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ABSTRACT: Examination of the damage caused by past earthquakes, such as the Kermanshah
earthquake, confirms that infilled-frame buildings, which were built on soft soil, experienced more
damage than these buildings on site with hard soil. One reason for this damage is ignorance of the
effects of masonry infill on the behavior of the structure, despite the recommendations of seismic
codes. Therefore, in this research, the effect of the presence or absence of masonry infills on the seismic
performance of steel moment-resisting frames with considering the effect of soil-structure interaction

has been investigated. In this regard, incremental nonlinear dynamic analyzes were performed on two-  Keywords:

dimensional frames with 3, 6, 9, 12, 15, and 20 stories and three bays, which were designed in soil type Probabilistic evaluation
B o based on Eurocode-8. For this purpose, 21 far-field ground motions were selected according to
the FEMA-P695 and time history analyses were performed in SeismoStruct. Also, the effects of soil-
structure interaction on both rigid and flexible substrates were considered. Then, probabilistic evaluation
of the frames was performed by obtaining the seismic fragility curves in immediate occupancy (10),

life safety (LS), and collapse prevention (CP) performance levels. The results showed that the presence

Steel moment frame
Infilled frames

Fragility curves
Soil-structure interaction
of infill panels reduces the vulnerability of structures, especially by increasing the frame height. The

spectral acceleration required to create collapse prevention performance increases from 1.2 to 3 times.

However, considering the effects of soil-structure interaction in the estimation of structural capacity is

more reliable and leads to the more realistic capacity estimation of structures.

1- Introduction

Experimental observations in previous earthquakes have
shown that the presence of infill increases lateral stiffness
and as a result, the structure will have a different response
to ground stimuli. However, despite the emphasis of seismic
regulations on the effects of the interaction of non-structural
components that prevent the movement of structural members
during an earthquake, in practice, only the periodicity of the
structure due to the presence of infill in the design routine is
taken into account. Obviously, given the variety of infilled
frames, the type of infill and how they are arranged, simply
doing so in estimating the behavior of the structure is not
without ambiguity, and special criteria must be considered
for the actual performance of the various infilled frames.
Although ignoring the effect of infill from the point of view
of strength can be reassuring in terms of the extra strength it
creates in the structure, the experience of recent earthquakes
has shown that ignoring the effects of infill will impair the
performance of the structure. One of the main causes of this
phenomenon is the increase in frame stiffness due to the
presence of infill, which causes the frame to absorb a larger
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share of lateral force. Fracture and disintegration of the frame,
For example, in previous earthquakes, such as the Sar-e-Pol-
e-Zahab earthquake, most buildings designed and built by
engineers were severely damaged due to a lack of attention to
the negative effects of the walls [1].

Despite many studies on the effect of interframes as well as
the effects of soil-structure interaction on seismic performance
and response of structures to earthquakes separately in the
technical literature, limited studies of both infill and soil-
structure interactions have been studied simultaneously.
Including Tavakoli and Moridi [2], the simultaneous effects
of soil-structure interaction and interlayer of building
materials in steel flexural frames are studied. They concluded
that reducing soil shear velocity increases the effects of soil-
structure interaction on nonlinear structure. In addition to the
limited study, the experience of Sarpol-e-Zahab earthquake
in 2018 showed that the simultaneous effects between the
frame and the soil-structure interaction are significant [2]. In
this study, the probabilistic effect of infilled frames on the
seismic behavior of steel moment resisting frames has been
investigated by considering the soil-structure interaction. For

Copyrights for this article are retained by the author(s) with publishing rights granted to Amirkabir University Press. The content of this article
o NG is subject to the terms and conditions of the Creative Commons Attribution 4.0 International (CC-BY-NC 4.0) License. For more information,

please visit https://www.creativecommons.org/licenses/by-nc/4.0/legalcode.

633



M. Hajati and S. M. Motavali Emami, Amirkabir J. Civil. Eng., 54(8) (2022) 633-636, DOI: 10.22060/ceej.2022.20043.7325

this purpose, two-dimensional steel moment frames with 3,
6, 9, 12, 15 and 20 stories with and without interlayers of
building materials and also with and without the effect of soil-
structure interaction were analyzed by nonlinear incremental
dynamic analysis (IDA). Then, by obtaining fragility
curves, probabilistic evaluation of structural performance
was performed. In this regard, for modeling infilled frames,
Crisafulli multi-strut method was used in SeismoStruct
software [3, 4] and to consider the effects of soil-structure
interaction, the method was used. Spring equivalent hardness
(Cone method) Conan software was used

2- Methodology

In this research, the two-dimensional bending steel frames
proposed in the article by Dimplus et al. [5] have been used.
These frames have 3 openings with a length of 5 meters and
have three to twenty stories, the height of the stories is 3
meters, which is schematically shown in Figure 1. It should
be noted that the design of these frames is based on Euro
code 8 (EC8) and the maximum ground acceleration (PGA)
is 0.36 g and soil type B (based on EC8) [25] is considered.
21 far-field ground motion were selected according to FEMA
P695 [6] in type C and D soils according to NEHRP [7, 8].
For modeling infills, the equivalent diagonal strut method
proposed by Chrysafulli et al. [9] and Chrysafulli and Atel
[10] has been used. This model is available in SeismoStruct
software.

There are different methods for analyzing the effect of
soil-structure interaction such as the finite element method,
boundary element method, hybrid or hybrid method and
substructure method [6, 11]. Cone method The Wolf original
method, which is one of the types of substructure methods, was
selected for building structures due to the consideration of soil
behavior in the linear area, low cost, simplicity and acceptable
engineering accuracy [32, 33]. This method considers the
interaction of soil and foundation with the idealization of soil
in the form of incompletely elastic cones. The cone model
can be used to analyze translational movements (vertical and
horizontal) and rotational movements (cradle and torsion).
Cone models can be used for a variety of structures with
general characteristics of being layered and buried, taking into
account all degrees of freedom. The indirect conical method
for applying soil-structure interaction considers modeling the
soil dynamic system with a defective semi-infinite conical
rod with a vertical axis.

Two-dimensional steel moment frames with 3, 6, 9, 12,
15 and 20 stories with and without interlayers of building
materials and also with and without the effect of soil-
structure interaction were analyzed by nonlinear incremental
dynamic analysis (IDA). Then, by obtaining fragility
curves, probabilistic evaluation of structural performance
was performed. In this regard, for modeling infilled frames,
Crisafulli multi-strut method was used in SeismoStruct
software [12] and to consider the effects of soil-structure
interaction, the method was used. Spring equivalent hardness
(Cone method) Conan software was used
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Fig. 1. Comparison of structural fragility curves of 3
and 20-story infilled and bare frames

3- Results and Discussion

Fragility curves related to structures with and without
infill of three to twenty stories can be seen in two cases
with and without considering the effect of soil-structure
interaction at three functional levels (IO, LS, CP).
Considering the three-story structures, considering the
CP performance level, it is clear that the infilled frame
without SSI passes the CP performance level at the spectral
acceleration of the first mode equal to 5.3g. This is while
considering the effect of soil-structure interaction; this
spectral acceleration is reduced by 5.56g. It is worth noting
that in a 3-floor bare frame, consideration or disregard for
SSI has no significant effect on CP performance overruns.
The same process applies to bare 6 and 9-story frames.
The effect of considering and not considering the effect of
soil-structure interaction varies for 12- to 20-story infilled
frames to estimate the permeability of the CP performance
level. Failure to consider, Failure to consider SSI is contrary
to the assurance direction and leads to an inaccurate
estimate of the capacity of the infilled frame structure
to exceed the CP performance level. This effect is still
maintained by increasing the height of the floors, so that in
the middle floor of 20 floors, considering the effects of SSI
in estimating the occurrence of CP performance compared
to the state without SSI by 22% is in the opposite direction.
For instance, the fragility curves of 3 and 20 story frame are
depicted in Figurel.
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the maximum effect of the infill is in the 9-story frame
(about 3.5 times the CP performance level). And as the
height increases, the effect of the infilled frames on the
frame capacity will decrease (1.37 times in a 20-story frame
at the CP performance level). While considering the effects
of soil-structure interaction, the effect of infilled frame on
the capacity of the structure will increase with increasing
height. According to the third and fourth columns, it can be
concluded that in both cases of infilled frame and bare frame,
in general, considering the effects of soil-structure interaction
has led to a realistic estimate of the capacity of the structure.
In fact, disregarding SSI is in the opposite of reassurance.

4- Conclusion

The presence of infill walls increases the stiffness and
strength of the structure, which depends on considering the
effects of soil-structure interaction. In low-height infilled
frames, considering the soil-structure interaction is more
reliable. So that in the 3-story infilled frame, the spectral
acceleration that causes CP performance is increased from
5.30g by considering the effects of soil-structure interaction
to 5.56g in case of soil-structure interaction. However, by
increasing the height of the structure, considering the soil-
structure interaction makes a more realistic estimate of the
behavior of the structure; in fact, disregarding SSI is the
opposite of reliability. According to the obtained results, the
most mentioned effect was observed in the 15-story frame,
so the effects of soil-structure interaction are considered. The
CP performance level occurred at 2.61g spectral acceleration
and if SSI was not considered, it is observed at 3.81 g spectral
acceleration (45% more unrealistic estimate). The mentioned
effect is less by increasing the number of floors, so that in
the 20-story frame, the amount of difference between amount
of Sa(T1) caused CP performance in the frames with and
without SSI is reduced. It was also found that considering the
effects of soil-structure interaction in the short height bare
frames can be neglected. However, in fifteen- and twenty-
story bare frames, considering soil-structure interaction is
reliable. For example, in 20-story bare frame, the spectral
acceleration intensity required for the LS performance level is
0.95g, whereas it is reduced to 0.48g when the soil-structure
interaction is considered.
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Table 1. Steel sections for structures with intermediate ductility [25]
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Table 2. Characteristics of far fault accelerograms
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Fig. 2. Spectral acceleration of records [22]
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Fig. 3. model on infill panel, (a) compression/tension struts, (b) shear strut [23]
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Fig. 4. The relation between strut area and strain [23]
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Table 3. Parameters for definition of compressive and tensile equivalent diagonal strut of infills [23]
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Table 4. parameters for definition of shear equivalent strut of infills [23]
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Table 6. Output data of Conan software related to equivalent spring stiffnesses
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Table 7. Comparison of fundamental period in Etabs and SeismoStruct software
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Table 8. Comparison of the probabilistic seismic performance of three- to twenty-story structures
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Fig. 7. (IDA) curves of three- to twenty-story structures with and without infill on rigid and flexible substrates
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Fig. 8. Fragility curves (three to twenty stories and three bays) with and without infill with and without soil-
structure interaction effect.
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Fig.9. Comparison of structural fragility curves (three to twenty floors and three openings) with and without infill
with and without soil-structure interaction

¥y



6 35 4o -

Y58 (it B st pd sy (SVLeasl o)l dlde ol )
3y90 03w — S (1Sl Il 655 ks ) b CBle 3929 (i 5 b
Gy Jlosl b ailo ey U s glaB pslaio 0y .85 5 cws)
MR (ad s Sloj )b Jdod 3)90 JuS 193 54530555 95
10, LS, (o5Sles o 4 )3 (SaiSd slo it (g 9 €85
ol g BB p5 50 0ad S5 mli el cawd 4 (CP

Oljee ) &5 048 il Cnglie g (5w ialjEl el Bk 3924
S sl = S G, Sl 65 3 pie b S
ojlw = S i8S )0l 58,5 a5 45 adye obeS b (slE )3 30
b Glie 4l ¥ pole GBS (5ysb 4 cul Glinebl cgr
Sl 65 5 5 (g CP 5 Sl s 1 usiS13 (olyy inbo Clis
OS85 Hla 3 Dyge 3 g I 3 ojle - S S,
2 ojle gyl Guldl b s el e el 0/g0F ) ojlw — Sk
il 13y 5| 5lis gBly 35052 e o5l — ST LSl (5,5 i
bl oliseb) s M 3 SST (6,5 a5 5 pae s 13 g o
odnlio aib V0 OB 5> o 3L Sl oy iy ool Cowd 4 gl 4 a5
23 0jlo = S LS8l Gl (605 )i )3 @90 )3 oS g5k 4 A
xS )3 pas Oyg0 13 9 VIGHY b Sl 3 CP 5 Sles o ||
(b ol @Blope 3y5lp 2oy ¥0) Y/EAY Lab olks ,» SSI
4 03,8 10y 3505 yieS lads dlaw ol b osds (S5 50 kil sl
5 cabiSp s A ©ud M e aib Ye B 5 45 g5
dgdise oS SSI (638 Jai 15 g g b oy 3y90 3Skos oo
2 ojlw = SB sl clgl g8 lh 0 &S b esuie ioted
Gl 5 xis ol geds M5 sy b JB ol
e S0 sl = 515 581 S )3 s i o3 095
b ol s g Yo JB OB 4 Jlie s 4 bl olisebl
xS 5 pas ©pp0 0 LS 5 Slos paus | bS8 cr L 290
Sygo 0 &S Jb )y kel Cand 4 +/80 L plp ojle = SB LSl
Sl o ials /YA & Qs pl ojle — S iS00l 0,8 blsd

o b ol = 18 581 ) 53 45l 25
L GBoke 3929 (uy 4 4aldl 13 33,5 (0 ey 94800 03l (2l e
e Syt 53,8 Blod b ojl — S LSl ] 6y ka5 o

Dol B0y

2 Bole 8 &5 2580 Jolbs axit cpl pgd 9 Jgl g ]

Ol LSS (op8 ks )3 pas b (65 a0 )5 yg0 3 ol b
by SSI (635 a5 )5 pis pgo > iz o 29 ik £l65)
6 Sas o jd ol Y0 2508) conl dido A CB > GB L L5
b Salgs a8 OB cudils p Bple b glis)l Gl L g (CP
PLa Jb » (CPsSles mow il Yo OB > ply VYY)
bojlo cudsls p CBle U ojlo — SB S )uil WISl 68 ks
@ olFe ple 9 P g 4 argi Ll alsd it el il
P Egerme > JB OBy pole OB b 63 12 5 & s douD oyl
Cab )b 5l aly @ly 25l el ojlo — SB (1S )0l Sl 6 i
Oliseb! cas M > SSI 5,5 blod pae s> g s o)l

il e

SASs sla poie (g0s dunlds —F A

@l s 3,90 ool (SVlenl (b))l (samalie Cgruw Cae
opl 9 el osd 039l A Jgan p3 (Sausls sla oo 5l Jols (odas
LS cIO .))S.Lo& C}‘a.w )l y@..\fl)ﬁ dl).: (Sa(Tl S )JDLOA J9J>
&S pobilen ol oad o3l jlis dilisee wlib b slacld ) CP
ojlw — S ui:;SJJ] )J‘ d)S)BJ)le E1 OBl 39> wlum
calisee Slads b glol (o 1) caliss 5,Slas zolaw | cusisld Jlas|
g baad VO OB > CBle 2939 51 0 Jlie job & e o ials
s ) bS5 el 5l 5,00 (S(T) Jlade SSI (g5 ks y> (g,
asdl, ol V/ZEY o Y/EAY 4 VgV g Y/EF+ 5l 4 CP s Slee
b g8 pobe OB ) SSI Sl bld pae pioren .l
Glp ly 35 s 5l oYL Cand D)5l 5 039 bl cgr US>
o Jlo job 4 dd o Cand @ Hlne (63 Slas polaw I cusiS13
S > ot i 8 ke o 3 LS ,Skee oo f 88,5
SSI (655, 15 a5 Jbs 5 asb o (S (T, ¥/g+ ¥ s 4, 5L SSI
5 Slads ol (]38l b Wgy cpldad o ialS VYA & 1) cads oy
4 b o luebl cas 3 ol S (iiS w0l (68 las 13 5 3)0 sl
(’*_da.w )I w.\fl)ﬁ Cb> (Sa(T] AW d&».b Y. )Jul.ua uL‘? 2 LY d)9b
SaalS VgV 4 V/gVA I SST 5,k 3 &g ;3 CP 5 Slee
(lad duw g dids Cunp U dw)ojlo (Suuslss slo iocs duslis b o
ol =SB S )al 3 g 9 b CBoke g 9 L

¥ ¥



and Seismology, 2014.

[12] F. Di Trapani, M. Malavisi, Seismic fragility assessment
of infilled frames subject to mainshock/aftershock
sequences using a double incremental dynamic analysis
approach, Bulletin of Earthquake Engineering, 17(1)
(2018) 211-235.

[13] S.M. Motovali Emami, M. Mohammadi, Effect of
frame connection rigidity on the behaviour of infilled
steel frames, Journal of Constructional Steel Research

(under review), (2017).

[14] M. Mohammadi, S.M. Motovali Emami, Multi-bay and
pinned connection steel infilled frames; an experimental
and numerical study, Engineering Structures, 188 (2019)
43-59.

[15] M. Mhsuli, Effect of soil-structure interaction on

behavior

The inelastic instrument has a buried fondation Buried,
American Journal of Engineering and Applied Sciences,
1(2) (2006) 121-125.

[16] F. Muller, E. Keintzel, Ductility requirements for flexibly
supported antiseismic structures, in: Proceedings of the
7th European conference on earthquake engineering,
(1982).

[17] M.E. Rodriguez, R. Montes, Seismic response and
damage analysis of buildings supported on flexible soils,
Earthquake engineering & structural dynamics, 29(5)
(2000) 647-665.

[18] M.M. Yahyai, M. Mahoutian, Soil Structure Interaction
between Two Adjacent Buildings under Earthquake
Load, European Earthquake Engineering, 2 (2008) 121-
125.

[19] S.A.A. Naserkhaki, F. N. A. and Pourmohammad,
Earthquake induced pounding between adjacent
buildings considering soil-structure interaction, Journal
of Earthquake Engineering and Engineering Vibration,
11 (2012) 343-358.

[20] A.A. Farghaly, Optimization of viscous dampers with
the influence of soil structure interaction on response

of two adjacent 3-D buildings under seismic load,

ARRTA

&be
[1] K. Nezami, Investigating the effect of interframes on the
behavior of steel buildings with a bending frame system

with geometric irregularities in the plan, (2018).

[2] S. Polyakov, Masonry in Framed Buildings: An
Investigation into the Strength and Stiffness of Masonry
Infilling.” Gosudarstvennoe izdatel’stvo Literatury po
stroitel’stvu 1 arkhitekture, Moscow Russia. Technical

Report, 1956.

[3]1 S.
(Godsudarstvenoe Isdatel’stvo Literatury Po Stroidal

Polyakov, Masonry in framed buildings
stvui Architecture. Moscow, 1956), Traduzido por GL

Cairns, (1963).

[4] J.R. Benjamin, Methodology for Developng Seismic
Fragility, (1994).

[5] M. Holmes, Steel frames with brickwork and concrete
infilling, proceedings of the Institution of civil Engineers,
19(4) (1961) 473-478.

[6] W.W. El-Dakhakhni, M. Elgaaly, A.A. Hamid, Three-
strut model for concrete masonry-infilled steel frames,
Journal of Structural Engineering, 129(2) (2003) 177-
185.

[7] E.J. Crisafulli, A.J. Carr, Proposed macro-model for the
analysis of infilled frame structures, Bulletin of the New
Zealand society for earthquake engineering, 40(2) (2007)
69-717.

[8] S. Moghadam, The effect of different methods of
modeling the flexural concrete infill on the seismic
performance of legal costs (2009).

[9]1 K. Abdelkareem, F.A. Sayed, M. Ahmed, N. Al-Mekhlafy,
Equivalent strut width for modeling rc infilled frames, N.
AL-Mekhlafy et al., Equivalent strut width for modeling
RC infilled frames, (2013) 851-866.

[10] T. Paulay, M.N. Priestley, Seismic design of reinforced

concrete and masonry buildings, (1992).
[11] A. Nassirpour, D. D’Ayala, Fragility Analysis of Mid-
Rise Masonry Infilled Steel Frame (MISF) Structures, in:

Second European Conference on Earthquake Engineering



[31] J.J. Blandén, M.E. Rodriguez, Behavior of connections
and floor diaphragms

concrete buildings, PCI journal, 50(2) (2005) 56-75.

in seismic-resisting precast

[32] J.P. Wolf, A.J. Deeks, Foundation vibration analysis: A

strength of materials approach, Elsevier, 2004.

[33] J.P. Wolf, Soil-structure interaction - conical methods,
Second National Conference on Structures - Earthquakes

- Geotechnics, 2 (2012) 121-125.

[34] S.M. Motovali Emami, M. Mohammadi, Influence of
vertical load on in-plane behavior of masonry infilled
steel frames, Earthquakes and Structures, 11(4) (2016)
609-627.

[35] F. 350, Recommended seismic design criteria for
new steel moment frame buildings, SAC joint venture

Washington D.C., USA: FEMA, (2000).

[36] m. Banazadeh, Probabilistic evaluation of collapse
level of steel structures based on simulation of failure
mechanisms using Bayesian probabilistic network,
(2013).

[37] L.F. Ibarra, H Krawinkler Global collapse of frame
structures under seismic excitations, Report No. 152,

Stanford University, 2005.

[38] L. Eads, E. Miranda, H. Krawinkler, D.G. Lignos,
An efficient method for estimating the collapse risk of
structures in seismic regions, Earthquake Engineering &

Structural Dynamics, 42(1) (2012) 25-41.

[39]F. Prestandard, commentary for the seismic rehabilitation
of buildings (FEMA356), Washington, DC: Federal
Emergency Management Agency, 7 (2000).

[40] M. Mohammadi, M. Mirzaei, M.R. Pashaie, Seismic
performance and fragility analysis of infilled steel frame

structures using a new multi-strut model, Structures, 188
(2021) 1403-1415.

¥V s

International Organization of Scientific Research Journal

of Engineering, 04 (2014) 18-27.

[21] P.D.a.M. Pawar, P. B, Effect of seismic pounding on
adjacent buildings considering soil-structure interaction,
International Organization of Scientific Research Journal

of Engineering, 1 (2015) pp. 286-294.

[22] H. Tavakoli, M. Moridi, Simultaneous Effects of Soil-
structure and Masonry Infill-Structure Interactions on
Seismic Performance of Steel Frames, J Archit Eng Tech,
6(197) (2017) 2.

[23] SeismoStruct, User Manual ifilled frame., (2016).

[24] C.a. Blandon, Inelasti Infill Panel Element Type, Manual
of SeismoStruct, (1997,2005).

[25] N.B. Athanasios I. Dimopoulosa, Dimitri E. Beskos,

Seismic yield displacements of plane moment
resistingand x-braced steel frames, Soil Dynamics and

Earthquake Engineering, 41 (2012) 128-140.

[26] C. Kircher, G. Deierlein, J. Hooper, H. Krawinkler, S.
Mahin, B. Shing, J. Wallace, Evaluation of the FEMA
P-695 methodology for quantification of building seismic

performance factors, 2010.

[27] B.S.S.C. US, NEHRP guidelines for the seismic
rehabilitation of buildings, (1997).

[28] F.E.M. Agency, NEHRP recommended provisions
for seismic regulations for new buildings and other

structures, Fema, 2003.

[29] Crisafulli, Francisco J., and Athol J. Carr. Proposed
macro-model for the analysis of infilled frame structures.
Bulletin of the New Zealand society for earthquake
engineering 40(2) (2007) 69-77.

[30] Crisafulli, Francisco J., Athol J. Carr, Robert Park.
Analytical modelling of infilled frame structures. Bulletin

of the New Zealand society for earthquake engineering
33(1) (2000) 30-47.



w23 gl | o opl 4 digSe
M. Hajati, S. M. Motovali Emami , Probabilistic Evaluation of Seismic Performance of
Moment Resisting Steel Frames with and without Masonry Infill on Rigid and Flexible Floor,
Amirkabir J. Civil Eng., 54(8) (2022) 3097-3118.

DOI: 10.22060/ceej.2022.20043.7325

RN’







