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ABSTRACT: It seems necessary to develop a simplified design approach in order to evaluate Review History:

the shear strength of web panels under fire condition as the size of furnaces is limited, the cost of  Received: Jul. 17, 2020
experiments aimed at testing the fire resistance of structures is quite high and access to simulation  Revised: Apr. 08, 2021
software packages such as ANSYS and ABAQUS is not always guaranteed. In this paper, web panel — Accepted: Apr. 09, 2021

shear design relationships of AISC360-16 and AASHTO-14 specifications are exploited to be used in  Available Online: Apr. 18, 2021
fire conditions. To this end, the stress-strain reduction factors provided in EN 1993-1-2 are directly
applied. Afterward, the design curves are proposed for the prediction of the ultimate shear strength and
limiting temperature of steel plate girders under fire by taking into account the strength degradation
caused by high temperatures and the effects due to sectional instability. According to the results, the
proposed curves are more accurate in compact plates with plastic shear buckling at both ambient and
high temperatures. However, by increasing the web slenderness, the difference is increased. At ambient
temperatures, the maximum difference for compact, non-compact, and slender web plates is about 1.1%,
23%, and 28%, respectively. The difference at 400°C reaches almost 3% and 7% for non-compact and
slender web panels, respectively. In addition, at 600°C, especially for slender plates, proposed curves
yield values that are nonconservative for ultimate shear strength, such that the difference is about 11%.
Also, the maximum difference for existing experimental and numerical studies is about 20% and 4%,
respectively.

Keywords:

Fire

Plate slenderness
Pteel plate girder
Shear strength

Design diagram

1- Introduction
Steel structure and lifespan are affected by fire, and the

high temperatures and the effects due to sectional instability.
The validation of the proposed diagrams is evaluated by

shear buckling of web panels in addition to failure modes
of girders by considering fire as a parameter, has been an
interesting subject in recent years [1, 2]. This has been the
primary aim of some studies. It was shown that inelastic or
elastic buckling of steel plate webs, that experience plastic
buckling at normal temperatures, is a possible phenomenon
at elevated temperatures owing to the deterioration of
mechanical properties [2], i.e., a change in the failure mode
is to be expected.

There seems to be no theoretical research aimed at
evaluating the web panel mode change that provides general
shear design diagrams of steel plate girders exposed to fire.
This study seeks to fill this gap. In this regard, web panel shear
design relationships of AISC360-16 [3] and AASHTO-14
[4] specifications are exploited to be used in fire conditions.
To this end, the stress-strain reduction factors provided in
EN 1993-1-2 [5] are directly applied. Afterward, the design
diagrams are proposed for the prediction of the ultimate shear
strength and limiting temperature of steel plates under fire
by taking into account the strength degradation caused by
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comparing the results with numerical and experimental data.

2- The Proposed Shear Design Diagrams
2- 1- Ultimate shear strength at elevated temperature

Based on the direct application of the reduction factors of
EN 1993-1-2 [5] for the steel stress-strain relationship, the
design shear strength of unstiffened web plates at elevated
temperatures, Vu =V shall be determined as

K . -AISC,T v .n-AISC,T’
Equation 1 with a shear resistance factor of ¢, = 0.9.

Vu—AISC,T = ky,T'¢v (0'6q‘r‘1:,20ht»¢v ) (1a)
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Fig. 1. The plate ultimate shear strength variation versus temperature based on the AISC360-16 relationship
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Fig. 2. The plate ultimate shear strength variation versus temperature based on the AASHTO-14 relationship

where V ,.; is the nominal shear strength, A, o
is the nondimensional web slenderness (NWS) parameter
at a constant temperature. Moreover, A, <., is the NWS
parameter at 20°C,and V.., =0... ., isthe web plastic
shear strength at ambient temperature. Also, 6, is the yield
stress of web plate at 20°C, h signifies the overall depth of
girder, t and D are the thickness and depth of web plate,
respectively, E,; is the Young’s modulus at 20°C, K, . is
the elastic shear buckling coefficient, and ky’T, kE’T are the
EN 1993-1-2 reduction factors related to yield stress and
Young’s modulus, respectively. In this article, similar to
the slenderness categorization of plates under the effect of

shear loading at ambient temperatures, web panels with A, _
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aser=l-1 and &, o .>1.37 are considered as compact and
slender plates, respectively. Also, web panels with 1.1<)
aiscr=1.37 are considered to be non-compact plates with
inelastic shear buckling failure mode. Therefore, according
to Equation 1, Figure 1 can be used to determine the ultimate
shear strength (USS) of unstiffened web panels at elevated
temperatures in terms of web panel slenderness and steel
temperature. As an example, the USS value of plates with
A <1.1 and T>1.1 at 600°C are =0.423V

‘w-AISC,T— Vu-AISC,T

Aw-AISC? .
OandV )Vp-AISC,20, respectively.

AISC2 u-AISC,T:(O'3 I 7Lw»Alsc,20

Similar figure can be drawn based on the AASHTO-14 [4]
relationships, as shown in Figure 2.
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Fig. 3. Shear strength reduction factor of the plates versus temperature based on the AISC360-16 relationship

2- 2- Limiting temperature

One of the most important parameters needed for
understanding the structural behavior is the temperature it
takes the structure to collapse. Nonetheless, an evaluation of
the residual capacity of fire-exposed components is mandatory
before the application of load on structures. This helps
the engineers with new techniques for adding appropriate
structural members in a building or bridge. Therefore, in
this section, Based on Equation 1 and given that the NWS
parameter at elevated temperatures (Aw-AISC,T) is less than
or greater than 1.1, the USS reduction factor (R=Vu-AISC,T/
Vu-AISC,20) of an unstiffened web panel can be derived
from Figure 3 in terms of steel temperature. Similar figure
can be drawn based on the AASHTO-14 [4] relationships. As
an example, the USS reduction factor belonging to plates with
Aw-AISC,T<1.1 and Aw-AISC,T>1.1 at400°C, are about 1 and
0.84, respectively. On the other hand, the proposed diagrams
in Figure 3 can be used to predict the limiting temperature,
Tlim, at which the panel would fail when a constant shear
load is exerted. For example, if, under loading at ambient
temperature, 60% of the shear capacity of an unstiffened web
panel with an NWS parameter of Aw-AISC,T <1.1 is used, the
plate will reach its ultimate shear load at a temperature of 560
°C. In other words, at a temperature of 560 °C, this plate will
reach its ultimate load by a shear strength reduction of 40%

3- Validation of The Proposed Diagrams
The accuracy of the developed method for evaluating
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the shear behavior of web panels under fire conditions
is examined by comparison with the 1) current paper 54
plate girders with compact, non-compact and slender web
panels, 2) the available eight experimental data [6] and, 3)
the available four finite element analyses [7]. In this paper,
the numerical modeling and analysis are performed using
ABAQUS. The S4R element is used for modeling the girders.
The modified Riks method is used for the nonlinear static
analysis of unstiffened web panels. Loading pattern and
boundary conditions of the finite element models are shown
in Figure 4.

4- Conclusions

In the present work, the ultimate shear behavior of stiffened
and unstiffened steel plates was investigated at elevated
temperatures. In this regard, shear design relationships of
AISC 360-16 and AASHTO-14 specifications were adapted
to fire conditions. Next, analytical equations and design
diagrams were proposed to predict the ultimate shear strength,
failure mode, and limiting temperature under a constant shear
load at which the panel would fail. The validation of the
proposed diagrams was evaluated by comparing the results
with numerical and experimental data. In each section,
engineering design examples were also presented. Such
assessment is beneficial for developing novel strategies so
that structural members can be retrofitted in buildings and
bridges.
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Boundary Condition
Edge U, U, U 6 8
1 0 0 0 0
2 1 0 1 0
3.4 1 0 0 0
5,6 1 0 1 0
7.8 1 0 1 1
0: Fixed

Fig.4. Boundary condition and pure shear loading of models in the finite element analysis
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Fig. 1. Stress-strain reduction factors of steel at high temperatures

YL LSL‘") 2 u.sl.&e u»:): u.a9l.o.a -\ =Y
wir Pl lalges ety pglite 4 F (i Slrudg Bilae
slod 5> Koyel g 5Yed acliopw] 93 (hb Lulgs YU clales )
g g0 g Mol ENVARY-V-Y aoli ol ials colps Jlos! b lae
5 (yw,v~c) ke i e asbil Loy, 50 wcd 5 ops [V o YY)
Sy b iy 4 oS o a3 Ve glod 3 (E) ¥l Jgae
2l 5y Conglin AISCYS 18 Ayl Lailg) ;> ENYAAY-y-y
e 3 ,8os Bl o 5 T paseiio slos 1 55988 ol Bl b B9

Dgudsr (A g Oy & ‘Vu—AISC,T=¢vVn—AISC,T’wa
s o

) T slod ol )2Y am o el )“W—AISC,T ‘U

ol ¢ 02yl hagh 3 oSl S5 BB g aales ol S e
g ol Grg 36 gl ulpd 3 ame slod alis o Cul
(bawgio) 03,808 2V atod dw &y ol 2V dmgr el olol
9 Ay _ascr SLIL B)g cafy (pd Db mandl (maus) 03, o
Sty (B8 b 03,88 B9 Glpie & oy 4 A e, >1.37
L Gy Bl Jl s 48)S e > SV JleS b 2V G5 5
by LS L odpidp 8y9 Olois & 58 LI< A0 <1.37

393 dalgs SVl

v54

las Clasuin (ials Colpsd Dad o oy (3,5 ol a3 VO b
$9o e G185 S K1 JSS nl )3 090 sl Y IS5 050 4,
u;mwka‘al)fu:jL» Ve glod 3 e 35 & T slod
Kp g ol8 olo ae o Ve slod o wabes i 4 T (slod )3 canlis 2
o T lod o (dtmiwVl Jodo) os SVl odgamme o Causs

ol 38 il ax > Vo (glod jd s

Vi user = ky,T‘¢v (0'6Gyw,20h L, ) (")

for lW’T_ use <11

1.1
I/u—AISC,T =4 ky,T‘kE’T 4 (0'6 O-yw’zoh by {ﬁ, :D ()
1,20 AISC

for A R >1.1

w

k
_ »T
ﬂwalsc,r = k -ﬂ“walsc,zo (V)
ET



1 Tf"'“~ 1
09 + AL 09 ]
o Sso Q
o 08 + — W, T<1.1 08 Z
N E <
Q is =
% 0.7 S N " w.T>1.1 0.7 Z
F ~
£ 06 1 0.6 "5
2 o5 4 0.5 @
& : <
5 04 0.4 (<a
E 03 f 03 &
[ O
> 02 + 0.2 %‘
0.1 £ 0.1 57
F N~

0 + 0

0 100 200 300 400 500 600 700 800 900 1000 1100 1200

Temperature (°C)

5 301 393 4ol b Lod o 32 (39985 9 B39 (20 (o032 Croglile Ol pnd T JSS

Fig.2. The variation of the ultimate shear strength of plate and girder versus temperature based on
the AISC360-16 relationship
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Fig. 3. The variation of the ultimate shear strength of plate and girder versus temperature based on the
AASHTO-14 relationship
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Fig.4. Shear strength reduction factor of the plates versus temperature based on the AISC360-16 relationship
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Fig. 5. Comparing the numerical analysis results of the current study and the experimental results of Ref. [69]
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Fig. 6. Comparing the numerical analysis results of the current study and the experimental results of Ref. [9]
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Table 1. Specifications of the numerical models

[P tw t -
Jow a/D ! Aw-AASHTO,20 Aw-AISC,20 L@, o aiub
(ﬂC) (mm) (mm)
PG4-1 8 16 2.165 2.095 S
PG4-2 10 20 1.732 1.676 S
PG4-3 12 24 1.443 1.397 NC
PG4-4 4 20, 400, 600 14 28 1.237 1.197 NC
PG4-5 16 32 1.083 1.048 C
PG4-6 20 40 0.866 0.838 C
PG5-1 8 16 2.165 2.095 S
PG5-2 10 20 1.732 1.676 S
PG5-3 12 24 1.443 1.397 NC
PG5-4 > 20, 400, 600 14 28 1.237 1.197 NC
PG5-5 16 32 1.083 1.048 C
PG5-6 20 40 0.866 0.838 C
PG6-1 8 16 2.165 2.095 S
PG6-2 10 20 1.732 1.676 S
PG6-3 12 24 1.443 1.397 NC
PG6-4 6 20, 400, 600 14 28 1.237 1.197 NC
PG6-5 16 32 1.083 1.048 C
PG6-6 20 40 0.866 0.838 C

* S: Slender (,£¥) ; NC: Non-Compact (oo pind mg) 5 C: Compact (oo yicd)
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Boundary Condition

Edge U_ U, U g

1 0 0 0 0

2 1 0 1 0

3.4 1 0 0 0

5,6 1 0 1 0

7.8 1 0 1 1
0: Fixed
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Fig. 7. Loading and boundary conditions of numerical models
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Table 2. Ultimate shear strength at 20°C

Vu-rEM Y & Ratio

(1) (2) (2/1)
PG4-1  2.095 953.71  702.25 0.736
PG4-2 1.676 1523.96 1105.77 0.726
PG4-3 1.397  2074.67 1604.56 0.773
PG4-4 1.197  2431.23 2200.66 0.905
PG4-5 1.048  2788.36 2757.89 0.989
PG4-6  0.838  3535.08 3499.20 0.990
PG5-1  2.095 941.55  702.25 0.746
PGS5-2 1.676 1510.79 1105.77 0.732
PGS-3 1.397  2072.31 1604.56 0.774
PG5-4 1.197  2430.98 2200.66 0.905
PGS5-5 1.048  2783.09 2757.89 0.991
PG5-6 0.838  3474.01 3499.20 1.007
PG6-1  2.095 938.75  702.25 0.748
PG6-2 1.676 1507.15 1105.77 0.734
PG6-3 1.397  2073.13 1604.56 0.774
PGo6-4 1.197  2428.85 2200.66 0.906
PG6-5 1.048  2777.06 2757.89 0.993
PG6-6  0.838  3470.02 3499.20 1.008

BES Aw-AISC,20
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Table 3. Ultimate shear strength at 400°C

Vu-FEM Y S Ratio
J-\-O )vw-AISC,400 (1) (2) (2/1)

PG4-1 2.504 560.83  587.55 1.048
PG4-2 2.003 868.78  925.16  1.065
PG4-3 1.669 1303.09 1342.47 1.030
PG4-4 1.431 1797.33 1841.20 1.024
PG4-5 1.252 2741.76 2423.06 0.884
PG4-6 1.002 3444.49 3499.20 1.016
PG5-1 2.504 55522 587.55 1.058
PGS-2 2.003 864.91 925.16 1.070
PGS5-3 1.669 1301.48 1342.47 1.031
PG5-4 1.431 1795.23 1841.20 1.026
PGS5-5 1.252 2338.42 2423.06 1.036
PGS5-6 1.002 3427.82  3499.20 1.021
PG6-1 2.504 565.59  587.55 1.039
PG6-2 2.003 865.57 925.16 1.069
PG6-3 1.669 1303.97 1342.47 1.030
PGo6-4 1.431 1797.25 1841.20 1.024
PG6-5 1.252 2337.15 2423.06 1.037
PG6-6 1.002 3525.11 3499.20 0.993
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Table 4. Ultimate shear strength at 600°C

Jee Dmearscen Vurem Y K& Ratio

’ Q) 1)

PG4-1 2.580 27573  268.05 0.972
PG4-2 2.064 381.32  422.08 1.107
PG4-3 1.720 565.63  612.47 1.083
PG4-4 1.474 798.08  840.01 1.053
PG4-5 1.290 1256.78 1105.46 0.880
PG4-6 1.032 1598.13 1644.62 1.029
PG5-1 2.580 288.18  268.05 0.930
PGS5-2 2.064 380.85 422.08 1.108
PGS5-3 1.720 566.54 612.47 1.081
PG5-4 1.474 799.22  840.01 1.051
PGS5-5 1.290 1058.06 1105.46 1.045
PGS5-6 1.032 159436 1644.62 1.032
PG6-1 2.580 242.85 268.05 1.104
PG6-2 2.064 382.13  422.08 1.105
PGo6-3 1.720 569.92 61247 1.075
PG6-4 1.474 802.70  840.01 1.046
PG6-5 1.290 1057.84 1105.46 1.045
PG6-6 1.032 1682.60 1644.62 0.977
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Table 5. Dimensions and properties of tested specimens of TG3 and TG4

s h te D tw Gyw,20
Girder (mm) (mm) (mm)  (mm) D/tw  Aw-a1sc20 (MPa)
TG3 317 6 305 2 152.5 2.5 287.8
TGS 317 6 305 1.5 203.33 299 332
ld (o~ Saglio & by yo gl dwglie & Jgaa
Table 6. Comparison the results of the ultimate shear strength
w Vu (kN) Ver (kN) Rati
S _ -
Sr9 Aw-atsc,T Vs Bl b e
°C) /)
(€)) (2
20 2.5 43.3 53.35 0.81
TG3 400 2.99 36.22 30.08 1.20
565 2.97 21.11 19.87 1.06
690 3.23 8.38 7.05 1.19
20 2.99 21.86 21.05 1.04
TGS 400 3.58 18.29 17.63 1.04
550 3.51 11.66 13 0.90
700 3.97 3.78 4.5 0.84
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Table 7. Comparing the results of the proposed diagrams and the numerical results of Ref. [17]

Steel section h te D o usca  Dim ‘Sé"; \;}]‘bu Ratio
(mm)  (mm)  (mm) (mm) ’ ) 2 12
W16x26 398.78 8.76 381.25 6.35 1.079 594 595 1.00
W18x40 454.66  13.335  427.99 8 0.961 594 617 0.96
W24x55 599.44 12.83 573.78  10.03 1.028 594 604 0.98
W40x167 980.44 26.16 928.12  16.51 1.010 594 610 0.97
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