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ABSTRACT: Over the recent decades, with spreading unusual events such as fire, blast, and vehicles
collision, studying the behavior of structures subjected to abnormal loadings has been attracted
the attention of researchers and structural engineers. Among the various scenarios of impact loads,
the collision of light and heavy vehicles to the external column of steel buildings accidentally and
or intentionally is important as a research and an applied topic. The impact loads caused by vehicle
collisions to the column of buildings are usually not considered in the design, so it’s necessary that the
effect of these loads should be studied on the nonlinear performance of structures. In this study, the
steel moment-resisting frame structures 2, 5, 8 and 12-story with intermediate ductility are designed for
gravity and seismic loads and then nonlinear dynamic analyses are conducted under the impact induced
by Light and heavy vehicles collision to corner column of side axis by OpenSees software and fragility
curves are proposed based on the different damage levels. Finally, structural responses of studied frames
are investigated and compared due to the collision impact with different velocities until the occurrence
of dynamic instability. The results showed that the impact induced by light vehicle collision at velocities
80, 100, 140 and 130 km/h and impact induced by the heavy vehicle at velocities 50, 60, 80 and 70 km/h
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has been caused dynamic instability in the desired frames 2, 5, 8 and 12-story, respectively.

1- Introduction

In the last decade, due to the increasing terrorist threats
all over the world, much attention and attempts have been
paid to the design and analysis of resistant structures against
abnormal loads. Traditionally, structural engineers designed
and analyzed buildings against usual lateral loads such as
earthquake and wind, but in some cases, the investigation
of the nonlinear performance of structures against abnormal
loads such as vehicles impact and blasts is important, too
[1]. Regarding assurance to performance of structures
has always been an important principle for engineers and
designers, and since complete assurance to the quantity
of a potential natural or unnatural accident is not possible.
So, it’s necessary to investigate the nonlinear performance
by extracting structural responses and fragility curves are
considered logical [2]. Some papers have been conducted
in this field. Park et al. [3] analyzed the sensitivity of a
steel moment-resisting frame due to column removal. The
Monte Carlo Simulation method (MCS) and the First-Order
Second Moment method (FOSM) have been used. The
results showed that the random variable of yield strength
of beam was the most effective parameter in the design of
the frame under the effect of column removal. Kim et al.
[4] evaluated the behavior of 3-story steel moment-resisting
frame structure under the effect of vehicle impact to the
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external corner by fragility curves with different velocities.
Santos et al. [5] investigated the failure of common types
of beam-column joints of the steel moment-resisting frame
subjected to vehicle impact and the results showed that the
reduced beam connection (RBS) caused the beam yielding
mechanism and had better performance against impact
loadings. Sadeghi et al. [6] evaluated the reliability of the
structure of a 2-story steel moment-resisting frame under the
impact of a light vehicle, taking into account the uncertainty
in the materials and applied loads, using simulation-based
methods. The results showed that the control variates-based
subset simulation method (CSS) compared to MCS method,
with fewer samples and shorter computational time, it
estimates the probability of failure with an acceptable error.

In this study, the probabilistic framework is proposed
based on fragility curves of the steel moment-resisting
frames with different stories under the effect of light and
heavy vehicle impact with different collision velocities.
Finally, the dynamic instability velocity is obtained for every
scenario.

2- Methodology

In this study, three-dimensional structures with 2, 5, 8 and
12-story and a lateral bearing system of intermediate steel
moment- resisting frame in both longitudinal and transverse
directions are considered. These structures are designed
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based on Iranian design regulations (Codes 6 and 10 of
National Building Regulations [7, 8]) and Standard No.
2800, 4" Edition [9] on soil type Il in a very high risk zone (A
=035 g) with ETABS software [10]. They are designed by
LRFD method. Dead and live loads of stories are applied at
500 and 200 kg/m?, respectively, and the critical criterion in
designing the models of the building is drift. By examining
the results, the ratio of demand to capacity in all its structural
elements was far less than one. The two-dimensional frame
of the side axis is extracted and modeled for nonlinear
dynamic analysis under impact loads in OpenSees software
[11]. Dead and live loads applied to the mentioned frames
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Fig. 1. Fragility curve of the 2-story frame under light vehicle
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Fig. 2. Fragility curve of 2-story frame under light vehicle impact
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are 1500 and 600 Kg—/—m, respectively, and the used steel
materials in the beams and columns are ST37 type with the
values such as an elasticity modulus 200,000 MPa, a yield
stress 240 MPa and ultimate stress 370 MPa are considered.
Then, two-line uniaxial steel materials with kinematic and
isotropic hardness are assumed based on Steel01 model with
a hardness of 3% [3]. Therefore, probabilistic analyses are
conducted.

3- Results and Discussion

The side axle frames with 2, 5, 8 and 12-story are modeled
in OpenSees 2.5.0 software. After performing nonlinear
dynamic analyses under the effect of impact due to the
collision of a light and heavy vehicle at different velocities
(velocity step 10 km/h), software outputs such as maximum
response Structures such as first-floor displacement, drift,
base shear, first-floor acceleration, rotation of damaged
beam, column axial force, and vertical displacement of
beam-column connection at velocities Which causes the
occurrence of dynamic instability. Finally, in order to
probabilistically analyze the performance of the mentioned
structures due to the impact loads caused by the collision
of light and heavy vehicles according to different levels of
damage, Fragility curves are presented. In the studied frames
of 2, 5, 8 and 12-story, the collapse rate at the level of severe
failure has decreased by 86, 58, 90 and 87%, respectively.
Also, the median collapse rate of the studied frames of 2, 5, 8
and 12-story under the impact of light vehicle collision at low
to severe failure level is 60, 58, 54 and 55, respectively. Also,
the average collapse velocity under the impact of a heavy
vehicle has increased by 40, 50, 49 and 50%, respectively. In
the following, the fragility curves of 2 and 8-story frames are
presented for light and heavy vehicle impact in Figures 1-4.
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4- Conclusion

In this research, first, four structures of steel moment-
resisting frames with 2, 5, 8 and 12-story are designed
according to the regulations and then the two-dimensional
frames of their side axis are extracted and they are analyzed
under the effect of Light and heavy vehicle impact by
OpenSees software. By reviewing and comparing the results
of the analyses, the following notes can be mentioned:

- By increasing the collision speed of the vehicle, the
velocity that caused the dynamic instability in the desired
frames is obtained. The velocities of 80, 100, 140 and 130
km/h for light vehicles and 50, 60, 80 and 70 km/h for heavy
vehicles caused dynamic instability of frames with 2, 5, 8
and 12-story, respectively.

- Among the studied frames, 8-story frame showed more
collapse capacity than other prototypes and also, the 2-story
frame indicated less collapse capacity against vehicle impact,
so that 8-story frame was able to tolerate 140 and 80 km/h
and 2-story frames up to 80 and 50 km/h speeds under light
and heavy vehicles collision, respectively.

- The results of probabilistic analyses of the structures in
question showed that, for example, in the short frame, the
mean collapse velocity for low, medium and severe damage
levels under the impact of a light vehicle were equivalent
to 27, 37 and 69 km/h, respectively and under the impact
of a heavy vehicle were equivalent to 22, 25 and 37 km/h,
respectively.

- With the obtained results in this study, it can be said that
in the event of an impact due to the collision of vehicles,
the collision speed can be determined for the occurrence of
dynamic instability of different structures, in which case the
structures in question are also encountered with progressive
collapse.
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Fig. 1. Phase velocity dispersion curves for a steel pipe with outer diameter of 220 mm and wall thickness
of 4.8 mm
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Fig. 2 Flowchart of present study methodology.
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Fig. 3. The plan of the studied structures in this research.

a

W

w
b
2

L2

%)

50—

iz Yz Yz

(5 ST) adb & GG (&

het
b
=

RARBE

|

5

[¥5)

[¥5)

Lid

Lad

Lad

L

Lad

Lad

Lad

3

SRR e

La

50 o S—p

T T TR TR

(12 ST) aib V¥ GG (5

L

r'g

a
#

50 cmgq
T T

@2 ST) aib ¥ s (I

T

3

5

ﬁ'ﬁ'

3.

32

50
T

pizig

(8 ST) ainbs A B (¢

foii

b i 'u_l

3,95 52 & Wb CurBye ol yod 4y a5 3590 (Gamr dww (61 05l 5l 0l ] 50l ()US jooe (s 95 b B LY JSLS

Fig. 4.The extracted 2D frames of side axis of the studied 3D structures with the location of colli-

sion impact. a) 2-story frame, b) 5-story frame, c) 8-story frame, d) 12-story frame.
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Table 1 The sections of 2-story frame.

' LS Slbe &L Sk
Jol gaddb HE200B HE220B BOX200*20 BOX200%20
P9d (sadb HE180B HE200B BOX200*18 BOX200*18
digb O S gblis Y Jgao
Table 2. The sections of 5-story frame.
' $Ls LY S Sbe

Jol saidb HE260B HE280B BOX200%22 BOX200*25

P9 Gaib HE260B HE260B BOX200%20 BOX200*22

po Gadb HE240B HE260B BOX200*18 BOX200%%20

N 9 ok aib HE220B HE240B BOX200*16 BOX200*16

dig A S gblis ¥ Jgao
Table 3. The sections of 8-story frame.
wlib 5 gl Oy o
s,k Sk s, L

Jol sasds HE300B HE300B BOX280*35 BOX280%*35
pgd (Sdils HE280B HE280B BOX280%*35 BOX280*35
ez 5 pom stk HE260B HE280B BOX280*30  BOX280*30
Py sakb HE240B HE260B BOX200*18 BOX200*%18
il Akl HE220B HE240B BOX200*18 BOX200*18
ip g pian caib HE200B HE220B BOX200*18 BOX200*%18

OFYY



OFF+ U OY+Y dxio MY o JL» MY O)LM OY 0y9d E).A.AS):.AI u‘)a..c L;»A...Q(c 4.:).“;

Wb VY OB fblis F Jous

Table 4. The sections of 12-story frame.

) &S S &L Sk
p9d 3 Jgl cail HE340B HE360B BOX300%*35 BOX300%35
po sadel HE320B HE340B BOX300*30 BOX300%30
iy s el saib HE280B HE300B BOX300*20 BOX300%20
P g el (gadib HE260B HE280B BOX270*20 BOX270%20
i (sdil HE240B HE260B BOX250*18 BOX250*%18
o el HE220B HE240B BOX220*16 B0OX220*16
o2 aib HE200B HE220B B0OX220%22 BOX220%22
9 poojl— sa—ib
s HE180B HE180B BOX200*18 B0OX200*18
| | 20mm
v 4| 16mm
(< (&I

20*BOX200 ygiuw oo (w0 DHE220B 45 adaiie (<l :ablie ol ja 0 S5

Fig. 5. Phase velocity dispersion curves for a steel pipe with outer diameter of 220 mm and wall thickness of 4.8 mm
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Fig. 6. Impact loading induced by vehicle collision to column [40].
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Fig. 7. Dynamic response of column displacement subjected to impact loading [40].
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Table 5. Impact force and impact duration of light vehicle collision.
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Table 6. Impact force and impact duration of heavy vehicle collision.
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Fig. 8. Time history of impact loading.
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Table 7. Geometric specifications of the studied connection.
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Table 8. Specifications of steel material in the studied connection.
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Fig. 9. The studied prototype for verification in this research: a) Experimental methodology [45], b) Configu-
ration of an experimental prototype, ¢) Simulated model by computer.
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Fig. 10.Comparison of analytical and experimental results.
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Fig. 11. The structure of Kim and Kang model with 3-story and 3 bays [18].
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Fig. 12. The shematic view, a) Kim and Kang model, b) Column section [18].
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Fig. 13. Comparison of velocity-time diagram related to software and reference model
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Fig. 14. The displacement time history of 1st story in 2-story frame under impact induced by light and heavy
vehicle to te corner column.
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Fig. 15. Phase velocity dispersion curves for a steel pipe with outer diameter of 220 mm and wall thickness of 4.8 mm
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Tabl 9.Comparison of the stories displacement response of the studied frames under dynamic instability veloci-
ties based on cm unit.
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Fig. 16. Comparison of the beam-column connection vertical displacement response in corner column of the studied
frames under dynamic instability velocities
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Table 10.Comparison of maximum stress response of corner column of studied frames under light and heavy
vehicle impact based on Mpa unit.

aub Y ol aub b ol ab A ol aib \Y Ol
Ay 9N Iy f/4 AYA Uy YEIY \OIY \4/F YelY
Lo L FIA MO \Y/Q \F/F YAIA AN Y&/ YAIY
ool s
7 YA £Y Y4 Ty Yf Yy Yo Y4
(%)

oL Ao g s -V =) =Y

)55 0 Sl Cou dbeS g 5 ol Dbl i (¢ dmslie jelaie 4
CB sl wges > (3Y98 hae (K g S 6 4B (5 Al
SVl e g (4 5l Jd) SVl cdls 95 50 adllas 3y50 (e
S5 (g OIS 5 (oo @m > Wl oad a3 LS ) ()0 5l asy)
i Jlog 3)95 0 5l (o8 (s w00 (185 e )3 g 9 b Sl 93
955 de (i yd ol dlol i wSlas gols cdeldl (o ol H1E wyy 390
ol &l Ve Jado sillae  Siolid (g)lubl blis, o cep cov
50 0 adllas dyg0 g 4 LD Glpuss a5 ) o Ui s Ll
9yl b Y (g 4o oligS QB )3 4y (i8S Hlai 3 e g L b
Gl oS adl A g adye e CB

OFYY

s Jlsl @8 ool Y ) -
s Jleos Jol s aib ¢ adgS gt 3,Sdas (g slate 4
el 05 SLNE S ollaa gty Jlal w36 ool el e
Copmd Al W OB > g5 Jladl 38 abule 398 (o pauie
@ e (5 4B (g iy 258 S cod Al A g0 Y gl QB @
Oial38l e Cpiomen (ol a8l (o]l Mo > Ve g BV Fr dgas (i S
S B ) S 4y (S (5 4l (5 dlwg 355 5 b 2 o6 olml>
Ll o doyd YV g ¥V Ve Y dgis iy 4 dab VY g A b Y
il 35 558 e Jlail (3B plmle (sbajle sla Jo el il

L] A28l



DFF+ B 0¥V dio A+ Jlo Y o)lad DY 053 (yusS sl (Jpas pusiiteo 4y il

Interstorey Drift

ab b b (o

=g [0-FEMA-336

LS-FEMA-336
=——g— CP-FEMA-356
‘\ [ ]
o \\
. LS ——2
5 »
2 . A \\ V3
wn v \‘ “
e i
5 \\\\ —_—
o > . N —— 5
z ~ LY
-~ LAY
) 1 —— 6
o A
'==‘-==-' - =7
-t =G
003 004 005 006 007 """V

=t 0-FEMA-355
=t L3 FEMA-336

12

1 CP-FEMA-336

10 —— V1
9 ——V2
8 Vi
7 —— 4
6 —V5
5 —— G
4 —— VT
3 —_—E
2 —_—
1 ——vi0
0

Interstory Drift

-——-11
Vi

- = V13

aib 1Y Gl (o

INO. oI dtories

=g JO-FEMA-3 36
—— .3 FEMA-336
——a— CP-FEMA-336

—— 1
—p— ] ]
Vi
—_—V4
Vi

——

—_—7

-V

0 0.01 0.02 0.03 0.04 0.05 0.06

Interstorey Drift
ab ¥ ol (&I
—+— I0-FEMA-356
—e— LS. FEMA356

CP-FEMA-356
—_——1

—— Y2
V3
—_—V4
—— 5
—_—V
—_—7
—— 7§
—_—V
—— V10
—— V11

Vi2
0 0.02 0.04 0.06 e
Vid

Interstory Drift

aib A O (7

oo Gl G paw b adgS (i &1 S (§ 4l (5 dlowrg (5 455 Cod anlllan 3 90 (b CB OLb o (o bule NV JSW

Fig. 17. Stories drift of studied frames under light vehicle impact to corner column with different velocities.
a) 2-story frame, b) 5-story frame, c) 8-story frame, d) 12-story frame.
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Fig. 18. Stories drift of studied frames under heavy vehicle impact to corner column with different velocities.
a) 2-story frame, b) S-story frame, c¢) 8-story frame, d) 12-story frame.
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Table 11. Comparison of the stories drift of studied frames under dynamic instability velocities.
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Fig. 19. Comparison of maximum residual drift response of the studied frames under dynamic instability velocities.
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Fig. 20. The base shear time history of 2-story frame under impact induced by light and heavy
vehicle to te corner column.
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Fig. 21. Phase velocity dispersion curves for a steel pipe with outer diameter of 220 mm and wall thickness of 4.8 mm
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Fig. 22. The acceleration time history of 1st story in 2-story frame under impact induced by light and heavy vehicle

to te corner column.
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Table 12. Comparison of of 1st story acceleration response of studied frames under light vehicle impact with dif-
ferent velocities.
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Table 13. Comparison of of 1st story acceleration response of studied frames under heavy vehicle impact
with different velocities.
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Fig. 23. Comparison of corner column axial force of studied frames under impact with dynamic instability
velocities.
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Table 14. Comparison of corner column axial force response of studied frames under light vehicle impact with dif-
ferent velocities.
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Table 15. Comparison of corner column axial force response of studied frames
under heavy vehicle impact with different velocities.
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Table16. Comparison of maximum corner column axial force response of studied frames under
light and heavy vehicle impact based on kN.
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Table 17. Damage criterion of steel structures under impact loads [21, 47].
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Fig. 24. Comparison of beam rotation of damaged bay of studied frames under light vehicle impact with
different velocities.
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Fig. 25. Comparison of beam rotation of damaged bay of studied frames under heavy vehicle impact with dif-
ferent velocities.m
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Table 18. Exceedance probability of damage in studied frames with considering the damage
levels under vehicles collision.
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Fig. 27. Comparison of collapse probability of studied frames in severe damage level under light vehicle collision.
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Fig. 28. Comparison of collapse probability of studied frames in severe damage level under heavy vehicle collision.
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Fig. 29. Comparison of increasing collapse probability of studied frames in different damage levels under light
vehicle collision.
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Fig. 30. Comparison of increasing collapse probability of studied frames in different damage levels under heavy
vehicle collision.
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