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Hollow tubular flange plate girders are found to possess higher flexural and shear strengths over those of
I-section plate girders with flat flanges. Recently, concrete-filled pentagonal flange girders (CFPFGs) have
been suggested in literature to increase the out-of-plane flexural strength of the girders. The geometrical
configuration of the section is assumed identical to that of the girder with the rectangular concrete-filled
flanges, but the flange depth-to-width ratio is designed to be larger in order to reduce the local buckling
of the web. In this paper, the fundamental shear behaviour of these CFPFGs with slender stiffened webs is
investigated. Nonlinear three-dimensional finite element (FE) analyses using ABAQUS are employed to
conduct parametric studies, having first validated the models against available experimental data. For
comparison purposes and to examine the effect of the infill concrete, steel pentagonal flange girders
(SPTGs) are also generated. It is found that CFPFGs and SPFGs with the same dimensions have similar
buckling shapes but with different loads with the buckling load of the CFPFG being higher than that of
the corresponding SPFG. In the post-buckling stage, the width of the inclined tension field becomes
greater in the CFPFGs relative to that of the SPFGs. This highlights the influence of the infill concrete
which increases the stiffness of the upper flanges, and hence allows the webs to carry additional shear
loads compared to SPFGs. Several affecting parameters are, additionally, examined and important con-
clusions are remarked. The FE strengths are compared with the design strength of the webs following the
EN 1993-1-5, indicating that it can conservatively be used with the SFPGs. On the other hand, it becomes
highly conservative for the CFPFGs.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

web panel of plate girders with slender webs buckles at a rela-
tively low value of the applied load, at which the shear may

Girders, in practice, are subjected to significant levels of
bending moment and thus failure typically occurs when the ap-
plied moment at the critical section exceeds its flexural capacity.
Therefore, girders, in conventional design, are typically designed
to satisfy the flexural limit state, controlled by the flexural-tor-
sional buckling or by the propagation of plastic hinges, and then
they are checked for the shear limiting criteria. To increase the
flexural-torsional buckling strength of I-section plate girders with
flat flanges (IPGs) several solutions may be applied, such as re-
ducing their unbraced lengths, increasing the dimensions of their
flanges or recently by replacing the flat flanges by hollow tubular
flanges [1-6]. By using hollow tubular flanges, the vertical di-
mension of the tube reduces the depth of the web, overcoming
problems with web slenderness design limits. Nevertheless, the
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control the design. To overcome the shear strength reduction as-
sociated with utilizing plate girders with slender webs in con-
struction, the webs are often reinforced with transversal stiffeners
along their spans. Overall, it was found that using the hollow
tubular flange plate girders instead of IPGs is a powerful tool not
only to increase the flexural strength of the girders, but also to
provide higher shear strengths [7,8].

On the other hand, using concrete-filled steel tubular (CFST)
members in structures and bridges has been increased in recent
decades, due to their excellent structural performance character-
istics including high strength, stiffness as well as high ductility;
see for example [9,10]. Hence, several researches investigated
bridges with concrete-filled tubular flange girders (CFTFGs) [11-
14]. Typical examples of the CFTFGs are shown in Fig. 2(a) and (b).
Wimer and Sause [12] investigated the CFTFGs with rectangular
CFST as the compression flange (Fig. 2(a)), while Kim and Sause
[13,14] examined those with round CFSTs (Fig. 2(b)). Generally, it
was found that CFTFGs provide more strength, stiffness and sta-
bility than IPGs with flat plate flanges with the same amount of
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Fig 1. Typical plate girders.

steel [12-14]. It was, as well, found that the large torsional stiff-
ness of the tubular flanges permits the use of large unbraced
lengths in bridge framing systems. More recently, Gao et al. [15]
investigated experimentally and numerically the flexural beha-
viour of the girder shown in Fig. 2(c) which is called the concrete-
filled pentagonal flange beam. The cross-section of an I-section
beam was modified by welding an additional steel plate (drawn by
dashed lines in Fig. 2(c)) to its top flange to form an upper box
flange section filled with concrete. The geometrical configuration
of the section was, however, assumed by Gao et al. [15] identical to
that of the CFTFGs with the rectangular CFST but the flange depth-
to-width ratio was designed to be larger in order to reduce the
tendency of web local buckling.

To widen the use of the concrete-filled pentagonal flange girder
(CFPFG) with its numerous structural benefits (Fig. 2(c)), it is in-
vestigated in this paper for its shear behaviour. To the author’s
best knowledge, this has never been carried out in literature.
Nonlinear three-dimensional finite element (FE) analyses using
ABAQUS [16] are employed to conduct parametric studies, having
first validated the models against available experimental data [15].
Girders with slender stiffened webs are currently considered.
Several affecting parameters are examined and important con-
clusions are remarked.

2. FE model and validation

The nonlinear FE analysis program ABAQUS/Standard [16] was
used to investigate the shear behaviour of simply supported
CFPFGs, taking into account the geometrical and material non-
linearities. For nonlinear analyses, geometric imperfection should
be considered in the FE model, by performing elastic buckling
analysis first on a perfect beam to obtain its buckling mode. The
material plasticity strains and geometric imperfections, based on
the first positive eigenmode, should then be included in the sec-
ond step of the nonlinear analysis (Riks method) to obtain the
ultimate loads as well as the failure modes of the CFPFGs. The
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Fig. 3. Typical FE model for tested CFPFBs. (a) Components and (b) load and
boundary conditions.

measured initial imperfection value of L/1000 is used in the FE
models simulating the experimental tests [15].

2.1. General

A typical FE model for the CFPFB is shown in Fig. 3. As can be
seen from Fig. 3(a), the CFPFG is composed of two main parts; the
infill pentagonal concrete and the steel girder with suitable in-
teractions between them. The pentagonal steel tubes shown in
Fig. 2(c) are formed from a flat flange plate and a cold-formed
section which is in turn divided into flat and corner zones. To si-
mulate the bond between the pentagonal steel tube and the infill
concrete, surface-based interactions with a contact pressure-
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Fig 2. Typical concrete-filled tubular flanges girders (CFTFGs).
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overclosure model in the normal direction and a Coulomb friction
model in the longitudinal direction were employed. The steel
surfaces were chosen as slave surfaces whereas the infill concrete
surfaces were treated as the master. The friction coefficient be-
tween the pentagonal steel tube walls and the infill concrete was
taken as 0.4.

Simply supported boundary conditions were applied to end
sections. At each end section, the twist rotation about z-axis of all
nodes of the section was restrained (¢,=0.0). The lateral dis-
placement in x-axis of all nodes on the y-axis (at x=0.0) was re-
strained (uy=0.0). The vertical displacement of the web was re-
strained (u,=0.0), while the longitudinal displacement in z-axis of
a centre point at the lower flange was restrained (u,=0.0). The
vertical concentrated load was applied in the mid-span as shown
in Fig. 3(b). To prevent the flexural-torsional buckling, lateral
displacements were restrained at the loaded mid-span points. The
load was applied incrementally using the modified Riks method
[16]. The nonlinear geometry parameter (*NLGEOM) was included
to allow for changes in geometry under load. The steel material
was assumed to behave in an elastic-perfectly plastic manner.

The concrete part was meshed with the solid element known
as C3D8R [16]. This element type is an 8-node brick element with
reduced integration stiffness. Each node has three translational
degrees of freedom. This element can be used for nonlinear ana-
lysis including contact, large deformation, plasticity and failure.
The steel beam and the stiffeners were modelled in the same part
and meshed with shell element (S4R). S4R element has six degrees
of freedom per node, providing accurate solution to most appli-
cations and allows for transverse shear deformation. The element
also accounts for finite strain and is suitable for large strain ana-
lysis. Simpson rule with five integration points was used through
the included element thickness. The mesh sensitivity analyses
were conducted to find the appropriate mesh size. They indicated
that overall mesh size of 20 mm is accurately presenting the be-
haviour of the current girders with good solution timing. The FE
mesh of a typical tested specimen is presented in Fig. 4.

2.2. Stress—strain relationships of the materials

2.2.1. Structural steel material model

Structural steel elements were modelled in the nonlinear
analysis as a bilinear elastic—plastic stress-strain curve with linear
strain hardening, as can be seen in Fig. 5. In the linear elastic part
of the curve, Young's modulus (Eg) and Poison's ratio of 210 GPa
and 0.3, respectively, were used. In the hardening part of the
curve, a Modulus of Eo/100 was used. This ignores the effect of the
cold-formed steel used in the flanges of the verified pentagonal
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Fig. 4. Typical FE mesh for CFPFBs' components.
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Fig. 5. Bilinear stress-strain curve adopted for steel elements.
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Fig. 6. Stress-strain curve for the confined concrete in CFPFGs.
girders according to pre-analysis on its effect.

2.2.2. Infill concrete material model

The infill concrete in CFPFGs subjected to transverse loading
acts mainly as a compression member. Hence, the elastic-plastic
material behaviour of the confined concrete in rectangular CFST
columns, shown in Fig. 6, was used. The pentagonal flange was
assumed as a rectangular CFST column with width and depth di-
mensions of by and b, + bs, respectively. Experiments indicate that
the confinement effect provided by rectangular steel tubes in-
creases mainly the ductility of the concrete core in short CFST
columns but not their ultimate strengths. [17]. The part OA of the
stress—strain curve (Fig. 6) is represented using the equations
suggested by Mander et al. [17] as

o = f‘ccﬂ(é’clé"cc)
T =10 + (ecfe') 1)
g B
Ec - (f‘cc/g‘cc) 2)

where o is the longitudinal compressive concrete stress, f'. is the
effective compressive strength of confined concrete, €. is the
longitudinal compressive concrete strain, &' is the strain at f'.
and E. is the Young's modulus of concrete which is given by ACI
[18] as

Ec = 3320 /fc + 6900(MPa) 3)
0. 002 for f'cc < 28(MPa)
e =10.002 + L =28 15098 < fro < 820MPa)
54000 =
0. 003 for f'cc > 82(MPa) @

The parts AB, BC and CD of the stress—strain curve for confined
concrete depicted in Fig. 6 are based on the model given by Tomii
and Sakino [19] and are defined as
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flec for:e'cc < ec <0.005
Bef'cc +100(0. 015 — &) for:0.005 < e <0.015
oc =
(f\cc - ﬁcf\(‘(‘)
Befec for:ec > 0. 015 )

where f. reflects the confinement effect on the concrete ductility
and it depends on the width-to-thickness ratio (Bs/t) of the con-
crete-filled pentagonal flange, where B is taken as the larger
depth of the rectangular flange cross-section. Based on the ex-
perimental results presented by Tomii and Sakino [19], f is
proposed as:

1.0 for:Bt—S <24

1 Bs

Bs
=41.5 - —== for:24 < —= <48
Fe 8 ot s

0.5 for:B—s > 48

t (6)

The effective compressive strength of concrete (f.) is influ-

enced mainly by the column size, the quality of concrete and the

loading rates on the concrete compressive strength. Hence, the

value of f.was modified using the strength reduction factor y.
[20] as

% = 1.85D,~0135 7

where D, is the depth of the concrete.

The softening behaviour of concrete in the post-yield stage is
determined by the parameter f. and concrete strain &.,. The
parameter f. given in Eq. (6) accounts for the effect of B/t ratio of
the steel tube on the softening of the concrete. The concrete strain
€ 1s taken as 0.03. The “Concrete Damaged Plasticity” model was
applied to describe the constitutive behaviour of the infill con-
crete. To represent the inelastic behaviour of concrete, this model
uses the concept of isotropic damaged elasticity, in combination
with isotropic tensile and compressive plasticity. The model as-
sumes that the uniaxial tensile and compressive responses of
concrete are characterized by damaged plasticity. The plasticity
parameters required by the “Concrete Damaged Plasticity” model
[16] are the dilation angle, the eccentricity, the ratio of the
strength in the triaxial state to that in the uniaxial state and the K
parameter. They were taken, correspondingly, as 20°, 0.1, 1.16 and
0.667 [21,22].

The current model also accounts for the tensile strength of
concrete which was taken as f;=0.6(yfc)"?; y. is given previously
by Eq. (7) and f'. is the unconfined compressive concrete strength.
The concrete tensile softening behaviour was considered. The ul-
timate tensile strain of the concrete considering the tensile soft-
ening model is 10 times the strain at cracking [23].

2.3. Validation of the FE model

To assess the accuracy of the generated FE models, the tests
conducted by Gao, et al. [15] were simulated herein. Details of the
tests were given previously in Table 1. Two specimens of CFPFB
with and without transverse stiffener under the load (denoted
separately by BWS and BWTS) were tested to failure [15]. 3 mm
thick steel flat plates were used as transverse stiffeners which

Table 1
Details of the tested CFPFB specimens [15].

Table 2
Material properties of the components of the CFPFBs [15].

Element Young's modulus Yield stress Tensile stress
(GPa) (MPa) (MPa)
Steel web plate 200 317 486
(3 mm)
Cold-formed steel 202 509 776
(3 mm)
Steel flange plate 204 318 492
(6 mm)

were welded to the flanges and the web of the section. The aver-
age compressive strength of the concrete cubes after 28 days was
59.2 N/mm?. The geometrical and material properties of the CFPFB
specimens are given in Tables 1 and 2, respectively, at which the
definition of symbols was given previously in Fig. 1(c). It is of great
importance to note that all displacement transducers used in the
tests were removed at the load levels of 70 kN and 65 kN for BWS
and BWTS, respectively, for a safe operation. Hence, the displace-
ment readings after the previously mentioned load levels were not
recorded. The ultimate loads of the CFPFBs obtained from the FE
analyses (P, ) are compared with the test strengths (Pyieyp) in
Table 3. As can be seen, the FE model yields good predictions of the
ultimate loads of the CFPFBs. The mean value of Py pg/Puiexp is 1.05.
However, the slight variation between the FE and experimental
results is likely attributed to residual stress which was neglected in
the FE simulation. Similar results were found by Gao, et al. [15].
Fig. 7 shows a comparison between the experimental and FE load-
displacement curves. It can be seen from Fig. 7 that the FE model
predicts well the initial stiffness and the strength of the CFPFBs
until the load levels at which the displacement transducers were
removed. However, the experimental vertical and lateral dis-
placements in the case of BWS seem to be away from those cap-
tured by FE in the hardening stage. This is attributed to the fact
that these displacements are inherently more variable and hence
harder to predict accurately than ultimate strength due to the flat
nature of the load-deformation response near the failure point
specially in girders suffering from lateral-distortional buckling
failure mode. As this is not the case of the models of the para-
metric study as the webs are stiffened and restrained to move
outwards, this effect is believed to be avoided.

The deformed shapes at the ultimate loads of both CFPFBs are
examined herein to thoroughly monitor the different failure
modes. Typical to those observed experimentally [15], two failure
modes were noticed in the FE results, which are lateral-distor-
tional buckling (LD) and lateral-torsional buckling (LT). The former
mode (i.e. LD buckling) dominated the failure of the girder BWTS,
and is characterized by distinct twisting of the top (compressed)
and bottom (tensioned) flanges, thus leading to web distortion;
see Fig. 8(b). For the BWS, buckling takes place in lateral-torsional
mode as the web becomes stiffened transversally at mid-span lo-
cation, causing the lateral buckling to control, rather than the web
distortions; see Fig. 9(b). Figs. 8 and 9 show the buckling modes
(pictures in the left side) and failure modes (pictures in the right
side) of the two tested girders. Obviously, the buckling modes have
shapes with maximum unit displacement amplitude and no ver-
tical deflection while the failure modes possess both the buckling
mode shape and major axis vertical deflection. Overall, it can be

CFPFB by [mm] b, [mm] b3 [mm] by [mm]

t; [mm] t; [mm] t, [mm)] h [mm] L [mm)]

BWTS/ BWS 80 40 40 80

3 6 3 250 2900
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Table 3
Comparisons of numerical and experimental ultimate strengths.

CFPFB Pre [KN] Peyp [KN] (Prg)/(Pexp)
BWTS 73.53 71.2 1.03
BWS 83.40 78.4 1.06

concluded that the developed FE model is reliable and suitable in
predicting the behaviour and strength of CFPFBs, and therefore can
be used to generate parametric studies.

3. Parametric study
3.1. Input data

In this section, nonlinear numerical simulations, based on the
above verified FE model, are generated to provide new results on
CFPFGs under shear loading. The girders were transversally stif-
fened each at a distance (a) of 725 or 1450 mm with double-sided
flat plate stiffeners of a thickness equals 25.4 mm. For comparison
purpose, FE models for steel pentagonal flange girders (SPFGs)
were also generated. The properties of steel material of the current
CFPFGs are similar to that tested experimentally by Gao et al. [15],
while geometries were modified to allow for the shear failure
mechanism to take place instead of the flexural failure seen in
Figs. 8 and 9. The thickness of the lower flange was increased to
20 mm to raise the flexural capacity of the girders. The thickness of
the plates forming the pentagonal flanges was kept fixed to 3 mm.
In the generated models, the depth bs ranged from 10 to 40 mm
and the web slenderness varied by changing the web depth (h,,)
from 600 to 1000 mm. Different a/h,, ratios were additionally
considered in the analysis. The maximum initial imperfection of
h,,/100 allowed by the Bridge Welding Code [24], based on the first
positive eigenmode as can be seen in Fig. 10 for the case of CFPFGs,
was used in the parametric study; where h,, denotes the web-

60 |
50 |
— 40 |
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= 30 |
(a9}
20 |
10

B Experimental
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Vertical displacement [mm]
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Fig. 9. Buckled/deformed and undeformed shapes at mid-span for BWS.

depth of the plate girders. The geometrical details of the models
are given in Table 4. The ultimate load for each girder was de-
termined from the results of the FE analysis. The ultimate shear
strengths (V) were then determined as can be seen in

60
BWTS
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Fig. 7. Comparisons of FE and experimental load-displacement curves of CFPFB specimens.
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GRI11

Fig. 10. Typical buckling modes for girders with different a/h,, ratios.

Table 4
Details and FE strengths of CFPFGs and SPFGs with a=1450 mm

b

GR51

Geometrical details CFPFGs SPFGs [6]/[10]
hy [mm] afhyy bs [mm] Group Specimen Vurre [KN] (Varre) | (Vw,pr) Group Specimen Vurre [KN] (Vuree)|(Vw pr)
(1] (2] 131 (4] [51 [6] [7] [8] [9] [10] [11] [12]
600 242 10 G1 GR1 169 0.51 G6 GR21 155 0.47 1.09
20 GR2 173 0.53 GR22 159 0.48 1.09
30 GR3 178 0.54 GR23 164 0.5 1.09
40 GR4 186 0.57 GR24 169 0.51 1.10
700 2.07 10 G2 GR5 193 0.5 G7 GR25 168 0.44 1.15
20 GR6 199 0.52 GR26 174 0.45 1.14
30 GR7 204 0.53 GR27 182 0.47 112
40 GR8 213 0.55 GR28 188 0.49 1.13
800 1.81 10 G3 GR9 211 0.48 G8 GR29 186 0.42 113
20 GR10 214 0.49 GR30 191 0.44 112
30 GR11 224 0.51 GR31 199 0.45 113
40 GR12 228 0.52 GR32 204 0.46 112
900 1.61 10 G4 GR13 229 0.46 G9 GR33 200 0.4 1.15
20 GR14 233 0.47 GR34 205 0.41 1.14
30 GR15 243 0.49 GR35 212 043 1.15
40 GR16 255 0.52 GR36 217 0.44 1.18
1000 145 10 G5 GR17 246 0.45 G10 GR37 214 0.39 1.15
20 GR18 252 0.46 GR38 219 04 1.15
30 GR19 264 0.48 GR39 228 0.42 1.16
40 GR20 276 0.5 GR40 233 0.42 1.18
Mean 0.50 0.44 113
Standard deviation 0.032 0.034 0.027

Tables 4 and 5 for girders with a=1450mm and a=725mm, re-
spectively. The plastic shear resistances of the webs (V,, ;) were
also calculated and the normalised shear strengths were given in
the tables. It should be noted that girders of groups G1-G5 and
G11-G15 were filled with concrete of f.=60 MPa. The effect of
different concrete compressive strengths was also studied, as gi-
ven in Section 3.5.

3.2. Structural behaviour

The CFPFGs and SPFGs failed in the current program by shear
mechanism. Accordingly, the deformed shapes at the ultimate
loads of the CFPFGs and SPFGs are examined herein to thoroughly
monitor the difference in failure between both types of girders.
Fig. 11 shows these deformed shapes for sample girders with
h,,=800 mm and b3=30 mm. Fig. 11(a) represents the deformed
shapes of girders GR31 and GR11 characterised by a/h,,=1.81,
while Fig. 11(b) provides girders GR71 and GR51 which had a/h,,
ratio of 0.91. In both types of girders (CFPFGs and SPFGs), equal
tensile and compressive principal stresses were found to develop
in the web panel prior to buckling. Each pair of CFPFGs and SPFGs
had similar buckling shapes (see Fig. 10) but with different loads
with the buckling load of the CFPFG being higher than that of the

corresponding SPFG. For the current examples, the buckling load
of GR11 over that of GR31 is 1.18, while the buckling load of GR51
is 1.22 times that of GR71. In the post-buckling stage, an inclined
tensile membrane stress state was developed as can be seen in
Fig. 11. Once the web has yielded, failures of the both girders occur
when plastic hinges are formed in the flanges. Obviously, the
width of the inclined tension field becomes greater in the CFPFGs
relative to that of the SPFGs. This highlights the influence of the
infill concrete which increases the stiffness of the upper flanges,
and hence allows the webs to carry additional shear loads com-
pared to the SPFGs. It can be seen from Table 4 that the strength of
GR11 over that of GR31 is 1.13 (a/h,,=1.81) which is smaller than
the increase in the buckling load (1.18). In contrast, the increase in
the strength of girders with smaller web panel aspect ratio (a/h,,)
is much greater than the increase in the buckling load by adding
the infill concrete; from Table 5 it is seen that the strength of GR51
over that of GR71 is 1.38 compared to 1.22 for the increase in the
buckling load. From Tables 4 and 5 it can be seen that the average
strength of the CFPFGs to that of the SPFGs are 1.13 and 1.35, re-
spectively, for girders with a=1450 and 725 mm. Accordingly, it
can be concluded that CFPFGs become much effective for girders
with small a/h,, ratios.

Additional comparison that may represent the significance of
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Table 5
Details and FE strengths of CFPFGs and SPFGs with a=725 mm.
Geometrical details CFPFGs SPFGs [6]/[10]
hy, [mm] afh,, bs [mm] Group Specimen Vure [KN] (Vurre) (Vi p1) Group Specimen Vurre [KN] (Varre)/ (V1)
[1] (2] (3] (4] (51 [6] [7] (8] (91 [10] [11] [12]
600 1.21 10 G11 GR41 214 0.65 G16 GR61 164 0.5 1.30
20 GR42 214 0.65 GR62 167 0.51 1.28
30 GR43 221 0.67 GR63 172 0.52 1.28
40 GR44 229 0.7 GR64 178 0.54 1.29
700 1.04 10 G12 GR45 245 0.64 G17 GR65 184 0.48 1.33
20 GR46 245 0.64 GR66 185 0.48 1.32
30 GR47 252 0.66 GR67 195 0.51 1.29
40 GR48 263 0.68 GR68 201 0.52 1.31
800 0.91 10 G13 GR49 277 0.63 G18 GR69 205 0.47 1.35
20 GR50 290 0.66 GR70 205 0.47 141
30 GR51 292 0.67 GR71 212 0.48 1.38
40 GR52 309 0.7 GR72 225 0.51 1.37
900 0.81 10 G14 GR53 294 0.6 G19 GR73 220 0.45 1.34
20 GR54 306 0.62 GR74 226 0.46 1.35
30 GR55 310 0.63 GR75 227 0.46 1.37
40 GR56 316 0.64 GR76 228 0.46 1.39
1000 0.73 10 G15 GR57 312 0.57 G20 GR77 233 0.42 1.34
20 GR58 321 0.58 GR78 233 0.42 1.38
30 GR59 329 0.6 GR79 237 0.43 1.39
40 GR60 353 0.64 GR80 240 0.44 147
Mean 0.64 0.48 135
Standard deviation 0.035 0.035 0.049

the infill concrete is to compare girders of groups G1-G5 (girders
with infill concrete and a=1450) to their corresponding girders of
groups G16-G20 (girders without infill concrete and a=725). The
results show that a strength increase of about 6% in average
(reached 15% in some cases) may be gained by reducing the
number of stiffeners used and at the same time infilling the flange
with concrete. Beside the strength increase, another benefits could
be gained by reducing the number of stiffeners such as reducing
the weld lines and the distortion caused by them.

a

3.3. Effect of depth-to-width ratio of the pentagonal flanges

The effect of the depth-to-width ratio of the pentagonal flanges
is investigated in this sub-section through varying the depth (bs),
shown in Fig. 2, from 10 to 40 mm, while the width remained fixed
to 80 mm. From the economical point of view, the optimization of
the steel quantity (weight) becomes a relevant issue. Thus, it be-
comes important to evaluate the additional shear force carried by
the CFPFGs and SPFGs compared with the increased amount of

Decreasing a/h,

GR31

"

Adding infill concrete

Adding infill concrete

Decreasing a/h

W

Fig. 11. Typical deformed shapes for girders with (a) a/h,,=1.81 and (b) a/h,,=0.91.
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Table 6
Variation of cross-section area A (a;) and ultimate-to-plastic shear ratio
2=VurelVwpi (i) With bz

hy [mm] bs [mm] A[mm?] a; ¢

alh,,=2.42 alh,=121 (a=725)
(a=1450)
CFPFG SPFG  CFPFG SPFG
Group G1 G6 G11 G16
600 10 4127 0.00 0.00 0.00 0.00 0.00
20 4148 0.01 0.02 0.03 0.00 0.02
30 4180 0.01 0.05 0.05 0.03 0.04
40 4219 0.02 0.09 0.08 0.06 0.08
Group G5 G10 G15 G20
1000 10 5327 0.00 0.00 0.00 0.00 0.00
20 5348 0.00 0.03 0.03 0.03 0.00
30 5380 0.01 0.07 0.06 0.06 0.02
40 5419 0.02 0.11 0.08 0.12 0.03

steel (proportional to the cross-section area) as a result of in-
creasing the value of bs. The percentage of variation of cross-sec-
tion area (A) and ultimate-to-plastic shear ratio y =V, rg/Viw,p be-
tween two girders (Gi and Gj) were calculated using the expres-
sions:

Aci — Agj X6i = XGj
= and ="

ajj =
v Aci XGi ®)

The values of these coefficients are listed in Table 6 for sample
results, at which it can be seen that the increase of the ultimate-
to-plastic shear ratio (y) is higher than the increase of cross-sec-
tion area (A). Indeed, the increase in the cross-section area (A) by
increasing bs is null. Although the increase in y is noticed for the
CFPFGs as well as the SPFGs with different web plate aspect ratios,
it becomes noticeable for CFPFGs with large web depths. On the
opposite, the effect of increasing bs is very small in SPFGs with
closely spaced transversal stiffeners (i.e. a=725); see G20. Overall,
it can be concluded that the plastic shear load carried by the girder
increases more than the amount of steel. Hence, if the failure of
the girder is related to the shear, the cross-section with the
maximum possible bs is advantageous (economical) and should be
used.

In order to illustrate the general behaviour of SPFGs as well as
CFPFGs, the load-deflection curves of Groups G8 and G3 are
plotted in Figs. 12 and 13, respectively. The curves of the SPFGs
(G8) show an initially linear region before a gradual reduction in
stiffness at Py pe. After that, descending branches are exhibited.
Obviously, the curves show that the increase in bs results in higher
Py e values. On the opposite, the CFPFGs (G3) show a typical
rounded load-deflection curves without descending branches. The
load-deflection curves tend to stop at the Py re values due to FE
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Fig. 12. Load-mid-span vertical deflection curves of G8.
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Fig. 13. Load-mid-span vertical deflection curves of G3.

convergence problems. However, the convergence problems, from
the author's view point, do not affect the value of Py e sig-
nificantly as they happen after a long stabilised load-deflection
behaviour.

3.4. Effect of aspect ratio of the web panel (a/h,,)

As previously noticed from Tables 4 and 5, decreasing the as-
pect ratio of the web panels (a/h,,) for the same girder geometries
leads to the increase in the shear strength. Herein, the load-de-
flection curves for GR4 and GR44 are presented in Fig. 14 to il-
lustrate the difference in their general behaviours. As can be seen,
linear elastic behaviour appears for both girders from early loading
stages. After that and until reaching the strength of the girders, a
plastic plateau is shown for the girder with a/h,,=2.42, while the
other with less a/h,, (i.e. 1.21) shows a strain-hardening response.

3.5. Effect of concrete compressive strength

The effect of the concrete compressive strength (f) is in-
vestigated in this sub-section. In order to do so, GR6 and GR20
were remodelled considering different f. values ranging from 25
to 100 MPa, as can be seen in Table 7. From the table it can be seen
that the value of f'. has nearly slight effect on the strength of the
CFPFGs, which could be ignored. The general behaviour of the
girders as well did not show any difference. Hence, it can be
concluded that the raised strength of the CFPFGs compared to that
of the SPFGs is attributed to the availability of a rigid medium in
the upper flange. Accordingly, the value of f. of the infill concrete
should not be included in the design strength of the CFPFGs.

500 A

400
300

P[KN] 200

100

Mid-span vertical deflection [mm]

Fig. 14. Load-mid-span vertical deflection curves of GR4 and GR44.
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Table 7
Details and FE strengths of the CFPFGs used to investigate the effect of f'.

Geometrical details CFPFGs
hy [mm] afhy, b3 [mm] Group Specimen fec [MPa] Vuiee [KN] (Varre) (Vw,pt)
[1] (2] (3] (4] [5] [6] [7] (81
700 2.07 20 G21 GR81 25 192 0.50
GR82 40 196 0.51
GR6 60 199 0.52
GR83 80 200 0.52
GR84 100 201 0.52
1000 145 40 G22 GR85 25 262 0.48
GR86 40 267 0.49
GR20 60 276 0.50
GR87 80 277 0.50
GR88 100 278 0.51
Mean 0.50
Standard deviation 0.015

3.6. Design strengths

According to the provisions of EC4 [25], the resistance to ver-
tical shear should be taken as the resistance of the structural steel
section unless the contribution from the infill concrete of the
flange has been established. EN 1993-1-5 [26] provides the shear
resistance just for the I-section plate girders, which is given here in

Table 8
Comparison between FE results and EN 1993-1-5 [26].

Fig 1(a). According to EN 1993-1-5 [26], the design shear re-
sistance Vjrq should be taken as the lesser of the shear buckling
resistance Vj,gq according to 5.2(1) of EN 1993-1-5 [26] and the
plastic shear resistance (Vp;rq) according to 6.2.6(2) of EN 1993-1-
1 [27]. Following clause 5.2(1) of EN 1993-1-5 [26], the design
resistance for shear (V}rq) for unstiffened or stiffened webs is ta-
ken as the sum of the shear carried by the web and the flanges. On

CFPFGs SPFGs
Group Specimen Ve [kN] (Vurre)/(Vecs) Group Specimen Vi e [KN] (Vurre)/(Vecs)
G1 GR1 169 0.73 G6 GR21 155 0.67
GR2 173 0.75 GR22 159 0.69
GR3 178 0.77 GR23 164 0.71
GR4 186 0.81 GR24 169 0.73
G2 GR5 193 0.95 G7 GR25 168 0.82
GR6 199 0.98 GR26 174 0.85
GR7 204 1.00 GR27 182 0.89
GR8 213 1.05 GR28 188 0.92
G3 GR9 211 114 G8 GR29 186 1.01
GR10 214 1.16 GR30 191 1.03
GR11 224 1.21 GR31 199 1.08
GR12 228 1.23 GR32 204 1.10
G4 GR13 229 1.34 G9 GR33 200 1.17
GR14 233 137 GR34 205 1.20
GR15 243 143 GR35 212 1.24
GR16 255 1.50 GR36 217 1.27
G5 GR17 246 1.54 G10 GR37 214 1.34
GR18 252 1.58 GR38 219 1.37
GR19 264 1.66 GR39 228 1.43
GR20 276 1.73 GR40 233 1.46
G11 GR41 214 1.49 G16 GR61 164 1.14
GR42 214 1.49 GR62 167 1.16
GR43 221 1.54 GR63 172 1.20
GR44 229 1.59 GR64 178 1.24
G12 GR45 245 1.84 G17 GR65 184 1.38
GR46 245 1.84 GR66 185 1.39
GR47 252 1.89 GR67 195 1.46
GR48 263 1.97 GR68 201 1.51
G13 GR49 277 2.23 G18 GR69 205 1.65
GR50 290 2.33 GR70 205 1.65
GR51 292 2.35 GR71 212 1.70
GR52 309 2.48 GR72 225 1.81
G14 GR53 294 2.50 G19 GR73 220 1.87
GR54 306 2.61 GR74 226 1.93
GR55 310 2.64 GR75 227 1.93
GR56 316 2.69 GR76 228 1.94
G15 GR57 312 2.78 G20 GR77 233 2.08
GR58 321 2.86 GR78 233 2.08
GR59 329 2.93 GR79 237 211
GR60 353 3.15 GR80 240 214
Mean 173 1.36
Standard deviation 0.687 0.432
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the opposite, AASHTO [28], AISC [29] and BS 5950-1:2000 [30]
neglect the shear contribution from the flanges of the IPGs. Ac-
cordingly, the design strength carried merely by the webs [26] is
compared to the FE strengths, as can be seen in Table 8, from
which it can be seen that the strength of [26] can conservatively be
used to predict the strength of the SFPGs (i.e. Mean of
Vure/Vecs=1.36). However, it would be highly conservative (i.e.
Mean of Vi re/Vecs=1.73) if it is used for CFPFGs attributed to the
considerable contribution of the infill concrete, as shown in the
discussion. Overall, based on the absence of specific shear design
strength formulae for the CFPFGs, a design model providing sui-
table capacity predictions for CFPFGs should be suggested. This
will be provided in future publication containing parametric stu-
dies accounting for the contribution of the infill concrete of the
upper pentagonal flange of the CFPFGs with different flange sizes,
as suggested by EC4 [25].

4. Conclusions

Virtual tests were performed on concrete-filled pentagonal
flange girders (CFPFGs) under shear loading by using ABAQUS [16].
The accuracy of the FE models were firstly assessed by using the
experimental results of Gao et al. [15] and it was shown that the
proposed model is able to predict well the general behaviour and
strength. Then, parametric studies were performed considering
the key affecting parameters which are the depth-to-width ratio of
the pentagonal flanges, the web plate slenderness, the aspect ratio
of the web panel and the compressive strengths of the infill con-
crete. Load displacement curves and failure modes were obtained
from the analyses. For comparison purpose, steel pentagonal
flange girders (SPFGs) were also generated. Based on this para-
metric study, the following points may be drawn:

1. Each pair of CFPFGs and SPFGs were found to have similar
buckling shapes with the buckling load of the CFPFG being
higher than that of the corresponding SPFG. The width of the
inclined tension field, in the post-buckling stage, becomes
greater in the CFPFGs relative to that of the SPFGs, highlighting
the influence of the infill concrete which increases the stiffness
of the upper flanges, and hence allows the webs to carry ad-
ditional shear loads compared to the SPFGs.

2. The effect of the depth-to-width ratio of the pentagonal flanges
was investigated through varying the depth (b3). It was found
that the cross-section with the maximum possible bs is ad-
vantageous (economical) and should be used. This is because it
increases the ultimate-to-plastic shear ratio of the girder much
higher than the increase in the cross-sectional areas.

3. It was clearly found that the decreasing the aspect ratio of the
web panel (a/h,,) results in an increase in the shear strength of
the girders. Such increase becomes greater in the CFPFGs
compared to SPFGs.

4. It was shown that the concrete compressive strength (fc) has
nearly no effect on the strength and behaviour of the CFPFGs.
Hence, the raised strength of the CFPFGs compared to that of
the SPFGs is attributed to the availability of a rigid concrete
medium in the upper flange.

5. Through the comparison between the FE strengths and that
calculated by EN 1993-1-5 [26], it was found that EN 1993-1-5
[26] can conservatively be used to predict the strength of the
SFPGs. However, it becomes highly conservative if utilised for
the CFPFGs due to the considerable contribution from the infill
concrete.

Finally, based on the absence of specific shear design strength
formulae for the CFPFGs, a design model providing suitable ca-
pacity predictions for CFPFGs should be suggested. This is under-
way by the current authors by considering additional parametric
studies that account for the contribution of the infill concrete of
different pentagonal flange sizes, as suggested by EC4 [25].
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