring effective confinement. In Approach (a), the phys-
ical length of the actual plastic hinge region, i.e. the physical plastic
hinge length lpc, is defined as the length over which actual plastic-
ity spreads. To describe the deformation capacity in Approach (b),
an equivalent plastic hinge length lp is often defined where the
plastic curvature is assumed to be constant at the peak value
[11]. Approach (c) by providing effective confinement will be
explained later.

Studies of plastic hinges in reinforced concrete (RC) and pre-
stressed concrete (PC) members are mostly based on experiments.
Table 1 summarises various empirical formulae proposed for the
equivalent plastic hinge length lp on one side of the critical section
for conventional concrete members as elaborated below. The major
factors affecting the equivalent plastic hinge length include the
effective or total depth of section, concrete strength, compressive
axial load level, properties and areas of longitudinal and transverse
steel, and distance between the critical section and point of contra-
flexure. As the expressions in Table 1 are taken from various
sources [12–27], the symbols are adjusted for consistent presenta-
tion. The geometric properties include the distance from the
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Table 1
Equivalent plastic hinge length lp on one side of critical section.

Source Equivalent plastic hinge length on one side Applicable members

Baker [12] k1k2k3ðz=dÞ0:25d Members with unconfined concrete

Baker and Amarakone [13] 0:8k1k3ðz=dÞc Members confined by transverse steel
Sawyer [14] 0:25dþ 0:075z RC members
Corley [15] 0:5dþ 0:2

ffiffiffi
d

p
ðz=dÞ Beams

Mattock [16] 0:5dþ 0:05z Beams
Park et al. [17] 0:5h Columns
Priestley and Park [18] 0:08zþ 6db Confined columns
Paulay and Priestley [19] 0:08zþ 0:022dbf y Beams and columns
Sheikh and Khoury [20] 1:0h Columns under high axial loads
Bayrak and Sheikh [21] 0.9h to 1.0h Columns
Coleman and Spacone [22] Gcf =½0:6f 0cðe20 þ 0:8f 0c=Ec � ecÞ� RC members

Panagiotakos and Fardis [23] 0:18zþ 0:021dbf y Beams and columns
Mendis [24] 0:4h Columns
Bae and Bayrak [25] lp=h ¼ ½0:3P=P0 þ 3As=Ag � 0:1�z=hþ 0:25 P 0:25 Columns
Berry et al. [26] 0:05zþ 0:1f ydb=

ffiffiffiffiffi
f 0c

q
Columns

Subramanian [27] lp=h ¼ 0:9½1þ 0:5P=P0�k3ðz=hÞ0:25 for P=P0 > 0:2
lp=h ¼ 0:25 for P=P0 6 0:2

Columns
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critical section to the point of contra-flexure z; the effective section
depth d; the neutral axis depth c at the ultimate moment; the sec-
tion depth h of the column, and the gross area of member section
Ag. The longitudinal reinforcement of sectional area As comprises
bars of diameter db and yielding stress fy. The concrete has com-
pressive cylinder strength fc0, peak compressive strain ec, strain
e20 corresponding to 20% of the compressive strength, and fracture
energy in compression Gcf. The compressive axial force in the
member is P, while the axial compressive strength of member
without bending moment is given by P0 = 0.85fc0(Ag � As) + fy As.
The parameters used in Table 1 are: k1 = 0.7 for mild steel, or 0.9
for cold-worked steel; k2 = 1 + 0.5P/P0; k3 = 0.6 for fc0 = 35.2 MPa,
or 0.9 for fc0 = 11.7 MPa.

Some researchers, e.g. Youssf et al. [28], have also studied the
plastic hinge of concrete columns confined by fibre-reinforced
polymer (FRP). Despite various formulae suggested for the equiva-
lent plastic hinge length, no common consensus has been reached.
Another related quantity by Approach (c) is the critical region
length lc in design, defined as the extent requiring effective con-
finement by transverse reinforcement so as to achieve the intended
performance level of flexural ductility [29]. The equivalent plastic
hinge length should be a fictitious extent within the critical region
of a member. Clause 10.4.5 of NZS 3101 [30] recommends the crit-
ical region length or ductile detailing length to depend only on the
applied compressive axial load level P/(kr Ag f0c), where the strength
reduction factor kr is taken as 0.65 and 0.85 for unconfined and
confined concrete respectively. For an RC member with P/(kr Ag

f0c) � 0.25, 0.25 < P/(kr Ag f0c) � 0.5 or 0.5 < P/(kr Ag f0c) � 0.7, its criti-
cal region length is 1.0h, 2.0h or 3.0h respectively; or is over a
region where the moment exceeds 0.8, 0.7 or 0.6 respectively of
the maximum moment, whichever is larger. Paultre et al. [31]
showed the critical region length to range from 1.0h to 2.0h,
depending on the volumetric ratio of the transverse steel and the
compressive axial load level. Pam and Ho [29] observed the critical
region length to increase with the compressive axial load level and
concrete strength. Hence, the critical region length increases with
compressive axial load level, concrete strength, longitudinal steel
ratio and strength, but reduces with the transverse steel ratio.

The presence of shear-deformable corrugated steel webs with
negligible axial stiffness and prestressing tendons in this kind of
bridges certainly complicates the formation of plastic hinges fur-
ther. While the above formulae are useful for estimation of equiv-
alent plastic hinge length within their respective scopes, their
application to the present case should be treated with care. Hence
in this study, the critical region length, performance of the plastic
hinges and full-range structural behaviour of the bridges are
studied.
2. Experimental programme

Some concrete beam specimens with corrugated steel webs of
depth 360 mm were fabricated for testing as shown in Fig. 1. Spec-
imens B-1 and B-2 were post-tensioned by two external 7-wire
steel strands each of nominal diameter 12.7 mm and sectional area
98.7 mm2. Specimen B-3 was not prestressed. Specimen B-4 was
post-tensioned by two external aramid fibre reinforced polymer
(AFRP) ropes each of area 54.5 mm2. In Specimen B-1, the anchor-
ages of straight strands were located at the end diaphragms at a
level 110 mm above the soffit. In Specimens B-2 and B-4, the
anchorages were located at the centroidal level of end diaphragms
while the strands at intermediate deviator were 100 mm above the
soffit. The effective prestressing forces of Specimens B-1, B-2 and
B-4 were 268, 252 and 102 kN respectively. The end and interme-
diate diaphragms were 200 and 90 mm thick respectively. Embed-
ment connections were provided between the concrete flanges and
corrugated steel web. All specimens were simply supported over a
span of 3600 mm and tested by non-reversed cyclic loading at mid-
span to increasing ductility levels under displacement control.
Load cells were used at the end of each tendon to monitor the vari-
ation of tendon force during tensioning and the subsequent loading
test. Linear variable differential transformers (LVDTs) were used to
measure displacements during the test. Strain gauges were pro-
vided on concrete surface and steel bars at selected sections for
monitoring of strains. The specimens under test are shown in
Fig. 2.

The material properties were determined as shown in Table 2.
The Young’s modulus and ultimate strength of AFRP ropes were
respectively 126.5 GPa and 1248 MPa. In tests, the tendons usually
broke at the anchorage.
3. Experimental and numerical investigation

3.1. Elastic behaviour

Consider for example a bridge of this type under a few point
loads. While the pair of concrete flanges tends to deflect together
in flexure as a smooth curve, the corrugated steel webs tend to
deflect in shear as a connected series of straight line segments,
thereby causing interaction between the structural components
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Fig. 1. Test specimens: (a) Specimen B-1; (b) Specimens B-2 and B-4; (c) Specimen B-3; (d) Section of Specimens B-1, B-2 and B-4; (e) Section of Specimen B-3.

Fig. 2. Specimens during test: (a) B-1; (b) B-2; (c) B-3; and (d) B-4.

Table 2
Material properties from tests (unit: MPa).

Concrete High yield steel
bar (£10 mm)

Mild steel bar
(£8 mm)

Steel strand
(£12.7 mm)

AFRP rope
(£13.5 mm)

Steel web

Specimen B-1 B-2 B-3 B-4 All All B-1 & B-2 B-4 All
Initial Young’s modulus 26107 27606 27329 27876 192277 208998 206780 126500 196056
Yield strength – – – – 559 423 – – 267
Ultimate strength

(cube/ cylinder)
54.3/ 47.5 61.3/ 52.2 62.9/ 53.8 55.3/ 47.0 672 499 2008 1248 399

Fig. 3. Strain distribution over section depth: (a) Without interaction effects
(/2 = 0); and (b) With interaction effects (/2 – 0).
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[2,32]. The elastic behaviour can be analysed by the extended
sandwich beam theory [2], which takes into account the dia-
phragms and interaction between shear deformation of steel webs
and local bending of concrete flanges. The thin intermediate dia-
phragms are modelled as vertical flexural members, while the
thick end diaphragms are treated as solid beam segments along
the span. These effects induce secondary moment M2 and shear
force V2 in the bridge, causing stress concentration in flanges
around the diaphragms and point loads. In a section with negligible
interaction effects, the strain variation is linear over the depth
depending on the total curvature / as shown in Fig. 3(a). In the
presence of various interaction effects, apart from the primary cur-
vature /1, there is the secondary curvature /2 due to local bending
of concrete flanges as shown in Fig. 3(b), and both of them con-
tribute to the total curvature, i.e. / = /1 + /2. The secondary effects



Fig. 5. Curvature along span of Specimen B-1.
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are normally concentrated in the vicinity of point loads and dia-
phragms, and dissipate exponentially with distance.

The measured normal stresses at selected sections of Specimen
B-1 at applied load 60.4 kN (at elastic stage) compare favourably
with the results from sandwich beammodel as shown Fig. 4, which
show marked deviations from full-depth linear stress distributions
at Section A (close to a diaphragm) and Section C (below a point
load) due to secondary effects, but roughly full-depth linear stress
distribution at Section B (away from any diaphragm and point
load). The discrepancies between the experimental measurements
and numerical results from sandwich beam model are mainly
caused by the assumptions of negligible axial stiffness and vertical
incompressibility of the corrugated steel webs as well as perfect
connection between the flanges and steel web.

The measured curvature and slope along Specimen B-1 are com-
pared with results from sandwich beam model in Figs. 5 and 6
respectively, which show significant secondary effects near the
end diaphragms and point load. Referring to Fig. 3(b), the total cur-
vature at a section can be estimated from the difference in strain
gauge readings at the top and bottom surfaces of a flange and its
thickness. However, because of the small but finite vertical com-
pressibility of the corrugated steel webs, estimates of total curva-
ture from the two flanges may differ slightly. Hence the total
curvatures along the specimen were calculated as the average of
estimated total curvatures from the two flanges. The primary cur-
vatures were calculated based on the difference of average strains
in flanges and the vertical distance between flange centroids. In the
potential plastic zone around mid-span, the total curvatures were
also calculated from the variation of deflection in three consecutive
LVDTs. The slope at specimen end was calculated from measure-
ments by a pair of horizontal LVDTs. The slope at location of a ver-
tically mounted LVDT was calculated using readings from three
consecutive LVDTs as

hi ¼ xiþ1 � xi
xiþ1 � xi�1

� �
v i � v i�1

xi � xi�1

� �
þ xi � xi�1

xiþ1 � xi�1

� �
v iþ1 � v i

xiþ1 � xi

� �
ð1Þ

where hi, xi and vi were the slope, abscissa and deflection respec-
tively at the ith location.

3.2. Moment-curvature relationship

The material laws considering strain reversal are adopted. Fig. 7
(a) shows the model for both unconfined and confined concrete
comprising the stress–strain curve in compression developed by
Attard and Setunge [33] and that in tension proposed by Carreira
and Chu [34], and Guo and Zhang [35]. The stress-strain curve rec-
Fig. 4. Stress distribution of Specimen B-1: (a) Section A (x = 0.1
ommended by Mander et al. [36] is used for non-prestressed steel
as shown in Fig. 7(b). The stress-strain formula for prestressing
steel proposed by Menegotto and Pinto [37] is adopted here as
shown in Fig. 7(c). The AFRP rope is linearly elastic up to failure
and has no significant yielding.

According to the numerical study of Chen et al. [32] on the
moment-curvature relationship of RC and PC sections of the bridge,
the interaction effects increase the yield curvature significantly,
but have insignificant effects on the ultimate curvature. The same
approach is adopted here in view of its capability and efficiency.
4 m); (b) Section B (x = 0.9 m); and (c) Section C (x = 1.8 m).
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3.3. Full-range structural behaviour

3.3.1. Flexural failure mode
The measured load-deflection curves of Specimens B1 to B4 are

shown in Fig. 8(a) to (d), respectively, with various observations
identified. In the potential plastic zone around mid-span, tensile
cracks appeared first in the lower flange. With the increase in load-
ing, the tensile steel yielded and the neutral axis shifted towards
the upper flange, placing the bottom of upper flange in tensile
zone. Moreover, the secondary moment caused further tension
and hence cracking at the bottom of upper flange. With the
increase in displacement, tensile cracks in the upper flange gradu-
ally extended upwards, followed by the crushing of top concrete.
Fig. 8. Measured load-deflection curves: (a) Specimen B-1; (b
Shear crack also occurred in the upper flange later. The plastic
hinge developed is shown in Fig. 9.

The ductility factor ld is defined in terms of the measured or
calculated displacements as

ld ¼ du=dy ð2Þ
where dy is the equivalent yield displacement; and du is the ulti-
mate displacement. The displacement can be deflection, slope or
curvature. The definitions of equivalent yield and ultimate displace-
ments by Park [38], and Du et al. [5] are adopted in this study. The
equivalent yield displacement dy is taken as the displacement at the
hypothetical yield point of an equivalent bi-linear perfectly elasto-
plastic system with an elastic stiffness equal to the secant stiffness
) Specimen B-2; (c) Specimen B-3; and (d) Specimen B-4.



Fig. 9. Plastic hinge zones: (a) Specimen B-1; (b) Specimen B-2; (c) Specimen B-3; and (d) Specimen B-4.
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of the structure at 75% of the peak resisting load and a yield load
equal to the peak resisting load itself. The ultimate displacement
du is taken as the displacement of the structure when the resisting
load has dropped to 85% of the peak resisting load after passing the
peak, or the displacement at which failure occurs, whichever is
smaller. The measured ductility factors for mid-span deflection,
specimen-end slope and curvature of the critical section are shown
in Table 3. The critical sections of Specimens B-1 and B-3 are at the
mid-span. For Specimens B-2 and B-4 with intermediate diaphragm
at mid-span, the critical section is taken to be at either surface of
the diaphragm. The ductility factor lh for the specimen-end slope
is very close to the ductility factor lv for the mid-span deflection.
However, the curvature ductility factor lcur at the critical section
is much higher in comparison, because it depends primarily on
the sectional behaviour there, while the ductility factors for deflec-
tion and slope depend on the global structural behaviour.

The upper flange actually behaved like a strut under axial com-
pression, shear and local bending. The axial load at ultimate P of
the upper flange was estimated from the applied loading and ten-
don force, and tabulated in Table 3 as axial load level P/P0 in terms
of the axial compressive strength without bending P0 as defined in
Section 1. Because the AFRP tendons in Specimen B-4 ruptured
quite early during the test as shown in Fig. 8(d), the specimen
had lost all its prestress at ultimate. As the values of axial load level
at ultimate of the upper flanges of Specimens B-1 and B-2 are lar-
ger than those of Specimens B-3 and B-4 without prestress, Speci-
mens B-1 and B-2 failed suddenly after a long yield plateau.
Table 3
Measured ductility factors and prestressing force at ultimate limit state.

Specimen Maximum
loading

Yield
deflection

Ultimate
deflection

Yield end
slope

Ultimate end
slope

Yield
curv

(kN) (mm) (mm) (radian) (radian) (rad

B-1 205 15.5 108.8 0.00637 0.0602 0.02
B-2 233 20.5 91.9 0.00948 0.0529 0.03
B-3 211 20.4 104.0 0.00887 0.0574 0.03
B-4 180 19.0 163.5 0.00722 0.0965 0.03
3.3.2. Physical plastic hinge length lpc
The physical length of the ‘‘full-depth plastic hinge” lpc is deter-

mined from the measured curvature profile at ultimate along the
span as the region with curvatures above the yield curvature /y

without interaction effects. As the secondary effects caused by
interaction are fairly localised, they are ignored here. Fig. 10 shows
the measured total curvature profiles at different deflection ductil-
ity levels compared with the yield curvatures /y. The physical plas-
tic hinge length lpc can hence be determined from the measured
curvature profile at deflection ductility factor at ultimate lv,u.
Table 4 shows that the mean values of physical plastic hinge length
on one side of mid-span are around 1.55d for Specimens B-1 and B-
2, and around 1.25d for Specimens B-3 and B-4, where d is the
effective section depth of test specimens.
3.3.3. Critical region length lc
The interaction between the shear deformation of corrugated

steel webs and local bending of concrete flanges causes formation
of local plastic hinge in the upper flange like a column plastic
hinge. It is referred to as the ‘‘flange plastic hinge” here. It is essen-
tial to understand the interaction between the flange plastic hinge
and full-depth plastic hinge, which takes place in the ‘‘critical
region length” lc where transverse reinforcement should be pro-
vided for effective confinement and strengthening of concrete. To
avoid unnecessary proliferation of notations, the symbol lc will
be used to denote critical region length and the location (i.e. upper
or lower flange) or its nature (i.e. interactive or not) will be stated.
ature
Ultimate
curvature

Ductility factors Prestressing
force at
ultimate

Loading
at
ultimate

P/P0 for
upper
flange at
ultimateian/m) (radian/m) lv lh lcur (kN) (kN)

8 0.805 7.0 6.9 28.8 298 176 0.63
0 0.649 4.5 4.5 21.7 338 233 0.71
5 0.775 5.1 4.8 22.1 0 179 0.46
8 0.804 8.6 8.7 21.2 0 153 0.44



Fig. 10. Measured curvature: (a) Specimen B-1; (b) Specimen B-2; (c) Specimen B-3; and (d) Specimen B-4.

Table 4
Measured physical plastic hinge length lpc, critical region length lc and equivalent interactive plastic hinge length lp.

Specimen Total lpc (mm) Critical region length lc (mm) Measured
interactive lp (mm)

lc/lp lpc/lp

Upper flange Lower flange Interactive Upper flange Lower flange Interactive

Left side Right side Left side Right side (total)

B-1 986 150 – 220 210 238 123 1.22 3.50 1.94 8.03
B-2 1019 160 – 290 105 310 130 1.23 3.03 2.38 7.82
B-3 779 – 155 305 305 235 116 1.33 5.24 2.02 6.69
B-4a 857 165 155 320 300 490 219 1.46 2.84 2.24 3.92

a Upper flange plastic hinge formed on both sides of critical section.

X.C. Chen et al. / Engineering Structures 150 (2017) 359–372 365
The critical region length in the upper flange is closely related to
the formation of flange plastic hinge, while the critical region
length in the lower flange is closely related to cracking associated
with the full-depth plastic hinge. By visual inspection, the critical
region length in the upper flange can include regions having
[29]: (a) spalling of concrete cover; (b) penetration of spalling into
concrete core region; (c) local buckling of longitudinal steel; and
(d) tensile cracks at flange bottom. In the early part of inelastic
stage, both the number and width of cracks in the critical region
of lower flange increased. Afterwards, the load remained stable
with the increase in displacement, while some cracks in the critical
region widened significantly. Hence, the critical region length in
the lower flange can include the region which suffers from signif-
icant tensile cracking [29]. After finishing the tests as described in
Fig. 8, all the loose concrete pieces were removed to expose the
degree of damage before taking photographs. The observed critical
regions of specimens are shown in Fig. 11, together with the esti-
mated critical region lengths. The critical region lengths in the
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upper flange of thickness tu on one side of the point load at mid-
span are all around 2.0tu (i.e. 160 mm) as shown in Table 4. How-
ever, the critical region lengths in the lower flange on one side of
mid-span vary much from 0.32d (i.e. 105 mm) to 0.98d (i.e.
320 mm). Considering the upper flange as a column due to com-
pression caused by global bending, its critical region length was
estimated as 2.0h according to Pam and Ho [29], which was consis-
tent with that of Paultre et al. [31], but it was prescribed conserva-
tively as 3.0h according to NZS 3101 [30]. Apparently, in the
presence of extra confinement effect provided by the point load
and/or diaphragm, and hence possible enhancement of flexural
strength and ductility there [11], the critical region might not be
symmetrical as summarised in Table 4. The centre of critical region
was up to 80 mm shifted from mid-span.

The interaction between the critical region lengths in the upper
and lower flanges results in an ‘‘interactive critical region length”
that can be estimated from the measured slope profiles considering
the specific boundary conditions. The slope profiles at different
deflection ductility levels are shown in Fig. 12. The variations of
end slope with the applied loading are plotted in Fig. 13, from
which the corresponding yield slopes hy and ultimate slopes hu
can be identified by the procedure described in Section 3.3.1. With
the increase in imposed displacement, plastic deformation mainly
concentrated in the critical region around mid-span while the
other parts had undergone relatively little deformation. Hence an
approximate method to estimate the boundary of critical region
is to identify the section that has sustained a rotation equal to
the yield slope hy assuming that the part outside the critical region
can be taken as roughly straight. The interactive critical region
length lc of the beam can hence be determined accordingly from
Fig. 12. Table 4 shows that the average interactive critical region
length is about 3.3tu for Specimens B-1 to B-3 with the plastic
hinge formed only on one side of mid-span, and 6.1tu for Specimen
B-4 with a plastic hinge fully formed on both sides of mid-span,
where tu is the thickness of upper flange. However, the critical
region lengths in the lower flange are more variable. The critical
region lengths in upper flanges of Specimens B-1 to B-3 are around
half of that of Specimen B-4. It shows that the critical region in the
upper flange governs the interactive critical region length.
3.3.4. Equivalent interactive plastic hinge length lp
For simplified analysis of conventional beams or columns, the

elastic curvature is often assumed to be distributed linearly from
yield curvature at the critical section to zero at the free member
end [11]. However, the curvature at the present specimen end
was not zero but substantially reversed due to the diaphragm
effects as shown in Fig. 5. Hence the ‘‘equivalent interactive plastic
hinge length” lp can be solved from

hend ¼ ð1=2Þ/yðL=2Þ þ ð/u � /yÞlp � /2;dia pð1=aÞ ð3Þ

where hend is the specimen-end slope at ultimate; /y is the yield
curvature at the critical section without interaction effects; /u is
the ultimate curvature at the critical section; L is the span; /2,dia_p

is the peak secondary curvature around the end diaphragm; a is a
parameter to reflect the effects of interaction and diaphragm
[2,32]; and the third term on the right-hand side is the integral of
secondary curvature around the end diaphragm along the span [32].

The equivalent interactive plastic hinge length lp so obtained
depends on the interaction between the flange and full-depth plas-
tic hinges, over which the plastic curvature is assumed to be con-
stant at the peak value. Table 4 shows that the equivalent
interactive plastic hinge lengths are around 1.5tu for Specimens
B-1 to B-3 with the flange plastic hinges formed only on one side
of mid-span, and 2.7tu for Specimen B-4 with a fully developed
flange plastic hinge that is around twice of those for Specimens
B-1 to B-3. Moreover the interactive critical region length lc of
Specimen B-4 is also around twice of those of Specimens B-1 to



Fig. 12. Measured slope: (a) Specimen B-1; (b) Specimen B-2; (c) Specimen B-3; and (d) Specimen B-4.

Fig. 13. Measured variation of end slope with applied loading.

X.C. Chen et al. / Engineering Structures 150 (2017) 359–372 367
B-3. Hence one may conclude that the flange plastic hinge governs
the equivalent interactive plastic hinge length.

While the flange plastic hinges of Specimens B-1 to B-3 formed
only on one side of mid-span, that of Specimen B-4 formed on both
sides. Similar phenomena were also observed by Mendis [24] in the
RC beam specimens tested, possibly due to inhomogeneity of con-
crete. Such variations in the extent and location of plastic hinge
formation are more significant in this type of bridges. Hence, it is
more conservative in design to assume the flange plastic hinge to
form only on one side of the critical section for lower energy
dissipation.

Owing to the variation of flange plastic hinges, the total interac-
tive critical region length, equivalent interactive plastic hinge
length, specimen-end slopes and mid-span deflection of Specimen
B-4 are around twice of those of Specimens B-1 to B-3, although
the ultimate curvatures at critical sections of all specimens are
quite similar. However, the physical plastic hinge lengths and crit-
ical region lengths in the lower flange are also more variable.
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3.3.5. Relationship between various plastic hinge lengths and critical
region lengths

Table 4 shows that the equivalent interactive plastic hinge
length lp is closely related to both the critical region length in the
upper flange and the interactive critical region length, which are
reflected by the ratios lc/lp clustering around 1.3 and 2.2 respec-
tively. However, the physical plastic hinge lengths lpc and critical
region lengths lc in the lower flange are not much related to the
equivalent interactive plastic hinge length lp. The results show that
the plastic behaviour was mainly governed by the performance of
the plastic hinge of the upper flange.

The relationship between various plastic hinge lengths and crit-
ical region lengths is summarized schematically in Fig. 14 for bet-
ter understanding. Fig. 14(a) shows schematically the relationship
between various estimates of plastic hinge length as well as the
equations for estimation. The plastic hinge in the upper flange that
results from local bending and the axial compression caused by
global bending is relatively small, as compared to the bigger full-
depth plastic hinge length characterized by significant tensile
cracking in the lower flange. The left column in the block diagram
in Fig. 14(b) shows that the equivalent interactive plastic hinge
length results from the interaction between the flange plastic
hinge and full-depth plastic hinge, which is based on observations
and calculations. To ensure safety against various failure modes,
proper reinforcement should be provided over the interactive crit-
ical region length according to the right column of the block dia-
gram, which also depends on the interaction between the critical
region lengths of both flanges.
3.3.6. Use of existing formulae on equivalent plastic hinge lengths
In Table 5, the measured equivalent interactive plastic hinge

lengths lp on one side of critical section are compared with the
equivalent flange plastic hinge lengths calculated from empirical
expressions for columns as shown in Table 1. The large scatter of
estimates may be caused by the limited specimens tested and dif-
ferent emphases of existing formulae. Logically, the equivalent
Fig. 14. Relationship between various plastic hinge lengths and
flange plastic hinge length should be less than both the critical
region length lc of upper flange and the equivalent interactive plas-
tic hinge length lp. Hence, for the tested specimens, estimates of
the equivalent flange plastic hinge length using formulae proposed
by Baker [12], Park et al. [17], Sheikh and Khoury [20], Bayrak and
Sheikh [21], Mendis [24] and Subramanian [27] are possible
choices because they fall into the suitable range. The P/P0 ratios
at ultimate of the upper flanges of the specimens are comparable
to the columns tested under high axial load by Sheikh and Khoury
[20], and Bayrak and Sheikh [21], i.e. 0.36–0.63. Incidentally, the P/
P0 ratios of specimens tested by Park et al. [17] and Mendis [24] are
generally lower than those of the upper flanges of the present spec-
imens. The expression of Subramanian [27], combining those pro-
posed by Baker [12], and Bae and Bayrak [25], takes into account
the axial load level, strength of concrete and shear span ratio.
Hence, the formulae of Sheikh and Khoury [20], Bayrak and Sheikh
[21], and Subramanian [27] are considered more appropriate for
application to the upper flanges of the present specimens. They
also give estimates of equivalent flange plastic hinge length close
to one another at around 1.0tu (80 mm). This initial estimate of
equivalent flange plastic hinge length can therefore be adopted
in this study.

In Table 6, the measured equivalent interactive plastic hinge
lengths lp on one side of critical section are compared with esti-
mates of the equivalent full-depth plastic hinge length obtained
from the empirical expressions for beams in Table 1. All the predic-
tions by empirical formulae are much higher than the measured
equivalent interactive plastic hinge lengths lp. Obviously, the
equivalent full-depth plastic hinge length should be larger than
the equivalent interactive plastic hinge length lp (because of the
simplifying assumption that the plastic curvature is constant at
the peak value) but smaller than the measured critical region
length of lower flange as shown in Table 4. Hence, for the present
specimens, the equivalent full-depth plastic hinge lengths pro-
posed by Baker [12], Sawyer [14] and Mattock [16] are acceptable
because they fall into the suitable range. As the formula proposed
critical region lengths: (a) estimates; and (b) relationship.
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by Baker [12] takes into account the axial load level, its estimates
are the closest to the equivalent full-depth plastic hinge length
obtained in this study.

3.4. Interaction between flange plastic hinge and full-depth plastic
hinge

As elaborated in Sections 3.3.3–3.3.5, the flange plastic hinge
governs the full-range structural behaviour of the bridge, indicat-
ing that the equivalent interactive plastic hinge length lp is close
to the equivalent flange plastic hinge length, while the effects of
full-depth plastic hinge should also be taken into account. Hence,
a simple formula for the equivalent interactive plastic hinge length
lp is proposed as

lp ¼ lp;flange þ 0:2lp;full ð4Þ
where lp,flange is the equivalent flange plastic hinge length in accor-
dance with Sheikh and Khoury [20], Bayrak and Sheikh [21] or
Subramanian [27]; and lp,full is the equivalent full-depth plastic
hinge length in accordance with Baker [12]. The coefficient 0.2
has been obtained by linear regression analysis of results. To evalu-
ate the parameters in Eq. (4), different empirical formulae are used
considering their respective applicability.

3.5. Simplified method for prediction of full-range structural behaviour

When the equivalent interactive plastic hinge length and sec-
tional moment-curvature curves of a bridge are known, the deflec-
tion and slope can be obtained by integration of curvature along
the span. With the use of external prestressing in the bridge, the
structural behaviour is not just governed by that of individual sec-
tions but by the global behaviour. The relative slip between exter-
nal tendons and deviators can be considered free in most practical
cases. The model of Dall’Asta et al. [39] for externally prestressed
Euler-Bernoulli beams is modified for this form of bridges. The pro-
file of an external prestressing tendon is defined by the locations of
end anchorages and intermediate deviators. Each location point c0;j
can be expressed as

c0;j ¼ xjiþ ejk ð5Þ
where i and k are unit vectors parallel to x- and z-axes respectively;
and xj and ej are the abscissa and eccentricity, respectively, of the j-
th location point with a deviator or anchorage (j = 0, 1, 2, . . . n). The
initial total length of the tendon Lt0 is given by

Lt0 ¼
Xn

j¼1

jc0;j � c0;j�1j ð6Þ

After deformation, the location point c0;j moves to a new posi-
tion cj of

cj ¼ ½xj þ uj þ ejuj�iþ ½ej þ v j�k ð7Þ

where uj, vj and uj are the displacements at abscissa xj. The total
length of the tendon after deformation Lt is given by

Lt ¼
Xn
j¼1

jcj � cj�1j ð8Þ

The additional elongation DLt of the external tendon is then
obtained as DLt ¼ Lt � Lt0, causing an additional strain of
ep ¼ DLt=Lt0. The stress and force of external tendon are then
obtained according to its stress-strain curve and sectional area.
According to the displacement of deviators and anchorages, the
forces that the external tendon transmits to the bridge are
obtained.



Fig. 15. Actual and simplified load-displacement curves.

Table 6
Comparison of measured equivalent interactive plastic hinge length and application of existing formulae for beams to full-depth plastic hinge (one side of the critical section)
(mm).

Specimen Measured interactive lp Baker [12] Sawyer [14] Corley [15] Mattock [16] Panagiotakos and Fardis [23]

B-1 123 241 216 794 253 398
B-2 130 202 216 794 253 398
B-3 116 172 216 794 253 398
B-4a 219/2 211 216 794 253 398

a Upper flange plastic hinge formed on both sides of critical section.
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In the proposed simplified method for prediction of full-range
structural behaviour based on the concept of equivalent plastic
hinge length, the second-order effects associated with external
tendons are also considered. The load-displacement and load - ten-
don stress curves are modelled as tri-linear as shown in Fig. 15,
where Pyield and Ppeak are the yielding and ultimate loads respec-
tively; and the subscript M_peak denotes the stage at which the
moment-curvature curve reaches its peak. The first stage extends
up to the yielding of tension steel. The second stage covers the
Fig. 16. Flowchart for simplified method to pred
state when the moment-curvature curve of the critical section
reaches the peak moment. The third stage describes the ultimate
state prior to failure. Because of external prestressing, the ultimate
load may not occur when the moment-curvature curve of the crit-
ical section reaches its peak. Instead the load may continue to rise
with displacement, finally reaching the peak at the ultimate state,
e.g. Specimen B-2, although it may fail due to concrete crushing
anytime. In many cases, the tri-linear model is sufficiently accurate
[11]. The pre-cracking and post-cracking parts of load-
displacement relationship can be approximated by a straight line
in the first stage up to the onset of yielding as shown in Fig. 8.
The tri-linear model in Fig. 15 is an efficient approximation for
the study of full-range structural behaviour. This simplified
method is illustrated by a flowchart in Fig. 16.

Using the simplified method, the relationships between the
load and mid-span deflection, specimen-end slope and tendon
stress for Specimens B-1 and B-2 are predicted and compared with
the measured hysteresis envelopes as shown in Fig. 17, which
show reasonable agreement. Because of the confinement effect of
the point load, the predicted ultimate displacements are slightly
below the experimental results. The applied load of Specimen B-
1 with straight tendons reaches the peak roughly when the critical
section reaches the peak of moment-curvature curve. However, the
applied load of Specimen B-2 with deflected tendons reaches its
peak at the ultimate stage, when the deflected tendons take up
increasing load with the failure of the plastic hinge. Therefore
ict full-range structural behaviour of bridge.



Fig. 17. Prediction of full-range structural behaviour of Specimens B-1 and B-2: (a) load vs. mid-span deflection; (b) load vs. tendon stress; and (c) load vs. specimen-end
slope.
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the ductility, deformability and ultimate load of a bridge depend
not only on the performance of concrete flanges and tendon
arrangement, but also on any possible premature failure such as
tendon rupture or concrete crushing. In this example, the predicted
equivalent flange plastic hinge length lp,flange is obtained in accor-
dance with Sheikh and Khoury [20]. To determine the displace-
ments corresponding to the peak moment, the curvature at the
peak moment is assumed to be distributed uniformly over the
equivalent interactive plastic hinge length in the analysis.

4. Design recommendations

To estimate the ultimate displacement and load, it is conserva-
tive to assume the plastic hinge to form only on one side of the crit-
ical section; otherwise the strength and ultimate displacement will
be over-estimated. The equivalent interactive plastic hinge length
lp may be predicted by the proposed formula (i.e. Eq. (4)). The crit-
ical region length lc in the upper flange is about twice the flange
thickness, where transverse reinforcement should be provided to
confine and strengthen concrete properly, prevent buckling of
compression steel and enhance ductility [40]. The arrangement of
external tendons also affects the ductility, deformability and ulti-
mate load of the bridge. Providing more intermediate deviators
normally reduces the secondary effects and improves the ductility
and deformability.

5. Conclusions

Owing to the presence of prestressing tendons and shear-
deformable corrugated steel webs with negligible axial stiffness
in this type of bridges, flange plastic hinge and full-depth plastic
hinge may form and interact with each other. Experimental results
show that the equivalent interactive plastic hinge length, critical
region length and plastic behaviour are mainly governed by the
formation of flange plastic hinge. Using the equivalent interactive
plastic hinge length estimated by an empirical formula, a simpli-
fied method is proposed to predict the full-range structural beha-
viour and load-carrying capacity of the bridge. Based on the
numerical and experimental study, some design recommendations
are provided.
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