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Abstract 

This dissertation proposes a framework of computational and analytical tools for the 

efficient and accurate prediction of the nonlinear seismic behavior of buildings with 

masonry-infilled RC frames. The proposed framework includes a detailed numerical 

modeling methodology using diagonal struts, a simplified box modeling approach, 

as well as an analytical model developed for typical structures in California. The 

detailed strut model utilizes diagonal struts to simulate the effect of the masonry 

panels. The struts are systematically calibrated once the backbone curve is estim

ated based on the anticipated failure mechanism. The box model involves further 

simplifications to efficiently simulate the nonlinear performance of complex, multi

story buildings, for which the current methods can be cumbersome. The model uses 

a three-dimensional frame with two single-bay frames on the opposite sides of the 

building along the perimeter of the structure. The diagonal struts in these bays are 

appropriately calibrated to represent the estimated total response and possible ec

centricity in each loading direction. 

The two modeling schemes are initially validated with the experimental results 

from a number of planar specimens, highlighted by a two-bay, three-story infilled 

frame tested on a shake table. The comparison with the experimental data indicates 

that the strut models can capture the basic features of the structural behavior. Fur

ther, recordings from instrumented actual buildings damaged by the 2015 Gorkha 
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earthquake in Nepal are used to examine the capabilities of the two modeling ap

proaches. The comparison with the field data indicates that the proposed model

ing approaches can efficiently simulate the nonlinear seismic response, damage pat

terns, and dynamic properties of rather complicated structures, including a four

story school building, a five-story office building, and high-rise residential buildings. 

The validated numerical models are used further to i) obtain fragility curves for 

buildings in Nepal, and ii) develop a simplified analytical assessment tool for build

ings in California. The model of a building in Nepal is used to develop fragility curves 

incorporating uncertainties related to the material parameters, as well as the ground 

motion characteristics. The influence of modeling uncertainties are assessed through 

a statistical model obtained using the three-stage least square approach. It is ob

served that the uncertainties related to the material parameters cause a shift in the 

predicted fragility curves and it is unconservative to neglect them. Moreover, a prac

tical alternative to more sophisticated assessment approaches is developed for the 

infilled RC frames commonly found in western US. This methodology, adopted by 

FEMA 2018, evaluates the collapse potential of such structures with minimal engin

eering effort. 
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Introduction 

I. I Background 

Unreinforced masonry walls are commonly used as infill panels in reinforced con

crete (RC) buildings all around the world. The primary purpose of the masonry in

fills, which can be made of different materials including clay bricks, concrete blocks 

etc., is to protect the building from external surroundings and partition the rooms. 

The infills are typically treated as non-structural components and are not considered 

in the design or analysis, despite their interaction with the bounding RC frame un

der seismic loads. In fact, their presence can alter the load-transfer mechanism and 

cause brittle shear failures in the RC columns, leading to catastrophic failures and 

undesired soft-story mechanisms. Past earthquakes have demonstrated that infills 

can increase the lateral strength and stiffness of the structure; however, depending 

on the relative strength and stiffness, they can also lead to significant damage even 

in the case of moderate ground shaking, causing casualties and high economic losses 

[1- 3 ]. 
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Predicting the seismic performance of infilled RC frames is a necessity, as well 

as a challenging task for practicing engineers. However, there is a lack of a reliable 

and efficient approaches for the structural assessment of these structures. The un

certainties associated with the frame-infill interaction, the variety of possible failure 

modes, and the highly nonlinear behavior of masonry add to the challenge ofpredict -

ing their seismic performance. Moreover, the guidelines available in FEMA306 (1999) 

[4], FEMA 356 (2013) [5], the International Building Code IBC (2018) [6], ASCE 41-06 

(2006) [7], and ASCE 41-13 (2013) [8] for the seismic assessment of infilled frames are 

not satisfactory in terms of completeness and reliability, as they are not fully valid

ated with test data. The reliable assessment requires an accurate numerical model to 

simulate the nonlinear behavior. Such assessments though, include various sources 

of uncertainty related to the ground motion characteristics, as well as the structural 

modeling assumptions. These uncertainties can be addressed with the development 

of fragility curves. However, fragility curves are often based on a series of assump

tions, do not use validated models that can reliably simulate the collapse of such 

structures, and are not validated with data from the field. 

1.2 Summary of the Dissertation 

The primary objective of this study is to develop a framework for the evaluation of 

the seismic behavior of infilled RC frame buildings with and without damage. The 

cornerstone of this framework is a novel three-dimensional modeling scheme that 

can efficiently and reliably predict the seismic performance of infilled RC frames 

buildings. This scheme is used to study the influence of uncertainties associated with 

modeling parameters and ground motion characteristics on fragility curves, and ex

tend the ATC 78 methodology to archaic infilled RC frames. 
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To this end, two computationally efficient approaches are proposed in this dis

sertation for masonry-infilled RC frames. The first approach models all the concrete 

members with frame elements and the masonry panels with diagonal struts. The 

novelty of this method is that the struts are calibrated based on the anticipated fail

ure mechanism of the infill-frame system. For actual buildings with multiple stories 

and bays, developing numerical models considering all the elements can be cum

bersome. For such cases, a simplified four-sided rectangular model with columns 

at the corners connected by beams and diagonal struts is developed. This reduced 

model can efficiently provide accurate information on the overall behavior of these 

structures. The numerical approaches have been validated with data from tests on 

laboratory specimens and instrumented actual buildings in Kathmandu, Nepal with 

different levels of damage due to the 2015 Gorkha earthquake. 

The validated models are used for the development of fragility curves for vari

ous damage levels incorporating both record-to-record and modeling uncertainties 

using Monte-Carlo simulations. For these simulations, a statistical surrogate model 

is developed based on the three-stage least square approach. This study indicates 

that the uncertainties associated with the modeling parameters cause a shift in the 

prediction of the median and dispersion of the intensity measures, and therefore it 

is unconservative to neglect them. The modeling framework proposed here for in

filled frames is utilized to develop a simplified analytical assessment methodology 

for buildings with infilled RC frames found in California. The results of this study are 

used to extend the ATC-78 methodology for older RC buildings to infilled RC frames. 

The proposed analytical methodology has been adopted by FEMA 2018 (2018) [9], 

which aims at estimating the collapse risk posed by these structures with minimal 

engineering effort. 
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1.3 Current Knowledge and Available Analytical Tools 

The poor performance of the infilled RC buildings during the past earthquakes (1994 

Northridge [l ], 1999 Kocaeli [2], 2011 Christchurch [10], 2015 Nepal [3, 11], among 

others) indicates that it is necessary to reduce the seismic risk associated with such 

buildings. The first step in that direction is the reliable assessment of their behavior. 

Hence, the seismic performance of masonry-infilled RC frames has been investig

ated by numerous researchers worldwide over the past few decades and a number 

of assessment tools have been proposed. The available modeling approaches for the 

simulation of the lateral behavior of infilled frames can be classified into three ma

jor categories: detailed micro-models, simplified macro-models, and limit analysis 

methods. 

The first approach is based on nonlinear finite element (FE) analysis, which can 

accurately predict the nonlinear behavior and the failure mechanisms of infilled RC 

frames. Previous researchers ([12- 15], among others) modeled using a combination 

of continuum and interface elements to simulate the RC members, brick units, and 

mortar joints. For instance, Stavridis and Shing (2010) [16] simulated the behavior of 

masonry infilled frames with a combination of discrete and smeared-crack elements. 

Their models can reproduce the different failure modes of infilled frames, includ

ing the flexural and shear cracking of the RC members, the crushing of concrete and 

brick units, and the fracture of mortar joints. However, the calibration of the mater

ial parameters of these models requires extensive experimental data, which are not 

commonly available in case of existing buildings. In addition, such detailed analyses 

involve intensive computational effort, which limits their application to static mono

tonic analysis of small structures. 
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The simplified macro-models utilize diagonal struts to represent the global re

sponse of masonry-infilled RC frames. This is the simplest and most practical way to 

account for the contribution of the infill panels. This method was introduced about 

60 years ago [17, 18] and has been extensively used till then. The appropriate model

ing configuration, the number, the properties and the constitutive law of the equival

ent struts have been investigated in a number of past studies. Most of these studies 

([17, 19- 21], among others) consider a single strut along each diagonal and adopt em

pirical equations to estimate the cross sectional area of the equivalent strut, consider

ing the geometric and mechanical properties ofthe infill, including the dimensions of 

the panel, the aspect ratio, and the compressive strength of the infill. Past studies cal

ibrate the struts based on test results [22] or by comparing with detailed FE analyses 

[23, 24]. Moreover, some researchers ([25- 28], among others) refine the strut model

ing approach by introducing multiple struts to provide some information about the 

distribution of shear forces in the columns. However, in most cases, the models are 

based on case-specific data and their accuracy in predicting the lateral behavior ofin

filled frames tends to vary significantly. These models, particularly those with a single 

diagonal strut acting in each direction, can only provide satisfactory estimates of the 

force-vs.-displacement curves if the behavior of the structure is dominated by flex

ure. However, they cannot accurately represent other failure mechanisms of infilled 

frames, such as dominant shear failures in the infill and RC columns, and horizontal 

sliding failure along the bed joints of the infill. 

An alternative is to use limit analysis methods, which predict the resistance of 

the structure based on pre-defined failure mechanisms [29- 31 ]. The strength evalu

ation usually involves five main failure mechanisms: distinct diagonal cracks, crush

ing, or sliding in the infill, and/or flexural cracks leading to plastic hinges or shear 

cracks in the RC members. In the case of actual structures, combinations of these 
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mechanisms can occur and are difficult to predict. Hence, these tools have limited 

applicability to multi-bay, multi-story structures, where predicting the actual failure 

mechanism could be challenging. Even if they predict the peak strength, they provide 

little to no information about the post-peak behavior. Moreover, their application 

is problematic considering that the lateral resistance of an infilled frame is not the 

simple summation of the resistance of the masonry wall and that of the bare frame 

eg. ([30, 32, 33], among others). In fact, the load-resisting mechanism of the frame 

changes due to its interaction with the infill as the damage evolves. 

The guidelines for the equivalent strut modeling approach in the national codes, 

ASCE 41-06/13 (2006/2013) [7, 8] were incomplete and inaccurate, and not fully val

idated with the test results. Moreover, currently the practicing engineers typically 

decouple the behavior of these structures in the two orthogonal directions, thereby 

ignoring the three-dimensional response. This approach also does not account for 

the torsional response that may occur due to irregularities in the plan of the building, 

as indicated by the field evidence. Therefore, there is a significant gap between the 

current tools and actual seismic response of infilled RC frames. 

1.4 Dissertation Outline 

The dissertation consists offour main parts: i) strut modeling approach for infilled RC 

frames considering all RC and masonry elements, ii) reduced box models for complex 

multi-story buildings, iii) seismic collapse assessment of these structures accounting 

for uncertainties, and iv) extension of the ATC 78-7 methodology for the collapse as

sessment of infilled RC buildings found in California. 

Chapter 2 demonstrates the performance of masonry infilled RC frame buildings 

during past seismic events. It provides information on the characteristics of the 2015 
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Gorkha earthquake, as well as the soil conditions of the Kathmandu valley in Nepal. 

It also reports the damages observed in the infilled RC frame buildings during the 

reconnaissance activities and discusses the characteristics of the buildings that in

fluence the structural response. 

Chapter 3 discusses a detailed finite element modeling approach [16] and a sim

plified analytical tool [34] that can be used for the assessment of these structures. 

These tools are used in this study to obtain the nonlinear force-vs.-displacement 

backbone curves of infilled RC frames, which are later used to calibrate the diagonal 

struts representing the infills. 

Chapter 4 introduces a computationally efficient approach to simulate the seis

mic performance of masonry-infilled RC frames utilizing diagonal struts to simulate 

the effect of the masonry infills. The struts are calibrated once the anticipated failure 

mechanism has been identified and the backbone curve has been estimated using 

a set of recently developed analytical equations found in ASCE 41-17. The experi

mental results from the quasistatic test of 1/2.5-scale one-story, one-bay frame, and 

the shake-table tests of a 2/3- scale, two-bay, three-story frame are used to valid

ate the proposed methodology. The framework is also applied on two instrumented 

actual buildings in Nepal that were subjected to the 2015 Gorkha earthquake. The 

buildings are a five-story office building and a four-story school building at Kath

mandu. The comparison of the actual performance of the test specimens and build

ings with the numerical predictions indicates that the model can accurately predict 

the response of the structures including the force-vs.-displacement plots, the dis

placement/acceleration time histories, and damage patterns. Moreover, it offers a 

significant improvement in terms of completeness and reliability over the commonly 

followed guidelines ofASCE 41-06. 
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Chapter 5 extends the strut modeling approach of Chapter 4, to simulate the seis

mic performance of real structures with complex plans, where developing strut mod

els explicitly simulating all the elements is rather cumbersome. To address this chal

lenge, a four-sided rectangular box model with columns at the corners of the building 

connected by beams and diagonal struts is proposed here. This framework uses the 

same novel approach to estimate the backbone force-vs.-deformation curve for every 

bay as in Chapter 4. The lateral force-vs.-drift ratio curves in two orthogonal direc

tions for each floor of the entire structure are estimated. The struts of the box model 

are calibrated so that when combined with the columns, they can represent the lat -

eral resistance of the actual building while maintaining the location of the center of 

rigidity. The model is validated with the results of a planar multi-story, multi-bay 

shake-table specimen, as well as the data from four buildings in Nepal, including two 

high-rise buildings, which suffered various levels of damage during the earthquake. 

The results from this modeling approach are also validated with those from the more 

detailed modeling methodology of Chapter 4. 

Chapter 6 discusses the importance of considering various uncertainties in the 

seismic collapse assessment of buildings. To this end, the strut model of a four-story 

school building in Nepal developed and validated in Chapter 4 is used. The influence 

of the uncertainties are assessed. A surrogate model, developed using the three-stage 

least square approach, is trained/fitted to the results from a series of dynamic ana

lyses of the numerical model. The surrogate model, in conjunction with Monte Carlo 

simulations, is used to quantify the effect of both modeling and record-to-record un

certainties on fragility assessment. The results from this study are used to develop 

informed fragility curves. 

Chapter 7 extends the guidelines available in ATC 78-7 methodology for the seis

mic evaluation of older concrete buildings to infilled non-ductile RC frames. The 



9 

proposed guidelines are developed based on a series of nonlinear simulations of the 

seismic response of archetype structures representing the building stock in the US. 

The models of the archetypes are subjected to nonlinear pushover and incremental 

dynamic analysis to study their behavior and develop guidelines that allow the as

sessment of these structures, commonly found in California. The methodology, ad

opted by FEMA, estimates the collapse risk by identifying the critical story/ies and 

rating the columns found in that story. 

Chapter 8 presents an overview of this study and summarizes the major findings. 

Directions for future research extending the scope of work discussed in this disserta

tion are also included in this chapter. 



Performance in Past Earthquakes 

2.1 Introduction 

As discussed in Chapter 1, past earthquakes have demonstrated that buildings with 

masonry-infilled RC frames can develop significant damage resulting in loss of life 

and properties. This Chapter discusses the seismic performance of such structures 

during the 2015 Gorkha earthquake. The author visited Nepal two months follow

ing the earthquake as a member of the international reconnaissance team led by 

researchers from the University at Buffalo and Oregon State University. Several re

searchers from other Universities in the US and Europe, as well local engineers were 

also part of the reconnaissance efforts, thanks to the collaboration with the National 

Society of Earthquake Technology, Nepal (NSET). 

2.2 Challenges Faced 

Field evidence indicates that infilled RC frames can fail in a number of ways. Fail

ure often occurs in buildings with one or more open/ soft stories, partially infilled 
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bays, and buildings with severe strength and stiffness irregularities in plan or along 

the height (Figures 2. la). On the contrary, it has been found that the damage in these 

buildings can be reduced by uniform distribution of infill panels [35]. However, struc

tures with regularly distributed infill panels have also suffered severe damage, includ

ing dominant diagonal and horizontal shear cracks during the past earthquakes (Fig

ure 2.lb). On those cases, the infills get damaged, as the in-plane damage weakens 

the arching action and often leads to significant hazards due to falling debris result

ing from out-of-plane inertia forces (Figure 2.lc). When the infills are not damaged, 

they interact with the bounding frame and the cracks in the infill can propagate and 

induce dominant shear failures in the RC columns (Figure 2.ld). 

The improvement of our understanding of the behavior of these structures is re

flected on recent codes, such as ASCE 41-17 (2017) [36]. However, the majority of the 

building stock was designed and constructed with codes and practices that ignored 

the infill. Therefore, it is necessary to provide practicing engineers with reliable tools 

to assess the seismic performance and vulnerability of these buildings; especially for 

those with non-ductile reinforcement details that can develop brittle failures. 

2.3 2015 Gorkha Earthquake 

Field data collected during a reconnaissance trip one month after the 2015 Gorkha 

earthquake is used throughout this dissertation for the validation of the proposed 

analytical and numerical simulation strategies for infilled RC frames. Therefore, some 

additional information on the earthquake is provided in this chapter. 
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(a) 2001 Bhuj [37] (b) 2015 Nepal [3] 

(c) 2011 Sikkim [38] (d) 1999 Columbia [39] 

Figure 2.1: Performance of infilled RC frames in past earthquakes. 

2.3.1 Characteristics of the 2015 Gorkha Earthquake 

On April 25, 2015, a devastating 7.8 Mw, shallow earthquake, with a focal depth of 

8.2 km [40] struck Nepal. This earthquake was followed by 400 aftershocks of mag

nitudes larger than 4.0 Mw, including three events of magnitudes of 6.6, 6.7 and 7.3 

Mw with epicenters in the districts of Gorkha and Dolakha. The seismic sequence 

caused more than 9,000 fatalities, almost 25,000 injuries, and damaged beyond repair 

over 500,000 buildings [ll ]. The USGS shake map presented in Figure 2.2 indicates 

widespread damage with a maximum intensity of IX in the Mercalli scale near the 

epicenter, as well as in and around Kathmandu due to the propagation of the seis

mic waves and their resonance with the soft soil in the Kathmandu valley [41]. The 

damage and vulnerability maps for Nepal Earthquake [42] showing the number of 

extensively damaged buildings, fatalities, and displaced population (Figure 2.3) in-
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dicate that the earthquake was rather destructive in the Kathmandu Valley. 

USGS ShakeMap : NEPAL 
Apr 25, .201506:11 :25 UTO M 7.8 N2S.23 E84.73 Depth: 8.2km ID;us20002926 

30· 

28' 

G0nda

• 
Garnkhp;,r

• 
Salimpur 

Sullanpur km •
• l,C\izal t11rpur

•
26' 0 100 

Jaun~r Chbapra Pumia 

82' 84' 86' 
Mop Version 9 Prace..e<I 2015--07.02 22:51 :H, UTC 

PEFICEIVEO 
SMAKING Nollell Wea!\ Uglll Mooerale stroog Very Wong Severe V"!blenl Extieme. 

POTE.m'IAL 
DAMAGE nor,~ naoo oono v;,ry119n1 LlgMI MO<)OtB\O AocJHoavy Hoa.")' Vot', liO~II'/ 

PEAKA~~) <0,05 0.3 2.8 6.2 12 -22 40 75 ;,,139 

.. 0.02 o., r.4 4.7 9.6 20 41 86 >178 

IHI! IV V VI vu 

Figure 2.2: 2015 Gorkha earthquake intensity (Mercalli scale) map [41]. 

https://2015--07.02


14 

Extensively Domc19ed and Destroyed B11ildings per 500 sq m 

10·25 
21·50 

(a) extensively damaged/destroyed buildings 

0lsplacerl Persons per 500 SI m 
O so-100 
0 100-lSO 
- 250-IOO . ,IOI) 

(b) fatalities 

(c) displaced persons per 500 sq. meters 

Figure 2.3: Damage and vulnerability maps for Nepal earthquake [42]. 
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2.3.2 Recorded Ground Motions 

Considering the soil profiles, one can assume that the KTP station, shown in Figure 

2.4, represents the motion of the rock outcrop. This station is located at a firm rock 

site and recorded maximum peak ground acceleration (PGA) of 0.260g. This time 

history does not include the long period pulses that are observed in the horizontal 

accelerograms recorded at the sites with sedimentary deposits (KATNP, TVU, PTN 

and THM stations) which are affected by the response of the soil deposits. The ground 

motions recorded by USGS [41] and by the Institute of Seismology and Volcanology, 

at Hokkaido University, Japan [43] as a result of the main shock on April 25 and the 

strongest aftershock on May 12 are shown in Figure 2.5 and Figure 2.6, respectively. 
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Figure 2.4: Local soil conditions around Kathmandu [43]. 
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2.3.3 Performance of Infilled Buildings 

The number of RC buildings in Nepal increased significantly over the past few dec

ades. These buildings are either non-engineered or follow prescriptive design codes 

referred to as Mandatory Rule of Thumb (MRT) [44, 45]. These codes provide some 

generic construction rules with respect to the minimum sizes and detailing of the 

structural elements, including reinforcing ratios. Recently, a national code [46] was 

introduced to address the well-known vulnerability of structures in Nepal to design

level earthquakes. This code refers to the Indian Standards IS 4326 (1993) [47] for 

construction details. 

Given the characteristics of the ground motion in Nepal, RC buildings designed as 

per NBC 105 or Indian Standards, considered as engineered buildings, were expected 

to be safe. Although the majority of the engineered buildings performed well, a large 

number of structures suffered damage ranging from moderate damage to complete 

collapse during the earthquake, as poor construction details increased the seismic 

vulnerability of these structures. Pancake mechanisms, often involving more than a 

story, were observed, particularly in buildings with open ground story. As shown in 

Figure 2.7, the buildings collapsed due to formation ofweak story mechanism caused 

by poor reinforcement detailing and inadequate sizes of RC members. Damage in the 

RC columns revealed large spacing of stirrups leading to dominant shear cracks and 

failures of beam-column joints (Figure 2.8). Severe in-plane damage, including dom

inant diagonal and horizontal cracks and separation from the bounding RC elements 

was observed in masonry infill walls (Figure 2.9). Out-of-plane damage was also ob

served in RC buildings, as shown in Figure 2.10. 
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(a) building in Sitapala (b) building in Piscar 

Figure 2.7: Soft story mechanism observed in RC buildings. 

(a) lack of confining (b) shear failure in column (c) failure in beam-column 
reinforcement member joints 

Figure 2.8: Damages in structural members due to lack of stirrups. 
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(a) horizontal cracks (b) diagonal cracks 

Figure 2.9: In-plane damage in infill panels 

(a) building in Kathmandu (b) building in Sindhupalchowk 

Figure 2.10: Out-of-plane damage in infill panels. 

It was rather surprising that recently constructed tall RC apartment buildings of 

12 stories or higher also suffered significant damage despite of their design according 

to the recent building code (Figure 2.11). Similar to the non-engineered construction, 

large diagonal cracks in the masonry panels and out-of-plane failures were observed 

as in many cases the masonry walls were not bounded by RC frames, as shown in 

Figure 2.1 1. 
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(a) building at Kathmandu (b) out-of-plane damage (c) in-plane damage 

Figure 2.11: Damages in high-rise buildings. 

From the buildings that were visited during the reconnaissance trip, several dam

aged buildings were instrumented so that their performance could be studied further. 

Out of these buildings, the 4-story school building in Sankhu [48, 49], the 5-story of

fice building of the National Society for Earthquake Technology (NSET) [50], and the 

high rise buildings of 12 and 17 stories that are part of the Cityscape apartments [51], 

are discussed in detail in this dissertation. All the buildings, which are shown in Fig

ure 2.12 where instrumented with accelerometers and their ambient vibration was 

recorded so that their modal properties can be extracted and used for the validation 

of the modeling strategies proposed in this thesis. All these buildings were close to re

cording stations as shown in Figure 2.13, so the recordings are used in the validation 

of the numerical models. 
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(a) NSET office building (b) Sankhu school building 

(c) Cityscape residential buildings 

Figure 2.12: Buildings tested in Nepal. 

Figure 2.13: Locations of buildings in Nepal considered in this study. 
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2.4 Closing Remarks 

The 2015 Gorkha earthquake demonstrated the vulnerability of infilled RC buildings 

in Nepal. The reconnaissance trip following the earthquake provided an opportun

ity to study the damage mechanism developed by these structures. The damage in

cluded dramatic collapses as well as cases with mild or severe damage in engineered 

and non-engineered buildings. Some of the damaged buildings were instrumented 

and the data is used throughout this dissertation to validate the abilities of the pro

posed modeling/ assessment strategies. 



Previously Proposed Assessment 

Methods for the Lateral 

Resistance of Infilled RC Frames 

Adopted in this Study 

3.1 Introduction 

This chapter discusses the detailed finite element (FE) modeling scheme combining 

smeared-crack and interface elements [16], and an analytical framework [34] now in

cluded in theASCE41-l 7 (2017) [36], which can be used for the seismic assessment of 

the infilled RC frames under in-plane lateral loads. The detailed FE models capture 

the possible failure mechanisms of RC members and masonry panels through dis

cretization schemes and appropriately calibrated constitutive models discussed in 

this chapter. The analytical framework, based on the insight provided by an extens

ive parametric study using the detailed FE models, estimates the backbone curve of 
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the response after it identifies the anticipated failure mechanism. 

3.2 Detailed Finite Element Modeling 

3.2.1 Discretization Scheme 

The reinforced concrete members are 

discretized with a module of four trian Flexural steel 

gular smeared-crack elements connec Shear steel 

Nodal location ted with four, diagonally placed, double

noded, interface elements, as illustrated Smeared-crack 
concrete element 

in Figure 3.1. The modules are con Interface 
concrete element 

nected with horizontal and vertical in-

terface elements. This meshing en- Figure 3.1: FE discretization of RC mem-
bers [16]. 

sures that discrete cracks can develop at 

angles of 0°, 90°, andµ, where µ can be close to 45° to represent diagonal shear cracks. 

The concrete elements can be discretized with as many modules as needed in either 

direction. However, it is desirable to keep the size of an element close to the size of 

the expected compressive failure zone. As shown in Figure 3.1 , the flexural reinforce

ment is equally divided into eight truss elements at each interior location, and four 

truss elements at each exterior location to ensure that every triangular element is 

attached to flexural steel at two of its nodes. This configuration of the elements rep

resenting the steel reinforcement restrains the triangular elements, once the tensile 

and/or shear strength of the adjacent interface elements has been exhausted. The 

total transverse steel area at each location is divided into two bars placed in a zigzag 

pattern, as shown in Figure 3.1, thus preventing the sliding along the horizontal inter-



25 

faces, which is unrealistic and ensures that every potential discrete crack crosses the 

proper reinforcement area. As illustrated in Figure 3.2, both the horizontal flexural 

and the discrete diagonal cracks can develop in the RC member with the modeling 

scheme proposed by Stavridis and Shing (2010) [16]. 

IIIIDIIDJIIIIII IIIIIIIIIIIIIII IIIIIIIIIIIIIII 

Figure 3.2: Potential Cracks in RC member [52]. 

Masonry failure may involve crush

ing and tensile fracturing of masonry Interface elements for mortar joints 

units, and tensile or shear fracturing Smeared-crack brick element 

of the mortar joints and the interface 

between the mortar joints and the ma

sonry units. In this approach, each ma

sonry unit is modeled with two rectan-
Figure 3.3: FE discretization of infill [16]. 

gular continuum elements (Figure 3.3) that are interconnected with a vertical inter

face element, which allows for the tensile splitting of the brick units and the relat

ive rotation of a fractured unit. The entire mortar joint is represented with a zero

thickness cohesive interface element. Hence, the dimensions of the masonry units 
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need to be adjusted so that the overall dimensions of a brick-mortar assembly are 

maintained. Moreover, the material properties of the continuum elements should 

reflect those of the masonry assembly and not those of the masonry units [53]. 

3.2.2 Constitutive Models 

The FE discretization schemes discussed in the previous section use smeared-crack 

and cohesive crack models to capture the quasi-brittle behavior of concrete and ma

sonry in a satisfactory manner. A plasticity-based model can simulate the compress

ive failure accurately, while, the simple nonlinear orthotropic material laws can cap

ture the tensile fracture process. The smeared-crack model used in this approach 

takes advantage of the two modeling approaches. Prior to crack initiation, the mater

ial is modelled with an elastic-plastic law governed by the Von Mises failure criterion 

combined, such that when the failure surface is reached, the plastic strains are com

puted using an associated flow rule. 

Figure 3.4a shows the effective stress-vs.-effective plastic strain relation for the 

plasticity model, which is a parabolic function followed by an exponential tail to 

model the strain hardening/ softening behavior of concrete and masonry. In the equa

tions in the figure, fo is the compressive stress at yielding, ff is the compressive 

strength of the material, c1p is the plastic strain at peak stress, and c2p is the plastic 

strain at the transition point between the parabola and the exponential function. 

The cracks initiate in a direction normal to the direction of the maximum prin

cipal stress once it reaches the tensile strength, J;, of the material. The material 

model adopts an orthotropic law upon crack initiation to capture the nonlinearity in 

tension and compression, as shown in Figures 3.4b and 3.4c, respectively. The para

meters a 1 and rt govern the shape of the exponential decay function and introduce a 
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minimal residual strength rtf; to enhance numerical stability (see Figure 3.4b). The 

strain at peak stress, c1 , and the strain at the transition point between the parabola 

and exponential function, c2 , in Figure 3.4c, are used to represent the compressive 

stress-vs.-strain behavior of the cracked material. 

The interface element used here is a four-noded, zero-thickness isoparametric 

line element. It adopts a cohesive crack formulation to simulate the mixed mode frac

ture [54]. The model adapts a classic elastic-plastic formulation relating the stresses 

at the interface with the relative rates of displacement across a crack. The hyper

bolic yield surface, presented in Figure 3.4d, is used to model fracture. The para

meters, µ, sand r represent the slope of the asymptotes of the hyperbola, the tensile 

strength and the radius of the yield surface at the vertex of the hyperbola, respectively. 

The evolution of the yield surface is governed by softening rules that are function of 

qo = {so ro µo}T and qr= {Orr µr}T characterizing the initial and final state, G} and 

cy representing the fracture energies, and the parameters a, f3 controlling the rate 

of reduction and Ki that governs the strength degradation. 

3.2.3 Calibration of Material Models 

The smeared-crack and the interface elements require a consistent calibration ap

proach. Since the interface elements should not influence the stiffness of the RC 

member prior to fracture, their elastic stiffness, Dn and Dt are set high. The tensile 

strength of concrete, J; can be obtained from direct tension tests or, more commonly, 

split cylinder and modulus of rupture tests. The parameters G} and cy can be ob

tained through fracture tests, however, in absence of test data, equations available 

in literature can be used [55]. Information for the calibration of the parameters a, 

/3 and T/ is generally not readily available, and therefore, [16, 52] carried out a sens-
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Figure 3.4: Constitutive model for smeared crack element and yield criterion for in
teface element [16]. 

itivity study to investigate the influence of these parameters and propose values for 

them. The tensile properties of the smeared-crack elements are calibrated with the 

stress-displacement curve of the interface model. Compressive tests on concrete cyl

inders can be used for the calibration of the concrete smeared-crack elements for the 

plasticity and orthotropic models. These material laws are calibrated so that they ex

hibit similar stress-vs.-strain behavior, thus providing a smooth transition at crack 

initiation. 

The properties of the interface line elements representing the mortar joints are 

calibrated to represent the tensile strength of the brick-mortar interface, estimated 

with beam tests or bond-wrench tests. Data for the calibration of the shear behavior 

can be obtained through triplet tests or direct-shear tests. The elastic normal stiff-
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ness of these interface elements, Dn is determined so that, when combined with the 

smeared crack elements, they simulate the compressive behavior of the masonry as

sembly. The tensile and shear behavior of the interface and smeared-crack elements 

representing the bricks are calibrated in the same way as those simulating concrete. 

The compressive strength and elastic modulus of the smeared crack elements repres

enting bricks, and the elastic stiffness of the interface elements representing mortar 

joint are calibrated with the load-deformation behavior of masonry prisms. This is 

because the plane-stress formulation adopted here cannot represent the exact fail

ure pattern of masonry under compression, which is a result of the different Poisson 

ratia of the mortar and the masonry units. More information on the calibration pro

cedure adopted here can be found in [52, 53]. 

3.3 Analytical Assessment of Infilled Frames 

Martin and Stavridis (2017, 2018) [34, 56] proposed a simple; yet accurate methodo

logy that can capture the main features of the overall nonlinear response of infilled RC 

frames. The methodology is an extension and drastic improvement of the guidelines 

initially proposed by Stavridis (2009) [52] and Shing and Stavridis (2010) [57]. It is 

based on the results of an extensive parametric study conducted using the detailed 

FE modeling scheme discussed in the previous section. This framework is now in

cluded in the recently updated ASCE 41-17 (2017) [36] guidelines. 

To implement this analytical method, first, the infilled RC frame is classified based 

on the anticipated failure mechanism in one of the four types demonstrated in Fig

ure 3.5. For the classification, the ratio of the stiffness of the infill to that of the frame 

(Kinf I Kc) is used to determine if the infill is strong or weak. Then, the ratio of the 

shear resistance of the columns to the shear force required for plastic hinges to de-
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velop is estimated (Vnf Vp) to classify the frame behavior as ductile or non-ductile. 

In the equations presented in Figure 3.5, Kinf f is the infill flexural stiffness, Kinf s, is 

the infill shear stiffness, Kc is the column flexural stiffness, VP is the shear force on 

the column if plastic hinges develop at a distance hp, Vn is the column shear strength 

accounting for the shear resistance of concrete and transverse reinforcement, A i nf,h 

is the horizontal cross-sectional area of the infill panel, Linf is the length of the in

fill panel, tinf is the thickness of the infill panel, Ee is the modulus of elasticity of 

concrete, Em is the modulus of elasticity of masonry, Gm is the shear modulus of ma

sonry, hinf is the height of the infill panel, Iinf is the moment of inertia of the infill 

panel, le is the moment of inertia of the column, and Mp is the moment required for 

the development of a plastic hinge in the column. It is reported [58] that hp can be 

assumed to be equal to the infill height divided by 2 for weak infills and by 2.5 for 

strong infills. 

Kinr > 120 
Kc 

V 
___!!_ > 1 
VP 

Weak Infill - Ductile Frame Strong Infill - Ductile Frame 

Weak Infill - Non-Ductile Frame Strong Infill - Non-Ductile Frame 

2MPK = 3EJcK =---- V =-where, ;.1 1 1 c h3 ' P h 
p;nJ--+-

Kfoff K;nfs 

Figure 3.5: Types of failure mechanisms and classification criteria [34]. 
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Once the anticipated failure patterns of the infill and RC frame are determined, 

the forces and drifts associated with i) the onset of the nonlinear behavior, ii) the peak 

resistance, and iii) the residual strength are estimated. The analytical equations for 

these three points that define the backbone curve are developed considering the free 

body diagrams obtained from the distribution of forces provided by the FE models. 

These equations consider a number of different force distributions as it is not clear 

if the peak strength is reached when the infill reaches its peak resistance, or either 

of the columns reach their peak shear resistance. Moreover, strength thresholds are 

provided to consider other failure patterns such us crushing of the infill or tension 

failure of the leeward column. The corresponding drift ratios can be estimated with 

respect to the aspect ratio h inf I hnf of the infilled RC frame based on equations de

rived with statistical analysis of the models considered. This allows the analytical 

estimation of a quadrilinear backbone force-vs.-displacement curve for RC frames 

with solid infill, summarized in Table 3. 1. 

In the equations of the table, Vy is the yield strength, Vmax is the peak strength, 

~Y , ~peak and ~res are the drifts at yield, peak strength and the onset of residual 

strength, respectively, K i is the initial stiffness of the infilled frame, Kt is the infilled 

frame flexural stiffness, I ce is the moment of inertia of the transformed section of the 

infilled frame, Ks is the shear stiffness of the infill, v1:es is the residual shear capa

city of the leeward column taken as Vp for ductile frames, or equal to the resistance 

provided by the column ties in the case of non-ductile frames, Mp is the plastic ca

pacity of the RC columns and shall be taken equal to Ofor non-ductile frames, f/n is 

the compressive strength of the infill, ns is the number of developed struts in the in

fill, equal to 1 for hinf Ihnf ;::: 1 or 2 otherwise, Pfav and Pf;;v are the vertical loads 

carried by each column and infill, respectively, Py is the external vertical load, distrib

uted according to the axial stiffness of the elements, and P'!:z? and P[! j represent the 
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Table 3.1: Equations defining the backbone curve [34]. 

2 
Yield Strength Vy= 3Vmax 

Point 

Drift 

_ {Pgrav A C pmax vmax }V.max - max inf µ + inf,h , inf µ + le 

Strength . {(Pum (1 + a) - p{) Lw + (MP) , hinf } 

:S: mm ------------, fm tinf --cos2 45 0 · ns 
hinf 3 

Maximum Weak Infill - Non-Ductile Frame 
capacity Strong Infill 

1:J.peak =0.35 

Drift 1 Weak Infill - Ductile Frame 
AR> 0.50 /:J.peak =0.82 - 3AR /:J. O6 0.23AR> 0.77 peak= · -AR
AR :s; 0.50 1:J.peak =0.15 

AR :s; 0.77 1:J.peak =0.30 

- pres + vres <V.res - inf µres le -

Strength . {(Plim (l+a)-PJ')Lw+(Mp) f' hinf 2 450 }mm --------, mtinf -cos · ns 
h;nf 3 

Residual Weak Infill - Non-Ductile 
capacity Strong Infill Frame, /:J.res = 0.55 

Drift 1:J.res = 1.6 X 1:J.peak Weak Infill - Ductile Frame, 
1:J.res= 1.0 

For AR larger than 1, /:J.res = 1.00% 

vertical load carried by the infill when the peak and residual capacities are reached. 

These are estimated according to Equation 3.1. 

(pgrav A C) h p Lw max L
infµ+ inf,h inf+ TT hinf+Py r+Mp)p,:rzax =p,:es =max

( 
------------- __ V1c_________ 

znf znf (1 + a)Lw ' (1 + a)Lw - µhinf 

Py+Asfy
'."oPum=----

2 
(3.1) 

where C is the cohesion coefficient, µ is the initial friction coefficient, V{1;:ax is the 

strength of the leeward column taken as the minimum between Vn and Vp. As is the 
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flexural reinforcement in a column, fr is the yield strength of the reinforcement, and 

a is a parameter defining the point of application of the vertical force in the infill. 

In case of openings, the curve can be adjusted to account for windows or doors as 

long as the infill aspect ratio hinf I hnf is less than one and the opening area is less 

than 25% of the area of the masonry panel [ 52]. More information on these analytical 

equations can be found in Martin and Stavridis (2017, 2018) [34, 56]. 

3.4 Closing Remarks 

The detailed finite element modeling scheme combining the smeared crack and in

terface elements developed by Stavridis and Shing (2010) [16], and the simplified ana

lytical tool developed by Martin and Stavridis (2017, 2018) [34, 56] for the estimation 

of the lateral force-vs.- displacement backbone curves of infilled RC frames are briefly 

discussed in this chapter. These methodologies are used in the following chapters of 

this dissertation to calibrate and validate the proposed frameworks though the simu

lation of the seismic performance of a series or laboratory test-structures and actual 

buildings. 



Proposed Strut Modeling 

Approach 

4.1 Introduction 

This chapter proposes a modeling approach to simulate the nonlinear sesimic re

sponse of masonry-infilled RC frames employing diagonal struts to simulate the ef

fect of infill walls. The struts are systematically calibrated once the backbone curves 

of single-story, single-bay subassemblies of the frame are estimated based on the an

ticipated failure mechanism. The methodology is first validated with data from two 

planar structures - a 1:2.5 scale single-story single-bay infilled frame tested at Indian 

Institute of Technology, Kanpur, and a large scale two-bay, three-story shake table 

specimen tested at University ofCalifornia, San Diego. The framework is then applied 

on actual buildings in Nepal that were subjected to the 2015 Gorkha earthquake, to 

ensure that the proposed strut modeling approach can simulate the seismic perform

ance of real structures. The buildings considered are the four-story school building 

at Sankhu, and the office building of National Society of Earthquake Technology -
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Nepal (NSET) at Kathmandu. The models of the two laboratory specimens are also 

developed following the guidelines outlined in ASCE 41-06 (2006) [7]. The compar

ison of the performance of the structures and numerical predictions provide useful 

insight into the capabilities of the modeling approach. 

4.2 In-plane Behavior of Infilled Frames 

The failure ofinfilled frames under lateral loads typically initiates with cracks between 

the infill and the frame, followed by dominant shear cracks, distributed sliding cracks, 

and/or crushing in the infill. The damage in the infill eventually propagates into 

the bounding frame, which can develop dominant shear cracks or diffused flexural 

cracks leading to plastic hinges. These damage patterns, caused by the in-plane 

loads, weaken the arching action, which initially resists the out-of-plane loads, and 

can result in the out-of-plane collapse of the infill. This interaction is yet not fully 

understood and quantified due to the lack of experimental data. Due to the failure 

sequence and the lack of experimental data, with few exceptions [59] which consider 

the interaction between the in- and out-of-plane actions, most proposed models fo

cus on the in-plane actions. 

It was observed in the previous studies (eg. [32], [60],[61], among others) that the 

lateral resistance of infilled frame is not the simple summation of the resistance of 

the masonry wall and that of the bare frame, as the load-resistance mechanism of the 

frame changes due to its interaction with infill. The infill panel tends to separate from 

the bounding RC frame as the lateral load increases. The connections are only at the 

two opposite compression corners, which develops a mechanism similar to diagonal 

struts. However, the struts may or may not act as primary load carrying member de

pending on the relative strength and stiffness of the infill with respect to the bounding 
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frame. A common misconception is that, regardless of the geometry, the infill trans

fers the in-plane lateral loads along the diagonal of the panel. This representation 

may provide good results when the goal is to estimate the initial stiffness and the as

pect ratio of the infill is around 1. However, it cannot capture the complex failure 

sequence, nor represent the load-transfer mechanism when the infill length is larger 

than 1.3 times its height. In that case, two struts form in the infill, as shown in a study 

using an extensively validated FE modeling scheme combining smeared-crack and 

interface elements [52]. The number of struts does not increase even when the infill 

length is much larger. Figure 4.1 presents the cracking pattern and force distribution 

of a frame with aspect ratio ( hinfl hnf) of 0.55. Two diagonal struts develop in the 

infill at 45 degrees from the top of the windward column and the bottom of the lee

ward column. It can be also be seen in the figure that the force distribution changes 

once the shear cracks develop in the columns. At this point, the struts shift, their ori

entation changes, and most of the load is carried by the infill. The force distributions 

also indicate that the normal and shear forces carried by the infill and the columns 

change not only at different points of the loading history, but also along the height of 

the structure at all deformation levels. These observations indicate that the tradition

ally used diagonal struts are not able to capture the actual force distribution, as struts 

fixed along the diagonal cannot simulate the change of the strut locations and ori

entations due to the damage. Moreover, they cannot simulate the different resistance 

along the height of the infill and columns, as the structure is highly indeterminate 

and these forces change, while the strut representation is oversimplifying. 

The method proposed here utilizes diagonal struts as these are commonly used in 

engineering practice. However, the method bypasses the well-documented deficien

cies of the strut modeling approach related to the calibration of the struts and their 

inability to capture the failure patterns. The proposed modeling approach relies on 
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(a) test specimen (b) cracking pattern at 1% drift. 
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Figure 4.1: FE analysis of an RC frame with a solid infill panel [52]. 

the estimation of the backbone curve for every single-bay subassembly of a building. 

The backbone curve can be obtained with a detailed FE model such as the one pro

posed by Stavridis and Shing (2010) [ 16], or with analytical calculations based on the 

anticipated failure mechanism [34, 56]. The struts are then calibrated, so that when 

combined with the elements representing the RC frame, their combined response 

matches the estimated backbone curve. Therefore, the model indirectly accounts for 

the failure modes of the infilled frame and can capture its expected behavior. 
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4.3 Overview of the Strut Modeling Framework 

4.3.1 Step I: Development ofBackbone Curves for Single-story Single

Bay Frames 

The anticipated performance of each infilled bay of the frame is obtained in terms of 

nonlinear backbone curves for every single-bay frame. These curves can be obtained 

through actual testing, detailed finite element analysis, or using analytical equations. 

The first two methods provide more accurate results; however, they require drastic

ally more resources. In this study, the simplified backbone curves derived using ana

lytical equations are employed as a practical alternative. Martin and Stavridis (2017, 

2018) [34, 56] proposed a simplified methodology to predict the nonlinear response 

of single-story single-bay infilled frames which is adopted by the recently released 

ASCE 41-17 guidelines, discussed in section 3.3. Initially, the failure mechanism of 

the infilled frame is predicted. This allows the estimation of the quadrilinear back

bone curve that describes the force-vs.-displacement relation. The backbone curve 

is analytically obtained for solid infills, but it can be adjusted to account for openings 

[52], as long as the infill aspect ratio hinf I hnf is less than one and the opening area 

is less than 25% of the area of the masonry panel. 

4.3.2 Step 2: Calibration of the Stuts 

The lateral force-vs.-displacement curve obtained in the first step for each bay is em

ployed to calibrate the struts representing the masonry infill of that bay. Initially, the 

numerical model of the bare single-story single-bay RC frame is developed. Once 

the RC frame is modeled, two truss elements are added along the diagonals to sim

ulate the effect of the infill walls on the lateral response. Their effect in the lateral 
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resistance is illustrated by the shaded area in Figure 4.2. The diagonal struts are cal

ibrated in such a way, so that when added to the model of the bare RC frame, the 

resulting lateral force-vs.-displacement curve matches the corresponding backbone 

curve, as shown in Figure 4.2. This is achieved by the combination of the compress

ive strength of one strut and the tensile strength of the other strut. The engineer can 

select the strength distribution between the two struts based on the available con

stitutive laws. For frames with multiple bays, the interior columns are shared by two 

consecutive bays. To calibrate the struts in those cases, half of the contribution of the 

interior columns is considered in the calibration of each of the two bays adjacent to 

the columns. Steps 1 and 2 need to be repeated for all infilled bays in a building. 

4.3.3 Step 3: Development ofModel for the Entire Structure 

Once the diagonal struts for all the bays are calibrated, the numerical model of an 

entire structure can be assembled. This simplified approach can be used to develop 

a three dimensional model of the structure. As discussed earlier, this model does 

not account explicitly for some of the failure patterns of infilled frames, such as the 

shear failure in columns and the horizontal bed joint sliding. However, the backbone 

curves used to calibrate the struts take into account the anticipated failure mechan

isms, including the aforementioned brittle shear failures. As with most strut models, 

this modeling approach does not consider the out-of-plane failures of infill walls. If 

additional experimental or numerical data become available, the effect of the out-of

plane forces can be incorporated by adopting backbone curves, which account for 

the out-of-plane forces and the degradation of the arching action. 
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Figure 4.2: Calibration of struts for infilled RC frames. 

4.4 Validation of the Proposed Framework 

Test data from two test specimens are used to validate the proposed strut model

ing approach. The first specimen was a 1:2.5-scale one-story one-bay RC frame with 

ductile reinforcing details for the RC frame. The infill was constructed with low

strength autoclaved aerated concrete (MC) blocks (Figure 4.3a). It was subjected 

to cyclic quasi-static loading at the Indian Institute of Technology, Kanpur (IITK) 

[62]. The second specimen was a 2:3-scale three-story two-bay RC frame with ma

sonry infill walls (Figure 4.3b) tested on the shake table at the University of Califor

nia, San Diego (UCSD) [63]. This specimen included a non-ductile RC frame infilled 

with a solid panel and a masonry wall with an eccentrically located opening in every 

floor. The two specimens are selected because of their distinct design details, mater

ial properties, and different failure patterns, which can challenge the robustness of 

the proposed method, as well as due to the availability of well-documented test data 

used for estimation of the backbone curves. 
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(a) IITK specimen[62] (b) UCSD specimen[52] 

Figure 4.3: Test specimens used for validation of the proposed framework. 

(a) Sankhu school building (b) NSET office building 

Figure 4.4: Buildings used for validation of the proposed framework. 

The proposed framework is also implemented on two infilled RC frame build

ings for further validation on actual structures. The buildings are the five-story office 

building of the National Society of Earthquake Technology-Nepal (NSET) in Kath

mandu, Nepal (Figure 4.4a) and the four-story school building located in Sankhu, 

Nepal (Figure 4.4b). Both the buildings incorporate masonry-infilled reinforced con

crete frames. The five-story structure, referred to as NSET office building, was sub

jected to a series of ground motions due to the 2015 Gorkha Earthquake and its af-
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tershocks. The response of the building to the ground shaking was recorded with 

sensors installed at its basement and roof. The numerically predicted response of 

the structure during the earthquake using the proposed strut modeling approach is 

compared with the response obtained from the accelerometers during the seismic 

motions. However, the response recorded was linear as it was not damaged during 

the earthquake. On the otherhand, the four-story structure, referred to as Sankhu 

school building, was severely damaged during the 2015 Gorkha earthquake and was 

red-tagged by local engineers. A finite element (FE) model of the damaged school 

building is developed using struts, to simulate the effect of the masonry infills, in or

der to model the building's nonlinear behavior during the 2015 Gorkha earthquake. 

The proposed modeling approach is used to develop the numerical models of the 

specimens in OpenSEES [64]. Displacement-based inelastic beam-column elements 

[65] are adopted for the RC members. Truss elements are used for the diagonal struts 

employed to represent the infill. The RC members are divided into fibers to model 

location of the steel reinforcement represented with the uniaxial hysteretic material 

model proposed by Menegotto and Pinto (1973) [66] and extended by Filippou et al. 

(1983) [67] to include isotropic strain hardening effects (Figure 4.5a), characterized 

by increased strength under increased inelastic strain demand. The model is compu

tationally efficient and agrees very well with experimental results from cyclic tests on 

reinforcing steel bars. The Kent-Scott-Park material model with linear tension soften

ing [68] is used for concrete and masonrydue to its efficiency (Figure 4.5b). Consid

ering the calibration procedure of the struts, the material models used for the frame 

are not critical, as the struts are calibrated to account for the difference between the 

frame and the backbone curve. Numerical evaluation of the dynamic response is 

performed using the Newton Raphson, Broyden and Newton with Line Search al

gorithms, varying the tolerance and number of steps to ensure numerical stability. 
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Figure 4.5: Cyclic stress-strain behavior of the material models. 

4.5 Single Story Specimen - IITK 

4.5.1 Experimental Details 

The specimen shown in Figures 4.3a was extracted from a four-bay five-story ductile 

RC frame building with open ground story that served as a prototype structure. The 

building is assumed to be located on firm rock site in the seismic Zone V (PGA 0.36g) 

of Indian seismic code IS 1893 (2002) [69]. All frame members were chosen to be 

square sections of size 500 x 500 mm and their ductile detailing was done as per IS 

13920 (1993) [70] to ensure ductile behavior of the frame. A 1:2.5-scale one-bay in

terior frame located at the second story, infilled with low-strength MC blocks, was 

tested in the IITK laboratory [62]. The dimensions and reinforcement details are 

shown in Figure 4.6. Table 4.1 summarizes the material properties of concrete and 

masonry. High-yield strength deformed bars were used as reinforcement, with an av

erage elastic modulus of 222 GPa (32000 ksi) and yield strength of 418 MPa (60 ksi). 

The specimen was subjected to cyclic quasi-static loading with gradually increasing 
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Figure 4.6: Reinforcement detailing of the one-story test specimen (in mm) [62]. 

target displacements until 4.5% drift ratio. In addition to self-weight, uniform pres

sure of 6.5 kPa (0.9 psi) was applied on the frame to simulate the vertical load in the 

building. More information on the design and performance of the test specimen can 

be found in Bose and Rai (2016) [62]. 
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Table 4.1: Measured material properties for the IITK specimen. 

Parameters Concrete I Masonry 

Elastic Modulus, MPa (ksi) 27.6 (4000) 2.4 (350) 
Compressive strength, MPa (ksi) 38 (5.5) 2.4 (0.35) 
Strain at peak strength 0.003 0.0025 
Tensile strength, MPa (ksi) 3.8 (0.55) 
Initial coefficient of friction 0.8 
Residual coefficient of friction 0.5 
Cohesion, MPa (psi) 310 (45) 

4.5.2 Calibration of the Numerical Model 

Following the methodology proposed by Martin and Stavridis (2017, 2018) [56], [34], 

the single-story single-bay frame is classified as ductile frame with weak infill. As a 

result, the lateral force-vs.-drift ratio backbone curve shown inFigure 4.7 is obtained. 

The comparison with the experimentally measured response indicates that the sim

plified backbone curve provides a good estimate of the initial stiffness and the lateral 

strength of the frame. 

The concrete, masonry, and steel models are calibrated with the measured ma

terial properties summarized in Table 4.1. Data from material tests is not required 

for this calibration approach, but since they are available are used in this study. The 

masonry strut properties, including the tensile strength, strut width, strain at peak 

strength and at the onset of the residual strength are adjusted so that the calibrated 

lateral force-vs.-drift response of the infilled frame matches the simplified backbone 

curve as illustrated in Figure 4.7. The small deviation between the backbone curve 

and the strut model response is not significant and it is attributed to the constitutive 

law used to model the diagonal struts. The selected concrete and masonry properties 

are summarized in Table 4.2. 
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Figure 4.7: Calibration of struts for the one-story specimen. 

Table 4.2: Calibrated concrete and strut properties of the model elements of the single 
story specimen. 

Material I Concrete I Masonry 

Peak Compressive Strength MPa (ksi) 38.0 (5.5) 2.4 (0.35) 
Residual Strength MPa (ksi) 6.3 (0.9) 0.4 (0.06) 
Tensile Strength MPa (ksi) 3.8 (0.55) 0.48 (0.07) 
Strain at peak strength 0.003 0.002 
Strain at residual strength 0.008 0.006 
Strut width mm (in) 132.1 (5.2) 
Tension Softening Stiffness MPa (ksi) 634.3 (92.0) 551.6 (80.0) 
Lambda* 0.1 0.1 

*ratio between unloading slope at onset of residual strength and the initial slope 

4.5.3 Comparison with Experimental results 

The natural frequency of the structure estimated by the strut model is 26.4 Hz, which 

is close to the 27.3 Hz obtained experimentally. The lateral force-vs.-drift response 

of the numerical model is compared with the experimental response in Figure 4.8. 

It can be observed that the hysteretic response of the MC-infilled frame is accur

ately simulated by the numerical model. The peak strength estimated by the model 

is 138 kN (31 kips), i.e. 5% lower than the experimentally obtained strength of 145 kN 

(32.6 kips). The proposed methodology also captures the initial stiffness and residual 
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Figure 4.8: Lateral force-vs.-drift curves for the one-story IITK specimen. 

strength of the test specimen accurately. The model conservatively underestimates 

the peak strength and the post-peak behavior. This is conservative and can be expec

ted considering the simplicity of the modeling approach. 

4.6 Three Story Specimen - UCSD 

4.6.1 Experimental Details 

The test structure shown in Figures 4.3b and 4.9 is extracted from a three-story pro

totype structure designed to represent the construction practice in California in the 

1920s. A 2:3-scale model of the exterior frame of the prototype structure was tested on 

the shake table at UCSD. The experimentally measured material properties for con

crete and masonry are summarized in Table 4.3. The RC frame was infilled with solid 

unreinforced masonry walls in one bay and walls with eccentric opening on the other. 

The RC columns of the test specimen had longitudinal reinforcement ratios of 2, 1.5, 

and 1% for the first, second, and third story, respectively, which were higher than that 

in the prototype but still representative of the steel quantities used in structures of 

that era. The reinforcement consisted of deformed steel bars with an elastic modu-
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lus 200 GPa (29000 ksi) and yield strength of 468 MPa (67 ksi) . The dimensions and 

reinforcement details are presented in Figures 4.9 and 4.10. The test structure was 

subjected to a sequence of 14 scaled earthquake ground motions of increasing intens

ity, obtained by scaling the acceleration time histories recorded at the Gilroy 3 station 

during the 1989 Loma Prieta earthquake, and in El Centro during the 1940 Imperial 

Valley earthquake. The specimen was tested until its stability was severely comprom

ised because of the induced damage. The MCE event (4.lla) considered has spectral 

accelerations of Ss =1.5g and S1 =0.9g representing the worst case scenario for San 

Diego and a moderate scenario for Los Angeles area. Therefore, 67% of the Gilroy 3 

motion corresponds to a Design Basis Earthquake (DBE) and 100% level of the Gil

roy 3 motion corresponds to a maximum considered earthquake (MCE) considering 

the spectral accelerations for the fundamental period of the undamaged structure. 

The sequence of earthquake motions used is presented in 4.llb and was developed 

to evaluate the performance of the structure under different ground motion levels. 

White noise tests were also performed before and after each earthquake motion to 

estimate the modal properties that changed because of the damage. More informa

tion on the test structure and its performance can be found in Stavridis et al. (2009) 

[63]. 

Table 4.3: Measured material properties for the UCSD specimen. 

Parameters I Concrete I Masonry 

Elastic Modulus, MPa (ksi) 16.5 (2400) 6.3 (910) 
Compressive strength, MPa (ksi) 38 (5.5) 22.1 (3.2) 
Strain at peak strength 0.0032 0.0045 
Tensile strength, MPa (ksi) 3.8 (0.55) 
Initial coefficient of friction 0.9 
Residual coefficient of friction 0.5 
Cohesion, MPa (psi) 586 (85) 
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Figure 4.11: Acceleration response spectra and list of seismic tests conducted [63]. 

4.6.2 Calibration of the Numerical Model 

According to the methodology by Martin and Stavridis (2018) [34], infill panels are 

classified as strong and the bounding frame as non-ductile. This can be expected 

considering the design details and material properties. The force-vs.-displacement 

curves for the solid panels are obtained accordingly and are modified to account for 

the windows following the adjustments proposed by Stavridis (2009) [52]. The sim

plified backbone curves for the infilled bays of the test specimen are illustrated in 

Figure 4.12. 

Single-story single-bay models for each infilled bay of the frame are developed 

and calibrated with the material properties summarized in Table 4.3 for the three

story specimen. As shown in Table 4.4, the same material parameters are assigned 

to all RC elements in the structure. Different widths are assigned to the masonry 

struts so that when combined with the RC frames they match the estimated back

bone curves. Figure 4.12 presents the calibrated response of the infilled bays in the 

first story. The difference between the numerical model and the backbone curve is at-
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Figure 4.12: Backbone curves for the three-story UCSD specimen. 

tributed to the material law. However, overall, the models provide a reasonably good 

estimate of the backbone curves. The only property not determined based on the 

backbone curve is the parameter lambda (A), which controls the unloading behavior. 

The value of 0.1 is selected for this parameter. Once the diagonal struts are calib

rated, the numerical model of the entire test structure, consisting of 27 elements, is 

assembled. The damping of the structure is modeled using the mathematically con

venient Rayleigh formulation, considering 3% of critical damping for the first two 

modes, according to the damping values identified in a system identification study 

[71 ] . 

4.6.3 Comparison with Experimental Results 

The numerical model obtained based on the analytical curves (referred to as M-An) 

is subjected sequentially to the time histories recorded on the table during the six 

tests with highest intensity, i.e. gil67a, gil67b, gil83, gil91, gill00 and gill20. Tests 

gil67a and gil67b correspond to a design level motion for San Diego at the funda

mental period of the structure, while gill00 corresponds to the MCE level excitation, 
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Table 4.4: Calibrated concrete and strut properties of the model (M-An) elements. 

Material I Concrete I Masonry 

Peak Compressive Strength MPa (ksi) 38.0 (5.5) 22.1 (3.2) 
Residual Strength MPa (ksi) 6.3 (0.9) 3.7 (0.5) 
Tensile Strength MPa (ksi) 3.8 (0.55) 11.1 (1.6) 
Strain at peak strength 0.0032 0.0045 
Strain at residual strength 0.006 0.0021 

Sl*=76.2 (3.0) 
S2 =53.3 (2.1) 
S3 =63.5 (2.5)

Strut width mm (in) 
01 =43.2 (1.7) 
02 =50.8 (2.0) 
03 =33.0 (1.3) 

Tension Softening Stiffness MPa (ksi) 758.4 2206.3 (320.0) 
(ll0.0) 

Lamda 0.1 0.1 

*S =Solid panels and O =Panels with openings, number denotes the story 

150 - - OpenSEES/solid 

- - OpenSEES/window 600 

-Backbone Curve/solid 
,-.__ - Backbone Curve/window ,....__ 
0..:.g 
en 

100 g
'--' 

(1)
(1) 

400 
uu ,_,_ 
00 µ..µ.. 

I (tj,_~ ,_ I -------
(1) 50 

(1) 

+-> I 
ro ,, 200 (rj....:l....:l 

0 
0 0.25 0.5 0. 75 

First Story Drift(%) 

Figure 4.13: Calibrated response of the first-story of the three-story specimen 
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and gill20 to a motion 20% more intense compared to the MCE [63]. As a result of the 

demanding testing sequence, the structure developed considerable damage and be

haved nonlinearly before it practically collapsed at the beginning of the test following 

gill20. 

The peak first-story drift ratio, base shear, and periods obtained from the nu

merical model M-An at the end of each ground motion are compared with their ex

perimentally measured counterparts in Table 4.5. Moreover, the base shear-vs.-first 

story drift ratio curve, the first-story drift ratio and the base shear time-histories of 

the model for different tests are compared with the experimental response in Fig

ure 4.14, Figure 4.15 and Figure 4.16 , respectively. The overall hystereic response 

obtained from the strut model and test data is compared in Figure 4.17. The compar

ison indicates that the numerical model predicts the period after each test and the 

peak inter-story drift with good accuracy as the error is in all cases are within 20%. 

Moreover, the peak interstory drifts are also accurately predicted; with an error lower 

than 10% for the first four ground motions, while the displacements are underestim

ated by 20% for the last two motions. This is still remarkable considering the simpli

city of the model, the demanding load sequence and the severe nonlinearity of the ex

perimental response. The model is also successful in capturing the non-symmetrical 

displacements sustained by the structure during the tests. The peak floor displace

ment and acceleration profiles of the numerical model for the gill00 motion are com

pared with the experimental results in Figure 4.18. The model successfully simulates 

the soft-story mechanism indicated by the small inter-story drift ratios for the upper 

stories. The acceleration profile of the numerical model also matches well with the 

test results. The story shear vs. the drift ratio plots of the upper stories of specimen 

are demonstrated in Figure 4.19 and 4.20. Nonetheless, the numerical model is suc

cessful in predicting the peak story shear and drift ratio for all the cases, particulary 
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for the second story of the Gill20 and Gil 100 motions. 

Table 4.5: Comparison of periods, peak first story drift and base shear of the three 
story specimen. 

Peak IS Drift Peak Shear 
Period (s) 

(%) (kN/kips)EQID 

Test OS* Test OS Test OS 

Initial 0.055 0.058 

Gilroy67a I 0.06 0.076 0.1 0.09 907/204 760/171 

Gilroy67b I 0.063 0.078 0.17 0.16 1134/255 862/194 

Gilroy83 I 0.068 0.081 0.28 0.25 1143/257 890/200 

Gilroy91 I 0.074 0.086 0.39 0.36 1134/255 988/222 

Gilroyl00 I 0.12 0.140 0.55 0.47 1081 /243 872/196 

Gilroyl20 I 0.19 0.209 1.06 0.88 1081 /243 700/158 

*OS denotes the OpenSEES strut model (M-An) 

The model underestimates the lateral strength of the structure as in the design 

level base motions, the predicted peak base shear is up to 35% lower than the meas-

ured base shear. Furthermore, the post-peak response of the model is considerably 

more brittle compared to the observed behavior as illustrated in Figure 4.17. This dis

crepancy can be attributed to the analytical backbone curves employed to calibrate 

the struts and the strength degradation of the material law. Despite the conservative 

underestimation of the peak base shear, it is evident that the numerical model can 

capture the main features of the response with sufficient accuracy. This is rather en

couraging considering the simplicity of the proposed modeling methodology and the 

complex behavior of the test structure. One can assess the influence of the backbone 

curve if the base shear-vs.-first story drift ratio curve for the structure is obtained by 

combining the curves for the two first-story bays. As shown in Figure 4.17 the ana

lytical backbone curve estimates the initial stiffness and the peak strength of the test 
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specimen quite accurately. However, it under-estimates the ability of the structure to 

maintain its lateral strength. The deviation observed around the peak load is conser

vative and it can be expected considering the simplicity of the method. 
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Figure 4.14: Comparison of hysteretic response of the first-story of the three-story 
specimen obtained from strut model (M-An) with test results (W = 64lkN). 
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Figure 4.15: Comparison of base shear response history of the three-story specimen 
obtained from strut model (M-An) with test results. 



57 

~ 0.1 

..., 
[: -0.1 
~ ~-~-~-~-~-~-~ 

3 3.5 4 4.5 
Time (s) 

(a) gil67a 

3 3.5 4 4.5 
Time (s) 

(c) gil83 

~ V~AIJ 
'J /' ~ \ 

3 35 4 ~5 
Time (s) 

(e) gill00 

5 5.5 6 

5 5.5 6 

5 5.5 6 

~ 0.1 
i:::i 
~ o --\cP\--tttNlf+-Hlfl\-lWIMt-Hl/AfttIBH-\il=oHAcM-J'f-MM
8 

en -0.1 ..., 
(/] 

~ 
h 

-0.2 ~-~-~-~-~--~~ 
3 3.5 4 4.5 5 5.5 6 

Time (s) 

Cb) gil67b 

~ 0.5 

ts 
~ 

h 
-0.5 ~-~-~-~-~--~~ 

3 3.5 4 4.5 5 5.5 6 
Time (s) 

Cd) gil91 

~ I I 

~ 0.5 1 

Q 0 
0 

en -o.5 

3.5 4 4.5 5 5.5 6 
Time (s) 

Cf) gill20 

Figure 4.16: Comparison of first-story drift response history of the three-story speci
men obtained from strut model (M-An) with test results. 



58 

3oo Experiment 

1060
OpenSEES Model/M-An 200 

- - - Backbone Curve/ Analytical 
,\ I

"'-------"' 100 -~---------~ .9, 
~ 
'--" 

a o 
Q) 

..s:: 
[/J 

~ -100 
ro 

0:) 
-740 

-200 

-300 -1340 
-1.2 -0.8 -0.4 0 0.4 0.8 

First Story Drift(%) 

Figure 4.17: Hysteretic response of the strut model (M-An) and the shake table speci
men. 

3 -openSEES 

- Experimental 

2 v 
> 
~ ,_ 
0
0 1 
~ 

0 -t--------~----j--~----------10 
-1.5 -1 -0.5 0 0.5 1.5-0.8 -0.4 0.4 0.8 

Ai / PGA 

(a) peak floor displacements (b) peak floor accelerations 
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4.6.4 Calibration of Struts with more Accurate Backbone Curves 

The numerical results can improve further if more accurate methods are used for the 

estimation of the backbone curves, such as detailed finite element analysis or test res

ults. Here detailed finite element models of the single-story single-bay frames are de

veloped in FEAP [72] adopting a modeling methodology that combines the smeared

crack and interface elements [16]. The nonlinear backbone curves obtained from de

tailed FE analyses for each first-story infilled bay of the test specimen are illustrated 

in Figure 4.21. The comparison of the backbone curves obtained from the analytical 

equations and the detailed FE model in FEAP, shown in Figure 4.22, indicates that 

the FE results provide a better estimate of the experimental response, which can be 

expected. 

To further validate the proposed framework, a second strut model (referred to 

as M-FE) is created considering the backbone curves obtained from the detailed FE 

analyses for the calibration of the struts, as shown in Figure 4.21. Table 4.6 summar

izes the calibrated concrete and masonry properties for the numerical model. For 

simplicity, the dimensions and properties of the struts in the upper stories are the 

same as the struts in the first story. The model is also subjected sequentially to the 

time histories recorded on the shake table. The comparison in Table 4.7 and Figures 

4.22, 4.23, and 4.24 indicate that the numerical model calibrated with the back

bone curves obtained from detailed FE analyses predicts the seismic response of the 

test specimen more accurately compared to the model calibrated with the analytical 

backbone curves. This is evident when the post-yield behavior is considered. The 

error of the numerical model M-FE in predicting the peak interstory drift, and base 

shear is 8% and 14%, compared to 17% and 35% by model M-An, respectively. 
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Figure 4.21: Calibration of the struts of the M-FE model with the detailed FE results. 
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Figure 4.23: First-story drift ratio time-history for the shake table specimen. 
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Figure 4.24: Profiles of peak floor displacements and accelerations for gill 00 ground 
motion of numerical models M-An, M-FE compared to test results. 

Table 4.6: Calibrated concrete and strut properties of the model (M-FE) elements. 

Material I Concrete I Masonry 

Peak Compressive Strength MPa (ksi) 38.0 (5.5) 22.1 (3.2) 
Residual Strength MPa (ksi) 6.3 (0.9) 5.5 (0.8) 
Tensile Strength MPa (ksi) 3.8 (0.55) 11.1 (1.6) 
Strain at peak strength 0.0032 0.0005 
Strain at residual strength 0.006 0.0025 

76.2 (3.0)
Strut width mm (in) 

66.0 (2.6) 
Tension Softening Stiffness MPa (ksi) 758.4 2206.3 (320.0) 

(ll0.0) 

Lamda 0.1 0.1 



Table 4.7: Comparison of periods, peak first story drift and base shear. 

EQ ID 

I Period (s) 

I I Models 
Test 

I I M-An* I M-FE* 

I Peak IS Drift(%) 

I I Models 
Test 

I I M-An I M-FE 

I Peak Shear (kN/kips) 

I I Models 
Test 

I IM-An IM-FE 

Initial I 0.055 I 0.058 0.058 1 - I - I - I - I - I -

Gil67a I 0.06 I 0.076 0.073 1 0.1 0.09 0.1 I 9071204 1 76011 n 1 819/184I I 

Gil67b I 0.063 I 0.078 0.075 1 0.17 I 0.15 0.17 I 113412551 8621194 I 9831221 I 

Gil83 I 0.068 I 0.081 o.on I 0.28 I 0.25 0.27 I 114312571 8901200 I 10231230 I 

Gil91 I o.o7 4 1 0.086 0.081 1 o.39 I 0.36 0.39 I 113412551 98812221 10861244I 

Gill00 I 0.12 I 0.14 0.132 1 o.55 I 0.47 0.51 I 108112431 872/196 I 10281231 I 

Gill20 I 0.19 I 0.209 0.202 I 1.06 I 0.88 0.98 I 108112431 7001158 I 9961224 I 

* M-An-Numerical model calibrated with analytical backbone curves. 
*M-FE - Numerical model calibrated with detailed FE model generated backbone curves. 

O"l 
CJl 
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To remove the error introduced by the backbone curve estimation and explore the 

capabilities of the strut model, the numerical model is updated to match the experi

mentally obtained backbone curve. The material properties of this model, referred to 

as M-Op, are presented in Table 4.8. Figures 4.25 and 4.26 demonstrates the compar

ison of the overall hysteretic response and the first-story drift history of the ground 

motions gil67a and gil 120. The model M-Op predicts the overall response and drift 

history of the specimen accurately. This indicates that the proposed strut methodo

logy can provide rather accurate results if an accurate backbone curve is used. How

ever, in lack of experimental results or finite element analyses, the analytically estim

ated backbone curves can provide satisfactory accuracy for practical applications. 

Table 4.8: Calibrated concrete and strut properties of the model (M-Op) elements. 

Material I Concrete I Masonry 

Peak Compressive Strength MPa (ksi) 38.0 (5.5) 22.1 (3.2) 
Residual Strength MPa (ksi) 6.3 (0.9) 7.4 (1.1) 
Tensile Strength MPa (ksi) 3.8 (0.55) 14.7 (2.1) 
Strain at peak strength 0.0032 0.0002 
Strain at residual strength 0.006 0.0007 

Strut width mm (in) 
78.7 (3.1) 
70.0 (2.4) 

Tension Softening Stiffness MPa (ksi) 758 (llO) 2894 (420) 
Lamda 0.1 0.1 
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4.7 Five Story Office Building - NSET 

This section discusses the development of strut model of the office building of Na

tional Society of Earthquake Technology - Nepal (NSET) in Kathmandu. The struc

ture was subjected to a series of ground motions due to the 2015 Gorkha Earthquake 

and its aftershocks. It performed relatively well during the earthquake with very little 

damage limited only to the non-structural components. The response of the build

ing to the ground shaking was recorded with sensors installed at its basement and 

fourth floor, while its ambient vibration was recorded with an array of acceleromet

ers during a reconnaissance trip following the earthquake. The natural frequencies 

and mode shapes of the building are estimated using the recordings obtained during 

the ambient vibrations. The dynamic properties obtained from the system identific

ation study are used to validate a numerical model developed to simulate the seismic 

response of the building following the proposed strut modeling approach for infilled 

frames. The numerically predicted response of the structure during the earthquake 

is compared with the response obtained from the accelerometers during the seismic 

motions. 

4.7. I Structural Details 

The five-story (basement plus five stories) office building of NSET located in Kath

mandu, Nepal is shown in Figure 4.4b. The building incorporates a masonry-infilled 

reinforced concrete (RC) frame of seven bays in north-south direction and three bays 

in the east-west direction. The building has four RC shear walls at the corners along 

north-south and two RC shear walls at the middle exterior bays along east-west. The 

typical plan of the building for the ground floor is shown in Figure 4.27. The up

per stories also have similar plan and structural system as the bottom story. The infill 



69 

... N 

® © ® ® @ ® 
1. 3500 .1. 3500 .1. 3500 .1. 3500 .1. 3500 .1. 3500 .1. 3500 .1 

0 
0 
V) 
V) 

CD 

0 
0 
V) 
V) 

Q) 

Figure 4.27: Typical plan view of the ground floor ofNSET building. 

walls were designed to be separated from the bounding RC frames using sliding joints 

and therefore, are not expected to participate in the lateral load carrying mechanism 

of the structure during the earthquakes. The cross-section of the columns is 450 mm 

x 450 mm with reinforcing ratio varying from 1 % to 2.5% depending on their loca

tion and #3 bar at 100mm c/c as transverse reinforcement. The height in each story is 

around 3 m. The bay width is 3.5 min north-south direction, while in east-west dir

ection the bay width is 3.5 min the middle bay and 5.5 m for the remaining bays. The 

concrete cover is 25 mm in the RC members and the slab thickness is 125 mm. The 

infills are 230 mm at the exterior and 115 mm at the interior bays. More structural 

and architectral drawings are presented in Appendix A, section A. l. 



70 

4. 7 .2 System Identification 

In September 2016, some researchers from University at Buffalo and Nebraska-Lincoln 

visited the building and recorded its ambient vibration using an array of 16 uniaxial 

accelerometers for operational modal analysis which helps in validation of the finite 

element model of the building. Two accelerometers were installed at the center of the 

building near the staircases in each of the floors at the basement, ground, 2nd, 3rd, 

4th story and roof and additional four sensors at the two opposite corners at the roof 

of the building namely the northwest and south east corners as indiated in Figure 

4.28. A total of 16 hrs of ambient vibrations were recorded. The sensors were wired to 

a National Instruments compact DAQ through BNC cables, and the data were saved 

locally on a laptop. Figure 4.29 shows the used compact DAQ and an in situ sensor 

installation. The building was also equipped with a continuous monitoring system 

that includes sensors at the basement and the roof. Response of the building was 

recorded with this system for one of the moderate aftershocks in May 2015. 

A system identification study is performed by the researchers in Tufts Univer

sity to extract the modal parameters of the structure including the natural frequen

cies, mode shapes and damping ratios using the peak-picking and covariance-driven 

stochastic subspace identification methods from the measured ambient data. Res

ults of these two system identification studies, i.e. natural frequencies and MAC val

ues for the first four modes, are presented in Table 4.9. It can be observed that the 

natural frequencies and the mode shapes are consistent between the two methods 

with MAC values larger than 0.9. Certain channels were observed to be too noisy and 

are therefore, excluded in computations of the mode shapes. The measurements of 

the sensors located at the center of the plan are included resulting the mode shapes 

to have 8 components. 
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Figure 4.28: Instrumentation layout plan of the NSET office building. 

(a) Compact DAQ (b) Sensor and bracket taped to floor 

Figure 4.29: Data acquisition system and accelerometers installation [51]. 
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Table 4.9: Identified modal parameters of the buidling. 

Frequency 
(Hz) 

Mode 1 Mode2 Mode3 Mode4 

Peak Picking 4.25 Hz 4.53 Hz 13.70 Hz 15.18 Hz 
NExTERA 4.26Hz 4.56 Hz 13.73 Hz 15.16 Hz 

MAC Values 0.997 0.977 0.994 0.917 

4.7.3 Finite Element Models 

Two three-dimensional strut models of the five-story office building are developed in 

OpenSEES [64] following the proposed approach : one considering all the infills and 

the other one without consideing the infills; only the RC shear walls are considered in 

this model. As discussed in Section 4.7.1, the infills are separated from the RC mem

bers and therefore, two FE models are considered to investigate if the infills interact 

with the RC frames when subjected to lateral forces during the earthquakes or ambi

ent vibrations. Similar to the strut models of the test specimens, the models for this 

buildings also use displacement-based beam column elements for the RC members 

and diagonal truss elements for the infills. The concrete shear walls are modelled 

using fiber elements to model the steel reinforcement. The geometry and material 

properties are based on the drawings (structural and architectural) and the test data 

provided by the NSET-Nepal. The material properties used for the development of 

the backbone curves are summarized in Table 4.10. The infilled bays of the build

ing are grouped into 14 categories from A to N, based on the aspect ratio, opening 

geometry and tributary area affecting the gravity loads, as shown in Figure 4.30. The 

backbone curves of the infilled frames are obtained using the analytical equations 

based on the methodology proposed by Martin and Stavridis (2017, 2018) [34, 56]. 



73 

Table 4.10: Assumed material properties of concrete and masonry. 

Parameters 

Elastic Modulus, MPa (ksi) 
Compressive strength, MPa (ksi) 
Tensile strength, MPa (ksi) 
Coefficient of friction 
Cohesion, MPa (ksi) 
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Figure 4.30: Grouping of the infill panels of NSET building. 

4.7 .3.1 Detailed Finite Element Models 

For validation of the analytically obtained backbone curves, the lateral force-vs.-drift 

behavior of the infilled frames are also obtained from detailed finite element models 

in FEAP [72] combining smeared-crack and interface elements based on the method

ology proposed by Stavridis and Shing (2010) [16]. The discretization scheme and the 
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material constitutive laws of the detailed FE models are discussed in section 3.2. The 

material parameters considered for the interface and the smeared-crack elements 

are summarized in Table 4.11 and Table 4.12. The calibrated stress-strain or displace

ment curves are shown in Figure 4.3 1. 

Table 4.11: Material parameters for smeared-crack models. 

f'c orf'm f'co
Material €1 €2 €1p €2p 

(MPa) (MPa) 

Concrete 25.0 0.003 0.0036 0.0014 0.0017 13.8 
Masonry 6.2 0.0027 0.0034 0.0013 0.0016 3.1 

Table 4.12: Material parameters for interface elements. 

GI enDn f'tMaterial f f µo µr
(Gpalm) (Mpa) (Nim) (Nim) 

Concrete 2170 3.6 105 1050 0.9 0.7 
Brick 1360 1.2 45 450 0.9 0.7 
Mortar 40 0.3 26 260 0.8 0.5 

ro Tr 
T/ 

a /3 TSP
(kPa) (kPa) (mlN) (mlN) 

Concrete -140 -35 0.6 0.0ll 12.5 150 
Brick -140 -35 0.6 0.0ll 12.5 ll0 
Mortar -140 -35 0.6 0.0ll 12.5 

*Details of the parameters can be found in [16]; TSP= Tensile Shape Factor 

The deformed meshes and the backbone curves of the solid panel (2AB), panel 

with window (lAB), panel with door (2FG), panel with two windows (lBC) and panel 

with three windows (Al2) obtained from the detailed FE models are compared with 

the simplified backbone curves obtained analytically in Figure 4.32 to Figure 4.36. 

The comparison indicates that the analytically developed curves match well with the 

detailed FE analysis results for the solid panels and the panels with one openings. 
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Figure 4.31: Calibration of smeared crack and interface models. 

However, it is not successful in capturing the basic features of the backbone curves 

for the panels with more than one openings. This discrepancy can be attributed to 

the large opening area for those panels which were not considered in the parametric 

study based on which the analytical equations [34, 56] for the simplified backbone 

curves are developed. Therefore, for infill panels that include large openings with 

areas larger than 30% of the bay area, the backbone curves obtained from detailed FE 

analyses are used to calibrate the struts. 

The lateral response of the shear walls of the building are simulated using force

based fiber-type beam-column elements in OpenSEES that enables the simulation of 

inelastic flexure and shear response using the section aggregator [73] in OpenSEES. 

The fiber-type elements assume linear curvature distribution and constant axial strain 

along the length of the elements. Kent-Scott-Park (concrete02) [68] and Menegetto

Pinto (Steel02) [66] material models available in the material library are used for con

crete and reinforcing steel, respectively. 
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Figure 4.32: Deformed mesh and backbone curve of the solid panel (2AB). 
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Figure 4.33: Deformed mesh and backbone curve of the panel with window (lAB). 
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Figure 4.34: Deformed mesh and backbone curve of the panel with door (2FG). 
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Figure 4.35: Deformed mesh and backbone curve of the panel with two windows 
(lBC). 
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Figure 4.36: Deformed mesh and backbone curve of the panel with three windows 
(Al2). 

4.7 .3.2 Development of Strut Models in OpenSEES 

The lateral force-vs.-drift curves are developed for all the bays of the building. These 

simplified backbone curves are used to calibrate the struts representing the infills 

and the shear walls based on the proposed methodology. As discussed earlier, single

story single-bay strut models are develeopd in OpenSEES for all bays in the first story 

of the building. The diagonal struts are calibrated such that combined with the model 

of the bare RC frame, the lateral force-vs.drift response matches with the backbone 
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curve of the corresponding frame. The thickness of the struts are kept equal to the 

actual wall thickness, while the other strut parameters are calibrated based on the the 

backbone curves, as shown in Figure 4.37 for four groups of infill (A, D, F and J). The 

calibration of struts for the remaining groups of infills are also similar. The calibrated 

concrete and strut properties are summarized in Table 4.13 and Table 4.14. The three 

dimensional models of the building is then assembled in OpenSEES: one without the 

infills consisting of 448 elements (Figure 4.38) considering only the concrete shear 

walls and the other one with all the infills and concrete shear walls consisting of 778 

elements (Figure 4.39). This will help in understanding if the infills have behaved 

separately from the RC frames as intended during the earthquake. The masses are 

calculated based on tributary areas and the floors are set as rigid diaphragms. The 

staircases are also considered as struts to account for their axial stiffness. Damping 

was modeled using the Rayliegh formulation considering 3% damping in first two 

modes. 
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Figure 4.37: Calibrated response of single-story single-bay frames. 
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Table 4.13: Calibrated concrete and strut (A to G) properties of NSET office building. 

Peak Residual Tensile Strain Strain at Strut Tension 
Compressive Strength Strength at peak residual Width Softening 

Strength strength strength Stiffness 
MPa (ksi) MPa (ksi) MPa (ksi) mm (in) MPa (ksi) 

25.0 (3.63) 2.5 (0.36) 2.5 (0.36) 0.003 0.008 - 312 (45) 

1.24 (0.18) 2.13 (0 .31) 0.0017 0.0045 228.6 (9.0) 266 (39) 

1.24 (0.18) 2.13 (0 .31) 0.0017 0.0045 518.2 (20.4) 266 (39) 

5.16 (0.75) 1.24 (0 .18) 0.0025 0.005 91.4 (3.6) 155 (23) 

6.2 (0.90) 1.24 (0.18) 3.10 (0.45) 0.0012 0.0037 111.8 (4.4) 388 (56) 

1.36 (0.20) 3.65 (0.53) 0.001 0.0047 188.0 (7.4) 456 (66) 

1.77 (0.26) 3.65 (0.53) 0.0014 0.0045 147.2 (5.4) 456 (66) 

2.07 (0 .30) 2.48 (0.36) 0.002 0.0045 152.4 (6.0) 310 (45) 

Lamda 

0.1 

0.1 

CXl 
0 



Table 4.14: Calibrated strut (H to N) properties of NSET office building. 

Peak Residual Tensile Strain Strain at Strut 
p

arameters 
Compressive

S htrengt 
Strength Strength at peak 

strength 
residual 
strength 

Width 

MPa (ksi) MPa (ksi) MPa (ksi) mm (in) 

Panel H 1.55 (0.23) 2.07 (0.30) 0.001 0.0045 152.4 (6.0) 

Panel I 1.24 (0.18) 0.89 (0.13) 0.0025 0.005 127.0 (5.0) 

PanelJ 0.62 (0.09) 0.89 (0.13) 0.0008 0.0042 345.4 (13.6) 

PanelK 6.2 (0 .90) 1.63 (0.24) 1.24 (0.18) 0.0008 0.0042 360.7 (14.2) 

PanelL 1.24 (0.18) 2.07 (0.30) 0.001 0.004 370.8 (14.6) 

PanelM 1.77 (0.26) 2.13 (0.31) 0.0021 0.0042 106.7 (4.2) 

Panel N 0.62 (0.09) 2.07 (0.30) 0.0012 0.0041 228.6 (9.0) 

Tension 
Softening 
Stiffness 
MPa (ksi) 

259 (38) 

111 (16) 

111 (16) 

155 (23) 

259 (38) 

266 (39) 

259 (38) 

Lamda 

0.1 

CXl 

"""' 



82 

.:< 'X' 

/ 
/ 

X ·x 
' / ' /X, 

/ 

.X'. 
' ',</ 

/ '\. 

Figure 4.38: FE model of NSET office building without considering the infills. 

Figure 4.39: FE model of NSET office building considering all the infills. 

4.7 .4 Prediction of the Earthquake Response 

The building was equipped with a continuous monitoring system that include sensors 

at the basement and the fourth floor. Response of the building was recorded for one 

of the moderate aftershocks of magnitude Mw 5.2 on May 30, 2015 and is used in this 

study to validate the proposed strut modeling approach. The ground motion recor

ded by the sensor at the basement and its 3% damped response spectra is shown in 

Figure 4.40 and Figure 4.41. The three dimensional numerical models of the structure 
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are subjected to the two components of the ground motions recorded at the base

ment. The acceleration response of the 4th floor of the struture obtained from the 

numerical models without considering the infills and with the infills are compared 

to the recorded data in Figure 4.42 and Figure 4.43, respectively. The peak accelera

tion values obtained from the recorded data, FE models and response spectra of the 

ground motions (Figure 4.41) are presented in Table 4.15. As the building was ob

served to be not damaged during the earthquakes, it is expected to behave linearly to 

the low level of ground shaking considered here (Figure 4.40). Therefore, the elastic 

response spectra of the ground motions can be a good estimate of the actual response 

of the structure. The spectral accelerations obtained from the response spectra at the 

first mode period of the structure considering the infill panels is close to the peak 

value of the recorded acceleration response of the fourth floor, however, consider

ing the first mode period of the model without the infills, the spectral accelerations 

are much less. This is also supported by the peak value of the acceleration response 

obtained from the FE models. The comparison of the responses in the figures also 

indicate that the FE model considering all the infills better match with the recorded 

data. These results of the time history analysis indicates that the infills interacted 

with the bounding RC frames contrary to their design. 

Table 4.15: Comparison of the peak acceleration of the fourth floor obtained from the 
recorded data, FE models and response spectra of the ground motion. 

PeakAc-
celeration 

(g) 

Recorded 
Data 

FE Model 
(without 

infill) 

FE Model 
(with 
infill) 

Response 
Spectra 
(without 

infill) 

Response 
Spectra 

(with 
infill) 

NS 0.0135 0.0048 0.0128 0.0035 0.0127 
EW 0.0130 0.0061 0.0121 0.0050 0.0125 
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Figure 4.40: Ground motion recorded at the base of the building on May 30. 

The lateral force-vs.-drift response of the four corner columns and the four infill 

panels (bays lCD, 3DE, Cl2, H34) of the first-story of the building obtained from the 

FE model considering all the infills are presented in Figure 4.44 and Figure 4.45, re

spectively. The figures indicate that the RC columns and the infills of the first-story 

exhibited linear behavior with the maximum drift less than 0.04% for all cases. This 

is expected as the ground motion recorded at the basement has a very low PGA of 

0.0056g. Therefore, in order to investigate the behavior of the building during the 

earthquake, the FE model with all the infills is subjected to the two components of the 

ground motions recorded at the TVU (27.6812N, 85.2883E) station which was closest 

to the building (3.4 km) and has a moderate PGA of 0.23g. The mainshock on April 

25 followed by the aftershock on May 12 was considered. The results of the nonlinear 

time history analysis indicate that the structure demonstrated linear response dur

ing the earthquake. The lateral force-vs.-drift response of the four corner columns 

and the four infill panels (bays lCD, 3DE, Cl2, H34) of the first-story of the building 
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Figure 4.41: Spectra of the ground motions recorded at the base of the building. 
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Figure 4.42: Comparison of the acceleration response of the fourth floor obtained 
from the FE model without considering the infills and the recorded data. 
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Figure 4.43: Comparison of the acceleration response of the fourth floor obtained 
from the FE model considering the infills and the recorded data. 

subjected to the TVU ground motions are presented in Figure 4.46 and Figure 4.47, 

respectively. It can be seen from the figures, that the force demands and the max

imum drifts increases, when the structure is subjected to the TVU ground motion 

compared to the aftershock on May 30. However, despite the increased demands, the 

RC memebers and the infills exhibited linear behavior with maximum drift less than 

0.10%, which is in agreement with the low level of damage observed in the structure. 
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Figure 4.44: Lateral force-vs. -story drift of the first story corner columns subjected to 
the motion recorded by the sensors at the basement on May 30, 2015. 
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4.7 .5 Comparison with System ID Results 

The natural frequencies and mode shapes identified from the ambient vibration data 

are compared with the corresponding modal parameters of the numerical models 

after it is subjected to the ground motions recorded by the sensors at the basement on 

May 30, 2015 and at the TVU station. The modal frequencies obtained from the nu

merical models are compared to the identified frequencies in Table 4.16. It can be ob

served that the natural frequencies of the structure obtained from the finite element 

model considering the infills for the first four modes are close to those estimated from 

the ambient vibration data. However, those obtained from the model without the in

fills are much lower than the identified ones, which further confirms that the infills 

did not behave separately from the bounding frames during the earthquake. In addi

tion, the frequencies before and after the earthquake are similar, which is expected as 

the structure was not damaged during the earthquakes. The mode shapes obtained 

from the numerical model with the infills after subjected to the ground motions re

corded by the sensors at the basement are compared to the identified mode shapes 

in Figure 4.48. The MAC values comparing the mode shapes are in all cases higher 

than 80%. Therefore, the numerical model with the infills is successful in estimating 

the modal parameters of the structure, which is encouraging given the simplicity of 

the modeling approach. 
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Table 4.16: Comparison of frequencies obtained from ambient vibration data and 
finite element models. 

Natural Frequency (Hz) after the 
ground motions recorded at Original 

Frequency 
Finite Element Model Mode (Hz) 

System 
ID Basement 

TVU station sensors 

no with no with no with 
infill infill infill infill infill infill 

1.93 4.59 1.91 4.581 1.93 4.59 4.25 
(54.6)* (8.0) (55.1) (7.8) 

3.05 4.79 3.04 4.792 3.05 4.79 4.53 
(32.7) (5.7) (32.9) (5.7) 

5.21 10.75 5.20 10.74
3 5.21 10.75 13.70 

(61.9) (21.5) (62.0) (21.6) 

7.28 13.52 7.26 13.534 7.28 13.53 15.18 
(52.0) (10.9) (52.1) (10.9) 

*numbers in the bracket show the errors in percentage 
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4.8 Four Story School Building - Sankhu 

This section discusses the nonlinear modeling of the four-story masonry infilled re

inforced concrete frame building in Sankhu, Nepal which was severely damaged dur

ing the 2015 Gorkha earthquake [ll ]. The author visited the structure along with 

other researchers in June 2015 as a part of a reconnaissance study, conducting de

tailed damage assessment. The research team collected light detection and ranging 

(lidar) scans for geometric survey and estimation of permanent global deformation. 

The ambient vibrations of the damaged building were also recorded during the visit 

for oprational modal analysis. The seismic performance of the school building is sim

ulated here with a three-dimensional model, which utilizes the proposed strut mod

eling approach for infilled frames. The model is validated with the identified modal 

parameters obtained from the recorded ambient vibration data. The validated nu

merical model is used to simulate the response of the structure during the Gorkha 

earthquake and provides insight into the observed failure mechanisms of the school 

building. 

4.8.1 Structural Details 

The four-story school building located in Sankhu, Nepal (27.727N, 85.462E) is shown 

in Figure 4.4a. The lidar scans are used to develop the autocad drawing of the build

ing representing the current state of the structure after the eartquake (Figure 4.49), 

which is later used to develop the FE model [48]. The building has relatively simple 

structural system consisting of reinforced concrete (RC) frame of seven bays on the 

north-south direction and two bays in the east-west direction. The bays in the west 

side of the building are not infilled as they form an open corridor that is exposed to 

the weather. On the contrary, the bays in the east side, along line 1 are infilled and 
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Figure 4.50: Plan view of the first-story of the school building (units in m). 

have a wide but relatively short window, while in the bays along line 2 have larger 

windows or doors (see Figure 4.50). The upper stories of the building have same plan 

and structural system as the bottom story. The plan views of the upper stories are 

presented in Appendix A, section A.2. As it can be seen from the plan view, the stair

cases are located towards the north end, thus inducing irregularity in the plan of the 

structure. The column cross-sections are also obtained from the lidar scans. The 

columns along the line 3 are 310 mm x270 mm, smaller than those in lines 1 and 2 

(250 mm x270 mm). The height of each story is close to 3 m and the length of each 
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bay on north-south direction is 3.9 mat stairs and 2.8 m for the remaining structure, 

while in east-west direction the bay width is 5.0 mat stairs and 1.8 mat the corridor. 

The concrete cover is assumed to be 25 mm in RC members. The slab thickness is 100 

mm, while the infills are 225 mm thick. 

4.8.2 Observed Damage 

During the reconnaissance visit, extensive damage in the infills and RC members in 

the south end of the ground story, including shear failure in the columns and beam

column joints, was observed, as shown in Figure 4.51a to Figure 4.51d. The dam

aged columns revealed inadequate reinforcement detailing with stirrups spaced at 

distances larger than the column. Damage in the infill panels, including dominant 

diagonal and horizontal cracks and separation from the bounding RC elements, are 

shown in Figure 4.52a to Figure 4.52c. The infill panels confining the staircases were 

slightly damaged, much less compared to the panels towards the south end. The 

panels towards the north were separated from the bounding RC elements, as seen in 

Figure 4.53a and Figure 4.53b. The damages in the upper-stories infill panels and RC 

columns were not significant (Figure 4.54). Therefore, the damage was mostly con

centrated towards the south end of the ground story. This distribution of damage can 

be likely attributed to the staircases, which shifted the center of rigidity towards the 

north end introducing stiffness eccentricity to the structure, which may have pro

duced a torsion-dominated response. More photos showing the damages are com

piled in Appendix B, section B. l . 
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(a) Column Gl (b) Column G2 

(c) Column Hl (d) Column H2 

Figure 4.51: Damages observed in the first-story columns of the school building at 
Sankhu during the earthquake. 

4.8.3 System Identification 

During the trip in June 2015, ambient vibration recordings were collected using 12 

uniaxial accelerometers in two different setups (Figure 4.55) to obtain the modal para

meters that help in validation of the strut model of the building. In the first setup, A, 
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(a) Infill panel Hl2 (b) Infill Panel 1 GH 

(c) Infill panel El2 

Figure 4.52: Damages observed in the first-story infill panels towards the south of the 
school building at Sankhu during the earthquake. 

-.J 

(a) Infill panel Al2 (b) Infill Panel Bl2 

Figure 4.53: Damages observed in the first-story infill panels towards the north of the 
school building at Sankhu during the earthquake. 
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(a) columns and infills from exterior (b) second-story infill panel 

Figure 4.54: Damages observed in the upper stories of the school building at Sankhu 
during the earthquake. 
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Figure 4.55: Instrumentation setup of the four-story school building at Sankhu. 

the accelerometers were installed on the roof, and the 4th and 3rd floor slabs. For 

the second setup, B, the instruments from the top two slabs were moved to the 2nd 

and 1st floor. Those accelerometers on the 3rd floor were kept in the same locations 

as Setup A, to provide reference measurements between the two setups. In each 

floor level, four accelerometers were installed at two opposite corners of the build-
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Figure 4.56: Instrumentation layout plan of the school building at Sankhu. 

ing, namely the northwest and the southeast corners as indicated in Figure 4.56, to 

measure the acceleration response at two perpendicular directions, named as X and 

Y directions, to capture the translational modes as well as the torsional modes. A 

total of 54 and 45 minutes of ambient vibrations were recorded for Setups A and B, 

respectively at a sampling rate of 2048 Hz. 

The ambient vibration data was processed by researchers in Tufts University [49]. 

The modal parameters including the natural frequencies, the damping ratios and the 

mode shapes for three excited vibration modes ofthe building are identified using the 

Natural Excitation Technique combined with the Eigen-system Realization Algorithm 

(NExT-ERA). Table 4.17 presents the identified natural frequencies and damping ra

tios from each setup for the first three modes. It can be observed that the natural 

frequencies are consistent between the two setups. However, the identified damping 

ratios demonstrate a much higher level of variability between the setups. It is worth 

noting that for each setup, certain channels are not considered in the computation 

of mode shapes. Exclusion of these channels are based on the observed signal-to

noise ratio as well the comparison of the identified mode shapes to those from the FE 

model. For Setup A, four measurements at the north-west corners of the 4th floor and 
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roof are excluded resulting the mode shapes to have 8 components. For Setup B, all 

the four measurements on the ground floor and one measurement on the north-west 

corner of the second floor in Y direction are excluded and therefore the mode shapes 

have 7 components. Low signal-to-noise ratio at these sensors could be due to the 

poor quality of BNC cables and/or their end connectors which were connected on 

site. The identified mode shapes for the two setups are combined to form more com

plete mode shapes of the building along its height. These mode shapes are eventually 

compared with those obtained from the FE model and discussed later in this chapter. 

More information of the system identification can be found in Bose et al. (2016) [48] 

Table 4.17: Identified modal parameters of the building. 

Test 
Setup 

Mode 
Natural 

Freq. (Hz) 
Damping 
Ratio(%) 

1 1.18 2.2 
A 2 2.16 2.2 

3 3.15 3 

1 1.19 1.8 
B 2 2.14 1.5 

3 3.19 2.4 

4.8.4 Finite Element Models 

4.8.4.1 Backbone Curves 

A three-dimensional finite element (FE) model of the four-story Sankhu school build

ing is developed in the structural analysis software OpenSEES [64] using the proposed 

strut modeling approach. The model utilizes beam-column elements discretized in 

fibers for RC beams and columns and diagonal truss elements for the infill walls. The 

geometry of the model is based on the analysis of the lidar point cloud data, compli-
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mented with in situ measurements [48]. In absence of test data, the material prop

erties used in the model, summarized in Table 4.18, are based on the material tests 

reported in Chaulagain et al. (2014) [74] and Pradhan (2009) [75]. The elastic modu

lus and yield strength of the reinforcement steel are assumed to be 2x 105 MPa (29000 

ksi) and 414 MPa (60 ksi), respectively. 

Table 4.18: Assumed material properties of concrete and masonry. 

Parameters Concrete I Masonry 

Elastic Modulus, MPa (ksi) 13941 (2022) 2551 (370) 

Compressive strength, MPa (ksi) 9.71 (1.40) 3.44 (0.50) 

Tensile strength, MPa (ksi) 1.38 (0.20) 0.69 (0.10) 

Coefficient of friction 0.9 
Cohesion, MPa (ksi) 0.34 (0.05) 

To calibrate the struts or diagonal truss elements for the infill walls, the frame

work proposed in section 4.3 is applied. To facilitate the application of the modeling 

framework, the infilled bays of the building are grouped in seven types based on the 

dimensions, opening geometry and tributary area affecting the gravity loads (Figure 

4.57). For simplicity, only the first-story infills are considered. Then, the bays are 

classified according to the anticipated failure pattern, and the backbone curve for 

each group of infilled bays is derived using simple analytical equations following the 

methodology proposed by Martin and Stavridis (2017, 2018) [34, 56] for frames with 

solid infills, now adopted in ASCE 41-17 (2017) [36] and discussed in section 3.3. The 

methodology is modified here, as the estimated initial stiffness is reduced by 60% to 

account for the potential cracks and damage of the structure prior to the earthquake 

[76]. Moreover, the modification proposed by Stavridis (2009) [52] is applied to ac

count for the openings. 
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Figure 4.57: Grouping of the first-story infill panels. 

4.8.4.2 Detailed Finite Element Models 

To obtain the backbone curves for the bays with larger openings, but also validate the 

analytically obtained backbone curves, detailed FE models of the single-story single

bay frames are also developed in FEAP [72] following a modeling methodology that 

combines the smeared-crack and interface elements. More information on the mod

eling scheme can be found in Stavridis and Shing (2010) [16], also summarized in 

Section 3.2. This methodology can simulate dominant shear and diffused flexural 

cracks in the RC members, the crushing and tensile splitting of the masonry units, 

and the mixed-mode failure of the mortar joints. The material parameters assumed 

for the smeared-crack and the interface elements are summarized in Table 4.19 and 

Table 4.20, respectively. The calibrated stress-strain/ displacement curves are shown 

in Figure 4.58. As it can be seen in Figure 4.59, the deformed meshes of the FE mod

els of Panels D and Panels G subjected to monotonic pushover analysis is similar to 

the actual damage pattern observed in panels Hl2 and lGH, respectively, as shown 

in Figure 4.52. 

The force-vs.-displacement curves (Figure 4.61) obtained analytically and numer

ically indicates that the analytically developed curves capture accurately the strength 
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Table 4.19: Material parameters for smeared-crack models. 

f'c orf'm f'co 
Material €1 €2 €1p €2p 

(MPa) (MPa) 

Concrete 9.7 0.0015 0.002 0.00085 0.00ll 4.1 
Masonry 3.4 0.0022 0.0027 0.0009 0.00114 2.0 

Table 4.20: Material parameters for interface elements. 

GI enDn f't
Material f f µo µr

(Gpalm) (Mpa) (Nim) (Nim) 

Concrete 1360 1.4 55 550 0.9 0.7 
Brick 1360 1.0 45 450 0.9 0.7 
Mortar 40 0.2 26 260 0.8 0.5 

ro Tr a /3 TSPT/(kPa) (kPa) (mlN) (mlN) 

Concrete -140 -35 0.6 0.0ll 12.5 150 
Brick -140 -35 0.6 0.0ll 12.5 ll0 
Mortar -140 -35 0.6 0.0ll 12.5 

*Details of the parameters can be found in [16]; TSP= Tensile Shape Factor 
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Figure 4.58: Calibration of smeared crack and interface models. 
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(a) Panel D (b) Panel G 

Figure 4.59: Deformed shape of FE model of Panels D and G. 

of the infilled frames, but tend to underestimate the stiffness and overestimate the 

drift at peak strength. This discrepancy is pronounced in the cases of Panels A and 

B, which include large openings. The discrepancy can be expected as the study [52], 

based on which the simplified backbone curves are adjusted to account for openings, 

considered openings smaller than 25% of the panel total area. Therefore, for infill 

panels A and B, which include openings with areas larger than 40% of the bay area, 

the results of the detailed FE analyses are considered for calibration of the struts. 

4.8.4.3 Strut Model 

Once the lateral force-vs.-displacement curves are developed, they are used to calib

rate the struts representing the masonry infills so that a model for the entire struc

ture can be developed according to the proposed framework. This is achieved in 

OpenSEES using a distinct single-bay, single-story numerical model for every bay of 

the building with two diagonal struts to simulate the influence of the masonry infills. 

The struts are calibrated so that when added to the model of the bare single-bay RC 

frame, the combined response matches the backbone curve. The RC members have 

been divided into 10 x 10 fibers. The Menegotto-Pinto steel model is used for the steel 
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reinforcement, while the Kent-Park material model implemented in the OpenSEES 

material library is used for the concrete and masonry elements similar to the 2D spe

cimens and NSET offcie building discussed in previous sections. For the calibration 

of the struts, the thickness is kept equal to the infill thickness, i.e., 225 mm (9 in) 

[48, 49]. The strut width, the strain at peak strength, and the strain at the onset of the 

residual strength are selected so that the calibrated lateral force-vs.-drift response of 

each single-bay frame matches the corresponding backbone curve as shown in Figure 

4.61. The calibrated concrete and strut properties are presented in Table 4.21. Once 

the diagonal struts are calibrated, the thee-dimensional model of the entire build

ing, consisting of 428 elements as shown in Figure 4.60 is assembled in OpenSEES. 

The stair cases are considered as struts with concrete properties to account for their 

axial stiffness. The weight and the mass of the structure is assigned to each node ac

cording to its tributary area. The lumped mass at each node accounts for a half story 

below and above the node. The floors and the stair landings are set as the rigid dia

phragm and the base of the structure is considered fixed. Damping of the structure 

was modeled using the Rayleigh formulation for mathematical convenience consid

ering 3% damping in the first two modes. 

4.8.4.4 Model Validation 

Once the three-dimensional model of the structure is assembled, it is validated with 

the results of the system identification study, from the ambient vibrations recorded 

during the 2015 reconnaissance trip. To account for the damage of the structure when 

its ambient vibration is recorded, the elements representing the severely damaged 

columns and infills in the ground floor are removed from the model as they are not 

expected to affect the structural response to ambient excitation that is considered 

here. Hence, from the initial three-dimensional model of the school building, the ele-



Table 4.21: Calibrated concrete and strut properties of the model elements of four-story building. 

p
arameters 

Concrete 

PanelA 

PanelB 

Panel C 

Panel D 

PanelE 

PanelF 

Panel G 

Peak 
Compressive

S htrengt 
MPa (ksi) 

9.71 (1.40) 

3.44 (0.50) 

Residual 
Strength 

MPa (ksi) 

0.97 (0.14) 

0.35 (0.05) 

Tensile 
Strength 

MPa (ksi) 

1.38 (0.20) 

0.55 (0.08) 

0.55 (0.08) 

1.72 (0.25) 

1.72 (0.25) 

1.72 (0.25) 

0.55 (0.08) 

0.55 (0.08) 

Strain 
at peak 
strength 

0.003 

0.002 

0.0017 

0.0012 

0.0012 

0.0012 

0.0016 

0.0016 

Strain at 
residual 
strength 

0.008 

0.004 

0.0042 

0.0025 

0.0025 

0.0024 

0.0029 

0.0029 

Strut 
Width 

mm (in) 

-

111.8 (4.4) 

121.9 (4.8) 

467.4 (18.4) 

482.6 (19.0) 

508.0 (20.0) 

431.8 (17.0) 

198.1 (7.8) 

Tension 
Softening 
Stiffness 
MPa (ksi) 

276 (40) 

117 (17) 

117 (17) 

345 (50) 

345 (50) 

345 (50) 

117 (17) 

117 (17) 

Lamda 

0.1 

0.1 

0"""" 
-J 
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Figure 4.60: Diagonal strut model of the school building. 

ments representing the RC columns at Hl, H2, Gl, G2 and infill panels at: Hl2 and 

El2 of the first story are removed as indicated in Figure 4.62. The comparison of the 

dynamic properties of the elastic model with removed elements (referred to as linear 

model), with the system identification results indicates that the estimated frequen

cies are less than 10% higher for modes 1 and 3 and 25% higher than the observed 

values for mode 2, as shown in Tables 4.23. This indicates that other members of the 

structure are damaged due to the earthquake, in addition to the removed members. 

However, the match between the identified and estimated mode shapes shown in 

Figure 4.68 is reasonably good considering the simplistic simulation of damage. The 

MAC values comparing the mode shapes from the linear model and the identified 

ones are higher than 90% for the first three modes (Table 4.24). 



500~-----------~ 500 ~-----------~ 500 
Panel B Pa nel A 

400 
z [gJ [DJ - 400 _/·x· -~ I400 

. I\2, 300 /;'. \ ____ ___c 300 ~ 300 

2 2 § ,:',. . -----------= 
'2 200 '2 200 '2 200 ,,
"§ ] F"§ -----;__,,_~----~ 100
....l 0 i/'~-~-~:___ ,c_~------= 3 IO: j;_·::_/_-_ . j IOO r Panel C 

0 +' -----~----~-~ 
0.5 0 0.5 0 0.5 

Drift ratio(%) Drift ratio (%) Drift ratio(%) 

(a) PanelA (b) Panel B (c) Panel C 

3 ::i ()\\--;====- I I 
';;' 300 . -. 

~ 
'.:: 200 

i
j l00 

Panel D 

~ 
3 
~ 

" 2 
'2 
"§ 
"j 

:::~/t:\
ii \ \ 

300 

200 

100 

I I 

Pane l E 

I 
~ 

3 
';;'
2 
'2 
"§ 

"'ii, 
....l 

500 

400 

300 

200 

100 

.--·v\ n 
Panel F 

0 0 0 
0 0.5 0 0.5 I 0 0.5 

Drift ratio(%) Drift ratio(%) Drift ratio(%) 

(d) Panel D (e) Panel E (f) Panel F 

500~----------~ 

Panel G 
400 -Opensees@]~ ···-Detailed FE

';' 300 
2 Backbone Curve (40% initial Stiffness) '2 
] 200 ~ .----- l:lack bone Curve {40% l11it ial Stiffness) j ./ -..,_:----,

100 ;) --------,. ----
:- --· ---- -----

o~----~---~~~ 
0 0.5 

Drift ratio(%) 

(g) Panel G 

Figure 4.61: Calib rated response of single-story single-bay frames. 0 """' 
C,D 



llO 

.-, -
L _J 

V") 

rl \ -,r 
2 

L ...I 
00 

T 

Figure 4.62: Column and infill panels removed in the linear model. 

To further validate the modeling framework, the complete three-dimensional nu

merical model of the structure (referred to as nonlinear model) is subjected to the 

two components of the ground motions recorded at the THM station, which was 

closest to the building, as a distance of 17.8 km as indicated in Figure 2.13. Besides 

its proximity, this location has similar geological conditions as the location of the 

school. The ground motions recorded due to the mainshock on April 25 and the lar

ger aftershock of May 12 are considered in the time history analyses. The results of 

the nonlinear time history analysis indicate significant torsional response and resid

ual deformations as shown in Figure 4.63. The residual drifts are considerably larger 

exceeding 0.2%, while in the north side the residual drifts are less than 25% of that 

value. 

Furthermore, the torsional response of the building is observed in the peak and 

residual inter-story drifts measured at the four corners of the structure which are 

summarized in Table 4.22. The deformations at the bottom story are in all cases sig

nificantly higher than those in the upper stories. Moreover, in the two columns in 

the south side of the building, along line H, the drifts are the largest observed with 

the peak first-story drift being 1.91 % compared to 0.56% for the north columns. The 
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Figure 4.63: Residual floor deformation results of first two stories from numerical 
model (all dimensions are in mm). 

larger deformations in the south end indicate the torsional response of the building 

during the seismic excitation. Moreover, the peak and residual drifts in the upper 

stories are relatively small indicating the formation of a soft -story mechanism as the 

damage is concentrated in the first story of the model. The peak strains in the longit

udinal bars of the first-story columns towards the south end considerably exceeded 

the assumed yield strain of 0.0021, however those towards the north end are consid

erably smaller. The estimated strain values on the beam reinforcement are lower than 

200 µc indicating that the beams did not develop significant damage as observed in 

the structure. 

The torsional response is evident by the larger deformations in the south end of 

the building during the seismic excitation, the location furthest from the concrete 

stairs. These are also demonstrated in Figure 4.64 to Figure 4.67 which present the 

hysteretic curves of the first and second story struts and corner columns represent

ing the infill panels along the east-west infill panels and the bounding RC columns 

along the lines A, B, E and H of the first and second stories. One can observe that 

the panels towards the south (Hl2 and El2) reach story drifts more than 1.9%, which 

is much higher than the peak value for the panels in the north (Al2 and Bl2) which 
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seem to behave in the elastic range. Similarly, the RC columns on the north side of the 

structure remain elastic with a maximum developed shear force lower than 25kN and 

maximum drift close to 0.5%. On the contrary, the RC columns towards the south end 

along lines E and H exhibited nonlinear behavior in Y direction, with the maximum 

lateral deformation reaching values close to 2%. The nonlinear behavior and consid

erable deformation of the members towards the south end of the building along the 

Y direction match well with the observed damage pattern. The elastic behavior of all 

columns and diagonal struts in the second story and above also matches well the ob

served damage patterns. For conciseness, only the hysteretic behavior of the second 

story members is shown in Figure 4.65 and 4.67. Overall, the building reached a peak 

base shear of 1800kN in both directions; however, it displaced considerably more in 

the Y direction compared to the X direction. 

Besides the comparison of the damage patterns, the modeling framework are fur

ther validated by comparing the modal parameters of the model, after it is subjected 

to the THM ground motions, to the properties obtained from the system identifica

tion studies. The modal frequencies and MAC values obtained from the numerical 

model are compared to those identified from the ambient vibration recordings in 

Tables 4.23 and 4.24. It can be observed that the natural frequencies of the structure 

obtained from the finite element model for the first three modes are close to those 

estimated from the ambient vibration data. The mode shapes obtained from the nu

merical model also represent closely the mode shapes of the damaged structure es

timated from the ambient vibration data as indicated by the mode shapes shown in 

Figure 4.68 and the MAC values close to 1 presented in Table 4.24. Given the sim

plicity of the model and the complexity of the nonlinear behavior of actual buildings 

subjected to bi-directional ground shaking, this is a rather good agreement. 
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Table 4.22: Interstory drift and axial strain in the four corners of the structure pre-
dieted by the numerical model. 

Quantity Location 

Story-I 

Story-2 
Al 

Story-3 

Story-4 

Story-I 

Story-2 
A3 

Story-3 

Story-4 
Interstory Drift (%) 

Story-I 

Story-2 
Hl 

Story-3 

Story-4 

Story-I 

Story-2 
H3 

Story-3 

Story-4 

Column-Al 

Column-A3 

Column-HI 
Axial Strain (µc) 

Column-H3 

Beam-Hl2 

Beam-lAB 

Peak 
X y 

0.32 0.184 

0.072 0.041 

0.033 0.042 

0.032 0.039 

0.557 0.195 

0.134 0.042 

0.081 0.041 

n/a 

0.337 1.913 

0.074 0.208 

0.034 0.176 

0.032 0.171 

0.557 1.913 

0.134 0.212 

0.091 0.167 

n/a 

1261 

1741 

3204 

2989 

193 

187 

Residual 
X y 

0.011 0.052 

0.002 0.001 

0.001 0 

0 0.001 

0.083 0.052 

0.002 0.001 

0.003 0.001 

0.012 0.211 

0.002 0.002 

0.001 0.003 

0 0.001 

0.084 0.211 

0.002 0.003 

0.003 0.002 

108 

138 

2211 

2225 

78 

31 
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Figure 4.64: Lateral force-vs.-story drift along Y direction of the first story infill panels 
subjected to THM motion. 

Table 4.23: Comparison of frequencies obtained from ambient vibration data and 
finite element model. 

Natural Frequency (Hz) after earthquake Original 
Mode Frequency Finite Element Error(%)Ambient 

(Hz) Vibration Non-Linear Linear Non-Linear Linear 

1 2.61 1.19 1.17 1.3 -1.7 9.45 

2 2.83 2.15 1.99 2.69 -7.4 25.03 

3 3.69 3.17 3.03 3.39 -4.4 6.93 



115 

600 600 

,...__ 

g 300 

Ill 
u,_ 
0 0 

I-I-; 

e<l,_ 
B -300 
"' 

500 

~ 250 

"' 2 
0 
u. 0 

] 
';;; -250 
.J 

J 

I 
Al2 
Al2 

,...__ 

g 300 

Ill 
u,_ 
0 0 

I-I-; 

e<l,_ 
-300~ I 

B12 

....l -500 
-2 -1 0 

....l 

-600 Drift Ratio, % -600 
-2 -1 0 

ISD (%) 
2 

150 

~ 

-2 -1 0 

ISD (%)
Rt 

150 2 

~ 

c:;.. "IC 

(a) Panel Al2 (b) Panel B12 

600 600 

,...__ ,...__El2 Hl2g 300 g 300 

Ill Ill 
u u,_ ,_ 
0 0 0 0 

I-I-; I-I-; 

e<l,_ crJ,_ 
B -300 B -300 

....l"' ....l"' 
-600 -600 

0 2-2 -1 -2 -1 0 2 

ISD (%) ISD (%) 

(c) Panel El2 (d) Panel Hl2 

Figure 4.65: Lateral force-vs.-story drift along Y direction of the second story infill 
panels subjected to THM motion. 

Table 4.24: MAC values of identified mode shapes compared with numerical model 
mode shapes. 

Mode 1 2 3 

Linear 0.99 0.95 0.95 

Non-Linear 0.99 0.95 0.92 
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THM motion (contd.) . 
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4.8.5 Parametric Study on the Location of Staircases 

As discused earlier, the location of the stair-cases towards the north end shifts the 

center of rigidity of the structure towards the north, closer to the staircases and intro

duced stiffness eccentricity that results in torsion-dominated response to the ground 

excitation. Consequently, the RC members and the infills towards the south were 

severly damaged during the earthquake (Section 4.8.2). Therefore, in this section, 

the plan of the structure is made symmetric along Y-axis by shifting the location of 

staircases to investigate its influence on the seismic performance and the damage 

pattern. 

Two adjustments are proposed in this study to improve the seismic performance 

of the school building. In one model (Model- I), the staircase is shifted to the middle, 

while in the other model (Model-2), two staircases are considered at the north and 

south ends as shown in Figure 4.69. 

--N 

fl I'\ 

(a) staircase at the middle - Ml 

t i I'\ 

(b) staircase at both end - M2 

Figure 4.69: Symmetric models with the location of the staircases adjusted. 
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The material properties used in this models are same as the one calibrated for 

the actual building and summarized in Table 4.21. The numerical models, Ml and 

M2, are subjected to the two components of the mainshocks on April 25 followed by 

the aftershocks on May 12, recorded at the THM station. The natural frequencies 

and MAC values comparing the mode shapes before and after the earthquake and 

the peak imter-story drift reached during the earthquake are summarized in Table 

4.25. The comparison indicates that the natural frequency of the model Ml before 

Table 4.25: Comparison of natural frequencies, MAC values and peak drift of the ad
justed and the actual model. 

Actual Ml M2 
Parameters 

Before After Before After Before After 

Mode-I 2.61 1.17 2.66 1.76 2.88 2.75 
Frequency 

(Hz) 
Mode-2 2.83 1.99 2.67 2.31 3.01 2.97 

Mode-3 3.69 3.03 3.64 2.99 3.95 3.92 

Mode-I 0.83 0.87 0.91 

MAC Value Mode-2 0.8 0.82 0.89 

Mode-3 0.89 0.88 0.99 

Peak Drift(%) 1.91 1.02 0.30 

the earthquake is similar to the actual structure, while model M2 has higher natural 

frequency. This is expected as the addition of the staircases towards the south end 

increased the stiffness of the structure. The average change in frequency for the first 

three modes due to the earthquake is decreased from 34% in the actual structure to 

29% in Ml and 11% in M2. The MAC values comparing the mode shapes before and 

after the earthquake also increases with symmetry. The actual building has average 

MAC value of 0.84 for the first three modes, while that of Ml and M2 is 0.86 and 0.93, 

respectively. Moreover, the peak inter-story drift of M2 is 0.30%, much less compared 
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to 1.02% of Ml and 1.91 % of the actual structure. Therefore, less reduction in natural 

frequency, higher MAC values comparing the mode shapes before and after the earth

quake and small peak inter-story drift is indicative of significantly less damage in M2 

compared to the actual building and Ml. The lateral force-vs.-drift response of the 

east-west infill panels and the bounding RC columns of the first story of the models 

Ml and M2 are presented in Figure 4.70 to Figure 4.73. The figures indicate that the 

infill panels Al2 and Hl2 of model M2 is highly nonlinear with the story drift more 

than 1% , while all the infill panels of numerical model M 1 exhibited linear behavior. 

The RC columns of M2 also linear, unlike the columns Al and Hl of Ml, which are 

nonlinear. Therefore, although the numerical model with the staircase at the middle 

is an improvement compared to the performance of the actual building, yet, there is 

lot of nonlinearity in the first-story columns and infills indicative of the damage that 

it will sustain when subjected to an earthquake. On the otherhand, the numerical 

model with staircase at both ends shows significant improvement in the seismic per

formance with all the RC members and infills within linear range. This improvement 

in behavior can be attributed to the symmetry of the plan and the increased stiffness 

of M2 due to addition of the additional staircases towards the south of the building, 

where the damage in the actual building was concentrated. 
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Figure 4.70: Lateral force-vs. -story drift along Y direction of the first story infill panels 
of model-Ml subjected to THM motion. 
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Figure 4.71: Lateral force-vs.-story drift along Y direction of the first story infill panels 
ofmodel-M2 subjected to THM motion. 



126 

200 200 

,--, 

~ 100 
'--' 

I).) 
u .... 
0 01,.1;. 

o:l .... 
~ -100 
..-:l 

,--, 

~ 100 
'--' 

I).) 
u... 
0 01,.1;. 

o:l... 
~ -100 
..-:l 

Dl 

- Y 
-x 

-200 
-1.2 -0.6 0 0.6 1.2 

-200 
-1.2 -0.6 0 0.6 1.2 

Drift(%) Drift(%) 

(a) Column Al (b) Column Dl 

200 200 

,--, 

~ 100 
'--' 

I).) 
u .... 
0 01,.1;. 

o:l .... 
~ -100 
..-:l 

El ,--, 

~ 100 
'--' 

I).) 
u .... 
0 01,.1;. 

o:l .... 
~ -100 
..-:l 

-200 
-1.2 -0.6 0 0.6 1.2 

-200 
-1.2 -0.6 0 0.6 1.2 

Drift(%) Drift(%) 

(c) Column El (d) Column Hl 

200 200 

,--, 

~ 100 
'--' 

I).) 

8 
0 01,.1;. 

o:l .... 
~ -100 
..-:l 

A2 ,--, 

~ 100 
'--' 

I).) 
u... 
0 01,.1;. 

o:l.... 
~ -100 
..-:l 

D2 

-200 
-1.2 -0.6 0 

Drift(%) 
0.6 1.2 

-200 
-1.2 -0.6 0 

Drift(%) 
0.6 1.2 

(e) Column A2 (f) Column D2 

Figure 4.72: Lateral force-vs.-story drift of the first story columns of model-Ml sub-
jected to THM motion (contd.). 
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4.9 Comparison with ASCE 41-06 Guidelines 

The most commonly used guidelines for the analysis of the lateral in-plane response 

of infilled RC frames are those included in ASCE 41-06 (2006) [7]. These guidelines, 

which focus on the actions on individual members and do not provide information 

on the global strength and post-peak behavior of the structure, are considered here to 

simulate the response of the two test specimens (IITK and UCSD) to further assess the 

proposed methodology. In the analyses, the seismic demand is estimated assuming 

that the single-story specimen is located in firm rock site at seismic Zone V according 

to IS 1893 (2002) [69], and the three-story specimen at San Diego according to ASCE 

41-06 (2006) [7]. The gravity loads and inertia masses are determined based on the 

actual masses of the test structures. 

4.9.1 Linear Static Analysis 

Initially, static analysis is performed according to ASCE 41-06 to compare the capa

city for all RC beams and columns, and the diagonal masonry struts to the demand 

corresponding to design level earthquake. For the single-story specimen, the results 

presented in Table 4.26 indicate that the diagonal struts would fail in compression, 

while all RC members have the required shear and flexural strength. This is expected, 

as the IS 13920 (1993) [70] provisions, followed in the design of the specimen, require 

close spacing of transverse reinforcement near the ends of the RC members to ensure 

ductile behavior. Moreover, the compressive failure of the infill can be anticipated 

considering the low compressive strength of the AAC masonry units. 

The results of the static analysis of the three-story specimen, summarized in Fig

ure 4.74 and Table 4.27, indicate that all RC members would fail in shear considering 

the design level earthquake. Flexural failures are also predicted for all RC members, 
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except for the top-story beams. Although this could be justified considering the poor 

detailing of the frame designed according to the construction practice in California 

in 1920s, this is not consistent with the test results. In fact, the structure was able 

to withstand five major earthquakes with intensities equal or higher than the design 

level earthquake for site class Din San Diego, California without considerable dam

age. 

Table 4.26: Comparison of capacity and demand of the infill struts and RC members. 

Compression Shear Moment 

Members Capacity Demand Capacity Demand Capacity Demand 
kN kN kN kN kN-m kN-m 

(kips) (kips) (kips) (kips) (kips-in) (kips-in) 

Struts 56 375 
(12.6) (84.3) 

Beam 223.3 136.1 105.3 19.6 
(50.2) (30.6) (931.7) (173.6) 

Columns I 150.8 141.0 58.6 36.3 
(33.9) (31.7) (518.4) (321.3) 

4.9.2 Nonlinear Static and Dynamic Analysis 

Nonlinear static and dynamic analyses according to ASCE 41-06 [7] are also performed. 

A series of assumptions are required to develop models for such analysis due to the 

incomplete guidelines. These assumptions are made according to current practice. 

Hence, PERFORM3D [77], is selected, and all assumptions typically made by practi

cing engineers are adopted here. Two-noded frame elements with flexural hinges at 

the ends and shear hinges at the middle are used to represent the RC members. 

Elastic-perfectly plastic constitutive laws are adopted to simulate both the bend

ing moment and shear, although this may not be realistic, especially for the shear 
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B3 B6 

Figure 4.74: Identification of the different members of UCSD specimen. 

Table 4.27: Results of the linear static procedure of UCSD specimen. 

Strut Beam Column 
ID Axial ID Shear Moment ID Shear Moment 

Sl fails Bl fails fails Cl fails fails 
S2 fails B2 fails fails C2 fails fails 
S3 fails B3 fails fails C3 fails fails 
S4 fails B4 fails fails C4 fails fails 
SS fails BS fails ok cs fails fails 
S6 fails B6 fails ok C6 fails fails 
S7 fails C7 fails fails 
S8 fails C8 fails fails 
S9 fails C9 fails fails 

SlO ok 
Sll ok 
Sl2 ok 
Sl3 ok 
Sl4 ok 
SIS ok 
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An = area of net mortared/grouted section of the wall 

p = Qc, 
' cos (tan-1

(h;.J/ L;.J )) 

Qrn = Expected shear strength of the infi ll = A n;.fv;e 

h;"J and L;.1=height and length of the infill panel 

d = Parameter used to measure deformation capacity from Table 7-7 ofASCE 41-06 

Axial Strain (%) 

Figure 4.75: Lateral behavior of the infill struts. 

behavior. The masonry infills are modeled as compression-only diagonal strut ele

ments with their thickness equal to the actual thickness of the infill and width (a) 

determined per Equation 4. 1. The axial behavior of the struts is assumed to be trilin

ear, with the degrading stiffness equal and opposite to the initial stiffness as shown in 

Figure 4.75. The ASCE 41-06 guidelines are not clear as to the location of the struts, 

so three alternatives are considered. In Model 1 (Ml), the struts are connected to the 

RC frame at the beam-column joints; in Model 2 (M2), the struts are connected to 

the columns at the offset distance specified in ASCE 41-06, and in Model 3 (M3), the 

struts are connected to the RC beams according the offset distance specified in ASCE 

41-06. 

(4.1) 

where,Eme and Ef e = modulus of elasticity of infill and frame material, respectively, 

tinf =infill panel thickness, 0 =angle whose tangent is the infill height to length as

pect ratio, I col= moment of inertia of the column section hinf and rinf = infill height 

and diagonal length respectively. 
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Figure 4.76: Plastic/shear hinge properties of RC members and axial behavior of ma
sonry infill for the one-story specimen model. 

Plastic/shear hinge properties for RC members, axial stress-strain behavior of the 

infill struts of the single-story sepcimen are shown in Figure 4.76. The three models 

of the single-story specimen shown in Figure 4.77 are subjected to monotonic and 

cyclic pushover analysis. The results from these analyses are compared with the res

ults from the tests and the proposed numerical method in Figure 4.80. As shown in 

the figures, the three ASCE 41-06 models provide similar strength, which is signific

antly lower than the actual strength of the test structure. On the contrary, the method 

proposed here provides considerably more accurate assessment. 

Similar to the single-story specimen, three models are created for the three-story 

specimen by varying the locations of the struts according to the interpretetions of 
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Figure 4.77: Models in PERFORM3D for the single-story specimen. 

Model 1 Model2 Model3 

Figure 4.78: Models in PERFORM3D for the three-story specimen. 

ASCE 41. Plastic/shear hinge properties for RC members, axial stress-strain behavior 

of the infill struts for the three-story specimen are shown in Figure 4.79 and Table 

4.28. The models of the three-story specimen, shown in Figure 4.78 are subjected to 

pushover and dynamic analysis. As the frame is asymmetric with openings at one 

bay in every floor, two pushover analyses are considered for each model; one on each 

direction. Further, the three models are subjected to dynamic analyses using the ac

celeration time histories recorded on the shake table. The results for these analyses 

are compared with the test results and the prediction using the proposed method is 

shown in Figure 4.81. It is evident from the figures that the behavior predicted by all 

three models is far from that of the specimen as they largely underestimate the stiff-
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Figure 4.79: Plastic/shear hinge properties of RC members and axial behavior of ma
sonry infill for the three-story specimen model. 

ness and the strength of the test structure. This discrepancy is primarily attributed 

to the early and widespread damage in the beam elements in the numerical model. 

However, this was not the case for the test structure in which the damage mostly con

centrated in the infill panels, and towards the end of the testing sequence in the RC 

columns. It can be seen in Figure 4.81 that the numerical models developed based 

on the ASCE 41 06 guidelines cannot capture the basic features of the response com

pared to the proposed method. In fact, the proposed methodology, yet less complex 

and ambiguous, provides significantly better results, even when the simplified back

bone curves are considered. 
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Table 4.28: Axial hinge properties for the three-story specimen struts. 

Strut P y (kN) Cy (% ) €1 (%) €2 (%) 

Sl 602 0.0016 0.0017 0.0033 

S2 459 0.0010 0.0017 0.0027 

S3 316 0.0007 0.0034 0.0041 

S4 174 0.0007 0.0067 0.0075 

S5 133 0.0005 0.0067 0.0072 

S6 91 0.0003 0.0101 0.0104 

S7 81 0.0004 0.0137 0.0141 

S8 62 0.0002 0.0137 0.0141 

S9 43 0.0002 0.0137 0.0141 

Sl0 1967 0.0060 0.0061 0.0121 

Sll 1500 0.0037 0.0038 0.0074 

Sl2 1033 0.0026 0.0027 0.0053 

Sl3 1647 0.0050 0.0051 0.0101 

Sl4 1256 0.0031 0.0031 0.0062 

Sl5 865 0.0022 0.0022 0.0044 
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Figure 4.80: Comparison of proposed model with ASCE 41-06 models and experi
mental results for single-story specimen. 
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4.10 Closing Remarks 

This chapter discusses a computationally efficient framework to predict the response 

of infilled RC frames to in-plane seismic loads. The framework adopts the strut mod

eling approach, due its simplicity. However, it employs a novel calibration approach, 

which accounts for the anticipated failure mechanism using the backbone curve of 

each infilled bay. The method is extremely accurate if the backbone curve is ob

tained from test data or detailed FE analyses. In lack of such data, the backbone 

curve can be obtained using a recently proposed analytical methodology, adopted 

in ASCE 41-17, which can be used to estimate the backbone curves for every single

bay sub-assembly of a building. The backbone curves are employed to calibrate the 

diagonal struts for all bays of the structure using models of the corresponding single

bay frames. In these models, two struts along the bay diagonals are employed to 

represent the struts. According to the proposed methodology, the RC members are 

modeled first, and the strut properties are calibrated so that when combined with 

the RC members, the lateral force-vs.-drift ratio curve of each infilled frame matches 

the estimated backbone curve of that bay. Once all diagonal struts are calibrated, the 

three-dimensional numerical model of the entire structure can be assembled. 

The proposed framework is validated with the test results of two infilled RC frames: 

a quasi-statically tested 1:2.5-scale single-story single-bay ductile frame with MC in

fill, and a 2:3-scale two-bay three-story non-ductile frame with double-wythe solid 

bricks tested on a shake table. The comparison with the test results indicates that the 

proposed procedure is efficient in predicting the basic features of the nonlinear be

havior of infilled frames subjected to in-plane lateral loads. Moreover, it is success

ful in capturing the asymmetrical displacements sustained by the three-story test -

structure during the shake-table tests. This is a rather encouraging outcome consid-
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ering the simplicity of the model, as well as the challenges involved with modeling the 

seismic performance of complex structures. The results can improve further when 

the struts are calibrated with backbone curves generated using detailed FE analyses 

or test data. On the contrary, the methods outlined in ASCE 41-06, besides being 

vague, have major limitations in predicting the behavior of the test structures. The 

comparison between the two methods indicates that the proposed simplified pro

cedure provides a major improvement in terms of clarity, simplicity, as well as accur

acy over the ASCE 41-06 guidelines. 

The strut modeling approach is then implemented on two buildings to investigate 

its accuracy in predicting the seismic performance. The buildings considered are the 

five-story office building of NSET and the four-story school building located in Nepal. 

Both the structures were subjected to a series of ground motions during the 2015 

Gorkha earthquake and its aftershocks. The numerically predicted response of the 

NSET office building during the earthquake matches well with the response obtained 

from the accelerometers during the May 30 aftershock. The comparison of the pre

dicted and the actual damage patterns indicates that the strut models can accurately 

simulate the torsional response of the school building. Moreover, the obtained modal 

parameters after subjecting the numerical models to a nearby horizontal ground mo

tion are compared to the modal parameters identified from the ambient vibration 

recordings. The natural frequencies and mode shapes estimated from the system 

identification are in good agreement with those from the finite element models. 



Proposed Box Modeling Approach 

5.1 Introduction 

This chapter extends the strut modeling approach proposed in Chapter 4, by intro

ducing the simplified box model to simulate the seismic performance of real struc

tures with complex floor plans, where developing three-dimensional models consid

ering all the concrete and masonry elements is rather time consuming. The proposed 

framework simulates the entire structure with a three-dimensional model that in

cludes four columns, which is referred to as box-model. This framework uses the 

ASCE 41-17 (2017) [36] guidelines to estimate the backbone curves for every bay of 

the building and then combines these to obtain the force-vs.-displacement response 

for every floor along two perpendicular horizontal directions. The backbone curve in 

each direction is used to calibrate the box-type model of the building. 

The first step towards the validation of the proposed methodology is the applic

ation on the large-scale, two-dimensional, two-bay, three-story frame tested on the 

shake table at the University of California, San Diego. The framework is then applied 

on the five story office building of National Seciety of Earthquake Technology-Nepal 
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and the four-story school building at Sankhu, whose ambient vibrations were recor

ded during the reconnaissance trip after the 2015 Gorkha earthquake. The methodo

logy is validated by comparing with the test results, as well as the newly proposed 

strut modeling approach in Chapter 4. This chapter also discusses the nonlinear 

modeling of the seismic behavior of two high-rise buildings in Nepal during the 2015 

earthquake - one seventeen story and one twelve story following the novel box mod

eling approach. The numerical models are validated with the identified modal para

meters obtained from the recorded ambient vibration data. The validated numerical 

models are used to simulate the response of the buildings during the Gorkha earth

quake and provide insight into the observed damage patterns. 

5.2 Overview of the Proposed Box Modeling Approach 

5.2.1 Step I: Development ofBackbone Curves for Single-story Single

Bay Frames 

The first step of the proposed methodology is the estimation of a backbone curve 

of the lateral resistance-vs.-lateral deformation envelope for every bay of the build

ing. These envelope curves can be obtained through testing or detailed finite element 

analyses that provide accurate results. However, these options involve significant re

sources, which hinders their application in practice. 

To overcome this challenge, in this study, the backbone curves derived using ana

lytical equations are used as a practical alternative. The framework proposed by Mar

tin and Stavridis (201 7, 2018) [34, 56], which is adopted by ASCE 41-1 7 (2017) [36], for 

the estimation of the nonlinear response of single-story single-bay infilled RC frames 

is employed, discussed in section 3.3. The method classifies the infills as strong or 
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weak, and the frames as ductile or non-ductile. Based on this classification the fail

ure mechanism of the infilled frames can be predicted, which allows the estimation of 

the lateral force and the associated drift when the yield, peak, and residual strengths 

of the infilled frame are reached. These points define a quadrilinear curve that de

scribes the force-vs.-displacement relation for infilled RC frames. While the envelop 

curve can be estimated for infilled frames with solid panels based on ASCE 41-17, it 

can be adjusted to account for infills with openings [52]. 

The method can also account or bays without infill panels, i.e. bare frames, by 

estimating the forces required for the formation ofplastic hinges and the shear failure 

of the RC frame. Moreover, complex elements, such as RC shear walls, reinforced 

masonry walls, and unconfined walls with no bounding columns can be incorporated 

if the backbone curve of each member is estimated analytically or with detailed finite 

element analyses. 

5.2.2 Step 2: Estimation of Backbone Curves of the Entire Structure 

Once the lateral force-vs.-displacement response of all bays of the building is estim

ated according to Step 1, the backbone curves at every story of the entire structure 

is calculated along two perpendicular directions. All the bays at a particular story 

of the building oriented along each direction are considered. The lateral force-vs.

displacement behavior of that particular story is obtained as the sum of the backbone 

curves of the corresponding bays, as illustrated in Figures 5. la and 5.1 b. This step is 

repeated for all the stories. For simplicity, the backbone curves may also be con

sidered same for a number of stories if the layouts and gravity loads are sufficiently 

similar and there are no irregularities along the height. 
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Figure 5.1: Development of backbone curves of the entire structure. 

5.2.3 Step 3: Calibration of Struts in the Simplified Model 

The box model representing the entire structure consists of four columns and beams 

defining a one by one-bay three-dimensional structure. The columns are placed at 

the corners of the actual building and their dimensions are selected so that the nor

mal stress due to gravity loads, which are typically within 0.20 to 0.90 ksi, matches 
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that of the columns in the building. The scaling used in the columns are replicated 

for the beams as well. The story height of the actual structure is maintained and 

the effect of the slabs and columns is represented with the diaphragm action in the 

model. In each bay, two diagonal struts are placed to facilitate the representation of 

the response of the structure to seismic loads. 

The lateral force-vs.-displacement 

curves for every story of the building are 1 ~ 2 

~I-------~I-A 
employed to calibrate a pair of diagonal 

struts in each loading direction of the 

box model. The struts are calibrated so 
[ill 

CR 
• 

x 

that the two bays in each direction of 
Vx = vl➔ 2,A + vl➔2 ,B 

= Vx1 + Vxzloading, Xl and X2 in the X-direction, y 
Vy = VA ➔B,l + VA➔ B, 2 

and Yl and Y2 in the Y-direction as illus = Vn + Vyz 

trated in Figure 5.2, represent the total ~ 
resistance of the building. The distribu

Figure 5.2: Box Model Plan. 
tion of the resistance between the two 

bays is such, so that the center of rigidity of the box model matches the center of 

rigidity of the actual structure. The center of rigidity is estimated based on the initial 

stiffness of all bays of a floor based on Equation 5.1. Then, the lateral forces along X 

and Y directions are distributed according to the ratios Kx 1 I Kx2 and Kn I KY2 among 

the infilled frames Xl, X2 and Yl, Y2 respectively, as shown in Figure 5.3. 

where, Kix is the initial stiffness of the line of resistance along X at distance Yi from a 
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reference point, Kiy is the initial stiffness of the lines of resistance Y direction at dis

tance Xi from the references point, Lx and Ly are the dimensions of the actual build

ing, x and y are the coordinates of the center of rigidity, Kx and Ky are the initial 

stiffnesses obtained from the force-vs.-drift curve of the entire structure along X and 

Y directions, and kx1, kx2, kn and kY2 are the coefficients reflecting the participa

tion of the infilled bays in the lateral resistance of the box model. When multiplied 

with the envelop of the resistance in corresponding direction, they provide the back

bone curves that can be used for the calibration of the struts representing the infilled 

frames Xl, X2, Yl and Y2 according to Equation 5.2. 

Vx1 = kx1 x Vx, Vx2 = kx2 x Vx, Vn =kn x Vy, VY2 = kY2 x Vy (5.2) 

where, Vx and Vy represent the total resistance in the X and Y direction, respect

ively, while Vx 1, Vx2, Vn, and VY2 represent the resistance of the four bays along the 

perimeter of the box model in the X and Y directions. These struts are calibrated so 

that when added to the single-bay model with a two columns and beam representing 

each bay, the lateral resistance of this single-bay frame matches the corresponding 

backbone curve, similar to the calibration approach for the strut modeling frame

work in Chapter 4, as illustrated in Figure 4.2. 

5.2.4 Step 4: Development of the Model for the Entire Structure 

Once the diagonal struts for all stories are calibrated, the box model of the entire 

structure (Figure 5.4a) can be assembled as shown in Figure 5.4b. If the center of 

rigidity at every floor has been maintained, the simplified model can capture the tor

sional response in case of plan irregularities. This model does not directly simulate 

individual members and their failure; however, it can successfully predict the overall 
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seismic performance. Moreover, the truts are calibrated using the backbone curves 

derived for every bay, which account or the anticipated failure mechanisms, includ-
SAP2000 20.1.0 Joint Restraints Kip, in, F 

ing the flexural or brittle shear failure of the columns and the shear failure and crush

ing of the masonry panels. 

In addition, the out-of-plane response of infill walls has not been considered in 

this framework. Currently, there is lack ofexperimental data on the interaction between 

the in- and out-of-plane actions. Moreover, the out-of-plane failures occur mostly 

after significant in-plane damage weakens the arching action. 
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5.3 Validation of the Proposed Framework 

The proposed strut modeling approach using the simplified box model is implemen

ted here to simulate the response offive structures. The first structure is the two-third 

scale three-story two-bay masonry-infilled RC frame building (Figure 4.3b) tested on 

the shake table at the University of California, San Diego (UCSD). The second struc

ture is the five-story office building of the National Society ofEarthquake Technology

Nepal (NSET) in Kathmandu, Nepal (Figure 4.4b). This building has sensors installed 

in basement and roof during the 2015 Gorkha earthquake and is therefore selected to 

investigate the accuracy of the numerical model in simulating the seismic response. 

The third structure is the four-story masonry infilled RC frame school building at 

Sankhu, Nepal (Figure 4.4a) severely damaged during the 2015 Gorkha earthquake. 

The proposed approach is also implemented on two high-rise buildings in Nepal 

- one seventeen-story and the one twelve-story high (Figure 5.5). The accuracy of 

the proposed box modelling approach in simulating the seismic performance of the 

structures including the high rise buildings that poses significant complexities is dis

cussed here. 

Similar to the strut modeling approach, the proposed box models with diagonal 

struts are developed in OpenSEES [64] adopting displacement-based inelastic beam

column elements [65] for the RC members and truss elements for the diagonal struts. 

The RC members are divided into fibers to model the steel reinforcement, repres

ented with the uniaxial hysteretic material model for steel proposed by Menegotto 

and Pinto (1973) [66]. The Kent-Scott-Park (Concrete02) material model with linear 

tension softening [68] is used for concrete and masonry. Considering the calibration 

procedure of the struts, the material models used for the RC frame are not critical, 

as the struts are calibrated to account for the difference between the frame and the 
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Figure 5.5: Elevation view of the Cityscape Apartments. 

backbone curve. More details on the material models and the solution algorithms 

used for the dynamic analyses can be found in section 4.4. 

5.4 Three Story Specimen - UCSD 

The proposed simplified modeling approach is implemented here to simulate the 

response of the three-story two-bay masonry-infilled RC frame building tested on 

the shake table at the University of California, San Diego (UCSD). As discussed pre

viously in section 4.6, this is a two-dimensional structure that included an infilled 

non-ductile RC frame with two bays on each floor; one bay was infilled with solid 

unreinforced masonry wall and the other included masonry walls with an eccent-

ric opening. The test structure was subjected to a sequence of 14 scaled earthquake 

ground motions of increasing intensity obtained by scaling the acceleration time his

tories recorded at the Gilroy 3 station during the 1989 Loma-Prieta earthquake, and 

in El Centro during the 1940 Imperial Valley earthquake. More information on the 

test structure and its performance can be found in Stavridis et al. (2012) [63], also 

summarized in section 4.6. 1. 
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5.4.1 Calibration of the Numerical Model 

Following the proposed framework, first step is the classification ofthe infills as strong 

or weak and the frame as ductile or non-ductile. According to the guidelines in ASCE 

41-17, the infills of the specimen are classified as strong infills, the frame is classified 

as non-ductile and the force-vs.-displacement curves for the solid panels are estim

ated following the analytical tool discussed in section 3.3. Then, the curves are mod

ified to account for the openings on the east bays of the test structure following the 

adjustments proposed by Stavridis (2009) [52]. The simplified backbone curves for all 

infilled bays of the test specimen can be seen in Figure 4.12 in section 4.6.2 ofChapter 

4. The small differences of the curves for the panels with similar geometry at different 

floors are due to the different gravity loads. Combining the two curves for the bays of 

each story one can obtain the force-vs. -displacement relationship for each story. This 

curve for the first-story corresponds to the base shear-vs.-first story-drift ratio curve 

of the structure, which is compared with the test results in Figure 5.1 1. The backbone 

curve can accurately capture the initial stiffness and the peak strength of the test spe

cimen, however, it under-estimates the ability of the structure to maintain its lateral 

strength once the peak strength is reached. The relatively small deviation observed 

around the peak load is on the conservative side and it can be expected considering 

the simplicity of the method. 

Single-story single-bay frame models with diagonal struts are developed to rep

resent each story of the specimen in OpenSEES. The story height is equal to the story 

height of the test specimen, while the bay width is assumed equal to the length of 

the structure. The dimensions of the RC members are adjusted to ensure the aver

age stress in the columns due to gravity load is 0.30 ksi of the compressive strength 

of the columns as in the actual specimen. The material model for concrete is calib-
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rated with the measured properties summarized in Table 4.3. The backbone curve for 

each story is obtained by combining the curves of the solid panel and the panel with 

opening in that story. The strut properties including the tensile strength, strut width, 

strain at peak strength and at the onset of residual strength are adjusted so that the 

calibrated lateral force-vs.-drift response of each single bay frame matches the back

bone curves of the corresponding story. The calibrated concrete and strut properties 

are presented in Table 5.1. As it can be seen in the table, the material properties for 

the RC models are the same for the entire structure, but different masonry properties 

are used for each story to reflect the difference in the backbone curves. 

Figure 5.6 presents the response of the single bay frame representing the first 

story and compared with the response of a more detailed two-bay model following 

the methodology proposed in section 4.3. The single-bay model is observed to be 

less stiff than the analytical backbone curve and the two-bay model, but overall, it 

provides a reasonably good estimate of the backbone curve. The only property not 

determined based on the backbone curve is the parameter lambda (A), which con

trols the unloading behavior. The value of 0.1 is selected for this parameter. Once 

the diagonal struts are calibrated, the numerical model of the entire frame of the 

shake-table specimen consisting of 15 elements is assembled as shown in Figure 5.7. 

Damping of the structure is modeled using the Rayleigh formulation for mathemat-

ical convenience considering 3% damping in the first two modes. 
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Table 5.1: Calibrated concrete and strut properties of the model of the three-story 
specimen. 

Material Concrete Masonry 

Peak Compressive Strength MPa (ksi) 38.0 (5.5) 22.1 (3.2) 

Residual Strength MPa (ksi) 6.3 (0.9) 3.7 (0.5) 

Tensile Strength MPa (ksi) 3.8 (0.55) 11.1 (1.6) 

Strain at peak strength 0.0032 0.0006 

Strain at residual strength 0.006 0.003 

Sl =127.0 (5.0) 

Strut width mm (in) S2 =101.6 (4.0) 

S3 =78.7 (3.1) 

Tension Softening Stiffness MPa (ksi) 758.4 (ll0.0) 2206.3 (320.0) 

Lamda 0.1 0.1 
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Figure 5.6: Calibrated response of 1st story of the three-story specimen. 
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Figure 5.7: Simplified model of the three-story specimen. 

5.4.2 Comparison with Test Results and Detailed Strut Model 

The simplified one-bay numerical model is subjected sequentially to the six motions 

(gilroy67a, gilroy67b, gilroy83, gilroy91, gilroyl00 and gilroyl20) recorded at the base 

of the specimen with intensities equal to, or higher than, the design level earthquake 

at San Diego at the fundamental period of the structure. As a result of the demanding 

testing sequence, the structure developed considerable damage and behaved nonlin

early before it practically collapsed during the test following gilroy 120. The peak first

story drift, base shear and periods obtained from the numerical model (1-bay) at the 

end of each ground motions are compared with the measured response in Table 5.2. 

Moreover, the base shear-vs.-first story drift ratio response and the first-story drift 

ratio and base shear time histories of the numerical model are compared with the 

experimental response in Figures 5.8 to 5.11. The comparison indicates that the sim

plified single-bay numerical model predicts the period after each motion with con-
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siderable accuracy, as the peak interstory drifts obtained from the single-bay model 

are also accurately predicted; with an error lower than 8% for the first four ground 

motions, while the displacements are underestimated by 13% for the last two mo

tions. This is still remarkable considering the simplicity of the model and the severe 

nonlinearity of the experimental response. Moreover, the model can also success

fully capture the non-symmetrical displacements sustained by the structure during 

the tests. The peak floor displacement and acceleration profiles of the numerical 

models for the gill00 motion that represents the maximum considered earthquake 

for a class D site in San Diego [52] are compared with the experimental results in Fig

ure 5.12. The numerical model successfully simulates the soft-story mechanism as 

the inter-story drift ratios for the upper stories are observed to be very small despite 

the accumulation of damage. 

The numerical model under-estimates the lateral strength of the structure, and 

the predicted peak base shear is up to 40% lower than the measured base shear. Fur

thermore, the post-peak response is considerably more brittle compared to the ob

served response presented in Figure 5.11. This discrepancy can be attributed to the 

simplified backbone curves employed to calibrate the struts. In summary, despite 

the conservative underestimation of the peak base shear, the simplified one-bay nu

merical model can capture the main features of the response accurately, which is en

couraging considering the simplicity of the modeling approach. The results obtained 

from the model, are also compared to those from the more detailed strut modeling 

approach proposed in section 4.3, which simulates all RC members and each infill 

panel. The results from that model are shown in Figures 5.8 to 5.11 , while a sum

mary is also included in Table 5.2. The periods, peak interstory drift and the base 

shear obtained from the single-bay model are within 12%, 20% and 8% of those from 

the detailed model. The comparison between the simplified single-bay model of 15 
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Figure 5.8: Comparison of hysteretic response of the three-story specimen obtained 
from strut models with test results (W = 64lkN). 

elements and the more detailed model of 27 elements indicates that the single-bay 

model is computationally more efficient than the two-bay model without sacrificing 

the accuracy in predicting the in-plane response. 



Table 5.2: Comparison of periods, peak first story drift and base shear of the three-story UCSD specimen. 

Period (s) Peak IS Drift (%) Peak Shear (kN/kips) 
EQID 

I 

I 

Test I 2-Bay I I-Bay Test 2-Bay I-Bay Test 2-Bay I-BayI I 

Initial 0.055 I 0.06 0.065 
I 

Gil67a 0.06 I 0.078 I 0.082 0.1 0.1 0.11 I 9071204 I 7601171 743/167 

Gil67b 0.063 0.079 0.084 0.17 0.16 0.17 1134/2551 823/185 792/178 

Gil83 0.068 0.081 0.085 0.28 0.26 0.27 1143/2571 841/189 805/181 

Gil91 0.074 0.087 0.092 0.39 0.38 0.4 1134/2551 943/212 907/204 

Gill00 0.12 0.144 0.148 0.55 0.45 0.47 1081/2431 912/205 881/198 

Gill20 0.19 0.214 0.22 1.06 0.9 0.93 1081/243 I 890/200 850/191 

"""" 
C"l 
C.11 
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Figure 5.9: Comparison of base shear response history of the three-story specimen 
obtained from strut models with test results. 
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5.5 Five Story Office Building - NSET 

The simplified box model is developed for the five-story office building of NSET fol

lowing the proposed approach. As discussed in section 4.7, the response of the buid

ling during the earthquake was recorded with sensors through a continuous monit

oring system, along with the ambient vibrations that were obtained during a recon

naissance trip in June 2016. More information on the structural details and system 

identification can be found in Sections 4.7.1 and 4.7.2 of the previous chapter. The 

response of the simplified box model is compared with the the response obtained 

from the accelerometers during a moderate aftershock, and also with the results of 

the more detailed strut model developed in Section 4.7.3. 

5.5.1 Calibration of the Numerical Model 

The simplified box model is developed in OpenSEES considering all the infills, as it 

has been concluded in Sections 4.7.4 and 4.7.5 that the infills interact with the bound

ing RC frames during the earthquake. The lateral force -vs.-displacement curves ob

tained for all the infilled bays of the building in Section 4.7.3.2, are used here to es

timate the backbone curves of the entire structure . For bays without any infill panels 

i.e. the bare frames, the lateral behavior is assumed elastic perfectly plastic with the 

initial stiffness and strength estimated based on analytical equations assuming the 

columns to be fixed at both ends. The lateral response of the shear walls obtained 

in Section 4.7.3.1 are also used here. The staircases are considered as strut elements 

with same effective width and thickness as the staircase in the building to estimate 

their stiffness and strength. 

To facilitate the modeling framework, the force-vs.-displacement curves of the 

building in the two orthogonal directions are estimated as the summation of the 
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Figure 5.13: Backbone curves for the first-story of the five-story building. 

backbone curve of the corresponding bays, as shown in Figure 5.13. For simplicity, 

the backbone curves are considered same for stories 1-4 as their layouts are suffi

ciently similar. The fifth-story of the building has different layout and therefore, the 

backbone curves are estimated for the fifth-story as well. Simplified three-dimesional 

box model with four columns connected by four beams and diagonal struts is de

veloped in OpenSEES to simulate the lateral behavior of each story of the actual struc

ture. The dimensions are considered same as the outer perimeter of the building and 

the story height same as the actual structure. The force-vs.-drift behavior along the 

orthogonal directions are then distributed to the two sides of the box model so that 

the center of rigidity is maintained. The backbone curves for the four sides of the first 

four stories of the box model are presented in Figure 5.14. These are used to calibrate 

the pair of diagonal struts in the box model. Single-bay single-story frame model is 

developed in OpenSEES with two diagonal struts. The struts are calibrated so that 

when added to the bare frame model, the lateral resistance matches the backbone 

curves, as demonstrated in Figure 5.14. The calibrated concrete and strut properties 
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Figure 5.14: Calibrated response of first-story struts of the box model. 

are presented in Table 5.3. The 3D box model of the entire building is then assembled 

in OpenSEES consisting of 80 elements compared to 778 elements of the detailed 

strut model developed in section 4.7.3.2. Masses are lumped at each node according 

to the tributary area and the base of the structure is considered fixed negelecting any 

soil structure interaction. The floors are set as rigid diaphgram similar to the detailed 

strut model. 

5.5.2 Prediction of Earthquake Response 

The simplified box model is subjected to the two components of the ground motion 

recorded by the sensor at the basement for one of the moderate aftershocks on May 

30, 2015. The acceleration response of the fourth floor obtained from the box model 

is compared with the recorded response and that obtained from the detailed strut 

model developed in section 4.7.3.2 (Figure 5.15). The comparison indicates that the 

box model is successful in predicting the response of the structure, similar to the de

tailed strut model. Table 5.4 presents the peak response of the fourth floor obtained 



Table 5.3: Calibrated concrete and strut properties of the box model of the five-story specimen. 

Materials 

Peak Residual 
Compressive Strength 

Strength 

Tensile 
Strength 

Strain at 
peak 

strength 

Strain at 
residual 
strength 

Strut 
width 

Tension 
Softening 
Stiffness 

Lamda 

MPa (ksi) MPa (ksi) MPa (ksi) mm (in) MPa (ksi) 

Concrete 25.0 (3.63) 2.5 (0.36) 2.5 (0.36) 0.003 0.008 -
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from the numerical models and the sensors. The peak acceleration value predicted by 

the box model is in close agreement with the detailed model and the recorded data, 

which is encouraging given the simplicity of the modeling approach. The simplified 

model is then subjected to the two components of the ground motions recorded at 

the TVU station, which was closest to the buidling as shown in Figure 2.13. The lateral 

force-vs.-drift response of the four corner columns and the struts of the first-story of 

the building subjected to the TVU ground motions are presented in Figure 5.16 and 

Figure 5.17, respectively. The figures indicate that the structure demonstrated lin

ear response during the earthquake with the maximum drift of 0.079% compared to 

0.074% obtained from the detailed strut model. Therefore, the simplified box model 

is successful in predicting the low level of damage that was observed in the structure 

during the 2015 earthquake. 
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Figure 5.15: Comparison of the acceleration response of the fourth floor obtained 
from the box model with the recorded data and that obtained from the detailed strut 
model. 
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Table 5.4: Comparison of the peak acceleration of the fourth floor obtained from the 
recorded data and the numerical models. 

Peak Acc. (g) Recorded Data 
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Figure 5.16: Lateral force-vs.-story drift of the first story corner columns subjected to 
the TVU motion. 
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Figure 5.17: Lateral force-vs.-story drift of the first story infills subjected to the TVU 
motion. 
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5.5.3 Comparison with System ID Results 

The natural frequencies and mode shapes identified from the ambient vibration data 

are compared with those obtained from the box and the detailed models after the nu

merical models are subjected to the ground motions recorded by the sensors at the 

basement and at the TVU station, which is closest to the building. Table 5.5 com

pares the natural frequencies obtained from the numerical models and the system 

identification. It can be observed that the natural frequencies of the structure ob

tained from the simplified box model for the first four modes are close to those es

timated from the ambient vibration data and the detailed strut model considering all 

the infills. The mode shapes obtained from the numerical models after subjected to 

the ground motions recorded by the sensors at the basement are compared to the 

identified mode shapes in Figure 5.18. The MAC values comparing the mode shapes 

obtained from the box model and system ID results are in all cases higher than 80%, 

while the mode shapes comparing the detailed and box models are higher than 95 %. 

Therefore, the simplified box model is successful in estimating the modal parameters 

of the structure. 
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Table 5.5: Comparison of frequencies obtained from ambient vibration data and fi
nite element models. 

Natural Frequency (Hz) after the 
ground motions recorded at 

Original 
Frequency 

Finite Element ModelsMode (Hz) 
(with infills) 

System 
ID 

Basement TVU 
sensors station 

Detailed Box Detailed Box Detailed Box 

4.59 4.51 4.58 4.491 4.59 4.51 4.25 
(8.0)* (6.1) (7.8) (5.6) 

4.79 4.70 4.79 4.692 4.79 4.70 4.53 
(5.7) (4.5) (5.7) (4.2) 

10.75 10.69 10.74 10.68
3 10.75 10.69 13.70 

(21.5) (21.9) (21.6) (22.0) 

13.53 13.40 13.53 13.354 13.53 13.40 15.18 
(10.9) (11.7) (10.9) (12.0) 

*numbers in the bracket show the errors in percentage 
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Figure 5.18: Comparisons of mode shapes obtained from numerical models and am
bient vibration recordings. 
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5.6 Four-Story School Building - Sankhu 

This section discusses the development of simplified box model for the four-story 

masonry infilled RC building in Sankhu, Nepal. As discussed earlier in Section 4.8, 

the building was severely damaged during the 2015 Gorkha earthquake. The authors 

along with other researchers visited the structure in June 2015, one month after the 

earthquake. Details on the structure, observed damage and system identification can 

be found in Sections 4.8.1 to 4.8.3. The material properties of this building, summar

ized in Table 4.18, are based on the material tests reported in Chaulagain et al. (2014) 

[74] and Pradhan (2009) [75] in absence of actual test data. The elastic modulus and 

yield strength of the reinforcement steel are assumed to be 2x 105 MPa (29000 ksi) 

and 414 MPa (60 ksi), respectively. 

5.6.1 Calibration of the Simplified Box Model 

A three-dimensional simplified box model of the four-story Sankhu school building 

is developed in OpenSEES using beam-column elements for the RC members and di

agonal truss elements for the infill walls following the proposed framework. To facilit

ate the application of the modeling framework, the bays of the building are grouped 

into twelve categories - infilled panels A to G (Figure 4.57) and bare frames BFl to 

BF5 (Figure 5.19), based on the dimensions, presence of infill, opening geometry and 

tributary area affecting the gravity loads. For simplicity, only the first-story bays are 

considered as the building had the similar plan in the upper stories. For bays without 

any infill panels, i.e. bare frames, the lateral behavior is assumed to be elastic per

fectly plastic with the initial stiffness and strength estimated analytically assuming 

the columns are fixed at both ends. 



171 

:, 
V) 

\( I\ / 
BF4 BF4 

' f1 I\ 
= \ h r h ,,.--- r'

BF'.,- BF2 BF3 BF5T ~BFiBF3 

Figure 5.19: Grouping of the first-story bare grames. 

The infilled bays are then classified according to the anticipated failure pattern, 

and the backbone curve for each group of infilled bays is derived using simple ana

lytical equations following the methodology proposed by Martin and Stavridis (2017, 

2018) [34, 56] for frames with solid infills, which is adopted in ASCE 41-17 (2017) [36], 

as shown in Figure 4.61. The methodology is modified here, as the estimated ini

tial stiffness of all frames is reduced by 60% to account for the potential cracks and 

damage of the structure prior to the earthquake [76]. Moreover, the modification pro

posed by Stavridis (2009) [52] is implemented to account for the openings with area 

less than 20% of the infill area. To obtain the backbone curves for the bays with lar

ger openings and also validate the analytically obtained backbone curves, detailed 

FE models of the single-story single-bay frames are developed in FEAP [72] following 

a modeling methodology that combines the smeared-crack and interface elements 

[16], as discussed in section 4.8.4.2. Figure 5.20 presents the backbone curves of the 

bare frame of the bays A23 and C12 of the first-story. The comparison of the backbone 

curves of bare frame indicates that the analytically obtained curve over-estimates the 

stiffness, but captures accurately the strength of the bare frames. The staircases are 

also considered while estimating the backbone curves. Their strength and stiffness 

are calculated by considering axial strut member. 
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Figure 5.20: Backbone curve of the bare frames A23 and Cl2 of first story. 

Following the proposed methodology, the force-vs.-displacement curves of the 

building in the two orthogonal directions are estimated as summation of the back

bone curves of the corresponding bays. For example, the backbone curves of the first 

story of the building in Xand Y directions, shown in Figure 5.21 , are obtained by com

bining the first-story bays along the lines 1 to 3 and A to H, respectively. Simple box 

model with four frames is considered to simulate the lateral behavior of each story 

of the building as proposed here. The geometry of the building is obtained based on 

the analysis of the lidar point cloud data, complimented with in situ measurements. 

The dimensions of the box model are considered equal to the outer perimeter of the 

building (Figure 5.22) and the story height is that of the actual structure. The back

bone curves of each story along the orthogonal directions are then distributed to the 

two sides of the box model so that the location of the center of rigidity is maintained, 

as shown in Figure 5.23 as discussed in section 5.2.3. The effective stiffness of the 

staircases is taken in to account while estimating the center of rigidity of the build

ing. 
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Figure 5.22: Plan view of the box model of the school building at Sankhu 

Once the lateral force-vs.-displacement curves for the box model are developed, 

they are employed to calibrate the diagonal struts. This is achieved using a distinct 

single-bay, single-story numerical frame model with two diagonal struts in OpenSEES. 

The diagonal struts are calibrated so that when added to the model of the single-bay 

RC frame, the resulting lateral force-vs.-displacement curve is similar to the analyt

ically obtained curves. The thickness of the diagonal struts is kept equal to the infill 

thickness in the building, i.e., 23 cm (9 in). The strut properties are selected so that the 

calibrated lateral force-vs.-drift response of the corresponding infilled frames match 

the backbone curves as shown in Figure 5.23. The calibrated material properties for 
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Figure 5.23: Calibrated response of first-story struts of the box model. 

the columns and struts are presented in Table 5.6. Once the diagonal struts are cal

ibrated, the three-dimensional box model of the entire building, consisting of 64 ele

ments is assembled in OpenSEES, as shown in Figure 5.4b. The masses and weights 

are calculated based on the tributary area and lumped at each of the four nodes at 

a particular story. The floors are set as rigid diaphgram and base of the structure is 

considered fixed, similar to detailed strut model. 

5.6.2 Prediction of Earthquake Response 

The three-dimensional numerical model of the building (box model) is subjected to 

the two components of the ground motion recorded at the THM (27.6818N, 85.2883E) 

station, which was closest recording station to the building, at 17.8 km. Besides its 

proximity to the building, this location has similar geological conditions as the loc

ation of the school, shown in Figure 2.13. The ground motions recorded due to the 

mainshock on April 25 and the strongest aftershock of May 12 are considered in the 



Table 5.6: Calibrated concrete and strut properties of the box model of the four-story specimen. 

Strain at Strain at TensionPeak Residual Tensile Strut
peak residual Softening LamdaCompressive StrengthMaterials Strength width 

Strength strength strength Stiffness 

MPa (ksi) MPa (ksi) MPa (ksi) - mm (in) MPa (ksi) 

379.2
Concrete 9.71 (1.40) 0.97 (0.14) 1.39 (0 .20) 0.003 0.008 - 0.1

(55.0) 

PanelXl 0.0005 0.00ll lll8 (44) 

PanelX2 0.0005 0.001 356 (14)[I 
I 

en 3.44 (0.50) 0.69 (0.10) 2.46 (0.36) 1231.4 (178.6) 0.1 
ce 

PanelYl 0.001 0.003 1473 (58)~ 

PanelY2 0.0008 0.0027 508 (20) 

-J"""" 
CJl 
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time history analyses. This ground motion sequence is also used in the time history 

analysis of the detailed strut model (section 4.8.5). The damping of the structure is 

modeled using the Rayleigh formulation for mathematical convenience considering 

3% damping in the first two modes. 

The results of the nonlinear time history analysis indicate that the simplified box 

model is successful in capturing the torsional response exhibited by the structure 

during the seismic excitation. The torsional response is evident by the larger deform

ations in the south end of the building during the seismic excitation, the location 

furthest from the concrete stairs. The peak and residual inter-story drifts measured 

at the four corners of the structure summarized in Table 5.7. The peak inter-story 

drifts in the two columns towards the south side of the building is 1.83% compared 

to 0.50% for the north columns. The residual drifts exceed 0.2%, while in the north 

side the residual drifts are less than 25% of that value. Furthermore, the deforma

tions at the bottom story in all cases are significantly higher than at the upper stories, 

indicating the formation of a soft-story mechanism at the bottom story, which is in 

agreement with the observed damage pattern. 

The lateral force-vs.-drift responses of the diagonal struts and the bounding RC 

columns of the first and second story of the box model are presented in Figure 5.24 to 

Figure 5.27. The figures indicate the torsional response of the structure and the dif

ferent force demands on the columns and diagonal struts. This is evident as the struts 

towards the south (Y2) reaches a peak story drift of 1.8%, much higher than those for 

the struts towards the north (Yl) that only reach a drift of 0.2%. All the RC columns 

remain within the linear range along the x-direction with the maximum strength less 

than 75kN with a maximum drift close to 0.50%. On the contrary, the RC columns to

wards the south end (Hl and H3) exhibit nonlinear behavior in they-direction, with 

the maximum drift reaching values close to 2%, while the columns towards the north 
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end remain linear. It is also observed that the infill panels and the RC columns in the 

second story are linear along both the directions with maximum drift ratios less than 

0.2%. The nonlinear behavior and considerable deformation of the members towards 

the south end of the first story of the building along the Y direction match well with 

the observed damage pattern. Therefore, the proposed box modeling approach can 

successfully predict the overall seismic performance although it cannot capture the 

behavior of the individual components of the building. 

The results of the simplified box model are also compared with the more detailed 

model of the building developed in OpenSEES with 428 elements considering all the 

bays following the modeling approach proposed in section 4.3. More information on 

the detailed model can be found in section 4.8.4.3. The peak and the residual inter

story drifts obtained from the simplified box model are within 16% and 25% of the 

values obtained from the detailed model, respectively, which is encouraging given 

the simplicity of the box model. 



Table 5. 7: Interstory drift in the four corners predicted by the numerical models. 

Peak Residual 

Quantity Location Detailed Box Detailed Box 

X X X Xy y y y 

Story-I 0.32 0.184 0.297 0.168 0.0ll 0.052 0.009 0.046 

Story-2 0.072 0.041 0.061 0.037 0.002 0.001 0 0 
Al 

Story-3 0.033 0.042 0.029 0.036 0.001 0 0 0 

Story-4 0.032 0.039 0.027 0.037 0 0.001 0.001 0 

Story-I 0.557 0.195 0.502 0.176 0.083 0.052 0.076 0.044 

Story-2 0.134 0.042 0.ll2 0.039 0.002 0.001 0 0 
A3 

Story-3 0.081 0.041 0.075 0.04 0.003 0.001 0.002 0 

Story-4 n/a 
Interstory Drift (%) 

Story-I 0.337 1.913 0.302 1.825 0.012 0.2ll 0.008 0.202 

Story-2 0.074 0.208 0.06 0.186 0.002 0.002 0 0 
Hl 

Story-3 0.034 0.176 0.03 0.154 0.001 0.003 0 0.001 

Story-4 0.032 0.171 0.029 0.152 0 0.001 0 0 

Story-I 0.557 1.913 0.498 1.824 0.084 0.2ll 0.071 0.201 

Story-2 0.134 0.212 0.13 0.187 0.002 0.003 0 0.002 
H3 

Story-3 0.091 0.167 0.084 0.151 0.003 0.002 0.002 0.001 

Story-4 n/a 
-J"""" 
CX) 
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Figure 5.24: Lateral force-vs. -drift of the first story columns of box model subjected 
to THM motion. 
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Figure 5.25: Lateral force-vs.-drift of the second story columns of box model subjec
ted to THM motion. 
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THMmotion. 
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Figure 5.27: Lateral force-vs.-drift of the second story struts of box model subjected 
to THM motion. 
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5.6.3 Comparison with System ID Results 

The identified natural frequencies and mode shapes, estimated from the ambient 

vibration recordings are used here to further validate the box model. The modal fre

quencies obtained from the box and the detailed models after they are subjected to 

the non-linear time history analysis are compared to those identified from the ambi

ent vibration recordings in Table 5.8. It can be observed that the natural frequencies 

of the structure obtained from the simplified box model for the first three modes are 

close to those obtained from the detailed model and identified from the ambient vi

bration data, particularly for the first two modes, for which the error is less than 5%. 

The mode shapes obtained from the numerical models are compared with the iden

tified mode shapes in Figure 5.28 and the Modal Assurance Criterion (MAC) values 

are summarized in Table 5.9. The MAC values of the mode shapes of the box model 

for the first two modes are higher than 95%, while for the third mode it is 80%. Given 

the simplicity of the box model, this is a rather good agreement considering the com

plexity involved with modeling the seismic response ofan actual multi-story building 

to bi-directional ground shaking. 

Table 5.8: Comparison of frequencies obtained from ambient vibration data and fi
nite element models. 

Original Natural Frequency (Hz) after earthquake 

Mode Frequency Ambient Finite Element Error(%) 
(Hz) Vibration Detailed Box Detailed Box 

1 2.61 1.19 1.17 1.17 -1.7 -1.9 

2 2.83 2.15 1.99 2.24 -7.4 4.3 

3 3.69 3.17 3.03 3.89 -4.4 22.7 
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Table 5.9: MAC values of identified mode shapes compared with numerical model 
mode shapes 

Mode 1 2 3 

Detailed 0.99 0.95 0.92 

Box 0.99 0.96 0.80 

- SE-SID (Ambient Vibration) 

- NW-SID (Ambient Vibration) 

--o-• SE-FEM (Box Model) 

- o - NW-FEM (Box Model) 
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Figure 5.28: Comparisons of mode shapes obtained from the box and the detailed 
models with those identified from ambient vibration recordings. 
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5.7 High-Rise Buildings - Cityscape 

This section focuses on two high-rise buildings in Nepal, one 17-story and the other 

12-story high. The buildings are located next to each other as they belong to the same 

apartment complex, which includes four buildings: two seventeen story structures, 

one 15-story, and one 12-story building (Figure 5.5). All structures were designed and 

constructed at the same time, by the same firms, based on the same design guidelines 

and construction practices. Moreover, they have the same foundation details, as they 

are all sitting on top ofa shear-wall box structure, which houses a common garage un

der the four buildings of the complex. Despite these similarities, the both seventeen

story buildings were extensively damaged along their height, while the damage in 

the 12-story structure was negligible and in the 15-story building minor. During the 

reconnaissance visit, one of the 17-story buildings and the 12-story building were in

strumented with accelerometers at selected floors, to obtain the dynamic properties 

of the two buildings. The identified modal properties obtained from the recorded 

data are used to validate three-dimensional numerical models of the two buildings. 

The nonlinear finite element (FE) models are developed following the methodology 

proposed in section 5.2. This section compares the numerical and experimental data 

and discusses the ability of the models to capture the dynamic properties of the dam

aged building, as well as the discrepancy of the observed damage patterns. 

5.7. I Structural Details 

The structures considered in this study are a 17-story (basement plus 17 stories above 

ground) and a 12-story (basement plus 12 stories above ground) masonry infilled RC 

frame buildings located in Hattiban, Katmandu, referred to as CS#l and CS#2, re

spectively. The two buildings, shown in Figure 5.29, belong to the same apartment 
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complex and are very closely located as shown in Figure 5.5. They had the plan 

layouts demonstrated in Figure 5.30 and were designed following the specifications 

found in Indian Standard Codes [69, 70]. These codes ensure adequate strength and 

ductile detailing for the RC frames. Most of the masonry walls were confined within 

the RC frames, while in some other cases; they were unconfined and only connected 

to the RC slabs above and below. The elevator shafts consisted of reinforced concrete 

shear walls, located in the central lobby. In absence of structural drawings, the longit

udinal reinforcement in the RC members is assumed to be 2.0%, while the stirrups are 

considered as 4-legged #4 bars@ 100mm c/c; typical of modern earthquake resistant 

construction in Nepal and India [ 46, 78] . 

•• . 

(a) 17-story building (CS#l) (b) 12-story building (CS#2) 

Figure 5.29: Cityscape apartments in Nepal. 
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5.7 .2 Observed Seismic Damage 

The seventeen-story structure considered here (CS#l) suffered significant structural 

and non-structural damage due to the earthquakes. Shear cracks in the coupling 

beams and extensive damage of the beam column joints were observed in the bot

tom stories (Figure 5.31a). Moreover, the flexural cracks on beams propagated to the 

125 mm thick RC slabs at few locations [51]. The walls not confined by beams and 

columns were most vulnerable during the earthquake, as they developed extensive 

cracks and collapsed, particularly in the lower stories (Figure 5.31b). Damage in the 

infill panels, including dominant diagonal and horizontal cracks were also observed 

(Figure 5.31c to 5.3l f) . The same damage was observed in the second 17-story build

ing of the complex, CS#4. Figure 5.31d illustrates the damages of the infill panels 

in the exterior bays. The damage pattern indicates that the structure has exhibited 

torsional response during the earthquake with the infill bays towards the south end 

showing diagonal cracks, while those towards the west are undamaged. 

In the twelve-story building (CS#2) the damage was limited to minor aesthetic 

cracks in the non-structural components. Slight damage in the unconfined masonry 

walls and separation of the interior infill walls from the bounding RC frames were 

observed as shown in Figures 5.32a and 5.32b. The exterior walls, particularly those 

well confined by columns and the RC members in the twelve-story building suffered 

much less, if any, damage (Figure 5.32c) compared to the corresponding elements of 

the 17-story structures (Figure 5.31d). The 15-story building, CS#3, had minor dam

age between that observed in CS#2 and CS#l. In all cases, the observed damage was 

repairable, although the repair cost and downtime were be very high as it took over 

one year to repair the cracks in the concrete members and replace the damaged ma

sonry walls. More photos of damage are summarized in Appendix B. 
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(a) beam-column joint (b) unconfined walls 

r 

(c) separation from column (d) exterior damage 

(e) exterior infill wall (f) interior wall 

Figure 5.31: Observed damage of the CS#l building. 
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(a) unconfined wall (b) interior infill wall 

(c) exterior walls 

Figure 5.32: Observed damage of the CS#2 building. 

5.7 .3 Instrumentation and System Identification 

During the reconnaissance visit, the two buildings were instrumented with a set of 

15 uniaxial accelerometers. In the 17-story building, the accelerometers were in

stalled in two setups due to the large number of stories and constrains imposed by 

the length of the available cables and the number of sensors. In the first setup (Setup 
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1), the accelerometers were installed on the floors 9, 12 and 15. For the second setup 

(Setup 2), the instruments from the 15th and 12th floors were moved to the floors 3 

and 6, while the accelerometers on the 9th floor were kept in the same locations as 

Setup 1, to provide reference measurements between the two setups needed for the 

identification of the mode shapes. Figure 5.33 shows the location of sensors at each 

floor and along the height of building. The arrows on Figure 5.33a also indicate the 

location and direction of accelerometers. In each instrumented floor, five or six ac

celerometers were installed at the center (M), as well as at the two opposite corners 

of the buildings, namely the northwest (NW) and southeast (SE) corners to measure 

the ambient vibration along two perpendicular directions to capture both the trans

lational and torsional modes. The accelerometers were mounted on brackets, which 

were then attached to the floors using double-sided tape and the sensors were wired 

to a portable data acquisition (DAQ) module through BNC cables. For the 12-story 

building, however, due to time and access constraints, five sensors were installed at 

the roof (floor 12) in a single setup, similar to Figure 6a. For all setups, the recorded 

data includes approximately 1 to 1.5 hours of ambient vibration recordings. 

The obtained ambient vibration records have been used for the identification of 

the modal properties of the two structures using the Natural Excitation Technique 

with Eigenvalue Realization (NExT-ERA) method [51]. In the 17-story building, only 

eight sensors are considered in the system identification as the data from the remain

ing seven sensors were found too noisy. This can be attributed to the poor quality 

of the BNC cables and/or their end connectors, which were attached on site. The 

estimation of the dynamic properties of a seventeen-story building with data from 

only eight sensors is rather challenging, however, it has been possible to identify the 

natural frequencies and damping ratios of the first three modes, as well as the cor

responding mode shapes with coarse resolution. In the case of the 12-story building, 
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Figure 5.33: Elevation and plan view with the distribution of the sensors [51]. 
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only the natural frequencies are identified due to the limited setup. More details on 

the system identification of the buildings can be found in Yu et al. [51], summarized 

in table 5.10. 

Table 5.10: Identified modal parameters of the Cityscape Apartments. 

Mode Number 
Natural Frequencies (Hz) Damping ratios (%) 

CS#l CS#2 CS#l CS#2 

1 0.61 0.92 2.5 2.8 
2 0.67 0.96 2.2 3.1 
3 0.73 0.98 2.1 2.7 

5.7 .4 Finite Element Models 

The three-dimensional finite element models of the buildings are developed using 

the proposed box-modelling approach in OpenSEES. The numerical models utilize 

beam-column elements discretized in fibers for the RC beams and columns and truss 

elements for the diagonal struts, similar to the numerical models developed for the 

other buildings. The basement is assumed to provide a fixed support constraining 

any relative motion of the building at the ground level, and neglecting any soil struc

ture interaction. The geometry of the buildings is obtained from the available archi

tectural drawings of the buildings shown in Figure 5.30. In absence of test data, the 

material properties are assumed based on the typical values expected for high-rise 

structures in Nepal [75], summarized in Table 5.11. The elastic modulus and yield 

strength of the reinforcement steel are assumed to be 2 x 105 MPa (29000 ksi) and 415 

MPa (60 ksi), respectively. 
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Table 5.11: Assumed material properties of concrete and masonry. 

Parameters 
Elastic 

Modulus 
Compressive 

Strength 
Tensile 

Strength 
Coefficient 
of friction 

Cohesion 

MPa (ksi) MPa (ksi) MPa (ksi) MPa(ksi) 

Concrete 24800 (3597) 34.5 (5.0) 5.9 (0.7) 

Masonry 2551 (370) 4.14 (0.6) 0.7 (0.1) 0.8 0.37 (0.05) 

5.7.4.1 Development of Backbone Curves 

To facilitate the application of the modeling framework, the infilled bays of the build

ings are grouped based on their dimensions, presence of openings, and tributary 

area. Then, the bays are classified according to the anticipated failure pattern, and 

the backbone curve for each group of infilled bays is derived using simple analytical 

equations following the methodology discussed in section 3.3. The curves for the 

panels with openings are obtained following the adjustments proposed by Stavridis 

[52]. 

To validate the analytically obtained backbone curves for the infilled frames, and 

also obtain the backbone curves for the cases not accounted in ASCE 41-17, such 

infills with large openings and unconfined URM walls, detailed FE models are de

veloped in FEAP [72]. As discussed earlier, these models follow a modeling meth

odology that combines the smeared-crack and interface elements [16]. The material 

parameters assumed for the interface and the smeared crack elements are summar

ized in Table 5.12 and Table 5.13. The calibrated stress-strain/displacement curves 

are shown in Figure 5.34. Figure 5.35 demonstrates the deformed meshes of the de

tailed FE models and the backbone curves of two infilled panels of the first story of 

the 17-story building. The comparison of the force-vs. -displacement curves obtained 

analytically from the equations and numerically from detailed FE analyses indicates 
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that the analytically developed curves capture with sufficient accuracy the strength 

and stiffness of the infilled frames, but tend to overestimate the drift at peak strength. 

This discrepancy is more pronounced for the cases of infill panels that include large 

openings. The discrepancy can be expected as the study [52], based on which the 

simplified curves are adjusted to account for openings, considers openings smaller 

than 20% of the panel total area. Therefore, for infill panels that include large open

ings, the detailed FE analyses results are used. 

Table 5.12: Material parameters for smeared-crack models. 

f'c orf'm f'co
Material €1 €2 €1p €2p 

(MPa) (MPa) 

Concrete 34.5 0.0028 0.0035 0.0014 0.0017 17.2 
Masonry 4.1 0.0024 0.0028 0.0009 0.00105 2.8 

Table 5.13: Material parameters for interface elements. 

GI enDn f'tMaterial f f µo µr
(Gpalm) (Mpa) (Nim) (Nim) 

Concrete 1350 3.5 55 550 0.9 0.7 
Brick 1350 1.0 45 450 0.9 0.7 
Mortar 40 0.2 26 260 0.8 0.5 

ro Tr a /3 TSPT/(kPa) (kPa) (mlN) (mlN) 

Concrete -140 -35 0.6 0.0ll 12.5 150 
Brick -140 -35 0.6 0.0ll 12.5 ll0 
Mortar -140 -35 0.6 0.0ll 12.5 

*Details of the parameters can be found in [16]; TSP= Tensile Shape Factor 

For bays without any infill panels i.e. the bare frames, the lateral behavior is as-

sumed to be elastic perfectly plastic with the initial stiffness and strength estimated 

based on analytical equations assuming the columns to be fixed at both ends. The 
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Figure 5.34: Calibration of smeared crack and interface models. 
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Figure 5.35: Deformed meshes and backbone curves of two infilled panels of CS#1. 
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estimated force-vs.-displacement curves are validated with those obtained from the 

detailed FE models using smeared-crack and interface elements. The comparison of 

the backbone curve of a bare frame in the first-story of the seventeen-story building, 

shown in Figure 5.36, indicates that the analytically obtained curve over-estimates 

the stiffness, but captures the flexural strength accurately. 
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C, 
-0 

"'0 
400....l 

""§ 
B 
....l"' 200 

I 
0 

0.0 0.4 0.8 1.2 

Drift(¾) 
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(c) deformed mesh of bare frame with (d) backbone curve of bare frame with 
large columns large columns 

Figure 5.36: Deformed mesh and backbone curves of two bare frames of CS#l. 

Some masonry walls in the buildings are not confined by the RC members, while 

some of them have columns only on one side. The lateral behavior of these uncon

fined walls with one or no bounding columns are difficult to represent using simple 

analytical equations. Therefore, detailed finite element analysis is conducted to es-



198 

timate the lateral behavior of such walls. In this study, detailed FE models for the 

unconfined walls are developed in FEAP using the same material models for infills as 

proposed by Stavridis and Shing [16]. Figure 5.37 shows the deformed meshes and 

force-vs.-displacement curves for a panel with no bounding columns and a panel 

with one RC column. As expected, the lateral strength of the unconfined walls are 

significantly lower than that of infilled panels with similar aspect ratio. Moreover, 

they fail in brittle manner under moderate seismic forces once the vertical arching 

action resisting the out-of-plane forces is overcome. 

(a) panel UCl Cb) panel UC2 
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(c) backbone curve of the unconfined panels 

Figure 5.37: Deformed mesh and backbone curves of two unconfined panels of CS#l. 
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Figure 5.38: Backbone curve of shear wall. 
ment and distributed at the locations 

defined by the integration method. At the IPs, the flexural response is simulated using 

a fiber-type section model with the constitutive laws for concrete and steel assumed 

same as those used for the RC beams and columns. As the fiber-type section does not 

account for the shear deformation, a linear shear response model [79] is incorporated 

using section aggregator in OpenSEES. A detailed FE model of the shear wall is also 

developed following the methodology proposed by Stavridis and Shing (2010) [16] to 

validate the fiber-section model. Figure 5.38 shows the lateral response of the shear 

walls that bound the elevator shafts in all buildings. The comparison indicates that 

the fiber section model is successful in capturing the lateral response of the shear 

wall predicted by the detailed FE model. 

With the combination of the methods discussed in this section, the lateral force

vs. -displacement response of for every single-story single-bay sub-assemblages of 

the buildings. The lateral force-vs.-displacement behavior of the buildings along the 

orthogonal directions is obtained through the summation of the backbone curves of 

the corresponding bays. Figures 5.39 and 5.40 shows that the backbone curves of 

the buildings in two orthogonal directions are similar. The peak lateral strength of 

the seventeen-story building is 23400 kN compared to 21280 kN of the twelve-story 

building, which is 25% and 30% of the total seismic weight of the buildings, respect-
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Figure 5.39: Backbone curve of CS#1 building along orthogonal directions. 
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Figure 5.40: Backbone curve of CS#2 building along orthogonal directions. 

ively. The resistance of the two structures are expected to be similar because of the 

similar design and plan of the two buildings. 



201 

5.7.4.2 Development of Numerical Models 

Rectangular box models with four bays per floor are considered to simulate the lateral 

behavior of each story of the buildings (Figure 5.41). The dimensions of the box mod

els are considered equal to the outer perimeter of the buildings and the story height 

is that of the actual structures. The column and the beam sizes are scaled such that 

the compressive stress in the columns is equal to the average stress in the columns 

due to the gravity load as discussed in the model calibration section. The force-vs.

drift curves of each story along the orthogonal directions are then distributed to the 

two sides of the box model so that the location of the center of rigidity is maintained. 

The effect of the staircases is taken into account in the estimation of the backbone 

curves and center of rigidity of the buildings. The initial stiffness of the staircases is 

estimated by considering a strut member with the same effective width and thickness 

as the staircases. Figure 5.42 and Figure 5.43 presents backbone curves for the four 

first-story single-bay frames of the box models of the two buildings. 

I 
X/NS 

Y/EW 

Figure 5.41: Plan view of the box models of the Cityscape buildings. 
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Figure 5.42: Lateral force-vs.-drift curves of infilled frames of the CS#l. 
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Figure 5.43: Lateral force-vs.-drift curves of infilled frames of the CS#2. 

Once the lateral force-vs.-displacement curves are developed, they are employed 

to calibrate the struts of the box model as discussed earlier. The material models 

used for concrete, masonry and steel in the numerical models of the other buildings 

are also used here. The thickness of the diagonal struts is kept equal to the infill thick-



203 

ness in the buildings. The strut properties, including the tensile strength, strut width, 

strain at peak strength and at the onset of residual strength, are adjusted so that the 

calibrated lateral force-vs.-drift response of the infilled frames match the backbone 

curves for each story, as shown in Figures 5.44 and 5.45. The calibrated concrete and 

first-story strut properties are presented in Table 5.14. The material properties for 

the RC models are the same for the entire structure, but different masonry proper

ties are used for each story to reflect the difference in the backbone curves due to 

the different gravity loads. Once the diagonal struts are calibrated for all stories, the 

three-dimensional numerical models of the entire buildings. The models consist of 

272 elements for the seventeen-story and 232 elements for the twelve-story building. 

The floor diaphragms are modeled as rigid using nodal constraints. The damping of 

the structure is modeled using the Rayleigh formulation for mathematical conveni

ence considering 3% damping in the first two modes. 



Table 5.14: Calibrated concrete and first-story strut properties of the model of CS# 1 and CS#2 buildings. 

Peak Strain Strain at Tension
Residual Tensile Strut

Compressive at peak residual Softening Lamda
Materials Strength Strength width

Strength strength strength Stiffness 

MPa
MPa (ksi) MPa (ksi) - mm (in) MPa (ksi)

(ksi) 

984.6 
Concrete 34.5 (5.0) 3.5 (0 .5) 3.5 (0.5) 0.003 0.006 - 0.1

(142.8) 

Panel A 1.2 (0.2) 0.0004 0.00067 1270 (50) 

PanelB 2.5 (0.4) 0.00035 0.00067 1448 (57) ~I 
V) 1000 (150.0) ul PanelC 1.2 (0.2) 0.00037 0.00065 1219 (48) 

Panel D 2.5 (0.4) 0.00037 0.00065 1499 (59) I 4.1 (0.6) 0.8 (0.12) 0.1 
Panel A 1.0 (0.2) 0.00038 0.00069 1117 (44) I 
PanelB 2.6 (0.4) 0.00034 0.0007 1270 (50) ~I 

V) 1000 (150.0)ul PanelC 1.1 (0.2) 0.00033 0.00067 1092 (43) 

Panel D 2.5 (0.4) 0.00033 0.00068 1221 (52) I 

N 
0..,. 
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Figure 5.44: Calibrated response of the first-story struts of the box models of CS#l. 
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Figure 5.45: Calibrated response of the first-story struts of the box models of CS#2. 
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5.7 .5 Estimation of Earthquake Response 

The three-dimensional numerical model of the buildings were subjected to the two 

components of the ground motions recorded at the PTN (27.6815N, 85.3190E) station 

which was closest to the building (3.5 km) as shown in Figure 2.13. The mainshock on 

April 25 (Mw 7.8) followed by the aftershock on May 12 (Mw 7.3) are considered here 

for the time history analyses. The inter-story drift ratios of the different stories are es

timated to examine the performance of the buildings during the earthquake. Figure 

5.46 compares the variation of the peak inter-story drift ratios at the NW corner of the 

two buildings along the height. It is evident from the figure that the inter-story drift 

ratios at the bottom 4 stories of the 17-story building are quite significant, exceeding 

0.7%. In fact, the drifts in the bottom 6 stories of that building exceed the threshold 

proposed by Rosetta and Elnashai [80] for infilled RC structures corresponding to 

moderate damage, as summarized in Table 5.15. The figure also indicates that the 

entire 12-story building and the upper stories of the 17-story building would develop 

drifts corresponding to minor damage. This is consistent with the field observations, 

as it indicates the initiation of structural damage along with shear cracks in mem

bers and increased crushing of bricks in the bottom third of the 17-story building, 

and slight to light damage in the upper stories of this building and the entire shorter 

building as shown in Figures 5.31 and 5.32. 

The lateral force-vs. -drift response of the diagonal struts and columns ofseventeen

story and twelve-story buildings are presented in Figure 5.47 to Figure 5.66. The fig

ures indicate the the diagonal struts of the seventeen-story building develop signific

ant nonlinearity in the bottom 4 stories. Despite the similar stiffness and strength, the 

diagonal struts in the seventeen-story reached story drift close to 1%, much higher 

than the struts in twelve-story which did not exceed 0.3%. However, in the upper 
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Figure 5.46: Inter-story drift ratio of the buildings at the NW corner during the earth
quake. 

stories (from story-5) the non-linearity in the diagonal struts is not significant, sim

ilarly to the minor damage in the building was observed to be concentrated in the 

lower stories. Moreover, the nonlinearity is not uniform in all the struts of the same 

story, indicating torsional response of the structure , as also demonstrated in Figure 

5.31d. All the RC columns in the twelve-story building remained within the linear 

range along both directions. On the contrary, the RC columns of the first four stories 

of the seventeen-story building exhibit nonlinear behavior in the Y direction as the 

maximum drift reaches values close to 1%. The nonlinear behavior and the consid

erable deformation of the members of seventeen-story compared to linear behavior 

and less deformation of the members of twelve-story match well with the observed 

damage pattern. Therefore, it can be concluded that the numerical models are suc

cessful in capturing the discrepancy in the damage of the two buildings, as well as the 

distribution of damage along the height of the 17-story building. 
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Table 5.15: Expected damage limit states for infilled RC structures [51 , 80]. 

Damage 
State 

None 

Slight 

Light 

Moderate 

Extensive 

Partial 
Collapse 

Collapse 

Description 

No damage 

Fine cracks in plaster partitions/infill 

Cracking at wall-frame interfaces, crack-
ing initiates from corners op open-
ings, diagonal cracking of walls, limited 
crushing of bricks at beam-column con-
nections 

Increased brick crushing at beam-
column connections, start of structural 
damage, some diagonal shear cracking 
in members 

Extensive cracking of infills, falling 
bricks, out of plane bulging, partial fail-
ure of masonry infills, heavier damage 
in frame members, some fail in shear 

Beams and/ or columns fail in shear 
crushing in partial collapse, near total 
infill failure 

Complete or impending building col-
lapse 

Drift Limits 
(%) 

0.0-0.049 

0.05-0.079 

0.08-0.29 

0.3-1.149 

1.15-2.79 

2.8-4.359 

>4.36 

https://1.15-2.79
https://0.08-0.29
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Figure 5.47: Lateral force-vs.-drift behavior of first-story struts of CS#l. 
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Figure 5.48: Lateral force-vs.-drift behavior of second-story struts of CS#l. 
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Figure 5.49: Lateral force-vs. -drift behavior of third-story struts of CS#1. 
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Figure 5.50: Lateral force-vs. -drift behavior of fourth-story struts of CS#1. 
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Figure 5.51: Lateral force-vs. -drift behavior of fifth-story struts of CS#1. 
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Figure 5.52: Lateral force-vs.-drift behavior of sixth-story struts of CS#l. 
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Figure 5.53: Lateral force-vs. -drift behavior of first-story struts of CS#2. 
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Figure 5.59: Lateral force-vs. -drift behavior of third-story columns of CS#1. 
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Figure 5.60: Lateral force-vs. -drift behavior of fourth-story columns of CS#1. 



217 

3000 3000 

~ ~ 1500 1500 
Q) Q) 
u .... 
0 
~ 0 

u.... 
0 
~ 0 --

"c;j .... 
E -1500 

(tj ....
E -1500 

j ro 
...-l 

-3000 -3000 
-I 0 -I 0 

Drift(%) Drift(%) 

3000 3000 

~ ~ 
'--' 1500 '--' 1500 

Q) Q) 
u 
ti 
~ 0 
(tj ....
E -1500 

.-,,, 
u 
ti 
~ 0 
(tj ....
E -1500 

j j 
-3000 -3000 

-I 0 -I 0 

Drift(%) Drift(%) 

Figure 5.61: Lateral force-vs.-drift behavior of fifth-story columns of CS#l. 
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Figure 5.62: Lateral force-vs.-drift behavior of sixth-story columns of CS#l. 
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Figure 5.63: Lateral force-vs. -drift behavior of first-story columns of CS#2. 
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Figure 5.64: Lateral fo rce-vs.-drift behavior of second-story columns of CS#2. 
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Figure 5.65: Lateral force-vs. -drift behavior of third-story columns of CS#2. 
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Figure 5.66: Lateral force-vs.-drift behavior of fourth-story columns of CS#2 
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5.7 .6 Comparison with System ID Results 

The natural frequencies and mode shapes identified from the ambient vibration re

cordings of the two buildings [51] are used here to further validate the numerical 

models. To this end, the identified modal properties are compared to the correspond

ing modal parameters of the numerical models after they are subjected to the ground 

motion recorded at the PTN station, which is the closest station to the building com

plex as shown in Figure 2.13. Given the limitations of the field data, the mode shapes 

are identified only for the seventeen-story building from the recorded ambient vibra

tion data. Table 5.16 presents the modal assurance criterion (MAC) values compar

ing the mode shapes of the numerical model and system identification results for the 

17-story building. The MAC values are computed with and without considering the 

mode shape components at the SE-N sensors due to the larger estimation error of the 

identified mode shape components at this location [51]. The modes of the numerical 

model and the system identification (SID) modes are paired based on the MAC val

ues of Table 5.16. The comparison of the mode shapes indicates that with or without 

considering the SE-N components, the modes 2 and 3 from system identification are 

comparable to the modes 1 and 2 of the numerical model. In lack of more data, the 

corresponding modes are also paired for the 12-story building for consistency. The 

inability of the numerical model to capture the first mode identified by the field data 

is most likely the result of the simplification of the numerical models. 

The modal frequencies obtained from the box models after running the non

linear time history analysis are compared to those identified from the ambient vi

bration recordings in Table 5.17. It can be observed that the natural frequencies of 

modes 1 and 2 obtained from the numerical models are close to the identified natural 

frequencies of the matched modes (2 and 3) as the rather low error of less than 5%. 
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The mode shapes obtained from the numerical model for the seventeen-story build

ing are compared with the identified mode shapes in Figure 5.67. The MAC values are 

in all cases higher than 80%. Given the simplicity of the model and the complexity of 

the structure, this is a rather good agreement considering the challenges involved 

with modeling the seismic response of a actual structures to bi-directional ground 

shaking. Table 5.18 presents the MAC values comparing the mode shapes of both the 

buildings obtained from the numerical models before and after the earthquake. The 

significantly lower MAC values of the seventeen-story structure are indicative of the 

more notable structural damage it suffered due to the earthquake compared to the 

twelve-story structure. 

Table 5.16: MAC values between the mode shapes identified from SID and box model 
of CS# 1 building. 

SID 

Modes Considering SE-N se
components 

nsors Neglecting SE-N sen
components 

sors 

1 2 3 1 2 3 

1 
FE 2 

3 

0.02 
0.17 
0.14 

0.81 
0.39 
0.01 

0.21 
0.9 
0.42 

0.37 
0.09 
0.16 

0.97 
0.69 

0 

0.48 
0.94 
0.37 

Table 5.17: Comparison of frequencies obtained from ambient vibration data and 
finite element model. 

Natural Frequency (Hz) after earthquake Original 
Modes Frequency (Hz) System ID BoxModel Error(%) 

CS#l CS#2 CS#l CS#2 CS#l CS#2 CS#l CS#2 

1 0.61 0.92 
2 1.51 1.65 0.67 0.96 0.7 0.98 4.7 2.1 
3 1.52 1.68 0.73 0.98 0.76 1.01 4.1 3.1 
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Table 5.18: MAC values comparing the FE mode shapes before and after the earth
quake. 

CS#l CS#2 

Mode-I 0.71 0.89 
Mode-2 0.5 0.85 
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5.8 Closing Remarks 

This chapter discusses a computationally efficient modeling approach, which can be 

used to predict the lateral in-plane response of RC frames with masonry infills. The 

simplified model adopts diagonal struts, which are used to account for the response 

of the frame and masonry components not explicitly included in the model. The 

contribution of these elements is estimated in the first step of the proposed frame

work in which the backbone curves for every single-story single-bay sub-assembly 

of the building are estimated. The lateral force-vs.-drift behavior of the entire struc

ture along the two orthogonal directions is then estimated as the summation of the 

backbone curves of the sub assemblages and distributed to the two lines of resist

ance so that the location of the center of rigidity of the building is maintained in the 

numerical model. The modeling approach ensures that the monotonic, in plane, lat -

eral response of the struts when added to the frames matches these backbone curves. 

This simplified framework is applicable to real structures with complex plans, where 

development of strut models considering all the elements is time consuming. 

The proposed framework is first implemented on a 2/3-scale two-bay three-story 

frame tested on a shake table. By direct comparison, it is observed that the simplified 

procedure is quite efficient in predicting the basic features of the nonlinear beha

vior of infilled frames subjected to in-plane lateral loads. The modeling framework is 

successful in capturing the asymmetrical displacements sustained by the three-story 

structure during the shake-table tests. The novel approach is then applied on four 

buildings in Nepal that suffered various levels of damage during the 2015 Gorkha 

earthquake. The buidlings include a five-story office building, a four-story school 

building and two high-rise buidlngs (17 and 12-stories) located at the same apart

ment complex. The comparison of the predicted and the actual damage patterns 
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indicate that the box models can accurately develop a similar damage pattern as 

the actual structures. The obtained modal parameters after subjecting the numer

ical models to the nearby horizontal ground motions are in close agreement with the 

modal parameters identified from the ambient vibration recordings.The results from 

the box models are also compared with the results of more detailed analyses in which 

all RC and masonry elements are explicitly accounted for. The finding of this compar

ison is that the box model is computationally more efficient than the detailed model 

without significantly sacrificing on the accuracy. 



Fragility Curves for lnfilled RC 

Buildings Accounting for 

Modeling Uncertainties 

6.1 Introduction 

The reliable assessment of the infilled RC frame structures under seismic loads re

quires considerable attention to ensure accurate predictions. This chapter focuses 

on the seismic reliability of such structures. Although a large number of studies in lit

erature deal with seismic reliability, very few deal with infilled frames [81]. An emer

ging tool to assess the seismic vulnerability of structures is the use of fragility curves 

that describe the probability of a structure being damaged beyond a specific damage 

state for various levels of ground shaking [82]. This can be be used in pre-earthquake 

design and/or prioritizing retrofit and loss estimation following an earthquake. In 

light of the damage to infilled frames in the past earthquakes, it is necessary to per

form adequate assessment of their vulnerability. The objective of this Chapter is to 
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assess the performance of infilled frames under earthquake loading using a probab

ilistic framework, focussing on the development of fragility curves considering vari

abilities of the modeling parameters. 

In general, the seismic performance is primarily influenced by two types of un

certainties - one due to ground motion variability (also referred to as aleatoric ran

domness) and the other owing to modeling assumptions and/or errors (also known 

as epistemic uncertainty). Aleatory variability is the natural randomness in a pro

cess parameterized by the probability density functions, while epistemic uncertainty 

is the scientific uncertainty in the model of the process, initiates from the lack of 

knowledge and inability of analytical/ numerical models to simulate all aspects of the 

structural behavior and may be reduced as we acquire more information in form of 

test data and/or detailed models. Structural engineers typically emphasize on the 

record-to-record variability for evaluation of seismic demand. However, with the un

certainties involved with infilled RC frames in both the material and the structural 

level, ignoring the effect of epistemic uncertainties may lead to inadequate under

standing of the expected range of seismic behavior. Recent studies ( [83- 88], among 

others) have shown that the modeling uncertainty is equally important in seismic 

evaluation of structures, especially when it approaches collapse. 

Several researchers have studied the effect of the model parameters on its es

timated seismic performance. Luco and Cornell (1998) [89] quantified the effects 

of brittle connection behavior on the dynamic response of the steel moment res

isting frames in a probabilistic framework considering the uncertainties involved in 

the behavior of brittle connections. Porter et al. (2002) [90] studied the sensitiv

ity of building loss estimates to structural model parameters in order to recognize 

which sources of uncertainty most strongly influence the repair cost of a building 

in a future earthquake. Celie and Ellingwood (2010) [91] studied the role of aleat-



227 

oric and epistemic uncertainties in developing seismic fragilities for non-ductile re

inforced concrete building (RC). Furthermore, Ibarra (2005) [92] and Lee and Mos

alam (2005) [93] used approximate moment-estimating methods such as the first

order-second-moment (FOSM) principles verified through Monte Carlo simulations 

(MCS) to evaluate the effects of modelling uncertainties. The incremental dynamic 

analysis tool [94] combined with Monte Carlo Simulation is a powerful method to 

incorporate parameter uncertainty. However, this involves performing large num

ber of nonlinear response history analyses, thus computationally very intensive and 

beyond the scope of practical applications. Lupoi et al. (2006) [95] discussed a prac

tical alternative approach to reduce the computational effort for the efficient seismic 

performance assessment. Surrogate models, such as neural networks (NN) and re

sponse surface methods (RSM) have also developed recently that involves much less 

number of analyses and can replace the time-consuming procedures. Papadrakakis 

et al. (1996) [83], Giovanis and Papadopoulos (2015) [96], Giovanis et al. (2016) [88], 

among others examine the application of Neural Network to the reliability analysis of 

complex structural systems in connection with Monte Carlo Simulation and rapidly 

generate response statistics along with fragility curves. Response Surface Method in

volves optimization techniques to fit a parametric function to the response data. Liel 

et al. (2009) [85] successfully applied the RSM within the Monte Carlo procedure to 

evaluate collapse uncertainty of RC buildings. Dolesk (2009) [84] and Gokkaya et al. 

(2014) [87] proposed employing smart sampling techniques such as Latin Hypercube 

Sampling (LHS) for Monte Carlo Simulation to achieve the same goal. 

This chapter focuses on the development of fragility curves for school buildings 

in Nepal. The focal point of this study is four-story masonry-infilled reinforced con

crete (RC) school building in Sankhu, Nepal that was severely damaged during the 

2015 Gorkha earthquake. The seismic performance of the building is simulated with 
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a recently proposed strut model, which has been extensively validated in section 4.8. 

The strut model is used to calibrate a statistical model that serves as surrogate to the 

detailed numerical model. The surrogate model is used in incremental dynamic ana

lysis (IDA) to estimate the influence of modeling assumptions, i.e. epistemic uncer

tainties, on the structural response. Furthermore, a set of ground motion records is 

considered in the extended IDA analysis to represent the aleatory uncertainty related 

to the characteristics of ground motions. The resulting fragility curves result from a 

thoroughly validated numerical model and account for the effects of both aleatory 

and epistemic uncertainties. More information on the design details, the observed 

damage and the numerical model can be found in section 4.8. 

6.2 Statistical Modeling to Predict Seismic Response 

The application of the Monte Carlo procedure using the FE model to estimate the re

sponse statistics for the fragility curves considering both epistemic and aleatoric un

certainties is not practical because of the computationally intensive nature of the re

sponse history analysis. It takes approximately 100 mins to run one dynamic analyses 

and plenty of realizations would be needed for convergence. Therefore, a statistical 

model is calibrated to efficiently represent the response of the numerical model. The 

surrogate model is trained with the results of a sensitivity analysis performed using 

the strut model to investigate the effects of modeling variables on the response of the 

structure. The results of the sensitivity analysis which are combined with the ground 

motion parameters provide the inputs to the nonlinear regression analysis used to 

create the surrogate model. 
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6.2.1 Sensitivity analyses on the Numerical Model 

The same material model is used for concrete and masonry. The model is defined 

by seven parameters: the peak compressive strength (J;J:rz), the strain at the peak 

strength (€1c,€1m), the crushing or residual strength (frcJrm), the strain at onset of 

residual strength (€2c,€2m), the parameter lambda (Ac,Am) defining the ratio of the 

unloading stiffness at the onset of the residual strength to the initial stiffness, the 

tensile strength (ftcJtm) and the tension softening stiffness (Btsc,Etsm). The damp

ing (() of the structure is numerically modelled using the mathematically convenient 

Rayleigh formulation, considering 3% of the critical for the first two modes. To in

corporate the effect of the uncertainty associated with damping of the structure, it 

is also considered as one of the parameters. The modeling uncertainties associated 

with the parameters used to represent reinforcing steel are neglected in this study, 

as the uncertainties associated with concrete and masonry properties are prioritized. 

Further, for simplicity, other parameters related to system level behavior such as the 

mass, live and dead loads are not considered for practical reasons, as the study by 

Haselton (2006) [97] indicates that the modeling variables related to material strength 

and deformation capacity are the dominant model parameters affecting collapse as

sessment. 

To identify the effect of each parameter on the numerical results, sensitivity ana

lyses are conducted to quantify the effect of each of the 15 parameters described 

in the preceding discussion on the structural response obtained from the numer

ical model. The realizations of the variables used in the sensitivity analysis are such 

that one random variable is changed at a time, therefore the interactions between the 

variables are neglected. Moreover, the range of variation of each variable is chosen 

to reflect the level of confidence in the selected value. The strength, deformation and 
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stiffness parameters are perturbed 20%, 30% and 40%, respectively from the calib

rated values of the numerical model, as those values are selected based on inform

ation available from the tests reported in Chaulagain et al. (2014) [74] and Pradhan 

(2009) [75]. However, no information is available on the calibration of the lambda 

(Ac,Am) and damping, therefore, these are varied 80% of the calibrated values to in

vestigate their effects. The calibrated properties of the numerical model are presen

ted in Table 4.21.In each case, a nonlinear model is subjected to the two components 

of the ground motion recorded at the THM station, the closest station to the building 

(Figure 2.13). In total, 30 sensitivity analysis are conducted on the numerical models. 

The response parameter, peak interstory drift (ISD) in both directions, obtained 

from the sensitivity analysis are compared with those obtained from the calibrated 

numerical model. A summary of the sensitivity analysis results are presented in Fig

ure 6.1, which shows the variability in the maximum first-story drift values in each 

direction for the 30 response history analyses compared to the values obtained from 

the calibrated model. The first story drift is selected for this comparison as it is the 

most critical engineering demand parameter for these structures. The results indic

ate that the output response is sensitive to eleven parameters and therefore, these 

are considered as the input variables in the surrogate model developed in this study. 

The sensitive parameters are shaded in Figure 6.1 if the dispersion of the response is 

higher than 25%. 

6.2.2 Ground Motion Parameters 

Ground motion selection is one of the most important factors for performing fragility 

analysis to incorporate the aleatoric uncertainties. The bi-directional ground motion 

time-histories from the mainshock and three major aftershocks of the 2015 Gorkha 
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Figure 6.1: Variation in the peak ISD of the numerical model in two orthogonal dir
ections as compared to the values obtained from the calibrated model during the 
sensitivity analysis. 

earthquake [43] recorded at five stations in the Kathmandu valley (KATNP, PTN, THM, 

KTP and TVU) provide a set of 20 ground motions from the recent Nepal earthquake. 

Furthermore, FEMA P695 (2009) [98] provides 22 far-field pairs of ground motions 

representing magnitudes in the range of 6.5-7.6 recorded on firm soil. The dynamic 

analyses for developing the surrogate model and later the extended incremental dy

namic analyses are run with a subset of 10 earthquake records from the 42-ground 

motion set discussed above to reduce the computational time needed to conduct the 

study. The response spectra of the subset records are representative of the response 

spectra of the entire suite of ground motions. The ground motions selected in this 

study are presented in Table 6. 1. The individual ground motions were first normal

ized by their peak ground velocities to remove unwarranted variability between re

cords due to inherent differences in event magnitude, distance to source, source type 

and site conditions, while still maintaining the inherent record-to-record variability 

necessary for accurately predicting collapse fragility [98]. In order to achieve stat -

istical stability, the median of the geometric mean response spectra of the two com-
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Figure 6.2: Acceleration response spectrum of the selected ground motions scaled to 
the Nepal design spectrum. 

ponents of all ground motion was scaled such that the overall shape matches with the 

standard response spectrum in Nepal [99]. Figure 6.2 shows the comparison between 

the design spectrum with median spectrum of 10 selected ground motions, scaled to 

the design hazard level expected in Nepal. The incremental dynamic analysis ex

presses a correlation between a damage index (DI) such as peak ISD with intensity 

measure (IM) of a seismic excitation. Many intensity measures (IM) have been de

veloped and are readily available in the literature. Each of these IMs define different 

characteristics of the ground motion with varying level of influence on the structural 

response. Various studies examine the effectiveness of different IMs to predict struc

tural damage (e.g.,[100- 102], among others). Anastasopoulos et al. (2015) [103] con

cluded that it is not possible to estimate the structural response satisfactorily using a 

single IM. A series of statistically significant intensity measures are used in this study 

to develop the surrogate model using a system of simultaneous equations. The IMs 

considered in the literature include: 



Table 6.1: Ground motions selected for dynamic analyses. 

EQindex 
Earthquake 

Mw Year Name 
Recording 

Station 
Source 

(Fault 'fype) 
Distance from 
Epicenter (km) 

Vs_30 
(mis) 

PGA 
(g) 

1 

2 7.9 2015 Gorkha 

Municipality Office, 
Kirtipur (KTP) 
--

Dept. Geology, 
Tribhuvan Univ, 
Kirtipur (TVU) 

Thrust 

75.8 

77.1 

-

-

0.26 

0.234 

3 
Kanti Path, Kathmandu, 

Nepal (KATNP) 
59.9 305 0.163 

4 
Pulchowk Campus, 

Tribhuvan Univ, Patan 
(PTN) 

79.3 - 0.154 

5 
Univ Grants Comm., 
Sanothimi Bhaktapur 

(THM) 
83.7 205 0.154 

6 6.7 1994 Northridge Beverly Hills - Mulhol Thrust 13.3 356 0.516 

7 7.1 1999 
Duzce, 
Turkey 

-
Bolu Strike-slip 41.3 326 0.822 

8 6.5 1979 
Imperial 

Valley 
Delta Strike-slip 33.7 275 0.351 

9 7.3 1992 Landers Yermo Fire Station Strike-slip 86 354 0.245 

10 7.6 1999 
Chi-Chi, 
Taiwan 

CHYlOl Thrust 32 259 0.44 N 
w 
w 
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- the peak ground motion IMs in terms ofacceleration (PGA), velocity (PGV), and 

displacement (PGD). 

- the Arias Intensity, IA, proportional to the integral of the squared acceleration 

A(t) time history defined according to Equation 6. 1. 

(6.1) 

- the pseudo-spectral intensity measures in terms of acceleration (PSa), velocity 

(PSv) and displacement (PSd)-

- the spectral intensity measures in terms of acceleration (Sa), velocity (Sv) and 

displacement (Sd)-

- the Housner Intensity, IH, integral of the pseudo-velocity response spectrum 

over the period range 0.1 to 2.5 sec [104] according to Equation 6.2. 

l
2.5 

IH = PSv(T,( =5%)dT (6.2) 
0.1 

- the root-mean-square measures in terms ofacceleration (ARMS), velocity (VRMS) 

and displacement (DRMS) as the square root of the mean values over the dur

ation of the ground motion record. 

- the characteristic Intensity, le, defined as Equation 6.3. 

(6.3) 

- the sustained maximum measures in terms of acceleration (SMA) and velocity 

(SMV) defined as the third highest absolute peaks in the time histories. 
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- the spectrum intensity measures in terms of acceleration (AS!) and velocity 

(VS!), defined as the integral of the spectral acceleration (Sa) and velocity (Su), 

respectively, over the period range 0.1 to 0.5 sec [ 105] defined in Equation 6.4. 

0.5 L0.5 
ASI = Sa(T,( =5%)dT, VSI = Sv(T,( =5%)dT (6.4)L0.1 0.1 

- the acceleration parameter,A95 , defined as the level of acceleration which con

tains up to 95% of the Arias intensity [106] 

- the strong motion duration or significant duration, D sig, defined as the interval 

of time between the accumulation of 5% and 95% ofArias intensity. 

- the predominant Period, Tp, estimated using the 5% damped acceleration re

sponse spectrum at its maximum (as long as Tp > 0.2 sec). 

- the mean Period, Tm ean, obtained from the Fourier amplitude spectrum, C for 

each frequency fi within the range 0.25 to 20 Hz, according to Equation 6.5. 

(6.5) 

- the effective peak acceleration (BPA), defined as the mean of the spectral ac

celeration over the period range 0.1 to 2.5 sec according to Equation 6.6. 

1 L2.5 
EPA= - Sa(T,( =5%)dT (6.6)

2.5 0.1 

- the spectral acceleration measure, S* , defined in terms of pseudo spectral ac

celerations PSa(T1) and PSa(T2 ), at first and second mode periods, respect-
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ively, according to Equation 6. 7 [ 102]. 

PS (T)2 )o.s 
S*=PS (T)1 a (6.7)(a PSa(T1) 

- the cumulative Absolute Velocity, CAV, defined according to Equation 6.8 in 

terms of minimum and maximum-recorded acceleration. 

(6.8) 

where, N is the number of I -second windows in the time history, PGAi and ti 

are the maximum recorded acceleration (g) and start time of the window i, re

spectively, Amin is an acceleration threshold (user-defined, taken as 0.025g typ

ically) to exclude low-amplitude motions and H(x) is the Heaviside step func

tion. 

- the standardized Cumulative Absolute Velocity (SCAV), defined in terms of the 

CAV according to Equation 6.9. 

SCAV =CAVi + t;+i IA(t)ldt (6.9)
lt1 

- the normalized Energy Density (ED), defined in terms of velocity time history 

according to Equation 6.10. 

(6.10) 

- the intensity Measure, / 2 defined in terms of the acceleration history and PGA, 
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PGV according to Equation 6.11 [107]. 

f A(t)2dt
Iz = _P_G_A_x_P_G_V_ (6.11) 

- the uniform Duration, Du, is summation of the time windows for which the 

ground acceleration is above the threshold, which is considered 0.05g in this 

study. 

- the number of peaks, defined as the number of times the acceleration time his

tory crosses threshold acceleration values -0.025g (Npo25), 0.05g (Nposo), 0.lg 

(Np100) 

6.2.3 Econometric Modeling and Results 

Non-linear regression models are developed here to predict the seismic response of 

the four-story school building. To this end, the econometric modeling approach used 

by Anastasopoulos et al. (2015) [103] to examine the effectiveness of various IMs in 

predicting the structural response of a bridge pier is adopted here. This method cor

relates the damage indices with a number of statistically important intensity meas

ures. It also takes into account the errors associated with bias due to omissions of 

variables and the regression properties such as heteroscedasticity, autocorrelation, 

and exogeneity of the regressors, among others [ 108]. The 10 selected ground motion 

are scaled up incrementally from 0.4 to 4.0 @ 0.4 and the results of 4400 analyses are 

used to train/fit the surrogate model using three-stage least square (3SLS) approach. 
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6.2.3.1 Overview of the Modeling Approach 

The 3SLS approach is adopted because it combines the two-stage least square (2SLS) 

and the seemingly unrelated regression equations (SURE). As a result, the damage in

dices are endogenous with cross-correlated error terms, i.e one DI is defined by a set 

of explanatory variables including intensity measures (IMs) and modelling paramet

ers (MPs), which influence the variation of another DI (2SLS) while the dependent 

variables (Dis) are influenced by similar unobserved factors, because of which the 

random error terms are correlated. In those cases, the SURE approach takes care of 

the cross-equation error correlation. 

A number of response quantities can be used to represent the response of the 

structure. Since the damage in these structures concentrates in the first story, the 

inter-story drift ratio in the first story is considered in this study. More specifically, 

the peak and the residual inter-story drifts (ISD) along the X and Y directions, i.e. 

PISDx, PISDy, RSIDx, RISDy, where P and R stands for peak and residual, are 

selected here. These are treated as dependent variables modeled using separate re

gression equations. Hence, the system has four equations modeling the dependent 

variables. In reality, the damage indices are related to one another, especially the 

peak and residual drifts along each direction, and therefore, the parameters of the 

regression equations are estimated simultaneously so that the relation between the 

dependent variables can be captured accurately. Mathematically the damage indices 

are represented by the system of equations as follows: 

PISDx = f(IMs,MPs) +c1,PISDy = f(IMs,MPs) +c2 (6.12) 

RISDx = f(IMs,MPs,PISDx) +c3,RlSDy = f(IMs,MPs,PISDy) +c4 (6.13) 
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where, IMs and MPs are the intensity measures and modeling parameters, re

spectively, used as the explanatory variables (referred to as instrumental variables) 

in the equations to define the selected damage indices, c1 to c4 are the correlated 

error terms. 

The parameters of the simultaneous equations are estimated using the least square 

approach in stage 1, where the instrumental variables are used as regressors to pro

ject the dependent variable. The error terms correlation matrix is calculated using the 

residuals of each equation in stage 2. The projected value of the dependent endogen

ous variables, i.e. PISDx and PISDy from stage 1 also replace the endogenous vari

ables on the right hand side of the equations for RISDx and RISDy. Consequently, 

in stage 3 the correlations of the error terms are used to improve the parameter estim

ates from stage 2. Since the damage indices can only take positive values in reality, 

exponential relationship is preferred between the dependent variables and the re

gressors (IMs and MPs) to avoid invalid negative values of the Dis. In addition, this 

exponential transformation further improves the statistical fit with better forecast

ing accuracy [109]. The relation between the Dis and the instrumental variables are 

nonlinear; and therefore several transformations (power forms, logarithmic relation

ships, etc.) are considered to obtain better statistical fit. The dummy variables are 

also created for each earthquake (El to ElO) to account for the fixed effects of the 

panel data. More information on this econometric modelling approach can be found 

in the literature [103, llO]. 

6.2.3.2 Model Estimation Results using 3SLS 

A parametric study is performed using the numerical model of the school building 

by varying the modelling parameters and the ground motions. The results of these 

dynamic analyses are used to train the statistical model. The sensitive material para-
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meters identified in Figure 6.1 include the peak compressive strength (f~, f/n), the 

tensile strength (ftc , f tm), the strain at peak strength (c1c, c1m), the strain at the onset 

of residual strength (€2c, C2m), the parameter lamda (Ac, Am) controlling the unload

ing for concrete and masonry, and the damping coefficient((). All these 11 model

ling parameters are varied considering four alternative values for each of them, as 

presented in Table 6.2. These parameters are varied one at a time in the parametric 

study, which therefore neglects the interactions between them at this stage. The pur

pose is to limit the number of dynamic analyses as that increases the computation 

time. Moreover, there are no established relations to describe the intra-dependency 

of these parameters. The 10 ground motions selected in section 6.2.2 are scaled based 

on their PGA from 0.4 to 4.0 at an increment of 0.4 resulting in 10 levels of ground 

motions. The consideration of 44 models, 10 ground motions, and 10 excitation level 

results in 4400 dynamic analyses, which are used to develop the surrogate model. 

Tables 6.3 and 6.4 present the model estimation results of the 3SLS models for the 

peak and the residual ISDs along the orthogonal directions of the case-study build

ing. The criterion for the inclusion of the explanatory parameters in the models is 

their statistical significance. A threshold of 90% level of confidence is selected as in 

the calibration process it was found out that neglecting the variables with a level of 

confidence lower than 90%, i.e. the statistically insignificant variables, has no effect 

on the R-squared (R2) value, which is used as a statistical measure of goodness of 

fit. The R2 value is adjusted for the number of predictors in the model. The adjus

ted R2 values are greater than 0.9 for the four Dis, indicating a good overall statistical 

fit. It is noted that the signs of the coefficients might be different from equation to 

equation in the 3SLS model. This indicates that the effect of one variable could be 

captured from another one as the coefficients are calculated simultaneously through 

the system of equations. In addition, it can be seen from the tables that the Dis from 
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Table 6.2: Model parameters considered to develop the numerical models to fit the surrogate model. 

Model Calibrated
Variation(%) Value-I Value-2 Value-3 Value-4

Parameters Value 

t:n (ksi) ± 10 & 20 1.12 1.26 1.4 1.54 1.68 

ft c (ksi) ± 10 & 20 0.16 0.18 0.2 0.22 0.24 

f1 c ± 15 & 30 0.0021 0.00255 0.003 0.00345 0.0039 

f2 c ± 15 & 30 0.0056 0.0068 0.008 0.0092 0.00104 
-
Ac X 1/4, 1/2,3.75&7.5 0.025 0.05 0.1 0.375 0.75 

-t:n (ksi) ± 10 & 20 0.4 0.45 0.5 0.55 0.6 
-

f tm 1 (ksi) ± 10 & 20 0.066 0.075 0.083 0.091 0.1 

f1m 
1 ± 15 & 30 0.0014 0.0017 0.002 0.0023 0.0026 

-
f2m 

1 ± 15 & 30 0.0028 0.0034 0.004 0.0046 0.0052 
-
Am X 1/4, 1/2,3.75&7.5 0.025 0.05 0.1 0.375 0.75 
-
( ± 33 & 67 0.01 0.02 0.03 0.04 0.05 

1 model parameters shown only for panel A; those for panels B to G are varied similarly. Calibrated value represents the 
values of the parameters used in the calibrated strut model developed in section 4.8. 

..,.N 

"""' 
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one direction are dependent on the IMs of another direction, as they are statistically 

significant with high level of confidence. 

Figures 6.3 and 6.4 compare the values obtained from the detailed nonlinear time 

history analyses and the values estimated using the proposed surrogate model. The 

comparison indicates that the peak and the residual interstory drifts along both dir

ections lie within ±50% of the responses obtained from FE models. This is espe

cially true for the higher drift levels, which are of interest when the structural damage 

and/or collapse are estimated. This is particularly encouraging as the primary focus 

in this study is the estimation of the collapse potential of the structure, which occurs 

at larger drifts. 

To further increase the confidence in the obtained surrogate model, it is used to 

predict the dynamic response of numerical models with MP values different than 

those presented in Table 6.2, subjected to different ground motions. The new ground 

motions are taken randomly from the FEMA P695 far-field suite, after removing those 

used to train the statistical model. The results of these analyses, marked as blue stars 

in Figures 6.3 and 6.4, are rather encouraging considering the complex nonlinear be

havior of the structure and the obtained accuracy. Hence, the computationally ef

ficient surrogate model is confidently used to run the Monte Carlo simulations and 

develop fragility curves in the following sections. 
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Table 6.3: Model estimation results for peak ISDs using 3SLS approach. 

Variables Coefficient t-stat Variables Coefficient t-statI 

Dependent Variable= ln(PISDx) I Dependent Variable= ln(PISDy) 

Constant 12.4621 6.17 ln(PGA2) 1.10084 8.96 
PGA1 -18.2248 -11.02 (PGA2)2 40.0635 10.18 

ln(PGA1) 2.009 10.57 (PGVi)2 0.00016 5.2 
PGA2 31.4898 9.49 (PGV2)2 0.00072 12.26 

ln(PGA2) 3.49719 6.46 PGD1 0.00832 11.68 
(PGA2)2 46.6106 1.29 (PGD1)2 -2.98E-05 -7.19 

PGVi -0.07481 -8.83 PGD2 -0 .01914 -11.62 
ln(PGVi) -3.63489 -1.62 l/PGD2 0.91117 9.71 
(PGV1)2 0.00073 9.25 ln(PGD2) 0.49799 4.07 

ln(PGV2) 2.49558 7.83 IA1 -0 .02132 -5.5 
PGD1 0.01837 14.77 UA1)2 l.74E-05 5.85 

(PGD1)2 -2.85E-05 -8.4 lnUA2) -0.43301 -4.34 

PGD2 0.00755 4.19 (Sa1) 2 -11.9568 -6.11 
(PGD2)2 -1.03393 -8.52 Sa2 9.73939 19.46 

ln(PGD2) -l.59E-05 -2.92 lei 0.00694 13.54 

l A1 0.0554 3.3 Uci)2 -4.37E-07 -8.81 

UA1)2 2.6508 11.14 Ic2 -0.00534 -7.65 

lnUA1) -2.18E-05 -6.78 Dsig2 0.00032 6.5 

l A2 -0.07171 -12.84 Npo2s2 -0 .01181 -11.45 

UA2 )2 -4.10723 -11.27 (Npo2s2)2 2.54E-05 4.5 

lnUA2) 2.75E-04 8.9 (fJ 0 .5 -0.48764 -2.15 

(Sad 2 -11.186 -11.81 €1 c 123.708 5.37 

l e i 0.0025 6.94 f/n -1.76156 -11.88 

Uci)2 -2.14E-07 -2.74 ftm -0.99478 -9.09 

T meanl 4.14491 4.92 €1m 382.273 13.07 
SCAV1 -0.00136 -6.36 ( -10.2329 -9.04 

Npo2s1 0.00233 5.76 EI 1.10084 -7.86 

J; -0.1421 -10.18 

€1 c 63.8062 2.63 

f/n -1.74919 -17.06 

ftm -2.20036 -6.72 

€1m 305.414 10.02 
( -11.0669 -9.73 

E7 -0.26461 -2.13 

R-square = 0.9535 R-square = 0.9549 
Adjusted R-square = 0.9531 Adjusted R-square = 0.9546 
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Table 6.4: Model estimation results for residual ISDs using 3SLS approach. 

Variables Coefficient t-stat I Variables Coefficient t-stat 

Dependent Variable= ln(RISDx) I Dependent Variable= ln(RISDy) 

Constant -1.24975 -5.93 Constant -9 .73778 -1.28 
ln(PGA1) -0.38759 -8.01 PGA2 7.29838 6.02 
(PGA1)2 -9.62633 -15.45 ln(PGA2) -2.22195 -13.17 

PGVi -0.0181 -9.39 (PGA2)2 -22.6409 -12.47 
ln(PGVi) -0.51379 -7.74 PGVi -0.0601 -6.31 
ln(PGV2) 0.75928 12.71 ln(PGV1) 1.95624 11.23 
(PGD1)2 -8.00E-05 -7.77 (PGV2)2 0.00031 4.5 

IA1 -0.00402 -4.54 ln(PGV2) 0.14066 2.27 

UA1)2 0.87201 17.38 PGD1 0.00477 4 

lnUA1) 
IA2 

7.43E-06 
0.01232 

6.08 
12.25 

ln(PGD2) 
(PGD2) 2 

-0 .90549 
-l.94E-05 

-16.86 
-6.62 

(IA2 )2 -1.34569 -19.98 IA1 -0.01196 -9.79 

lnUA2) 
(Sad 2 

-6.86E-06 
5.27862 

-4.79 
17.21 

UA1)2 
IA2 

2.82E-05 
0.02003 

12.08 
15.5 

J; 
f tc 

-0.40747 
-1.35843 

-19.61 
-4.87 

UA2)2 
(Sa2) 2 

-3.41E-05 
6.39184 

-9.52 
10.86 

€1c 128.111 5.05 J; -0 .25552 -10.56 

f/n 1.40116 15.64 f tc -1.4873 -4.67 

€1m -564.748 -12.44 €1m -487.725 -9.35 
ln(PISDx) 1.17262 11.16 Am 0.1844 3.21 

EI -0.32877 -8.82 ( -3 .09035 -2.2 
E2 -0.46238 -10.25 ln(PISDy) 1.16615 18.63 
E3 1.12909 15.8 E2 1.24972 16.41 

E5 -0 .35982 -8.7 
E8 0.84758 9.74 

R-square = 0.9114 R-square = 0.9055 
Adjusted R-square = 0.9109 Adjusted R-square = 0.9048 

1 and 2 in the suffix of the intensity measures in these tables represent the two 
components of the ground motion records 
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Figure 6.3: Observed and predicted values in terms of peak ISD. 
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Figure 6.4: Observed and predicted values in terms of residual ISD. 

6.3 Statistical Distributions of the Values ofMPs 

The six modeling parameters shown in Table 6.3 according to the econometric model 

to be statistically significant for the estimation of the Dis are considered here. These 

modeling parameters considered in the Monte Carlo simulations, discussed in the 

following section, are the peak compressive strength (J; J:rz) and strain at peak strength 
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(c1c ,Cim) of concrete and masonry, the tensile strength of masonry (ftm), and the 

damping coefficient((). 

The probability distributions of these parameters are estimated based on the liter

ature and the available test data. Both Weibull and lognormal distribution are fitted 

to a series of available data from material tests of concrete cylinders and masonry 

prisms [111- 116] as shown in Figures 6.5 to 6.16. Comparing the cumulative and 

probability distribution functions it can be observed that both the lognormal and 

Weibull distributions fit well the limited test data available with the the Weibull dis

tribution better representing the distribution of J; from the tests in Taiwan and the 

lognormal better fitting the other data. Since lognormal distributions are assumed 

in previous studies ([117], [118], [97], among others), lognormal distribution is also 

assumed here. Table 6.5 presents the mean (µ) and standard deviation (a) of the 

modeling parameters assuming they are lognormally distributed for a series of ma

terial tests on older construction in the US, or current construction in India, as those 

better represent the material properties of the school building. Table 6.6 summarizes 

the lognormal statistical measures of the modeling parameters from past literature 

[119- 121]. For the damping ratio, ( and the peak compressive strength of concrete 

J;, in lack ofreliable test data, the statistical parameters are taken from the literature 

[90, 119]. The values in bold fonts are employed to generate samples for the Monte 

Carlo simulations, as their means are closest to the values in the calibrated numerical 

model. 
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Table 6.5: Lognormal distribution statistical characteristics of input random variables 
from test data. 

Parameters fc (ksi) Etc f rn (ksi) ftm (ksi) Elm 

µ 4.7Yeh 
[111] (J 0.55 

µ 4.2 0.003Yousefianmoghadam J 

et al. [113, 114] (J 0.33 0.475I 
µ 4.1 0.003 3.9 0.0062Xuan et al. I 

[116] (J 0.18 0.3 0.17 0.18I 
µ 0.6 0.06 0.003Bose I 

[112] (J 0.3 0.34 0.6I 

µ and a are the mean and standard deviation, respectively. 
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Figure 6.5: J; from lab tests in Taiwan [lll]. 
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Figure 6.6: J; from actual buildings in USA [ll3- ll5]. 
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Table 6.6: Lognormal distribution statistical characteristics of input random variables 
from past research. 

Parameters f c (ksi) E 1 c f rn (ksi) f tm (ksi) E1m 

µ 1.4 
Set-1 

a 0.45 

µ 1.9 
Set-2 

a 0.57 

µ 2.4 
Set-3 

a 0.46 

µ 0.6 0.003 
Set-1 

a 0.23 0.55 

µ 0.7 0.0035 
Set-2 

a 0.18 0.4 

µ 0.9 
Set-3 

a 0.11 

µ 2.7 
Set-1 

a 0.3 

µ 3.4 
Set-2 

a 0.32 

µ 3.3 
Set-3 

a 0.23 

µ 1.6 
Set-4 

a 0.38 
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Figure 6.9: €J c from lab tests in UB, USA [116]. 
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Figure 6.12: t:rz from lab tests in IITK, India [112]. 
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Figure 6.16: ftm from lab tests in IITK, India [ 112]. 

6.4 Monte Carlo Simulations Results and Fragility Curves 

The Monte Carlo method is used here to develop fragility curves for the school build

ing in Nepal. To incorporate the effects of the uncertainty associated with varying 

values of modeling parameters, the statistical model developed in a previous section 

as surrogate to the numerical model is used. The selected six random variables are 

sampled Nsamp times generating a set of realizations consistent with the assumed 

lognormal distribution. As the appropriate number of samples is not known a priori, 

Nsamp is varied until a convergence is reached. For all selected values of Nsamp, the 

simulations are conducted following two approaches: 

- Approach-I: (Nsamp) 6 sets of random variables are obtained if any realization 

of each random variable is combined with all possible realizations of the other 

5 random variables. Number of models, Nmod = (Nsamp) 6 in this approach. 

- Approach-2: only Nsamp sets of random variables are obtained if one realiz

ation for each random variable is only used in one set. Thus, the number of 

models (Nmod) in this approach is same as Nsamp· 
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In both cases, all the random variables considered here for developing the set of 

structural models are assumed uncorrelated. For each set of realizations, the surrog

ate model is used to calculate the peak and residual interstory drifts (ISDs) for the 

ten selected ground motions. The intensity measures are increased incrementally to 

perform the extended IDA analysis considering both modeling and record- to-record 

uncertainties. The intensity measure considered here is the geometric mean of the 

spectral accelerations for the two components of the ground motion at the first nat

ural period of the building, Sa [T1], while the damage index is the maximum first story 

drift. The period of the structure can change as the modeling parameters change 

between models. However, the period of the actual structure is used here for the 

calculation of Sa[T1] for consistency. In addition, IDA is also performed for the cal

ibrated model only capturing the aleatory uncertainty due to record-to-record ran

domness and it is conducted to provide a measure of the effect of the epistemic un

certainty associated with the modeling uncertainties. The IDA curve of the determ

inistic model and the extended IDA plot for one case with Nmod = 100 are presented 

in Figure 6.17. Each point in the figures represent a dynamic analysis with different 

spectral accelerations and ground motion records, while the solid lines represent the 

median IDA curve, i.e. the median Sa [T1] for a given ISD value. 

To facilitate the investigation of the effect of the modeling uncertainty on the res

ults, distinct limit states, defined here as anticipated damage grades (DGs) are con

sidered for the 4-story building. The revised damage classification ranging from DG1 

to DG5 based on the EMS-98 scale, used by Brzev et al. (2017) [122] to characterize 

the severity of damage after the 2015 Gorkha earthquake is adopted here. This dam

age classification is correlated to maximum drifts reached during an earthquake by 

asking a number of engineers with field experience from this earthquake, to classify 

the damage of data and pictures from test specimens [62, 116]. The field engineers 
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Figure 6.17: IDA curves for the calibrated model and from Monte Carlo Simulation 
using the surrogate model. 

from the National Society of Earthquake Technology (NSET), Nepal did not know of 

the drift ratios at which the pictures were taken to prevent any bias. The results of 

this survey, is that the limit states DGl to DG5 correspond to exceedance of 0.3%, 

0.6%, 1.2%, 2.0% and 3.0% inter-story drift ratios, respectively, with DG5 represent

ing severe damage and possible collapse of the building. 

The median and standard deviation of Sa[T1] for the five damage grades with re

spect to Nsamp obtained from both sampling approaches followed for MCS are sum

marized in Figures 6.18 and 6.19. It can be observed the two sampling approaches 

converge to same values of median and standard deviations for Sa[T1] representing 

the five DGs, which is encouraging. However, the second approach practically con

verges for all DGs with 50 samples/realizations for each random variable, while the 

first approach requires 6 or 7 samples that corresponds to 46656 models/realizations. 

Considering that the number ofMonte Carlo simulations for this approach is (Nsamp) 6 , 

it is evident that the second approach is drastically more efficient, and it is therefore 

preferred for further analyses. In Table 6.7, the results are compared to those ob

tained from the calibrated model parameters using the FE and the surrogate models, 

which consider only the record-to-record uncertainty. The comparison with the MCS 
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results indicates that accounting for the modeling uncertainties tends to increase the 

dispersion (standard deviation) and lower the median Sa[T1] corresponding to each 

damage grade. Hence, all DGs are reached for lower seismic demand if the modeling 

uncertainties are accounted for. 
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Figure 6.18: Median and standard deviation of the Sa[T1] at various damage grades 
obtained from MCS -Approach 1. 
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Figure 6.19: Median and standard deviation of the Sa[T1] at various damage grades 
obtained from MCS -Approach 2. 

Based on the Monte Carlo simulations, one can obtain fragility functions account

ing for the effects of both aleatoric and epistemic uncertainties. The fragility curves 

represent the probability of reaching/ exceeding a damage grade at a given spectral 



Table 6.7: Results of the Monte Carlo simulation compared to the base model. 

Damage 
Grades 

Median Sa [T1] (g) 

Monte Carlo 
Calibrated Model 

Simulations 

StandardDeviationSa[T1] (g) 

Monte Carlo 
Calibrated Model 

Simulations 

FE 3SLS 
Approach-

1 
Approach-

2 
FE 3SLS 

Approach-
1 

Approach-
2 

DGl 

DG2 

DG3 

DG4 

DG5 

0.227 

0.312 

0.391 

0.419 

0.477 

0.215 

0.304 

0.384 

0.408 

0.462 

0.22 

0.295 

0.361 

0.411 

0.445 

0.219 

0.296 

0.364 

0.409 

0.443 

0.131 

0.202 

0.297 

0.211 

0.228 

0.147 

0.183 

0.342 

0.243 

0.249 

0.164 

0.266 

0.329 

0.338 

0.346 

0.165 

0.268 

0.328 

0.339 

0.345 

N 
C.11 
C'l 



257 

acceleration. This probability of exceedance can be estimated as the number ofreal

izations for which the DG is exceeded. The fragility function parameters are estim

ated from the extended IDA plots computing the median and standard deviation of 

the IM at each DG assuming lognormal distribution. This approach has been used 

extensively ([123, 124], among others) to derive fragility functions. 

To investigate the validity of this approach, IDA plots are generated for the cal

ibrated model using the entire set of 42 ground motions discussed in section 6.2.2. 

The empirical cumulative distribution for exceeding 1.0% drift obtained from the IDA 

data is compared to the fitted fragility function assuming lognormal distribution, il

lustrated in Figure 6.20. It can be observed from the figure that the lognormal dis

tribution gives a good estimate of the fragility data and therefore, it can be used to 

develop the fragility curves. Following this approach, the fragility curves (see Figure 

6.21a) are obtained for all DGs from the MCS results incorporating the modeling and 

record-to-record uncertainties. Figure 6.21b demonstrates the effects of modeling 

uncertainties by comparing the fragility curve of the calibrated model considering 

only the record-to-record uncertainty with that obtained from the MCS results for 

DG5. The figure illustrates the importance of accurately accounting for the model

ing uncertainties in the fragility analysis as also pointed out in Table 6.7. The stand

ard distribution values to incorporate modeling uncertainty at collapse, referred to as 

/3 MDL in FEMA P695 [98], are 0.10, 0.20, 0.35 and 0.50 for superior, good, fair and poor 

levels of confidence, respectively, depending on how well the analysis models cap

ture the structural collapse behavior. The standard deviation obtained for the school 

building in this study excluding the effects of aleatoric randomness is 0.24 at collapse, 

which corresponds to good confidence level in FEMA P695. Moreover, the lognormal 

standard deviation reported by Liel et al. (2009) [85] at collapse for a four-story RC 

frame was 0.48 compared to 0.35 in this study. 
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Figure 6.21: Computed collapse fragilities of the four-story case study building. 

6.5 Effect of Correlation on Modeling Uncertainty 

The correlations between the input random variables (model parameters) may signi

ficantly affect the extent to which the modeling uncertainties influence the fragility 

curves [97]. However, these correlations are difficult to quantify, particularly in the 

absence of test data. Hence, it is important to identify the impact of the correlation 

assumptions on the estimated structural performance. Three sets are considered to 

examine the implications of correlation assumptions. In the first set (Set-1), the con-
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crete properties are assumed correlated, but there is no correlation between the ma

sonry properties. In second set (Set-2), the masonry parameters are assumed correl

ated while the concrete properties are not. Finally, a third set (Set-3) is considered 

where all the random variables including concrete and masonry parameters are as

sumed correlated. Sets- I and 2 are highly likely as the properties of concrete and 

masonry can be correlated among themselves, but the Set-3 correlation is more for il

lustration than practical application. The damping coefficient in all cases is assumed 

to have no correlation with the material parameters. 

Table 6.8: Parametric study on the effect of correlation assumptions on fragility 
curves. 

Set-1 Set-2 Set-3Correlation I 

Assumptions I Std. Std. Std.
Median Median Median

Dev. Dev. Dev. 

0 0.443 0.346 0.443 0.346 0.443 0.346 

0.2 0.443 0.339 0.444 0.339 0.443 0.34 

0.5 0.444 0.338 0.444 0.336 0.445 0.331 

1 0.445 0.338 0.446 0.331 0.449 0.327 

These correlation assumptions are considered through MCSs using the previously 

developed surrogate model and not through nonlinear dynamic analyses, which would 

require significantly more computational effort. The samples are generated through 

random sample generation in Matlab considering the correlations between the val

ues of MPs. Therefore, obtaining the new results with these assumptions is straight

forward. This is another advantage of using the statistical model, as to vary correl

ation assumptions in a full Monte Carlo approach would require a painstaking pro

cess involving hundreds to thousands of dynamic analyses. For each set of assump

tions, the correlations are considered 0.2, 0.5 and 1.0 between the random variables 
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and the results for DG5 using Nmod =1000 are summarized in Table 6.8. It can be 

observed that the correlation between the parameters has rather small practical ef

fect on the median Sa[T1], particularly for the first two sets, and it can be conservat

ively neglected. However, the standard deviation changes slightly with the correlation 

between the variables. 

6.6 Closing Remarks 

This study focuses on incorporating the uncertainties associated with modeling para

meters in development of fragility curves by extending the widely used incremental 

dynamic analysis. Monte Carlo simulations are used here in conjunction with stat

istical surrogate modeling to reduce the computational cost. The surrogate model is 

developed using the 3SLS approach to represent the relationship between the model 

random variables and intensity measures, with the structural response parameters. 

The 3SLS approach is employed as it accounts for the endogeneity and cross-equation 

error correlation. The proposed method has been applied to a four-story school 

building in Nepal for which a detailed numerical model is validated with field data. 

Once the statistical model is fitted to the results of the dynamic analyses performed 

on a set of FE models, and the influential modeling variables are identified and de

scribed with the appropriate probability distributions, Monte Carlo simulations are 

employed to estimate the structural response parameters using the surrogate model. 

This leads to the development of fragility curves incorporating the uncertainties as

sociated with both the structural modeling parameter and the ground motions. The 

obtained curves relate the spectral acceleration at the period of the structure to the 

resulting structural damage, which is more meaningful than other commonly used 

EDP. The comparison with deterministically obtained fragility curves indicates that 
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accounting for modeling uncertainties increases the dispersion and decreases the 

median IM that can lead to any given DG by as much as 15%. Hence, neglecting the 

epistemic uncertainties is unconservative and may lead to unsafe design or assess

ments. The impact of correlation assumptions between the random variables on un

certainty quantification is observed to be insignificant, and it can be conservatively 

neglected. These results demonstrate the importance of characterizing modeling un

certainties in the probabilistic seismic performance assessment of structures. 



Seismic Evaluation of Older 

Concrete Buildings with Masonry 

Walls 

7. I Introduction 

As discussed earlier, concrete buildings with masonry infill walls are considered rather 

vulnerable when subjected to seismic forces. The seismic assessment of the existing 

concrete buildings with infills is a challenging task, especially for structures with non

ductile reinforcing details, due to the interaction between the infills and the bound

ing frame. This interaction can alter the load-transfer mechanism, and cause the 

brittle shear failure of concrete elements. The goal of the studies conducted herein is 

to develop reliable, yet efficient, guidelines for the evaluation of the collapse poten

tial of buildings classified as infilled concrete frames. The proposed guidelines follow 

the assessment approach developed for frame and frame-wall buildings in the FEMA 

2018 (2018) [9] document. 
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This chapter focuses on existing concrete structures with masonry infill walls in 

the perimeter and bare concrete columns in the interior. Such structures are com

monly found in the US and house a variety of uses including hotels, theaters, and 

warehouses. The studies utilize assessment guidelines in ASCE 41-17 and the recently 

proposed modeling framework for these buildings (section 4.3). The guidelines de

veloped here for infilled frames are included in the seismic evaluation procedures 

discussed in Chapters 4, 5, and 9 of FEMA 2018 (2018) [9] document. These proced

ures include the estimation of the plastic mechanism, the shear strength of the crit -

ical story, the effective period that allows the estimation of the seismic drift demand 

and the rating of the columns in the critical story based on the demand to capacity 

ratio. In addition, the effect of the openings in the infill panel on strength and column 

shear failure is quantified. 

7.2 Simulation of Collapse of Infilled Buildings 

The procedures developed here to evaluate infilled buildings are based on nonlinear 

dynamic simulations of the seismic response ofa set ofprototype reinforced concrete 

buildings with masonry infill panels representing the buildings stock in the US. The 

design details of the prototype structures, the numerical models, and the results of 

the nonlinear analyses are discussed in this section. 

7.2.1 Details of the Prototype Buildings 

The prototype structures considered in this study are based on an actual 6-storyware

house that has infilled bays at the perimeter, and non-infilled interior columns. This 

is thought to be representative of the building stock of this type found in California. 

The elevation of the building and a typical floor plan are shown in Figure 7. 1. This 6-
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story building, the prototype 3-story structure designed by Stavridis (2009) [52] to 

represent construction practice of 1920s, and the design guidelines used in 1930s 

[ 125], are the basis for the design of one 8-story and five 4-story prototype buildings. 

The main features of these prototype structures are summarized in Table 7.1 . Besides 

the number of stories, the effect of the relative strength of the infill to that of the in

terior columns is examined, as well as the effect of a non-infilled weak first story. 

Table 7 .1: Details of the prototype models considered in this study to evaluate seismic 
behavior of infilled buildings. 

Infill Interior
Infill Number Non-

Model Compressive Infill Column
Cohesion of Infilled

ID Strength Thickness Shear
(c) Stories Story

CJ:n) Strength 
(ksi) (psi) (in) (kips) 

Ml 1.4 45 12 

M2 0.8 30 8 48 
4 

M3 0.4 22 8 No 

M4 1.4 45 12 24 

MS 1.4 45 12 102 8 

First
M6 0.4 22 8 48 4 

Story 

To limit the variables between the buildings, all buildings have the same floor plan 

shown in Figure 7.2a and uniform story heights of 11 ft. The dimensions and design 

details of the concrete members of the two bottom stories of the 4-story prototypes 

are shown in Figure 7.2b. The beam details (Bl and B2) are consistent throughout 

the height of the structures for all buildings as the tributary areas and gravity loads 

that governed the design in that era do not change. The column sizes and reinforce

ment details vary along the height according to the warehouse drawings. The column 

details of the eight-story prototype are summarized in Table 7.2. Stories 5-8 in the 
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Figure 7.1: Building details of the six-story San Diego warehouse. 

table reflect the design details of the 4-story prototypes. Tie spacing is 16 in. over 

the height of the columns for all the structures to represent the non-ductile detailing 

of old concrete buildings. Model M-1 represents the baseline model for this study. 

Cl Bl 

,- -, ' 
C2 B2 

(b) design details
(a) floor plan of archetypes 

Figure 7.2: Floor plans and design details of first two stories of 4-story prototype. 

The masonry compressive strength, number ofwythes (or wall thickness), and cohe

sion, of the infill walls are varied in the models M2 and M3, with the strongest infill in 

Ml representing a triple-wythe brick masonry and the weakest infill in M3 represent-
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Table 7.2: Column dimensions and design details of the prototype structures. 

Stories 
Column Dimensions (in.) Reinforcement Details 

Interior Exterior Interior Exterior 

8-Sl 30 28 20#11 16#11 

8-S2 28 26 18#11 14#11 

8-S3 26 24 18#10 14#10 

8-S4 23 21 16#9 12#9 

8-S5 I 4-Sl 21 18.5 14#8 10#8 

8-S6 I 4-S2 18.5 17 12#8 8#8 

8-S7 I 4-S3 18 16 14#7 10#7 

ing a double-wythe wall of hollow clay tiles (HCT). Model M4 has the same material 

properties as that of Ml; however, the interior columns are weak with half the lateral 

resistance of the columns in Table 7.2. The 8 story prototype, MS, has the strongest 

infill, similar to M 1. Model M6 has the infill from the bottom story ofthe M3 model re

moved to represent buildings with weak infill and open ground stories. The masonry 

and concrete material properties are those measured through in-situ and laboratory 

tests in a structure of this type in El Centro, California [126]. 

7.2.2 Development ofNumerical Models 

Three-dimensional numerical models of the prototypes Ml-M6 are developed us

ing beam-column elements for the RC members and diagonal truss elements for the 

infill walls in OpenSEES [64]. The struts are calibrated using the recently proposed 

framework for the nonlinear simulation of infilled RC buildings, presented in sec

tion 4.3. According to the framework, the backbone force-displacement response for 

each infilled bay is estimated based on the anticipated failure pattern following the 

methodology proposed by Martin and Stavridis (2017, 2018) [34, 56] for frames with 
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solid infill panels, now adopted by ASCE 41-17 (2017) [36]. The obtained backbone 

curves for a typical infilled bay in the ground floor of each building are illustrated in 

Figure 7.3a. The backbone curves for M4 are the same as those of Ml. To account 

for the deterioration of the buildings, the initial stiffness is reduced to 40% [76]. The 

envelop force-displacement responses are used to calibrate the struts representing 

the masonry infill panels according to the framework proposed in section 4.3. The 

diagonal struts are calibrated in such a way, so that when added to the model of the 

bare RC frame, the resulting lateral force-vs.-displacement curve matches the cor

responding backbone curve, as shown in Figure 7.3b. This modeling method for the 

struts does not account explicitly for the shear-dominated failure patterns of infilled 

frames. However, the backbone curves used to calibrate the struts take into account 

the anticipated failure mechanisms, including the brittle shear failures. An example 

of a calibrated strut model for Model Ml is shown in Figure 7.3b, while the calibrated 

material properties for concrete and masonry for all models are presented in Table 

7.3. 

The interior columns ofthe buildings are, however, not infill ed. These RC columns 

with widely spaced transverse reinforcement are vulnerable to shear failure and even

tually axial failure during earthquakes. Therefore, a uniaxial material model com

bined with shear axial springs developed by Elwood (2004) [ 127] is used in series with 

the beam-column elements to capture the response of the interior RC columns dur

ing shear and axial load failure. The failure surfaces are defined based on mater

ial properties and reinforcement details, at the onset of which the shear and axial 

strength of the columns begin to degrade. 

Once the diagonal struts simulating the effect of the masonry panels and the shear 

axial springs are calibrated, the three-dimensional model of the entire building is as

sembled, as shown in Figure 7.4. The floor diaphragms are assumed to be rigid, and 



Table 7 .3: Calibrated concrete and strut properties of the models' elements. 

Peak Residual Tensile Strain at Strain at Strut Tension Lambda
Compressive Strength Strength peak residual width SofteningPanels 

Strength strength strength Stiffness 
MPa (ksi) MPa (ksi) MPa (ksi) - mm (in) MPa (ksi) 

Concrete 24.1 (3.5) 2.4 (0.35) 3.4 (0.5) 0.003 0.006 - 431 (62.5) 0.1 

Ml 9.6 (1.4) 0.4 (0.06) 3.2 (0.5) 0.0007 O.OOll 9.2 431 (62.5) 

[ I M2 5.5 (0.8) 0.8 (0.12) 1.8 (0.3) 0.0013 0.0023 15.6 258 (37.5) 
en 0.1 

i I M3 2.8 (0.4) 0.3 (0.04) 0.9 (0.1) 0.0016 0.0023 25 86 (12.5) 

MS 24.1 (3.5) 2.4 (0 .35) 3.4 (0.5) 0.0012 0.0022 11.8 431 (62.5) 

N 
O"l 
CX) 
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Figure 7 .3: Lateral force-drift ratio curves for the infilled bays and calibration ofstruts. 

Figure 7.4: Three-dimensional numerical model with infill struts. 

all structures are fixed at their base. The damping of the structure is modeled using 

the Rayleigh formulation, considering 3% of critical damping for the first two modes. 

As with most strut models, these numerical models do not consider the out-of-plane 

failures of infill walls. 
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7.2.3 Nonlinear Analyses of Prototypes 

Each building model is subjected to pushover analyses in the two principal direc

tions independently to evaluate its strength and stiffness. The nodes over each slab 

are constrained to the node at the centroid of the each floor for this purpose. These 

master nodes are subjected to monotonically increasing triangular load pattern along 

the height during a displacement-controlled analysis in the direction of interest. 

The three-dimensional numerical models of the buildings are then excited with 

two components of the ground motions to account for the effects of bidirectional 

dynamic loading. Each building is subjected to incremental dynamic analyses using 

the horizontal components of the 22 far-field pairs of ground motions defined in the 

FEMA P695 document [98]. The ground motion intensities are gradually increased 

until collapse, which is considered to occur i) when a small increase of the ground 

motion intensity results in drastic increase of the inter-story drift ratio, or ii) when 

the interstory drift exceeds 1.5%. This limit for infilled frames is determined based 

on the tests conducted by Gao et al. (2018) [116] and Stavridis et al. (2012) [63]. The 

six prototype structures were also dynamically analyzed with all the infills removed to 

obtain the bare frame response. In that case, the second collapse criterion is adjusted 

so that collapse is considered to occur when the drift demand reaches or exceeds 

2.5%. 

7.2.4 Detailed Results for Prototype Buildings 

The results from the monotonic pushover analyses of models Ml to MS are presented 

in Figure 7.5a, while the peak base shear strength reached by each model and the cor

responding bare frame is reported in Table 7.4. As expected, the infills increase the 

strength of the buildings, with the most dramatic increase reported for models Ml, 
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M4 and M5, which have strong infills (CMU) . From Figure 7.5a, it can be observed 

that the numerical models reach the peak strength at a very low drift ratio, prior to 

a sudden loss in strength. This loss of strength is followed by gradual increase of the 

shear resistance. The first peak is reached when the infills in the exterior bays reach 

their peak strength. At that point, the interior bare columns only contribute a frac

tion of their peak shear capacity, which they reach at considerably larger drifts as 

indicated in Figure 7.5b. The figure presents the disaggregated contributions of the 

interior and the exterior frames for models Ml, and M3. For Model M4, which has 

weaker interior columns, this post-peak increase in strength is not as drastic com

pared to model Ml due to the limited strength of the interior columns. In summary, 

in all cases, the exterior frames determine the peak resistance, while the bare columns 

in the interior frames govern the post -peak response. 
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Figure 7.5: Pushover analyses results of the models and deaggregated response of 
interior and exterior frames. 

Figure 7.6 summarizes the results from the dynamic analyses for models Ml to 

M6. The median spectral accelerations at collapse of the infilled buildings are com

pared with their bare frame counterparts in Table 7.5. The results indicate that col

lapse is anticipated to occur for lower values of spectral acceleration regardless of 
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Table 7.4: Base shear strength of the frames obtained from pushover analysis. 

Peak Base Shear Resistance (kips) 
Models 

Infilled Frame Bare Frame 

Ml 2250 

M2 1819 
1200 

M3 1776 

M6 1200 

M4 2114 1040 

MS 4208 2604 

which of the three demand metrics (spectral acceleration at the initial period of the 

structure, spectral acceleration at a period of 0.5 sec, and peak ground acceleration) 

is considered as the masonry weakens from Ml to M3. This is expected as the com

pressive strength (f:rz) of the masonry decreases from model Ml to M3. In fact, the 

collapse potential of M3 is similar to that of the corresponding bare frame, with the 

two buildings expected to collapse at a similar PGA and spectral acceleration at 0.5s. 

Therefore, the weak masonry infills of M3 do not affect the overall collapse poten

tial of the frame. However, when the ground story of the model M3 is removed to 

obtain model M6, the spectral acceleration at which collapse is anticipated further 

decreases. The lack of infill in the bottom story of this building increases the vulner

ability of the structure, and slightly worsens the behavior compared to the bare frame. 

M4 has similar material properties for infill as Ml, but weaker interior columns. As a 

result, it is expected to collapse at lower excitation level compared to Ml. 
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Figure 7 .6: Incremental dynamic analysis results of the infilled frame models. 

7.3 Calculation of Strength of Infilled Frame Buildings 

This section discusses the procedures proposed for the estimation of the strength of 

these buildings based on the results of the nonlinear analyses. In some cases, detailed 

FE analyses of single bays were also performed to provide further insight needed to 

develop the proposed methodology. 
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Table 7 .5: Collapse potential of the infilled buildings and frame counterparts from 
dynamic analyses. 

Median Collapse Intensity (g) 

Models Infilled Frame Bare Frame 

SA[T1] SA[0.5] PGA SA[T1] SA[0.5] PGA 

Ml 0.89 0.77 0.4 

M2 0.73 0.69 0.35 
0.54 0.62 0.3 

M3 0.66 0.62 0.31 

M6 0.54 0.58 0.29 

M4 0.72 0.7 0.36 0.45 0.6 0.28 

M5 0.65 0.75 0.37 0.35 0.61 0.3 

7.3.1 Default Material Properties 

There is great uncertainty regarding the exact values of masonry properties, which 

depend on the construction materials and practice, deterioration and other factors. 

Without in situ testing, estimating the material properties of masonry infills is rather 

challenging, as they tend to vary considerably. The most important of these prop

erties are the compressive strength, cohesion, and the coefficient of friction. It is 

outside the scope of this methodology to require testing that would provide better es

timates of these factors. Therefore, a table of default material property values (Table 

7.6) is provided despite these uncertainties. The values in Table 7.6 are based in part 

on strengths, cohesion and friction values provided by NZSEE [128]. These values are 

based on unreinforced masonry construction in New Zealand. The values were also 

revised through consultation with the Project Review Panel and other masonry ex

perts in US. If more detailed information is available, it should be used in lieu of the 

values found in the table. 



275 

Table 7 .6: Default expected properties of masonry infills in absence of actual in-situ 
test data. 

Cohesion Coefficient Peak Compressive Strength CJ:n)
Mortar of(c)

Description friction 
(µ) Solid HollowConcrete 

Fired Masonry Clay 
Clay Unit Tile 
Brick (CMU) (HCT) 

(psi) (psi) (psi) (psi) 

Raked out by 
finger pressure 

(i.e, very 15 0.3 400 n/a 200 
soft/lime 
mortar) 

Scratches with 
finger nails (i.e., 70 0.6 1000 1600 500 

medium) 

Scratches using 
aluminum pick 

or does not 
100 0.8 1200 2000 600

scratch with 
tools (i.e., 

hard/very hard) 

7.3.2 Plastic Mechanism of Infilled Frames 

Typical displacement profiles of the prototype buildings (Ml to M6) are presented 

in Figures 7.7 and 7.8. In each subplot, the displacement profiles at the instants of 

peak strength, peak deformation, as well as the residual deformation profiles are il

lustrated. In all cases, the selected motion represents the intensity just after collapse, 

according to the collapse criteria discussed in Section 7.2.3. It is evident from the 

deformation profiles that once these structures become nonlinear, the deformation 
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mostly concentrates in the first story. Therefore, it can be concluded that in case 

of infilled frames without plan or height irregularities, mechanism 1 of FEMA 2018 

(2018) [9] develops that assumes the building strength is controlled by the strength 

of the structural elements in the first story above ground. For buildings with an ob

vious strength irregularity along the height, the critical story may be an upper story. 

This may occur due to reduction in strength of concrete columns, infills, or both. In 

that case, mechanism 3 of FEMA 2018 (2018) [9] governs, which assumes the building 

strength is controlled by the strength of the structural elements in the critical story 

other than the first story. Mechanisms 2 and 4, which assumes the vertical elements 

have sufficient strength to force yielding throughout the building height [9], are not 

considered feasible options, as they are not expected to govern the behavior of infilled 

buildings with infills strong enough not to be ignored according to this methodology. 

7.3.3 Column Effective Length 

Infill panels can shorten the effective length of a column, potentially precipitating 

shear failure in a RC column that would otherwise fail in flexure. To account for these 

effects, infills are assumed to shorten the effective height of the adjacent columns. 

This shorter effective height must be considered in the calculation of the column 

shear-strength ratio to determine whether flexure or shear governs their behavior. 

The infill also effectively reduces the column drift capacity calculated analytically ac

cording to ATC 78 methodology. The effective heights of the columns are defined 

in Table 7.7, where lu is the clear height of the column. The recommendation of 

lu/2 is based on Martin and Stavridis (2018) [34], now incorporated in ASCE 41-17. 

Although they distinguish between strong and weak infill in definition of effective 

height, here, for simplicity, one value is recommended. For openings that are close to 
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Figure 7.7: Displacement profiles along X-direction of the buildings Ml to M6 just 
before collapse. 
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Figure 7.8: Displacement profiles along Y-direction of the buildings Ml to M6 just 
before collapse. 
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Figure 7 .9: Damage in infill panel during an earthquake with opening causing shear 
failure in bounding column [114]. 

the column, Table 7.7 suggests an effective height equal to the height of the opening. 

This is based on earthquake damage, which often causes shear failure in columns ad

jacent to openings, as shown in Figure 7.9. The presence of opening in the infill panel 

results in short column effect that leads to the X-shaped cracking in the RC column 

indicative of reduced effective length of columns in such cases. 

Table 7.7: Effective height of columns bounding the masonry walls in infilled frames. 

Effective Height of Column lu,inf 

Bare column 

Columns with infill abutting on one or 
more sides in the direction of loading 

Partial height infills 
Clear height of the column that does 

not have abutting infill 

Where an opening exists within a 
Columns with infill with openings distance of d 0 p < hinf/2 of the 

abutting on one or more sides in the column, the effective height of the 
direction of loading column is taken as the height of the 

opening, hop. Otherwise, use lu/2. 
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7.3.4 Classification of Infilled Frames 

The infilled concrete frames are classified here in terms of the relative strengths of 

the infill and the column as strong infill or weak infill. For this methodology, the infill 

with solid panel is classified in terms of the anticipated failure mechanism as 

- 'Strong' relative to the frame if Vmf Vzc > 3.0, and 

- 'Weak' otherwise 

where, Vzc is the shear resistance of the weakest of the two columns bounding 

the infill panel calculated based on ACI 318-14 (2014) [ 129] or ASCE 41-17 (201 7) [36] 

equations, Vm is the strength of the masonry infill panel calculated based on Equa

tion 7.2. In section 7.3.7 these definitions of 'weak' and 'strong' infills are revisited to 

i) account for openings, if present, andii) to identify extremely weak infills not con

tributing substantially to the strength. The later are ignored from the strength calcu

lations. 

The effectiveness of the proposed criterion is compared with the criteria adopted 

by ASCE 41-17 [36], which are based on relative stiffness of the infill and the column 

(Kw I Kc), by considering the structures studied by Martin and Stavridis (2018) [34] for 

the development of the ASCE 41-1 7 (2017) [36] guidelines. The comparison of Figures 

7.10 and 7.11 demonstrates that the proposed criteria provide consistent classifica

tion with ASCE 41-17, with few exceptions, whose deformed meshes of the detailed 

finite element models developed by Martin and Stavridis (2018) [34] indicate mixed 

mode of failure representing both the damage patterns of weak and strong infills. 

Therefore, for these exceptions the infill classification is not straightforward and con

sidered acceptable for this methodology. 
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Figure 7 .11: Classification of infills based on relative strength of infill and bounding 
frame [9]. 

7.3.5 Strength of Single Infilled Bay with Solid Panel 

Detailed finite element models of the single-story single-bay frames for the typical 

infilled bays of the prototype buildings are developed in FEAP [72] following a mod

eling methodology that combines the smeared-crack and interface elements [16]. 

This methodology can simulate dominant shear and diffused flexural cracks in the 

concrete members, the crushing and tensile splitting of the masonry units, and the 

mixed-mode failure of the mortar joints. The deformed mesh of a panel from model 

Ml and the lateral strength-vs.-drift curves obtained from the detailed FE models 

subjected to pushover analyses are presented in Figure 7.12. As expected, model Ml 

with strong masonry has highest resistance among the four-story ones. Model M5 has 

same masonry as Ml, however its resistance is more as the RC columns are stronger 

in the 8-story prototype (Table 7.2). 
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Figure 7.12: Results of detailed FE analyses single-story single bay frames for the pro
totype structures. 

As the infilled frames are loaded laterally, the internal forces are redistributed and 

the vertical load carried by the infill changes. The values of the vertical load carried 

by the infill initially and at the instant when the peak vertical load is reached are cal

culated based on the ASCE 41-17 equations, summarized in Table 7.8. The values 

provided in the table are indicative of this fluctuation. 

Table 7.8: Vertical load carried by infill initially (Pf;;v) and at maximum lateral 

strength (P'!:t/). 

Models Pr (kips) 
pgrav 

inf 
(kips) 

p~rav / P,
inf T 

pmax 
inf 

(kips) 
p_max /F

inf T 

Ml 130.6 83 0.63 91.2 0.7 

M2 110.6 44.2 0.4 75.7 0.68 

M3 110.6 27.6 0.25 75.7 0.68 

M4 124.5 79.1 0.63 89.2 0.72 

MS 299.2 126.3 0.42 199.2 0.67 

The strength of a single infilled bay can be estimated according to the equations 

proposed by Martin and Stavridis (2017, 2018) [34, 56] and, which are adopted in the 

ASCE 41-17. By focusing on the structures examined here and making a series of 
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appropriate assumptions, the following simplified provisions are proposed for this 

methodology. 

(7.1) 

g ra v (7.2)Vm=P . f+Awczn 

where, µ is the initial friction coefficient, c is the cohesion, t:rz is the compress

ive strength of the masonry assembly, L inf is the length of the infill wall, h inf is the 

height of the infill panel, t inf is the net thickness of the panel, Aw is the horizontal 

cross-sectional area of an infill panel (tinf l i nf), n5 is the number of developed struts 

in the infill, equal to 1 for panels with aspect ratio (L infl hinf) < 1.0 and 2 other

wise, Pf;;v is the vertical load carried by the infill, calculated from the total gravity 

load, Py, above the story of interest, P'!:z? is the total axial load supported by the in

fill when the maximum lateral strength is reached. Finally, Vzc is the strength of the 

weaker of the two columns bounding the bay of interest. The calculation of Vzc con

siders both flexure- and shear-critical behavior to determine the governing value of 

shear strength. For the estimation of the flexural strength of the column, one should 

consider the reduced clear column height, defined in Table 7.7. Based on Table 7.8, 

the initial gravity load carried by the infill can be assumed to be equal to 50% of the 

total load, P y , while the vertical load at the instant of peak lateral resistance can be 

assumed to be equal to 70% of the total vertical load, Py so that the calculations are 

further simplified for the ATC 78-7 methodology. These recommendations apply to 

the cases with wall lengths between 15 ft. and 25 ft., and for story heights between 10 

ft. and 14 ft. Otherwise, the vertical loads can be calculated according to ASCE 41-17 

Table 11-9. The maximum shear strength ofa single-bay infilled frame obtained from 

Equation 7.1 and the detailed FE analyses are summarized in Table 7.9 (M4 and M6 
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have the same infilled frame as that of Ml and M3, respectively). The table indicates 

that the analytical equations proposed here predict the peak strength with sufficient 

accuracy. 

Table 7.9: Comparison of strength of single infilled bays obtained from ATC 78 equa
tions and detailed FE analyses. 

Strength (kips) of Single Infilled Bay 
Models 

Finite Element Analyses 
ATC 78 Calculations (Equations 

7.1 and 7.2) 

Ml andM4 194.6 195.9 

M2 167.1 127.3 

M3andM6 141.4 125.2 

MS 289.7 282.5 

7.3.6 Strength of Single Infilled Bay with Opening 

Assessing the effect of openings on the response of infilled frames is rather challen

ging. A parametric study using nonlinear finite element models is conducted to ex

amine the influence of the opening size and location within the masonry panel. For 

consistency, the frame detailing of the baseline model Ml (same as in M2, M3, M4, 

and M6) is used in all the analyses presented in this section. Four different open

ing sizes are considered, and the windows are placed in the center of the panel or 

eccentrically. The opening sizes and locations considered in the parametric study 

are summarized in Table 7.10. Masonry with compressive strength of 1.4 ksi (triple 

wythe), 0.8 ksi (double wythe), and 0.4 ksi (double wythe) is considered to represent 

the infills in each of the models Ml, M2 and M3, respectively. The first part of the 

nomenclature of the models indicates the opening size: 01 (60 in. X48 in.), 02 (100 

in. X 48 in.), 03 (124 in. X 60 in.) and 04 (148 in. X 64 in.), while the second part in-
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dicates the window location: M - concentrically placed opening which is symmetric 

for the two directions ofloading, and two eccentric locations, denoted as L (left) and 

R (right). Since the analysis is monotonic, L and R configurations are essentially the 

same structure loaded laterally from the two opposite directions with R represent

ing the loading direction in which the longer masonry pier is on the windward side 

of the structure. To facilitate the comparison of the deformed meshes and the load 

distributions, all analyses are presented with the load applied on the left side of the 

specimen. 

The deformed meshes of the FE models at 1.0% drift ratio are presented in the 

Appendix C. It can be observed from the figures, that both the size and location of the 

openings considerably affect the failure pattern and, therefore, the maximum lateral 

force that the infilled frame can withstand. These observations are in agreement with 

earlier observations [52], which indicate that the lengths of the piers between the 

opening and the columns determine the level of the diagonal compressive forces that 

can develop in the infill, and, eventually, affect the maximum resistance and failure 

pattern of the infilled frames. The lateral force-drift responses of the FE models are 

presented in Figures 7.13 to 7.15. The backbone curves of the frames without an infill 

and with a solid infill are also presented for reference. The strength reduction of the 

infilled frames due to the presence of openings as a function of opening location and 

size is presented in Figures 7.16 and 7.17, respectively. 

For the models with the opening close to one of the columns, the short masonry 

pier does not allow the development of the diagonal compressive strut. When the 

masonry piers are wide enough, for instance, in the case of smaller openings in the 

center of the panel, the openings do not affect the load-transfer mechanism signific

antly, as the struts can develop in a similar fashion as in the solid panel. However, for 

the larger windows, the effective struts could not develop even when the opening is 



Table 7.10: Geometric details of the openings considered in the parametric study (all dimensions are in inches). 

Model 
Name 

MOl-M 

MOl-L 

MOl-R 

MO2-M 

MO2-L 

MO2-R 

MO3-M 

MO3-L 

MO3-R 

MO4-M 

MO4-L 

MO4-R 

Opening 
Area 

(60 in. 
X48 in.) 

11.7% 

(100 in. X 
48 in.) 
19.3% 

(124 in. X 
60 in.) 
30.2% 

(148 in. X 
64 in.) 
38.4% 

from 
leeward 
column 

80 

16 

144 

60 

16 

104 

48 

16 

80 

36 

16 

56 

Length 

opening 

60 

60 

60 

100 

100 

100 

124 

124 

124 

148 

148 

148 

from 
windward 

column 

80 

144 

16 

60 

104 

16 

48 

80 

16 

36 

56 

16 

from 
top 

32 

32 

32 

32 

32 

32 

28 

28 

28 

24 

24 

24 

Height 

opening 

48 

48 

48 

48 

48 

48 

60 

60 

60 

64 

64 

64 

from 
bottom 

32 

32 

32 

32 

32 

32 

28 

28 

28 

24 

24 

24 

N 
CXl 
C"l 
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located at the center of the panel due to the narrow masonry piers. Figures 7.13 to 

7.15 indicate that the lateral behavior of the infilled frame with opening at the middle 

is closer to that of the solid panel and gradually converges to the behavior of the bare 

frame as the opening size increases and especially when the openings are close to 

one of the columns. Therefore, the strength of infilled frames with openings depends 

on both the opening size and location. Both these factors need to be considered for 

predicting the strength of infilled frames with openings. Thus it can be estimated ac

cording to Equation 7.3 with two different formulations depending on how close the 

openings are to the RC columns. 

Vinf ,op = Vinf,soz(l -0.8Aopl A inf ), when dop lcol > 0.5hw 
(7.3) 

Vinf, op = Vinf,soz(0.8-0.5A0 pl A inf), when doplcol '."o 0.5hw 

Although this trend has been identified, its precise quantification is rather com

plex and outside the scope of the ATC 78-7 document. Hence, the strength of infilled 

frames with openings is calculated based on Equation 7.4 in the ATC 78-7 methodo

logy. 

(7.4) 

where, Vinf,sol is taken from Equation 7.1 , A 0 p is the elevation area of the open

ings (A 0 p =L Lop h 0 p), hop and Lop are the height and length of the opening, respect

ively, dop lcol is the distance of the opening from the RC columns, hw is the height 

of the infill panel and A inf = L inf h inf· If A 0 pl A inf > 0.6, the infills can be ignored 

for the calculation of shear strength as they are not expected to affect the strength 

of infilled frames. However, the openings, even when ignored in the strength calcula

tions, should be considered in the column ratings for inducing possible short column 
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Figure 7.13: Lateral fo rce-vs. -drift behavior of the infilled panels with openings of 
different size and locations for t:rz =0.4 ksi. 

effects as discussed in Section 7.3.3. 
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Figure 7.14: Lateral force-vs. -drift behavior of the infilled panels with openings of 
different size and locations for t:rz =0.8 ksi. 
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Figure 7.15: Lateral force-vs.-drift behavior of the infilled panels with openings of 
different size and locations for t:rz =1.4 ksi. 
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The comparison of the strengths estimated using Equations 7.3, 7.4 and those ob

tained from the detailed finite element analyses are presented in Figure 7.18. As dis

cussed earlier, Land R configurations are the same structure loaded laterally from the 

two opposite directions and therefore, the strength of the infilled frames with eccent

rically located openings (denoted as E in Figure 7.18) are calculated as the minimum 

of the Land R configurations. The figure indicates that the Equation 7.3, which differ

entiates between the windows placed in the center of the panel or eccentrically gives 

accurate results with errors between 1 to 8%. However, the proposed equation for 

the ATC 78-7 document (Equation 7.4) can also predict the peak strength efficiently 

with reasonable accuracy (errors less than 25% for all the models). Similar observa

tions are also made in Figure 7.17, where the equations can predict the reduction in 

strength of the solid panels due to presence of openings. It can be seen that the Equa

tion 7.3 is more accurate for openings at the left and the middle, which is because the 

R configuration with openings at the right is not governing the strength of the infilled 

frames with eccentric openings. Therefore, for accurate prediction of the strength 

of infilled frames with openings, Equation 7.3 is recommended. However, Equation 

7.4 is to be applied for the purpose of the ATC 78-7 methodology without sacrificing 

much on the accuracy. 
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Figure 7.16: Strength reduction of infilled frames as a function of opening location 
compared to a solid panel. 
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Figure 7.17: Strength reduction of infilled frames as a function of opening area com
pared to a solid panel. 
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Figure 7.18: Comparison of strength of infilled bays with openings obtained from 
Equations 7.3, 7.4 and detailed FE analyses (E stands for eccentrically located open
ings). 
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7.3.7 When to ignore infills in strength'? 

As indicated by the results of incremental dynamic analyses in section 7.2.4, the col

lapse potential of the model M3, which incorporates double wythe masonry panels 

with a low compressive strength, f:rz, of 0.4 ksi, is similar to that of the corresponding 

bare frame. Based on this observation, it can be concluded that the masonry infill in 

Model M3 is weak enough to not affect the behavior of the building frame in terms of 

its collapse potential. The strength ratio of the infill and bounding RC column is 1.4 

for M3. Hence, this value of the strength ratio is adopted here as a criterion to define 

an infill that can be ignored in the strength calculations (Vm/Vzc < 1.4). This obser

vation together with Equation 7.4 results in Table 7.11 , which provides guidance as 

to the classification of infilled frames (with and without openings) in terms of their 

contribution to the lateral resistance. 

Table 7 .11: Classification of infill in each infilled bay. 

Ratio ofMasonry Infill 
Panel to Column Implication

classification
Strength 

Panel requires full consideration 

Vm(l-A op l A;nJl > l 4 Weak3 Panel requires full consideration > Vic - · 

Vm(l-Aop l A;nJl 14 Veryweakdueto Neglect in strength calculations, 
Vic < · opening(ll but consider for column rating 

Panel can be ignored throughout
Vm < 1.4 Ineffective
Vic this methodology 

(ll This case also applies when A 0 pl Ainf > 0.6, but not Vmf Vzc < 1.4, or if 
A0 pl Ainf > 0.2 with an opening within 2 ft. of the column 

Since the collapse potential of M3 is similar with or without the infills in the peri-
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meter bays, the strength of a solid panel obtained from detailed FE analyses with the 

masonry properties same as model M3 (141 kips) is considered as the criteria to ig

nore infills for strength. Therefore, panels with openings that have strength less than 

141 kips can be ignored for strength calculations. The criterion proposed here is con

sistent with the detailed FE analyses summarized in Tables 7.12 to 7.14, with very few 

exceptions, marked in bold in the tables. 

Table 7.12: When infill panels with openings can be ignored for calculation of 
strength (f/n =0.4ksi)? 

Analytical Calculations FEAP Results
Model ID Can 

Ignore? 
Vm,op ½nf Eff. ½nf ½nf,sol

Vm,opJop (%) (kips) (kips) (kips) kips
inf ~ 

M-O1-L 57 1.2 115 115 yes
M-O1-R 0.117 57 1.2 132 
M-O1-M 57 1.2 140 140 yes 
M-O2-L 52 1.1 111 

111 yes
M-O2-R 0.193 52 1.1 116 
M-O2-M 52 1.1 126 126 yes

141
M-O3-L 45 1 101 

101 yes
M-O3-R 0.302 45 1 103 
M-O3-M 45 1 108 108 yes 
M-O4-L 40 0.9 96 

96 yes
M-O4-R 0.384 40 0.9 96 
M-O4-M 40 0.9 102 102 yes 

7.3.8 Calculation of Story Shear Strength 

As indicated in section 7.2.4, the exterior infilled frames reach their peak strength at 

significantly lower drift ratios compared to the interior columns, which are not in

filled. The different drift ratios at which the various components reach their strength 

are depicted in Figure 7.5b for models Ml (strongest infill) and M3 (weakest infill). 
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Table 7.13: When infill panels with openings can be ignored for calculation of 
strength (f/n =0.8ksi)? 

Model ID 
Analytical Calculations FEAP Results Can 

Jop 
inf 

(%) 
Vm,op 

(kips) Vm,op 

~ 

Yinf 
(kips) 

Eff. Vinf 
(kips) 

Yinf,sol 

kips 

Ignore? 

M-O1-L 
M-O1-R 0.117 

83 
83 

1.8 
1.8 

125 
142 

125 yes 

M-O1-M 83 1.8 150 150 no 
M-O2-L 
M-O2-R 0.193 

76 
76 

1.6 
1.6 

114 
130 

114 yes 

M-O2-M 
M-O3-L 
M-O3-R 0.302 

76 
66 
66 

1.6 
1.4 
1 

135 
114 
120 

135 

114 
167 

yes 

yes 

M-O3-M 66 1 128 128 yes 
M-O4-L 
M-O4-R 0.384 

58 
58 

1.2 
1.2 

105 
106 

105 yes 

M-O4-M 58 1.2 113 113 yes 

Table 7.14: When infill panels with openings can be ignored for calculation of 
strength (f/n = 1.4ksi)? 

Analytical Calculations FEAP Results Can 
Ignore? 

Model ID 

Vm,op Yinf Eff. Vinf Yinf,sol
Vm,opJop (%) (kips) (kips) (kips) kips

inf ~ 

M-O1-L 172 3.6 150 150 no 
M-O1-R 0.117 172 3.6 180 
M-O1-M 172 3.6 191 191 no 
M-O2-L 157 3.3 137 

137 yes
M-O2-R 0.193 157 3.3 157 
M-O2-M 157 3.3 164 164 no

195
M-O3-L 136 2.9 131 

131 yes
M-O3-R 0.302 136 2.9 139 
M-O3-M 136 2.9 146 146 no 
M-O4-L 120 2.5 120 

120 yes
M-O4-R 0.384 120 2.5 126 
M-O4-M 58 1.2 145 145 no 
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The figure indicates that when the exterior frames reach their peak strength, the in

terior frames have reached only 40% of their peak strength in the case of Ml and 80% 

in M3. This difference is expected as Ml has much stronger infill (f:rz = 1.40 ksi and 

3 wythes) compared to M3 (f:rz =0.40 ksi and 2 wythes), and as a result it reaches its 

peak strength at significantly lower drift. 

This observation indicates that when estimating the strength of buildings with 

infilled frames in the perimeter and bare columns in the interior, only a fraction of 

the interior columns' strength should be considered when estimating the peak shear 

strength of the critical story. This fraction depends on the drift at which the exterior 

frames reach peak resistance. Based on these observations, the story-shear strength 

(Vp x ) is calculated for the critical story based on Equation 7 .5. 

n;nJ nc nwall 

Vp x = L, V i n f, op + /3 L, Vn cx + L, Vn w,i (7.5) 
i =l i =l i =l 

where, n inf is the number of infilled bays at the critical story, nwall is the num

ber of structural concrete walls, n c is the total number of interior columns that do 

not have infill panels abutting either side of the column in the direction of loading 

and the columns in the exterior frames next to infills whose strength is ignored. For 

each column, Vn c may be governed by the columns, or slab-column or beam strength, 

whichever is lower. 

The /3-factor determines the contribution of the non-infilled columns to the total 

strength. It is a function of the drift at which the strongest infilled frame reaches its 

peak shear resistance (i.e. the minimum of the l1p eak values computed for all of the 

infilled bays at the critical story in each loading direction). l1p eak can be evaluated 

based on the ASCE 41-17 provisions, which are also provided in Chapter 5 of the ATC 

78-7 methodology. /3 varies linearly from 0.4 to 0.9 for l1p eak from 0.15% to 0.4%, 
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and it is equal to 0.9 for l1p ea k > 0.4%. The maximum base shear for each prototype 

computed using Equation 7.5 is compared to the strength estimated by the pushover 

analyses in Table 7.15 obtained following the ASCE 41-17 framework and its exten

sion proposed in section 4.3. The comparison indicates that the proposed equation, 

though simple, provides a good estimate of the strength of the structures obtained 

from more sophisticated nonlinear pushover analysis in OpenSEES. 

Table 7.15: Comparison of base shear strength of the buildings obtained from Equa
tion 7.5 and pushover analyses in OpenSEES. 

Base Shear Strength (kips) 
Models 

Pushover Analyses ATC 78-7 (Eq 7 .5) 

Ml 2250 2261 

M2 1819 1789 

M3 1776 1757 

M6 1200 1274 

M4 2114 2101 

MS 4208 4156 

7.4 Estimation ofEffective Period 

The effective fundamental period (Te) is the period which, when used with Equation 

7.6 and an elastic response spectrum with 5% critical damping, can yield the peak dis

placement (Deff ) the structure will experience at, or close to, 2/3 of its height (heff 

- here the displacement of the 4th floor is selected for the 4-story buildings, and the 

displacement of the 6th floor story is selected for the 8-story prototype). This equa

tion adapted from ASCE 41-13 (2013) [8] is used in the ATC 78-7 methodology for 

calculation of global seismic drift demand. 
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(7.6) 

where, C1 and C2 are modification factors to incorporate the inelastic response 

and the effect of pinched hysteresis shape, cyclic stiffness degradation and strength 

deterioration calculated in accordance with ASCE/SEI 41-13 (2013) [8], Te is the ef

fective fundamental period whose estimation for infilled RC frames is discussed in 

this section, Sa is the spectral acceleration at period, Te and g is acceleration due to 

gravity. 

The period (Te) cannot be obtained with an eigenvalue analyses or other analyt

ical methods. Hence, a parameter sweep is conducted varying the effective period 

(Te) from 0.0ls to 10s to calculate Deff and compare it with the 4th floor displace

ment for models Ml to M4, M6 and the 6th floor displacement for model M5. The 

period that gives minimum difference comparing the Deff obtained from Equation 

7.6 and those from the numerical models is considered as Te. The variation of effect

ive period with increase in seismic excitation is shown in Figure 7.19, which presents 

the Te vs. spectral acceleration at first-mode period for the six models, Ml to M6. 

As it can be seen from the Figure 7.19, the effective period for all the models is 

initially same as the first-mode period (Ti) of the structures and then increases with 

increase in seismic excitation. Each point in the figure represents the period cor

responding to the dynamic analyses performed on the models. The mean and the 

median are also plotted to observe the trend. The initial constant-period portion rep

resents the structure when it is linear followed by increase in the period with induced 

damage as the structural behavior becomes nonlinear. Therefore, the variation of ef

fective period with increase in spectral demand can be formulated using a bilinear 

equation (Equation 7.7). 
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Figure 7.19: Variation of Te vs. spectral acceleration at the first mode period of the 
structures with increase in seismic excitation of the infilled frame models - Ml to 
M3. (contd.). 

(7.7) 

where, T1 is the first mode period, C is the spectral acceleration below which the 

structure is linear and m is the slope of the second part of the bilinear plot that rep-
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Figure 7.19: Variation of Te vs. spectral acceleration at the first mode period of the 
structures with increase in seismic excitation of the infilled frame models - M4 to 
M6. 

resents the increase in effective period with damage. The cutoff (C) and slope (m) vs. 

the ratio of the base shear strength to the seismic weight (Vp/W) for the six models 

are shown in Figure 7.20. From the figure, a linear trend is observed for both C and m; 

and are therefore expressed as a function of Vpl W according to Equation 7.8. Con-
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sequently, the effective period can be estimated according to Equations 7.7 and 7.8 

based on the spectral demand (SA) at first mode period, the base shear strength (Vp) 

calculated according to Equation 7.5 and the seismic weight (W). 

m =3(Vp/W) -0.5 
(7.8) 

C = (Vp/W) 

0.5 0.8 

¢:: 0.4 
8 

0.6 

r 
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t.)
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" "-:::! 0.3 

if) E-< 
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m ~ J(VJ W) -0.5 
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0. 1 0.2 0 .3 0.4 0.5 0.2 0.3 0.4 0.5 

v,rw v; w 

(a) variation of slope of Eq 7.7 (b) variation of C ofEq 7.7 

Figure 7.20: Variation of C and m of the bilinear equation for effective period with 
VP I W for the six models. 

The calculation of effective period (Te), therefore, requires estimation of the first 

mode period (T1) of the structure. For this purpose, the equation for estimation of 

effective fundamental period of frame systems in FEMA 2018 (Eq. 5-19) is adapted. 

The Equation 7.9 for first mode period (T1) of the infilled frames is derived analytic

ally following the approach outlined in Section 3.2.4 of ATC 78-3 [130] assuming the 

yield strain values to be 0.0015 and 0.0005 for weak and strong infills, respectively. 

(7.9) 

where, y = 0.035 and 0.02 for weak and strong infills (classified according to sec

tion 7.3.4), His the height of the structure in ft. The periods obtained from Equation 

7.9 are compared to the Eigen analyses periods obtained from the numerical models 
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in Figure 7.22a. The analytically obtained periods are within 15% of those obtained 

from the numerical models for all the cases. 

Although the trend in increase of effective period with increasing excitation level 

is clearly identified in Figure 7.21 , the quantification of T e is rather complex and 

therefore simplified for the purpose of the ATC 78-7 methodology. As this method 

primarily focuses on the prediction of collapse, the effective period corresponding to 

the collapse initiation, (i.e. peak drift of 1.5%) is considered here and the effective 

periods summarized in Figure 7.22b are obtained. The figure indicates that the ef

fective periods of the infilled frames at collapse can be related to the effective period 

(Te,bare ) of the bare frame [9], adjusted by the ratio of strengths of the infilled frame 

to that of the bare frame (Vp 11Vpi ,bare) using Equation 7.10. For an infilled frame 

system, Vp1 I Vpl ,bare shall not be taken greater than 2.0. 

Vp1 )
T e = 1.6 - 0.6--- Te,ba re (7.10)( 

Vpl ,bare 

7.5 Determination of Story Drifts 

The estimation of effective period, T e, according to Equation 7.10 facilitates the cal

culation of global effective seismic demand, Deff, based on Equation 7.6. The story 

drift demand, Ox, is calculated based on Equation 7.11 [9] which uses the a-factors 

to modify the story drifts considering the number of stories in a building and the 

yield mechanism. The displacement profiles of models Ml to M6 at collapse are nor

malized such that the Deff (4th floor displacement in the 4-story buildings and the 

6th floor in MS) is equal to 1, and are presented in Figure 7.23. The figures present 

the median normalized displacement profiles. The fractions of Def f concentrated in 
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Figure 7.21: Variation of Te vs. peak ISD with increase in seismic excitation of the 
infilled frame models. 

the bottom story for the infilled buildings are summarized in Table 7 .16. It can be ob

served from the table that the displacement at the first story of the models varies from 

81 to 98% of Deff· In addition, the maximum and the minimum values indicate that 

there is small variability in the values. For consistency with the other structural sys

tems,the coefficient a is determined based on Table 7-1 of FEMA 2018 [9] developed 
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Figure 7.22: Estimation of periods for infilled frames. 

for shear wall buildings, which assumes the drift demand at the critical story (6x) is 

0.8 times the effective global drift demand (Deff). 

(7.11) 

where, a x =coefficient to modify story drifts at story x , hsx =height of story x , 

heff = effective height of the building taken as 0.7 hn for multi-story buildings and hn 

= total height of the building. 

Table 7 .16: Fraction of the drift demand concentrated in the first story. 

Models Minimum of22 GMs Maximum of 22 GMs Median 

Ml 0.91 0.96 0.94 

M2 0.92 0.97 0.95 

M3 0.92 0.95 0.94 

M4 0.9 0.96 0.93 

MS 0.81 0.91 0.85 

M6 0.93 0.98 0.96 
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Figure 7.23: Normalized displacement profile ofthe infilled frame buildings with 6ef f 
= 1.0. 

7.6 Impact of Infill on Column Ratings 

The rating of the building in the ATC 78-7 methodology is based on ratings of critical 

components (columns, walls, slab-column connections etc.), which are used to de

termine the story and building ratings. Infill panel walls are not considered critical 

components and therefore are not rated. The effect of infill panels on column shear 

failure is considered by shortening the effective height of the column. In addition, 

infill panels can support substantial gravity loads, essentially preventing collapse of 

columns even if they are failed in shear. An example of this phenomenon is shown 



308 

in Figure 4.51 , where the building is still standing despite significant damage in the 

columns. 

In this methodology, the ability of infill to carry gravity loads is considered by ap

plying a reduction in the column rating (indicating a better performing column) if 

infill is likely to be intact and load bearing at the drift levels under consideration, as 

shown in Table 7 .17. Two factors are considered in evaluating an infill 's capacity to 

bear gravity loads. Firstly, the panels that are very slender (high h i nf I t i nf) are likely 

to fail out of plane and therefore are not expected to carry vertical loads following 

a damaging earthquake. Two limits on h i nf I t i nf are proposed. h i nf I t i nf of 25 is 

based on FEMA 273 (1997) [131]. The value of h i nf I t i nf of 35 is based on test res

ults from Angel et al. (1994) [132]. Secondly, the panels that have experienced large 

in-plane deformations are also unlikely to carry significant gravity loads. The limits 

on in-plane deformations are based on studies by Martin and Stavridis (2017, 2018) 

[34, 56], which quantified the deformation at which residual strength is reached for 

infilled frame bays with various configurations. The reduction in column rating ap

plied is based on engineering judgment. 

Table 7 .17: Assistance to column ratings based on infill panel response (l l r2i . 

Measure of in-plane response Measure of out
of-plane response 

/j > 2!::. (3)6 < !::.res res 

-0.3 0 

0 0 

(l l Assistance taken as 0 if there are openings within 2 feet on either side of the 
column in the direction of loading. 
r2i For intermediate values, assistance can be calculated by linear interpolation. 
r3l !::.res is the drift at the onset of residual strength, estimated from Martin and 
Stavridis (2018) [34] 



309 

7.7 Closing Remarks 

This study addresses the need for a relatively quick framework that can be used for 

seismic evaluation of older non-ductile concrete buildings with masonry walls. This 

methodology can prioritize the need to retrofit of the more dangerous buildings. This 

simplified method of estimating the risk of collapse is a practical way to mitigate the 

large seismic risk presented by this type of buildings, and more efficient than nonlin

ear modeling approaches. The proposed guidelines follow the assessment approach 

developed for frame and frame-wall buildings in the FEMA 2018 document. The de

tailed quantification tools are also presented here, which are more accurate, however, 

in some cases beyond the scope of the FEMA 2018 document. This framework for in

filled frames is developed based on the dynamic analyses results of the six models 

and some detailed finite element analyses results. In addition, some analytical tools 

already available in the FEMA 2018 document is used for consistency. The steps are 

summarized here in Table 7.18 with the corresponding equations and tables in the 

FEMA 2018 document for reference. 

The procedures developed for this methodology are based on nonlinear dynamic 

simulations of the seismic response of a set of prototype reinforced concrete build

ings with masonry infill panels. Three-dimensional numerical models are developed 

using beam-column elements for the RC members and diagonal truss elements for 

the infill walls in OpenSEES following the recently proposed framework for the non

linear simulation of infilled RC buildings (section 4.3). The three-dimensional nu

merical models of the buildings are then subjected to static pushover and incremental 

dynamic analyses. Based on the results of the analyses, equations are proposed for 

the calculation of story shear strength, effective period simulating collapse and es

timation of story drift demands for infilled RC frames. As the final step, column rat-
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Table 7 .18: Outline of the steps for seismic evaluation of infilled RC frames in FEMA 
2018. 

Steps 

1. Classification of infills 

2. Strength of single infilled bay 

3. Strength of the critical story 

4. Estimation of effective period 

5. Estimation of global displacement 
demand 

6. Determination of story drift demand 

7. Drift demands adjusted for critical 
components 

8. Estimation of drift capacity of columns 
in critical story 

9. Determination of column and wall 
ratings 

10. Determination of story ratings 

Equations and Tables in ATC 
78-7 

Table 5-1 

Eq. 4-6 to 4-8 

Eq. 5-18, Table 5-2 

Eq. 5-23 

Eq. 9-1 to Eq. 9-3 

Eq. 9-4 and Table 9-1 

Eq. 9-5 to Eq. 9-11 

Eq. 9-12, Table 9-2 to Table 9-4 

Table 9-5 to Table 9-7 

Eq. 9-15 to Eq. 9-17 

ings are suggested for infilled frames based on demand to capacity ratio according to 

the pre-existing FEMA 2018 methodlogy. 



Summary and Conclusions 

8.1 Summary 

The scope of this dissertation is to propose and validate methods for the evaluation of 

the seismic performance of masonry infilled reinforced concrete frames and provide 

tools for comprehensive assessment of their behavior by developing fragility curves 

and/or estimating remaining strength of a damaged building. To achieve this goal, 

the study considers test specimens, which are planar structures tested quasi-statically 

or on a shake table, and instrumented actual buildings that experienced the 2015 

Gorkha earthquake. The comparison of the numerical results with the laboratory and 

field data provides valuable insights into the accuracy of the proposed frameworks. 

A computationally efficient framework is proposed here to predict the response 

of infilled RC frames to in-plane seismic loads, adopting the strut modeling approach 

where diagonal struts are used to simulate the effect of the masonry panels. The 

proposed framework bypasses some of the shortcomings of the strut modeling ap

proach by systematically calibrating the struts once the backbone curve is estim

ated. The backbone curve can be accurately estimated from test data or detailed FE 
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analysis, however, as a practical alternative a recently proposed analytical methodo

logy is used. The methodology, which is now included in the ASCE 41-17 (2017) [36] 

guidelines, estimates the backbone curve based on the anticipated failure mechan

ism. Then the struts are calibrated so that when added to a bare frame, the combined 

response can simulate the estimated force-vs.-drift ratio curve of each infilled frame. 

After calibrating all the diagonal struts, the numerical model of the entire structure 

can be assembled. 

The strut modeling approach is further extended to simulate the seismic per

formance of actual buildings with complex plans, where developing strut models for 

all bays is not practical. This simplified model adopts a four-sided rectangular box 

model with columns at the corners of the building connected by diagonal struts. The 

struts and columns in each floor are calibrated so that they simulate the overall re

sponse of the structure, including possible eccentricity, estimated through the sum

mation of the backbone curves along each loading direction. 

The validated numerical models are used to obtain fragility curves for the seismic 

performance of these structures. Extended incremental dynamic analysis are per

formed to capture both epistemic (related to modeling assumptions) and aleatoric 

(related to the selection of the ground motion record) uncertainties with reduced 

computational effort for the efficient seismic performance assessment. The clas

sical Monte Carlo approach is used here in conjunction with the statistical surrog

ate model developed using three-stage least square approach representing the re

lationship between modeling variables and intensity measures with the structural 

response. The surrogate model is used here to predict the seismic response and 

quantify the effect of the modeling uncertainties, as the application of the Monte 

Carlo simulation with the strut model can be computationally demanding. 

Finally, the validated strut models are used here to develop the analytical meth-
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odology found in FEMA 2018 (2018) [9] for the collapse assessment of older con

crete buildings with masonry infill panels in the perimeter that are commonly found 

in the western US. Numerical models of prototype buildings representing the exist -

ing building stock are developed and the results of the nonlinear analyses are sub

sequently used to develop analytical equations that can predict the strength, period, 

as well as the drift demand of these structures in a future seismic event. Based on 

relatively simple calculations, the collapse risk can be assessed. 

8.2 Conclusions 

A number of interesting conclusions can be drawn from this study. The proposed 

strut modeling framework is validated with the test results of two infilled RC frames: 

a quasi-statically tested 1:2.5-scale single-story single-bay ductile frame with MC in

fill, and a 2:3-scale two-bay three-story non-ductile frame with double-wythe solid 

bricks tested on a shake table. The comparison indicates of the experimental and 

numerical data indicates that the proposed strut modeling framework can predict 

the basic features of the nonlinear force-vs. -deformation behavior and damage pat-

terns of infilled RC frames subjected to in-plane lateral loads efficiently. The results 

can improve further if more accurate methods such as detailed FE analyses or test 

data is used to calibrate the struts. However, these require drastically more resources 

and therefore, the simplified backbone curves derived using analytical equations can 

be employed as a practical alternative. On the other hand, the ASCE 41-06 guidelines, 

widely used by the practicing engineers, are vague and have major limitations in pre

dicting the behavior of the test structures. The comparison with the test results in

dicates that the proposed simplified procedure provides a major improvement over 

the ASCE 41-06 guidelines. 
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For further validation of the proposed framework, it is also implemented on two 

actual buildings in Nepal - one five story and the other four story structure. Both 

structures experienced the 2015 Gorkha earthquake and suffered different levels of 

damage. The five-story office building of NSET did not develop major damage, but it 

was equipped with accelerometers at the basement and the roof and their recordings 

were used for the validation of the model. The numerically predicted response to the 

excitation recorded at the base matches well with the response obtained from those 

accelerometers during a major aftershock. On the contrary, the four-story school 

building in Sankhu, Nepal was severely damaged by the 2015 Gorkha earthquake se

quence, with the damage distribution indicating that the structure exhibited highly 

nonlinear torsional response to the ground excitation. The nonlinear finite element 

model of the school building accurately simulates the torsional response of the ac

tual structure and the concentration of damage in the south end of the first story. 

During the reconnaissance trips, ambient vibration data was recorded using an array 

of accelerometers. The extracted modal parameters of the structures including the 

natural frequencies and mode shapes match well their numerical counterparts after 

the structure is subjected to a series of nearby excitations demonstrating the capab

ilities of the model. 

The novel box-modeling approach proposed here is also validated with the data 

from the two-bay three-story infilled frame tested on the UCSD, the five-story office 

building, and the four-story school building, for which the detailed strut models are 

previously developed. The model is also validated with the data from two adjacent 

high-rise residential buildings in Nepal: a 17-story building that was severely dam

aged and a 12-story that was slightly damaged. The comparison of the predicted and 

the actual damage patterns indicate that the box models can accurately develop a 

similar damage pattern as the actual structures. Moreover, the numerical models are 
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successful in capturing the discrepancy in damage of the two high-rise buildings de

signed and constructed by the same firms and located in the same apartment com

plex. Moreover, the natural frequencies and mode shapes estimated from the system 

identification are in good agreement with those from the simplified box models after 

they are subjected to the nearby recorded ground motions. The box modeling ap

proach cannot simulate the seismic response of the individual components of the 

building; however, it does not sacrifice much on the accuracy in predicting the over

all seismic performance, despite its computational efficiency. 

The statistical surrogate model developed for the four-story school building can 

predict the structural response in terms of peak and residual inter-story drift with 

sufficient accuracy, particularly at the higher drift levels. In more detail, the drift ra

tios predicted by the surrogate model lie within 50% of those estimated by the FE 

models. The obtained fragility curves incorporating both modeling and record-to

record uncertainties indicate that it is necessary to consider modeling uncertainty in 

performance-based earthquake engineering. The incorporation of modeling uncer

tainties increases the dispersion and decreases the prediction of the median in the 

response fragility by as much as 15%. Thus, neglecting the epistemic uncertainties 

is unconservative and may lead to unsafe designs and assessments in the probabil

istic framework. However, the effect of correlation assumptions between the model 

random variables is insignificant and therefore, it can be safely neglected. 

The ATC 78-7 methodology is adapted here for application in infilled concrete 

buildings estimating the risk ofcollapse. In the estimation of the story strength for the 

prototype structures representing the building stock in the western US, a /3-factor is 

proposed to combine the contributions of the infilled frames in the perimeter and the 

non-filled interior bays, as they reach the peak strength at different drift levels. The 

proposed equation, although simple, provides a good estimate of the strength of the 
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structures obtained from detailed nonlinear pushover analysis. The proposed pro

cedure also calculates the effective fundamental period to be used for the estimation 

of the peak displacement of the damaged structure near collapse when the elastic 

response spectra with 5% damping are used. The effective period is observed to be 

initially same as the first-mode period of the structures and then increases with in

crease in seismic excitation with induced damage as the structural behavior becomes 

nonlinear. This equation is validated with the numerical results; and therefore, adop

ted by the FEMA 2018 guidelines as it can help estimate the story drifts near collapse. 

This information can be compared to the deformation capacity of the columns in the 

critical story to provide a measure of collapse probability. Furthermore, the para

metric study conducted for the development of the FEMA 2018 guidelines for infilled 

frames, indicates that both the size and location of the openings considerably affect 

the failure pattern and, therefore, the maximum lateral force that the infilled frame 

can withstand. In fact, the length of the masonry piers between the opening and the 

RC columns affects the maximum resistance. The simplified equation adopted by 

ATC 78-7 document can predict the peak strength of infilled frames with openings 

efficiently and with reasonable accuracy with errors less than 25% in all cases. For 

more accurate prediction, an equation that is a function of both the opening location 

and area is recommended. 

8.3 Recommendations for Future Research 

The research discussed in this doctoral dissertation is focused on the seismic evalu

ation and assessment of nonlinear response of infilled RC frames subjected to earth

quake loads. This section includes a number of recommendations for future research 

along similar lines including: 



317 

- As with most strut models, the modeling approach proposed here does not con

sider the out-of-plane failures of infill walls. If experimental data become avail

able, the effect of the out-of-plane forces can be incorporated by updating the 

backbone curves to account for the out-of-plane forces in combination with 

the degradation of the arching action due to in-plane forces. 

- The strut modeling framework can be expanded to incorporate reinforced ma

sonry and concrete shear walls, unreinforced masonry walls, and infilled steel 

frames. This can be achieved by the development of backbone curves for these 

structural elements, and then the selection/ development of the appropriate 

material laws. 

- Although the proposed framework is not dependent on the choice of the con

stitutive law, more sophisticated material laws incorporating the strength and 

stiffness degradation due to cyclic loads can further improve the accuracy of 

the modeling approach. 

- The design of esperiments (DOE) can be used in the sensitivity study to de

velop the surrogate model to evaluate the factors that control the output re

sponse of the FE model. By varying multiple inputs at the same time, DOE can 

identify important interactions between the parameters that may have been 

missed while varying one parameter at a time. All possible combinations (full 

factorial) or only a portion of the possible combinations (fractional factorial) 

can be investigated by DOE. 

- Use of more sophisticated techniques such as machine learning, artificial neural 

networking, Kriging meta-model etc. can be used to train the surrogate models 

to predict the structural response that can yield more accurate results com-



318 

pared to the 3SLS approach used in this study. Moreover, the computational 

time required can be further reduced with the use of more advanced sampling 

techniques, (e.g. the Latin hypercube sampling, importance sampling etc. 

- The application of the FEMA 2018 (2018) [9] methodology on the infilled frame 

buildings can be expanded further by developing reliable equations for more 

complex structures. For instance, equations to estimate the effective period 

and the strength of the structures with open or taller stories in a particular story, 

asymmetric distribution of infills. Moreover, URM structures with and without 

retrofits, or buildings with RC shear walls can be considered. 



Appendix A 

A. I Engineering Drawings of NSET Office Building 

The five-story office building of National Society of Earthquake Technology, Nepal 

discussed in section 4.7.1 incorporates a masonry-infilled reinforced concrete (RC) 

frame and RC shear walls at the exterior. The structural and the architectral drawings 

obtained from NSET are presented in this appendix. 
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NOTES,-
> CLEAR COVER = 50mm 
> CONCRETE GRADE M25 (25 MPa) 

> STEEL GRADE Fe415 (415 MPA) 
>ONE STIRRUP MUST BE PLACED WHEREVER2Gl16-1."'I.. 
LONGITUDINAL BAR IS CURTAILED. 
>WHEN BARS ARE BENT, THESE SHALL NOT~ 
BE BENT IN DIAMETERS TIGHTER THAN SPECIFIED 

OIDC2()0CIC 
IN DRAWING SHEET NO SIi 

>THE FIRST STIRRUPS SHALL NOT BE AWA'f THAN 
2(1120+21Q16 

~ 
50mm FROM COLUMN FACE. 

>OVER SPLICING LENGTH, STIRRUPS SHAU. BE 
PROVIED AT SPACING OF 100MM C/C. 

SECTIONB-B >THE BEAM BAR SHALL BE ANCHORED IN END COLUMN 
WITH Fll.L DEVELOPMENT LENGTH.(REFER DETAIL IN 
DRAWING S10). 
>FOR LONGITUDINAL BARS SPLICING DETAILS REFER 
DRAWING SIO I!, SIi. 'tj< 

r ~ 

(J) 
b/J 

b/J 

-~ 
~ 

I-< 
"d 

SECTIOND-D ""§ 
B u 
;:::i 
I-<...., 

Cf) 

'tj< 

< 
~ 
So1200 ....... 
~ 

FOOTING(Fl) 

FOUNDATION DETAILS (Fl) 

FOUNDATION BEAl'1S 

0 - • •;-•= ~(Q):l) 
Dl'.T~:- 20.SEP. 2007 

I 



'tj< 
N 
('(') 

'II n I I I I llllt<III~::., \~ll!<lll I I I I I llt<~ 11J ~ I I I I IT"~ 1~111111 I I I I' '1 "'"J/Jj I ::.. : I I I 11 __ --·-II~ [ ______ . 1 I 1 i .J____ __ f -- -·-·· 
,-----8 X D = 300 X 1850 4(1):20 

LONGIT1JDINAL SECTION OF BEAM ALONG 3-(A-H) 

I 
I ( ' I ; I 11 2ai 211 •~111 \ 1 I I \ I I 

11 l-1 I I I il I I I iiiiiiHJi ln111111 I I I I I iiiiiiiiii I Vi I I I I I ,n1 Ir I iiiiiiiiiiiiiiii I I I I iiii'f..iili I liH'iiiiii I I 1111. 
I .. ~ L4m20 

3500 

© ALONG(l-A)-C,D 

LONGITUDINAL SECTION OF BEAM AT 2 - (A-H) 

® 1 .....--

+i@;'•~20I•2•10 
2!120 

DID@200C/C 

2(D20+2CD16 

~ ~ SECTIONG-G~ 

10Cl200C/C 11II, ,11111111111111 I I~ I I\I I I I I Ill I 11111111111111111111111111111111111 1111111111111 1 11111111111 I 
~ 

""' 
ALONG C,D-(1-4) 

Natlonal Society for Earthquake Technology-Nepal. NSET OFFICE BUILDING a I..o....cn~ 1,,J 1,,JZ007 I F~DATION BEAM I 
G.P.P BoI # 13775, 0COMMUNITY EARTHQUAKE LEARNING CENTRE - • 

1133, Devkote Sadak, llehedevsthen, Benes,ror, !Cethmemiu 
Tel(977-1)44864«, Fa1:: (997-1) 4490943, Email: nsetlnset.org.np BHAINSEPA~~_Ei~f21TPUR, NEPAL I I I I I I I I I Dl'.T~:- 20.SEP. 2007 ....--~ 

BAR.5 Noa. 
~CH FACE 

I 
V 
I 

I.!")
I 

(J) 
b/J 

~ 
I b/J 

al -
~ 

~ 
I-< 

"d 

12•21J1•~-~ ""§ 
B u 

~ ;:::i 
I-<....,101D@12!5C/C 

(D20+31D16 

f-------1 
SECTION K.-K. 

I 
,,-•= 
····-· - -··... 

Cf) 

I.!") 

< 
~ 
So ....... 
~ 

I 
$@~ 

I 



I.!') 
N 
('(') 

® (ID (Q (Q) I;) (f) ~ (fl)n,nnn 

'llllmn •:1.11:::nn 'lli=nn -:1-=nn 'llJ:IV\ -:111:nn -:111:nn 

BIll ~350C/C I y 

~ ~ 
II/ ,,-----t+----+tt----il I 

~ II A_.,.:;;... B _T@ISOGI 

i I I ""'"'- -71: ,... .:::: 8B+1===ttt- a a a a A : 
Blll@175cie"" ,J.,,.,_ m.1 x 

~ ,I
(3) (3) 

§ ~ ' D

! ( ! i <' >--llT@175CI( D D D C ! ! t 
; ~ I- ~1== D L----- ~ 

.. ,.____, l.l" ""'' 
(2) (2) 

I! ~ X ! XOID 
! A -~.._ ~ "~ ...350C/C A A I 

~I~ 71 I(I) (I) 
II ~ I 

! BT@3 OC/C µw, ~· I~ , BT@350'&p ! 
C C Jlll-ll=l'"'=#l--BT@l7SGC 

17 17 • I 

••nn •••• Lµ •••• Lµ o.nn Lµ 0 :,., LLl ••nn """" ,_ 

® Ol cD (Q) !;) \ (t) Q~ aD 
@35•

OVER AU. SLAB THICXNE$ = 125 mm 
FLOOR SLAB DETAIL(+ 3000 LVL.) 

~ B lll@300C/C + B lll@300C/C (EXTRA) CBlll@150C/C 
1050t]_s~c~ --::z-6 -C, ::-:, f ~ 8!1l@150C/CBlll@300C/C 
~""' 1""1 •1• I 

.JOO!)_ .35llO_ 

@® 

Natlonal Society for Earthquake Technology-Nepal. 
NSET OFFICE BUILDING a I''""'"" ,~ '~''" 

G.P.P BoI # 13775, 
1133, Devkote Sadak, llehedevsthen, Benes,ror, !Cethmemiu COMMUNITY EARTHQ~~~~ LEARNING CENTRE I I I I I I I I I 

Tel(977-1)44864«, Fa1:: (997-1) 4490943, Email: nsetlnset.org.np BHAINSEPAql, u21TPUR, NEPAL 

NOTES:-
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> STEEL GRADE Fe415 TOR STEEL 
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SECONDARY BEAM 1-A- C,D 

NOTES:-
> CL.EAR COYER = 25m111 
> CONCRETE GRADE M25 (25 MPa) 
> STEEL GRADE Fe415 (415 MPA) 
>ONE STIRRUP MUST BE PLACED WHEREVER LONGITUDINAL BAR IS 
CURTAILED• 
>WHEN BARS ARE BENT, THESE SHALL NOT BE BENT IN DIAl"IETERS 
TIGHTER THAN SPECIFIED IN DRAWING SHE~ NO II 
>THE FIRST STIRRUPS SHALL NOT BE AWAY THAN 50mm 
FRCl'ICOUl'INFACE. 

>OVl"R Sl'LICING Ll"NGTH, STIRIIJ~S SHALL BE l'ROYIED AT SPACING 

DFI001111C/C. 
>THE BEAM BAR SHALL BE ANDIORED IN END COLUMN WITH FILL 
DEVELOPMENT LENGTH. (REFEADETAILINDRAWINGSIO). 
>FORLONGITUDINALBARSSl'LICINGDETAIL.SREFERDRAWINGSII. 
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NOTES:-

> CLEAR COVER 

FOR COLUMNS = 40 MM 

FOR WALLS = 25 MM 

> CONCRETE GRADE M25 (fck = 415 N/MM2) 

> END OF SPLICED BAR SHALL BE CONFINED BY PLACING A SET OF STIRRUP AT THE END OF BAR. 

> LONGITUDINAL BARS MUST NOT BE LAPPED IN CONFINEMENT OR JOINT REGION. 

> SPLICING LENGTH SHALL BE l.3l.d UNLESS SPLICED BARS ARE STAGGERED BY l.3Ld 
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FOR STIRRUPS & TIES 
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DETAIL-A:135°HOOK 
FOR LATERAL TIES 

NOTE: 

I) GRADE OF CONCRETE TO BE USED 

- COLUMN - M25 
- BEAM - M25 
- FOUNDATION - M25 
- SLAP - M25 
- SHEAR WALL - M25 

2) GRADE OF STEEL - FE 415 

5) MINIMUN COVER REQUIRED FOR STRUCTURAL MEMBERS 

-COLUMN - 40 MM 
-BEAM - 25MM 
-SLAP - 15 MM 

-FOUNDATION - 50MM 
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A.2 Plan Views of Sankhu Building 

The plan views of the upper stories of the four-story school building located in Sankhu, 

Nepal as discussed in the Section 4.8.1 is demonstrated here. All dimensions in the 

figures are in inches. 
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Figure A.21: Plan view of second story of the school building 
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Figure A.22: Plan view of third story of the school building 
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Figure A.23: Plan view of fourth story of the school building 
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Appendix B 

B. l Observed Damage in Sankhu School Building 

The photos demonstrating the damages observed in the four-story school building in 

Sankhu, Nepal taken during the reconnaissance trip two months following the 2015 

Gorkha earthquake is presented here, also discussed in section 4.8.2. The damage 

was concentrated towards the south end of the building in the first story. 
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(a) Cb) (c) 

Cd) (e) (f) 

Figure B.l: Damages observed in the first-story columns of the school building. 
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(a) Cb) 

(c) Cd) 

(e) (f) 

Figure B.2: Damages observed in the first-story infill panels of the school building. 
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(a) Cb) 

,I - ...... \ 

(c) Cd) 

(e) (f) 

Figure B.3: Damages observed in the infills and the beams around the staircases of 
the school building. 
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(a) Cb) 

(c) Cd) 

(e) (f) 

Figure B.4: Damages observed from outside of the school building. 
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B.2 Observed Damage in Cityscape Apartments 

The photos of the Cityscape apartments taken during the reconnaissance trip follow

ing the 2015 earthquake is complied in this section. 

(a) Cb) (c) 

Cd) (e) (f) 

(g) (h) (i) 

Figure B.5: Seventeen-story Cityscape apartment from outside. 
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(a) Cb) 

(c) Cd) 

(e) (f) 

Figure B.6: Damages observed in the infill panels of the seventeen-story Cityscape 
apartment. 
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(a) Cb) 

(c) Cd) 

Figure B.7: Damages observed around the staircases of Cityscape apartment. 

(a) Cb) (c) 

Figure B.8: Pounding between the closely spaced Cityscape apartments. 



Appendix C 

C. l Deformed Meshes of the Detailed FE Models of In-

filled Panels with Openings 

A parametric study using nonlinear finite element models is conducted for the pur

pose of the FEMA 2018 methodology to examine the influence of the opening size 

and location within the masonry panel as discussed in section 7.3.6. Detailed finite 

element models of the single-story single-bay frames for the typical infilled bays with 

openings are developed in FEAP following a modeling methodology that combines 

the smeared-crack and interface elements [ 16]. The deformed meshes of the FE mod

els at 1.0% drift ratio are presented in Figures C.l to C.3. 
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MOl-L MOl-R MOl-M 

M02-L M02-R M02-M 

M03-L M03-R M03-M 

M04-L M04-R M04-M 

Figure C.l: Deformed meshes at 1.0% drift of panels with openings for f/n = 0.4 ksi. 
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MOl-L MOl-R MOl-M 

M02-L M02-R M02-M 

M03-L M03-R M03-M 

M04-L M04-R M04-M 

Figure C.2: Deformed meshes at 1.0% drift of panels with openings for f/n = 0.8 ksi. 
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MOl-L MOl-R MOl-M 

: ' ·--- : - ;,··, ,~.i· 
M02-L M02-R M02-M 

M03-L M03-R M03-M 

M04-L M04-R M04-M 

Figure C.3: Deformed meshes at 1.0% drift of panels with openings for f/n = 1.4 ksi. 
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