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ABSTRACT 

 

This Ph.D. research investigates the vertical distribution of seismic responses and 

controlling seismic response patterns in multi-story reinforced concrete and steel structures. 

Seismic responses of buildings designed by conventional force-based or displacement-

based approaches result in significant force demands compared to nominal design as 

observed in both experimental studies and earthquake simulations. Furthermore, force 

patterns suggest that the floor forces are predominantly controlled by higher modes 

especially when modal properties of buildings alter due to inelastic deformations. 

Therefore, actual force patterns experienced by buildings may not comply with the design 

code assumptions such as equivalent lateral force or response spectrum analysis. The main 

assumption in those methods, that the response of a building is dominated by the first mode 

excitation, may not be valid under strong earthquakes when inelastic deformations 

contribute significantly to the total response. Design code assumptions imply inelasticity 

to have same effects in all modes of response, though it may have significant effects on the 

demands associated with the first mode, higher modes may not be affected the same way. 

Further the distribution of seismic responses may differ for different types of lateral force 

resisting systems since each system possesses different response mechanisms such as 

formation of inelastic deformations. To better understand the distribution of seismic 

demands, response intensity measures obtained through nonlinear time history analysis are 

examined closely in terms of magnitude and shape along the height of buildings for 

different types of lateral force resisting systems in this study. This dissertation examines 

various types of buildings to address and shade light on those issues and observations 

mentioned above. 
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1 INTRODUCTION 

1.1 Overview and Motivation 

Significant evidence exists in the literature that the seismic responses of buildings 

designed by conventional force-based or displacement-based approaches result in 

significant force demands compared to nominal design. Further, the distribution of forces 

along the height of multi-story buildings suggests that floor forces are controlled by the 

higher mode responses, indicating actual force patterns may not comply with the design 

code assumptions such as Equivalent Lateral Force (ELF) or Response Spectrum Analysis 

(RSA). Design codes also assume inelasticity to have the same impact in all modes of the 

response. Further the distribution of seismic responses may differ for different types of 

lateral force resisting systems. This study investigates the distribution of seismic demands 

in terms of magnitude and shape along the height of buildings for different types of lateral 

force resisting systems: special reinforced concrete shear wall buildings, special steel 

moment frames, special concentrically braced frames, and buckling restrained braced 

frames. 

1.2 Problem Statement and Concept 

We observed that the current code [e.g., ASCE 7-10 and 7-16] requirements using 

ELF method result in underestimated seismic responses (shears, flexural demands, 

accelerations, etc.) and different load distribution patterns along the height of buildings. 

This may lead to shear failures, unintended plastic hinge formations (e.g., in the higher 

levels of walls) and large diaphragm force demands on floor levels. Underestimation of 
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these responses may be attributed to the effects of higher modes, the higher flexural 

strength due to over-strength and some other dynamical phenomena. There is a need for 

explaining the different vertical response distributions and identifying the predominant 

patterns for advancing current design procedures to eliminate failures that buildings and 

building components may undergo when imposed to seismic excitations. 

1.3 Scope, Objectives and Impact 

In this study, the seismic performance of multi-story building structures is 

investigated for different lateral force resisting systems: (1) special reinforced concrete 

shear wall buildings (SW); (2) special steel moment frames (SMF); (3) special steel 

concentrically braced frames (SCBF); and (4) buckling-restrained braced frames (BRBF). 

Nonlinear Time History Analysis (NTHA) of these buildings subjected to design spectrum 

compatible ground motions of various intensities was performed to obtain the distribution 

patterns of different force- and deformation-related seismic demands. Intensity measures 

related to structural damage, including story shear, overturning moment, diaphragm force 

and inter-story drift are examined.  

Two-dimensional (2D) nonlinear finite element (FE) models of buildings are 

created using the state-of-the-art numerical models. Before FE models can be used with 

confidence, it should be shown through validation that they produce responses consistent 

with natural observations. For this reason, to calibrate the reinforced concrete FE models, 

a series of experiments of static-cyclic loaded specimens are considered and results of static 

pushover analysis are compared with test results. Also, a pushover test result of a 

concentric brace is utilized to validate the numerical SCBF model. The state of the art 
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numerical modeling approach is employed throughout this study for modeling concrete and 

steel buildings. An open-source platform OpenSees [McKenna et al. 2006] is employed 

throughout the NTHA and static push-over analysis. Design of SW, SMF, SCBF and BRBF 

buildings for different number of stories complying with current design code requirements 

are created for this study using the ELF method. The main Lateral Force Resisting System 

(LFRS) and Gravity Load Resisting Systems (GLRS) are then modeled in OpenSees 

software to study seismic performance of buildings by means of NTHA results. For this 

purpose, firstly, SW buildings are studied for 4-to-12 story buildings in terms of NTHA 

and inelastic modal components. Then, seismic responses of a wide range of buildings of 

4-, 8-, 12-, 16-, and 20-story with different lateral force resisting systems are investigated. 

The vertical load patterns are demonstrated. Outcome of this study not only brings a deep 

understanding of the seismic behavior and vertical distribution of seismic demands along 

the height of the multi-story buildings for different lateral force resisting system and 

different height, but also provides with recommendations for the design of buildings to 

achieve expected demands, and prevent unexpected large force demands and failures. 

2 BACKGROUND 

The current building design codes recommend using ELF and RSA methods. 

Inelastic responses are expected especially when buildings are under large excitations. I 

the design procedures, the inelastic behavior is accounted for by reducing elastic design 

forces by a response modification factor, R. This process for a typical building is illustrated 

in Fig 2-1(a) for ELF procedure, where elastic triangular-shaped lateral forces (Fel) are 

normalized by R, to obtain design lateral forces (Fu). The moment and shear force 

distributions along the height of the buildings are also demonstrated in this figure. As can 
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be seen, the ELF method assumes that demands are merely first mode controlled. The RSA 

method, on the other hand, accounts for both the first and higher mode contributions based 
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on elastic modal super-position as presented in Fig 2-1(b). The inelastic behavior is 

incorporated by reducing each modal component by the “same” response modification 

factor, R. This assumes that the inelastic behavior has the same impact on forces at all 

modes.  

Both ELF and RSA are based on simple elastic response patterns, though the degree 

of complexity of the inelastic systems increases as the modal characteristics (e.g., mode 

shapes, modal coordinates) alter during the transient excitation. An additional flexural 

capacity, referred as system overstrength (Ωo=Mpr/Mn), is expected in buildings. Mn is the 

nominal strength and Mpr is the probable moment strength, calculated using expected 

material properties (e.g., increasing yield strength of reinforcement 17% (1.17fy) and 

increasing concrete compressive strength 30% (1.3f’c). Due to flexural overstrength, both 

moment and shear capacities increase in buildings. Thus, considering the overstrength, an 

effective force reduction factor can be obtained by R/Ωo instead of R. 

As noted by [Rodriguez et al. 2002], inelastic response in buildings tend to cause 

an important reduction in floor forces contributed by the first mode; however, has less 

impact on the floor forces contributed by higher modes. Thus, the inelasticity doesn’t 

reduce the demands from all modes equally. Smaller force reductions for higher mode 

components cause larger forces to develop as illustrated in Fig 2-1(c). Assuming the 

reduction in the first mode being same as RSA mode-1 component in Fig 2-1(b), but the 

reductions in higher modes being lesser, the total lateral force (Fin) especially in the mid-

height of the building gets larger values as seen in Fig 2-1(c). Under such a lateral force 

pattern, the location of effective (resultant) lateral force (heff, in) migrates to lower levels, 

compared to the effective height (heff) shown in Fig 2-1(b). The smaller effective height 
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causes larger shear forces to develop when the flexural strength at the base is developed 

for force equilibrium. Large shear forces become even more prominent considering larger 

moment capacity due to overstrength. 

The larger shear force due to inelastic behavior is subsequently referred as dynamic 

shear amplification, which can be expressed as V/(ΩoVu), where V refers to the maximum 

shear response obtained in NTHA, and ΩoVu accounts for the flexural overstrength. 

Recalling the definition of flexural overstrength Ωo=Mpr/Mn and ΩoVu, inferring that the 

shear capacity is directly proportional to the flexural capacity, V/(ΩoVu) assumes the 

development of maximum shear at the same time as the moment reaches the flexural 

capacity. [Ghorbanirenani et al. 2012], however noted that the moment response is 

controlled mostly by first mode, whereas shear forces are controlled by higher mode 

responses, implying that maximum shear and moment demands may not occur at the same 

time. Thence, due to the possible time lag in the development of the maximum shear and 

moment demands, the shear amplification may not represent true behavior if the 

overstrength (Ωo) is not correct at the time of peak shear forces. Defining the shear 

amplification as the ratio between maximum shear force obtained with NTHA and design 

base shear force is found to better represent the seismic behavior of buildings. Similarly, 

seismic moment demands are normalized by the base design moment and diaphragm forces 

are normalized by the top floor design diaphragm force in this study. Inter-story ratio 

seismic demands, however, are presented as the percentage.  

The effects of inelastic behavior briefly explained above has not been addressed in 

ASCE 7-10, but effects of overstrength was included, but not required, in an alternative 

design provision for diaphragms in section 12.10.3 of ASCE 7-16. Nevertheless, the effects 
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of time lag of peak shear and moment on the response distribution or overstrength was not 

mentioned.  

The effects of inelastic deformations in different lateral force resisting systems and 

resulting distribution of seismic demands along the height of buildings are investigated in 

this study. For this purpose, buildings are designed for the same seismicity for different 

types of lateral force resisting systems and for various number of stories in this study. 
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3 VERTICAL DISTRIBUTION OF FORCE-CONTROLLED 

SEISMIC RESPONSES IN 4-, 8- AND 12-STORY SHEAR WALL 

BUILDINGS 

 

 This chapter investigates the vertical distribution of force-controlled seismic 

demands in multi-story structures by means of 4-, 8- and 12-story special reinforced 

concrete shear wall buildings (SW). Walls are designed at three strength levels as constant, 

tapered and nominal in this chapter. Since structures with slender walls for their lateral 

force resisting system are expected to experience considerable higher mode demands, 

methods incorporating the Fourier and Wavelet transform of the response time histories 

are adapted to decompose the response into its inelastic modal components. Story shear 

(V), diaphragm force (F), overturning moment (M) and inter-story drift ratio (IDR) 

responses obtained from Nonlinear Time History Analysis (NTHA) using 50 (design) 

spectrum compatible MCE (Maximum Considered Earthquake) intensity ground motions 

are decomposed into first three modes of vibration. The decomposition method results are 

compared with the modal components obtained by Inelastic Modal Time History Analysis 

(IMTHA), for which the effective modal earthquake forces are realized from the eigen 

decomposition of elastic effective modal stiffness properties of the building, while the 

structure is modeled considering the inelastic element and material properties. Effective 

earthquake forces are imposed into the system equations of motion and nonlinear modal 

time history analysis is carried out by using a modified version of OpenSees software. The 

modal component results indicate that F and V are mainly controlled by higher modes, 

whereas M and IDR demands are controlled by the first mode response. The findings also 

indicate that the Equivalent Lateral Force (ELF), Response Spectrum Analysis (RSA) and 

First Mode Reduced response spectrum analysis (FMR) design procedures recommended 
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by current US building codes unconservatively predict seismic demands; further, the actual 

vertical distribution of seismic demands differ from that of code design patterns. Large 

acceleration induced diaphragm forces are found to not only occur at the top floor, but also 

at the lower levels, indicating unexpected damage along the height of the building may 

occur and this may result in unacceptable failures in the structure. 

3.1  Introduction 

 Due to the long-period-nature of slender shear wall buildings, a considerable higher 

mode contribution is expected in seismic demands since the spectral ordinate of the second 

and higher mode periods usually lie in the acceleration sensitive region of the response 

spectrum [Chopra 2011]. Further, design provisions try to localize inelastic deformations 

at the base of the shear wall. Due to inelastic deformations, the fundamental period of the 

building may elongate to the velocity and displacement sensitive regions of the response 

spectrum, whereas the higher mode ordinates likely remain in the acceleration sensitive 

region and thus control the response. As a result of increasing ductility and first period, 

higher force demands are expected in the form of shear amplification or acceleration (or 

diaphragm force) magnification in the total response. The accurate evaluation of these 

demands is crucial for the design of structural components, diaphragms and for a more 

uniform vertical distribution of drifts [Fleischman et al. 2002, Panagiotou et al. 2011]. The 

results of this chapter indicate that the shear and diaphragm force demands are largely 

controlled by the higher mode response, whereas moment and inter-story demands are 

dominated by the first mode in shear wall buildings. Next section illustrates comparison 

between some shear test results and numerical shear wall model used in this study. 
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3.2 Model Calibration for Numerical Simulations of Shear Walls  

 [Dazio et al. 2009] conducted a series of RC shear-wall tests to study the effects of 

longitudinal reinforcement, confining shear reinforcement, ductility and axial load. Six 

wall specimens exhibiting flexure-controlled response were subjected to quasi-static cyclic 

loading. Each specimen was loaded using a horizontal actuator, that was controlled to apply 

cycles of horizontal displacements with increasing amplitude. The test setup is shown in 

Fig 3-1(a). The OpenSees analysis model is first illustrated in Fig 3-1(b). OpenSees model 

is created using force-based distributed plasticity beam-column elements. The base-hinge 

length (Lp), calculated by simple equations available in the literature, is assigned to the 

base integration point. The effect of bar slip is found to not affect the results significantly, 

therefore, not included in the OpenSees model. Tensile reinforcing bar rupture is assumed 

to occur when the tensile strains reach the rupture strain, and the tensile strength of the 

longitudinal bar is reduced to zero. Buckling of longitudinal bars is implicitly accounted 

 

Fig 3-1. (a) Setup showing specimen WSH6 after the test [Dazio et al. 2009]; (b) Shear-

wall model using the force-based distributed-plasticity fiber type beam-column element. 
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for by assuming buckling to occur when the compressive strains corresponding to 80% 

compressive strength loss of concrete is reached.   

 Fig 3-2 shows comparison of a series of cyclic pushover response of shear wall 

specimens. Carrying out displacement controlled static pushover analysis, responses 

obtained with OpenSees model is illustrated in Fig 3-2. Though there are very slight 

differences in the strength and in the unloading stiffness, the overall hysteretic response 

obtained with the OpenSees model for this static analysis match excellently to the test 

results. This indicates the capability of the model for further using in the investigations of 

building seismic behavior that will be discussed in the following sections. 
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Fig 3-2. Force-displacement hysteretic response of six shear wall specimens and OpenSees 

model predictions. 
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3.3  Description of 4-, 8, 12-Story Shear Wall Buildings and Analytical 

Models 

 Plan-symmetric SWs are selected for the current study. The plan view of 4-, 8- and 

12-story buildings is illustrated in Fig 3-3(a). The same plan-view (geometric) properties 

are used for 4-, 8- and 12-story buildings, but varying shear wall and column sizes. 

Structures consist of two shear walls in each direction for the lateral force resisting system, 

and a flat plate-gravity frame. The building is designed according to the ASCE 7-10 ELF 

procedure. The ELF procedure is carried out assuming effective flexural stiffness of 35% 

and 70% of gross section flexural stiffness for shear walls and columns, respectively, per 

[ACI 318-11]. 

 The half-building is modeled as two-dimensional MDOF system using OpenSees 

[McKenna et al. 2006] software only considering the transverse direction, see Fig 3-3(b). 

Shear walls are modeled similar to section 3.2 wall models using fiber type distributed 

plasticity nonlinear beam-column elements with 5 integration points for each element. P-

Δ effects, strain hardening and tension softening of concrete are included in the modeling. 

The gravity columns are modeled using elastic elements with inelastic deformations only 

at the base. The contribution of floor slab is included by modeling the effective column 

strip as elastic beams with plastic hinges at both ends using the Pinching4 material model 

available in OpenSees. Expected material strengths are adapted as increasing the strength 

1.5 and 1.25 times for concrete and reinforcing steel, respectively. OpenSees Concrete02 

and Steel02 material models are used for simulating concrete and steel reinforcement, 

respectively. MinMax material wrapper available in OpenSees is used to simulate 

reinforcement rupture when steel tensile strain exceeds the rupture strain. Similarly, 
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buckling of reinforcing bars is implicitly simulated by reducing the strength of the 

reinforcing bar to zero when compressive strain exceeds the strain corresponding to 80% 

concrete strength loss. Seismic masses corresponding to the tributary areas of vertical 

elements are lumped at floor nodes. The load combination of dead load plus 25% of live 

load is used for the loading acting on the numerical model. Using Rayleigh damping model, 

2% critical damping ratios are anchored at the first and third modal periods obtained with 

effective flexural stiffness properties of buildings. Since slender walls are assumed to 

respond primarily in flexure, the effects of shear softening are neglected. 

 

Fig 3-3. (a) Plan view of 4-, 8- and 12-story shear wall buildings; (b) Mathematical 2D 

lumped-mass model.  

 

 Dimensions, details and specified material properties for the building components 

comply with code requirements, and are modeled to accurately simulate inelastic response, 

including strength loss. The boundary elements at both ends of the shear wall cross sections 

are provided. For the initial analyses results and for inelastic modal decomposition section, 

constant strength design where the base fiber-section design is same along the height of the 

building is utilized. Then, in the section where different designs are compared, constant 

strength, nominal strength and tapered strength designs along the height of the building are 

employed. Main characteristics of buildings considered in this study are presented in Table 
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3-1. Using design code spectrum compliant 50 far-field ground motions scaled to MCE 

intensity level, the NTHA is conducted exploiting high-performance computing resources 

by running simulations as parallel array jobs. MCE intensity is chosen to investigate the 

response quantities under significant inelastic deformations and contributions of modal 

components. Different design procedures, modal characteristics and selected ground 

motions for seismic analysis are described in the following sections. 

Table 3-1. Main Characteristics of 4-, 8-, and 12-story SW Buildings 

 12-story 

 

8-story 

 

4-story 

 
First floor height (m) 4.88 4.88 4.88 

Typical floor height (m) 3.2 3.2 3.2 
Building height (m) 40 27.3 14.5 

Wall length (m) 13.4 11 6 
Wall thickness (m) 0.508 0.508 0.508 

Wall Boundary length (m) 2.44 1.83 1.22 
Wall area (m2) 6.8 5.59 3.05 

Seismic floor weight (kN) 10809 10809 10809 
Wall base long. reinf. (%) 1.0 1.0 1.2 
Modal periods, Tn (sec) uncracked cracked uncracked cracked uncracked cracked 

T1 0.595 1.170 0.440 0.756 0.320 0.500 
T2 0.095 0.180 0.070 0.12 0.049 0.080 
T3 0.034 0.066 0.025 0.042 0.017 0.030 

Filtering Tn range (sec)       
T1-range 0.500-5.000 0.400-5.000 0.280-5.000 
T2-range 0.090-0.499 0.065-0.399 0.045-0.279 
T3-range 0.030-0.089 0.022-0.064 0.015-0.044 

 

3.4  Elastic Modal Characteristics and Design Force Envelopes 

 The governing equations of motion for MDOF systems can be represented by 

following equation 

𝑚𝑥ሷ + 𝑐�̇� + 𝑘𝑥 = −𝑚 𝜄 𝑥ሷ𝑔     (𝐸𝑞 3.1) 

where 𝑚, 𝑐 and 𝑘 are the system mass, damping and stiffness matrices; 𝑥, �̇�, and 𝑥ሷ  are 
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lateral displacements, velocities and accelerations, respectively. Influence vector, 𝜄 , is 

equal to unity for typical uniform earthquake loading (𝜄 = 1.0). 

 Using the modal properties of the system (using effective flexural stiffness 

properties), modal expansion of 𝑥 and effective earthquake forces (𝑚 𝜄) can be obtained as 

𝑥 = ∑ 𝜙𝑛𝑞𝑛

𝑁

𝑛=1

     (𝐸𝑞 3.2) 

𝑚 𝜄 = ∑ 𝑠𝑛 = ∑ Γ𝑛𝑚𝜙𝑛

𝑁

𝑛=1

𝑁

𝑛=1

     (𝐸𝑞 3.3) 

𝑠𝑛 = Γ𝑛𝑚𝜙𝑛     (𝐸𝑞 3.4) 

where 𝜙𝑛  is eigenvector, 𝑞𝑛  is displacement in modal coordinates and Γ𝑛  is the modal 

participation factor for the nth mode. Contribution of nth mode of the effective earthquake 

forces (𝑠𝑛) is found by Eq. 3.4. Note that for brevity, only the 12-story modal properties 

and design forces are illustrated in Fig 3-4 to 3-6. Mode shapes and normalized effective 

earthquake forces for 12-story shear wall building are illustrated in Fig 3-4. The elastic  

 

Fig 3-4. 12-story shear wall building (a) Mode shapes (b) Modal expansion of effective 

earthquake forces normalized by mass at each floor level 𝑖 for the nth mode. 
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effective earthquake forces are controlled by the first mode component ( 𝑠1 ), and 

contribution of second mode response is more pronounced in the lower levels of the 

building as seen in Fig 3-4(b). 

 Though buildings investigated in this study are designed using ELF method, for 

comparison, other design methods such as RSA and FMR envelopes are also illustrated as 

shown in Fig 3-5 and Fig 3-6. RSA method assumes inelasticity to have same impact on 

all modal components by dividing each component with the same response modification 

factor (R) as in Eq 3.5 for lateral design forces (𝑓𝑛). However, FMR method assumes 

inelasticity to affect only the first mode; therefore, the second and higher mode  

𝑓𝑛 = s𝑛(SA𝑛 𝑅⁄ )𝐼𝑒     (𝐸𝑞 3.5) 

𝑓𝑛=1,𝑓𝑚𝑟 = s1(SA1 𝑅⁄ )𝐼𝑒     (𝐸𝑞 3.6) 

𝑓𝑛=2−𝑁,𝑓𝑚𝑟 = s𝑛(SA𝑛)𝐼𝑒     (𝐸𝑞 3.7) 

𝑓𝑡𝑜𝑡 = 𝑆𝑅𝑆𝑆(𝑓𝑛) 𝑜𝑟 𝑓𝑡𝑜𝑡 = 𝑆𝑅𝑆𝑆(𝑓𝑛,𝑓𝑚𝑟)   (𝐸𝑞 3.8) 

 

Fig 3-5. 12-story shear wall building (a) Design accelerations; (b) Normalized design 

lateral forces obtained from RSA method; (c) Normalized design lateral forces obtained 

from FMR method at each floor level 𝑖 for the nth mode (Ft, des-ELF is the ELF top floor level 

lateral design force). 
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contributions to be unreduced by the response modification factor. Eq 3.6 expresses the 

reduced first mode component; whereas, Eq 3.7 expresses the second and higher mode 

components in FMR procedure [Rodriguez et al. 2002]. Lateral force envelopes can be 

obtained using square-root-of-sum-of-squares (SRSS) method as in Eq 3.8. Note that R 

factor is assumed as 5.0 and 𝐼𝑒 (seismic importance factor) is assumed as 1.0 for all three 

SW buildings investigated in this section. In these equations, SA𝑛 is the design acceleration 

corresponding to the nth mode as illustrated for the first 3 modes in Fig 3-5(a) for 12-story 

building. Fig 3-5(b and c) on the other hand illustrates the vertical distribution of forces 

obtained with RSA and FMR methods. 

 The total design force envelopes for 12-story building is presented in Fig 3-6. RSA 

and FMR envelopes are SRSS superpositions of 12 modes for the 12-story building. Note 

that RSA lateral forces are scaled by a factor 0.85 times the ratio of ELF to RSA base shear 

force since the combined RSA base shear force is less than the 85 percent of the ELF base 

shear per ASCE 7-10. This factor, however, has changed to 1.0 times when the RSA base 

shear force is less than the ELF base shear in ASCE 7-16. The ELF and RSA response 

envelopes show similar force peak magnitudes, but the FMR method design forces and 

shapes differ considerably from other two methods due to the increased contribution of the 

second and higher modes to the total response. The overturning moment envelopes 

however has a peak magnitude less than the ELF method since the modal contribution of 

the second mode to the flexural response is small and response is predominantly controlled 

by the first mode. Fig 3-6(b) illustrates the design diaphragm force envelopes for which 

minimum and maximum limits of ASCE 7-10 are applied. 

 [Chopra 2011] has shown that although modal properties used in modal analysis 
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methods are valid for linear systems, structures that undergo small oscillations can be 

analyzed using the linear elastic modal properties neglecting the effects of inelasticity on 

the modal periods and mode shapes. This assumption implies that the nth mode inelastic 

modal response of a building can be approximately obtained by solving Eq 3.1, where the 

effective force distribution factors are equated to the influence factors, 𝜄𝑛 = 𝑠𝑛,𝑖 𝑚𝑖⁄ . This 

method is shown to give true response for the elastic systems and confirmed to be valid for 

inelastic structures that undergo small oscillations where the alteration in the modal 

coordinates of systems are negligible, see [Chopra 2011]. The current OpenSees software 

(version 2.5.0) does not support to specify influence factors. For this reason, a modified 

 

Fig 3-6. 12-story shear wall building normalized total design force envelopes (a) Lateral 

forces; (b) Diaphragm forces; (c) Shear forces; (d) Overturning moments at each floor level 

𝑖 (Fpt, des-ELF is the top floor level diaphragm design force, Vb, des-ELF is the base floor level 

shear design force, Mb, des-ELF is the base floor level design moment obtained from ELF). 

 

version of OpenSees is created for this study by modifying the UniformExcitation.cpp file 

and rebuilding the OpenSees software. The modified-OpenSees allows one to predefine 

any influence factor for the nodes associated with seismic masses and provides the time 

history analysis solution of Eq 3.1. In this study, this solution is denoted as Inelastic Modal 
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Time History Analysis (IMTHA) when the structure has inelastic material properties. The 

same method is denoted as the Modal Time History Analysis (MTHA) in this study when 

the structure has only elastic material properties, which is equivalent to carrying out typical 

elastic modal time history analysis and finding modal components through modal 

expansion of response (e.g, Eq. 3.2 for displacements), see [Chopra 2011]. These methods 

will be used to compare the Fourier and Wavelet based decomposition methods and the 

modal properties discussed in this section will be exploited in the MTHA and IMTHA in 

the following sections. 

3.5  Ground Motions 

 Seismic behavior of building structures is complex and simplification to planar 

problems analyzed by imposing a horizontal ground-motion component are often deemed 

satisfactory, especially for structures without irregularities. Since the buildings considered 

in this study are regular, 1D dynamic analyses are carried out with selected horizontal 

ground motions. In some engineering problems (e.g. soil-structure interaction) the vertical  

 

Fig 3-7. (a) Selected design spectrum compatible 50 ground motions; (b) PSA of EQ1 and 

fundamental periods of 12-story SW structure. 
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component of a ground motion may be of interest, but it is usually negligible. In this study, 

rotational and vertical components of ground motions will not be involved. Another 

limitation is to the records recognized not to be near-fault for which otherwise additional 

considerations of the selection and scaling would be required (e.g., Shahi and Baker 2011). 

 There are numerous intensity measures adapted to approximate the response of a 

structure; amongst all, Pseudo Spectral Acceleration (PSA) is widely used. PSA of an 

arbitrarily selected horizontal component of a ground motion has been often used for 

structural design. In this study, both horizontal components of ground motions are equally 

considered as candidate ground motions for the selection procedure, as is a common 

practice. A simplified equation in seismic design codes is provided as the target design 

seismic hazard acceleration spectrum (e.g., ASCE 7-10). 

 A codified design acceleration spectrum for a generic site with short- and one 

second-period accelerations (Ss=1.5g and S1=0.6g, respectively, at MCE level) as 

recommended by ASCE 7-10 are assumed for this study. The seismic design category D 

and soil site class D are assumed. The target design spectrum is shown in Fig 3-7. 

 In this study, 50 strong motion (far-field) recordings compatible with the target 

design spectrum are assembled from the NGA2-West database [PEER 2013]. In the 

selection procedure, the second period of the 4-story building and first period of the 12-

story building is considered in the expression 0.5 T2 ≤ TS ≤ 2.5 T1, where the significant 

period range (Ts) is defined for ground motion matching and selection procedure. Response 

spectra of the selected ground motions are shown in Fig 3-7(a) at design level. Multiplying 

design level accelerations by 1.5, the MCE level accelerations are obtained. Both the 5% 

and 2% damped response spectra (solid darker and lighter lines, respectively) are presented 
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since design spectrum is based on 5% critical damping, whereas the 2% damping is adapted 

in the analytical models. Peak ground acceleration values are given in the superimposed 

figure with the average of 0.45g and ±1 standard deviation (dashed) lines. 

3.6  Visualization of NTHA Results of 12-story SW Building 

 There are various ways of visualizing seismic responses and investigating 

differences and similarities in demand patterns, such as plotting response envelopes where 

absolute-maximum demand experienced in each floor level is illustrated. Or force 

distribution along the height of the building at the time a floor is experiencing a maximum 

(or minimum) demand can also be plotted. For this section, both of those visualization 

methods are utilized. Using the numerical model created for 12-story SW building and 50 

 

Fig 3-8. Normalized seismic response envelopes from NTHA of 12-story SW building 

under 50 MCE ground motions; (a) Diaphragm forces normalized by top floor ELF design 

diaphragm force; (b) Story shears normalized by the ELF design base shear; (c) Story 

moments normalized by the ELF design base moment; (d) Inter-story drift ratios (IDR).  
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MCE ground motions described in earlier sections, NTHA is carried out. Fig 3-8 illustrates 

the normalized envelopes of diaphragm forces (F), story shears (V), story moments (M) 

and inter-story drift ratios (IDR) versus the relative height of building.  

 A significant amplification of force demands is observed in NTHA results. 

Significant acceleration induced amplifications of F in lower levels of building are 

observed. Similar acceleration induced significant accelerations in lower levels of 

buildings are also observed in [Rodriguez et al. 2002]. Average F response follows a 

decreasing trend towards the upper floors and then an increasing trend towards the top 

floor. V response exhibits uniform distribution of demands from top to mid-height levels, 

then rapidly increasing demands towards the base with largest demands occurring in the 

base level. M demands follow a mainly first-mode-like distribution of demands with largest 

demands occurring in the base level. IDR demands follow an increasing trend in lower 

levels, while mainly uniform distribution of demands is observed in the upper levels. 

 12-story SW building seismic responses are also illustrated using the large-data 

visualization tool created for this study using principal component analysis (PCA) to 

investigate similar distribution of forces along the height of the building. First, force 

envelopes at the time a floor is experiencing a minimum and maximum demand during a 

NTHA is found. This is repeated for all floor levels for 50 NTHA results, and then plotted 

as a force profile along the height of the building. For example, for 12 story SW building, 

1200 profiles (24 for each ground motion) are obtained. Using these profiles and the large-

data visualization tool, F profiles are plotted; a screen-shot of results are illustrated in Fig 

3-9 for F demands, Fig 3-10 for V demands and Fig 3-11 for M demands. In these figures, 
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e.g., Fig 3-9(a) illustrates the dimensionality reduction parameters (principal components) 

obtained from PCA. Two principal components are employed in this study and Fig 3-9(a) 

illustrates component-1 in x-axis and component-2 in y-axis. The closer the principal points 

in Fig 3-9(a), the closer the shape of the response as illustrated in Fig 3-9(b), where some 

of the dimensionality reduction parameters are selected from Fig 3-9(a) and corresponding 

profiles are highlighted in Fig 3-9(b) in red color. Fig 3-9(c) shows for what floor these 

selected profiles are maximum (or minimum), which is showing top floor (twelfth floor) 

profiles for highlighted profiles. Fig 3-9(d and e) shows options to select if there are 

different earthquake intensities and different models. Since this tool is created in (.html) 

format, these results can be achieved through these links (accessible of 7/19/2018) below: 

http://hdc.cs.arizona.edu/mamba_home/~cscheid/earthquakes/diaph_force.html 

http://hdc.cs.arizona.edu/mamba_home/~cscheid/earthquakes/shear.html  

http://hdc.cs.arizona.edu/mamba_home/~cscheid/earthquakes/moment.html 

 Using these tools, results obtained from NTHA are investigated. Distribution of 

forces, the shape of the profiles and corresponding floor levels are studied. Results 

observed using this tool indicated that both F and V responses follow distribution of forces 

controlled by higher modes and rarely first mode responses are observed. Similarly, M 

responses are studied using this tool and it’s shown that M demands at the lower levels of 

the building are controlled by first-mode-like responses, while the upper level M demands 

controlled by the second mode responses. 

   

http://hdc.cs.arizona.edu/mamba_home/~cscheid/earthquakes/diaph_force.html
http://hdc.cs.arizona.edu/mamba_home/~cscheid/earthquakes/shear.html
http://hdc.cs.arizona.edu/mamba_home/~cscheid/earthquakes/moment.html
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Fig 3-9. Screenshot of normalized F profiles at the time a floor experiences a minimum or 

maximum demand for 12-story SW building under 50 MCE ground motions; (a) 

Dimensionality reduction parameter (principal components); (b) Profiles corresponding to 

selected points; (c) Corresponding floors; (d) Earthquake intensity; (e) Numerical model 

type. 

Fi / Ft, des-ELF 

(a) (b) 

(c) (e) (d) 
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Fig 3-10. Screenshot of normalized V profiles at the time a floor experiences a minimum 

or maximum demand for 12-story SW building under 50 MCE ground motions; (a) 

Dimensionality reduction parameter (principal components); (b) Profiles corresponding to 

selected points; (c) Corresponding floors; (d) Earthquake intensity; (e) Numerical model 

type. 

Vi / Vb, des-ELF 

(a) (b) 

(c) (e) (d) 
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Fig 3-11. Screenshot of normalized M profiles at the time a floor experiences a minimum 

or maximum demand for 12-story SW building under 50 MCE ground motions; (a) 

Dimensionality reduction parameter (principal components); (b) Profiles corresponding to 

selected points; (c) Corresponding floors; (d) Earthquake intensity; (e) Numerical model 

type. 

  

 

 

 

 

 

 

 

Mi / Mb, des-ELF 

(a) (b) 

(c) (e) (d) 
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 Similar force distribution patterns can also be investigated using clustering 

algorithms available in MATLAB. Force profiles, which were presented in Fig 3-9 to Fig 

3-11, at the time a floor experiencing a minimum and maximum demand during a NTHA 

can be clustered into groups based on similarities in the shape along the height of the 

building. Amongst different clustering algorithms available in MATLAB, three clustering 

methods are utilized in this section only for force demands. K-means clustering with cosine 

distance metric is used to find similar patterns for diaphragm forces (F), while k-means 

clustering with Euclidean distance metric is used for story moments (M) utilizing the 

‘kmeans’ command in MATLAB. For story shears (V), agglomerative clustering using the 

‘cluster’ command is employed. Please refer to MATLAB for detailed description of the 

use of these methods and commands.  

 Fig 3-12 illustrates the F profiles that are grouped into seven clusters. The number 

of clusters are determined based on different patterns observed.  Fig 3-12(a) illustrates 

different clusters, Fig 3-12(b) illustrates the number of profiles in each cluster and 

corresponding floors of each minimum or maximum. Since for each floor, one minimum 

and one maximum profile are considered for 50 ground motions, a hundred profiles for 

each floor is included. This makes twelve hundred profiles for 12-story SW building. 

Percentage in Fig 3-12(b) in each cluster corresponds to percentage of number of profiles 

in each cluster to total of twelve hundred profiles. Fig 3-12(c and d) however corresponds 

to V and M profiles at the time of each F profiles plotted in Fig 3-12(a). Note that V and 

M profiles are similarly clustered into groups as shown in Fig 3-13 and  

Fig 3-14.  

 As seen in Fig 3-12(a), F demands follow different trends as lower floors, mid- 
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Fig 3-12. Clustered F profiles at the time a floor experiences a minimum or maximum 

demand for 12-story SW building under 50 MCE ground motions; (a) F profiles grouped 

into seven clusters; (b) Corresponding floors of each clusters; (c) Corresponding V profiles 

at the time of each F profile experiencing a maximum or minimum; (d) Corresponding M 

profiles at the time of each F profile experiencing a maximum or minimum (black dashed 

ad color lines are averages and individual profiles, respectively). 
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height floors, upper floors and top floor are experiencing largest demands. Cluster-1 

corresponds to the patterns when lower floors (1-4) of the building is experiencing the 

largest demands. The corresponding shear demands for cluster-1 in Fig 3-12(c) exhibit that 

base of the building is experiencing considerable second mode shears, while moment 

demands are mostly in the higher modes and considerable in the base. F demands exhibit 

large demands for floors 4-to-6 and 7-to-9 in cluster-2 and cluster-3, respectively; while 

shears and moments exhibit largely second mode response. Cluster-4 pattern exhibit large 

demands for floors 11 and 12, while shears and moments exhibit largely second mode 

demands. Cluster-5 and cluster-6 exhibit large F demands for floors 9 and 10. Notice that 

while lower floors of the building is experiencing not significant (on average) F demands, 

floors 9 and 10 can experience large demands during reversals of the F response. Shear 

demands corresponding to cluster-5 exhibit relatively lesser second mode demands, while 

moment demands are exhibit both second and first mode demands. Shear and moment 

demand corresponding to cluster-6 exhibit, however, much lesser demands. The cluster-7 

exhibits a pattern where first and second floors experience large F demands, while upper 

floors (on average) experience lesser demands. Notice that occurrences of cluster-5, 

cluster-6 and cluster-7 profiles are rare since only 7, 7 and 4 percent of profiles follow 

those patterns, respectively.  

 Fig 3-13 illustrates clusters for V demands. Note that for clustering, V demands are 

all normalized by the sign of base shears to get better clustering performance since the 

largest shears mostly occur at the base level. Cluster-1 corresponds to large demands in 

both and upper floors of the building. Notice that not all upper and lower floors are included 

in this cluster. In cluster-1, V demands follow a second mode trend, while corresponding 
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Fig 3-13. Clustered V profiles at the time a floor experiences a minimum or maximum 

demand for 12-story SW building under 50 MCE ground motions; (a) V profiles grouped 

into seven clusters; (b) Corresponding floors of each clusters; (c) Corresponding F profiles 

at the time of each V profile experiences a maximum or minimum; (d) Corresponding M 

profiles at the time each V profile experiences a maximum or minimum. 
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F and M also follow a second mode trend on average. Cluster-2 corresponds to large 

demands in the floors that are just above mid-height. Cluster-2 exhibits slightly lesser base 

shear demands in second mode trend, while F demands follow a second mode and M 

demands include largely first mode trend (also include higher mode contributions as seen 

by observing the shape of profiles). Cluster-3 illustrate large demands corresponding to 

lower floors that follow a trend similar to cluster-1. F and M demands follow a second 

mode trend for cluster-3. Cluster-4 exhibit the large demands for floor five and above. 

Especially largest V demands at the mid-height (sixth floor) follow cluster-4 trend, where 

base shear demands are lesser as the upper floors experience greater shear demand. F 

follows a second mode trend on average, while M follows a first mode trend; however, 

both including contributions from higher modes.  

 Fig 3-14 illustrates clusters for M demands. Note that for clustering, M demands 

are all normalized by the sign of base moments to get better clustering performance since 

the largest moments mostly occur at the base level. Cluster-1 corresponds to large demands 

largely in lower floors of the building while some upper floors profiles are also included in 

this cluster. In cluster-1, M demands follow a first mode trend, while corresponding F and 

M follow second mode trends. Since the clustering is conducted only for the shape of M 

profiles, F and V not necessarily follow the same shape as seen in F and M demands of 

cluster-1. Cluster-2 corresponds to large demands in the floors that are mostly above fifth 

floor. Cluster-2 exhibits slightly lesser base M demands while the upper floors exhibit 

larger demands. F and V demands follow second mode trend in cluster-2. Cluster-3 

corresponds to large M demands in the upper floors above the mid-height. M exhibits 

relatively lesser base M demands, while upper floor M demands are greater and in the 
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Fig 3-14. Clustered M profiles at the time a floor experiences a minimum or maximum 

demand for 12-story SW building under 50 MCE ground motions; (a) M profiles grouped 

into seven clusters; (b) Corresponding floors of each clusters; (c) Corresponding F profiles 

at the time of each M profile experiences a maximum or minimum; (d) Corresponding V 

profiles at the time each M profile experiences a maximum or minimum. 
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opposite direction during the reversals of the response. F demands include largely higher 

mode components, while V demands follow a second mode trend. Cluster-4 corresponds 

to the large M demands at the base floor. As can be seen, most of the base floor M profiles 

are included in this cluster. M demands follow a trend where large base M demands are 

observed, while upper floors are experience lesser M demands. Contribution of largely first 

mode response is observed in the M demands. F demands follow a second mode trend in 

cluster-4. Again, recall that this figure illustrates clustering for M demands, and 

corresponding F and M do not necessarily follow a similar pattern. Shear demands follow 

largely a second mode response trend for cluster-4. Note that in Figs (c and d) of Fig 3-12 

to Fig 3-14, averages are illustrated (by dashed lines) for seeing the force distribution trend 

even though some of the profiles within plots exhibit completely different distribution for 

some clusters and averages wouldn’t represent general trend in Figs (c and d) such as in 

cluster-1 of Fig 3-14 (d). Despite that, averages are plotted since in most of the clusters 

averages represent the general trend.  

 These observations in Fig 3-9 and Fig 3-14 are encouraging to investigate seismic 

responses in terms of inelastic modal components so that main patterns that are controlling 

or significantly contributing to the total response can be revealed by means of inelastic 

modal components. For this purpose, in the following section, three methods to obtain 

approximate inelastic modal components are discussed. One of the methods (Fourier-based 

decomposition method) is utilized in the following sections for the investigation of seismic 

demands in 4-, 8-, and 12-story SW buildings. 



50 

 

3.7  Modal Decomposition Using Fourier- and Wavelet-Based 

Methods, and Comparison to Inelastic Modal Time History Analysis 

 The seismic responses are analyzed in this section utilizing frequency domain 

decomposition techniques by means of Fourier- and Wavelet-based filtering. This study is 

carried out to investigate the characteristics of inelastic modal components of seismic 

demands. The complex nature of vertical distribution of forces stems from the transitory 

alterations in the modal coordinates of the structure. Such changes can lead to significant 

changes in the modal coordinates and therefore in the response (e.g., Fig 3-7). Fig 3-7 (b) 

denotes that stiffness changes due to concrete cracking can have significant effects on the 

modal coordinates and response. Note that the cracked periods shown in Fig. Fig 3-7 (b) 

are obtained using effective flexural stiffness of 0.35EI for shear walls and 0.70EI for 

columns, as suggested by [ACI 318-11]. As the response of flexible structures may be 

significantly affected by the contributions from the higher modes, the use of modal 

decomposition of response will be useful to understand the nature of forces in the building 

by means of modal components. 

 Fourier-based filtering of the response time histories are conducted first by 

segmenting each response time history into 5 seconds of windows with 0.2 overlapping 

ratio between contiguous windows. 5-seconds of windows is selected assuming that the 

lengthened dominant period of the building will not exceed 5 seconds. Also, effects of any 

alterations in the frequency content of the response due to inelastic deformations or 

concrete cracking will be accounted for every 5 seconds. For the windowing, hamming 

window is selected in this study. Each segment is then zero padded to the nearest power of 

2 for better filter performance. For filter design, MATLAB’s “fir1” (window-based finite 
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impulse response) function is exploited to calculate filter coefficients, which are calculated 

by least-squares approximation using order of the filter being equal to the sample length of 

the window. Filtering process is then conducted using zero-phase digital filtering using 

“filtfilt” command in MATLAB, where discrete Fourier transform is applied to the time 

history in both forward and reverse directions, on a range of frequencies, as bandpass 

filtering. To approximate the decomposed time histories corresponding to first, second, and 

third modes, three period ranges (for the bandpass) are specified as shown in Fig. 5(b) 

considering the transition of modes between uncracked to cracked, then to lengthened 

modal periods. Decomposed time histories are then obtained through the filtered time 

histories using the frequency bins corresponding to those period ranges. The lengthened 

first period is assumed to be 5 second since window size is assumed to be 5-sec for filtering. 

The lengthened first period only needs to be at least as expected lengthened period and if 

larger it won’t affect the decomposition technique. However, the lengthened second period 

is assumed to be slightly less than the uncracked first mode period, and this assumes that 

the second period will not be lengthened beyond the uncracked first mode period due to 

inelastic deformations. Similarly, the third mode lengthened period is assumed to be 

slightly less than the uncracked second mode period as seen in Fig 3-7(b) (see Table 3-1). 

 The use of 5-seconds of time history windows enables to account for any sudden 

changes in the frequency content of the overall time history every 5-seconds when Fourier-

based method is applied. The Wavelet-based methods on the other hand can capture 

localizations anywhere in the time history of responses [Grossmann and Morlet 1984]. Due 

to this characteristic of the Wavelet-based transformation, the Wavelet-based filtering is 

also adapted to decompose response and results are compared with the Fourier-based 
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method and IMTHA results. MATLAB’s “cwt” and “icwt” commands are used to calculate 

the continuous Wavelet transform and inverse continuous Wavelet transform to obtain the 

decomposed time histories corresponding to the period ranges defined in Table 3.1 for each 

mode. Note that for “cwt”, maximum number of octaves (log2(length-of-signal)-1) and 

maximum number of voices per octave (48) are adapted for better performance of the 

transformation (please refer to MATLAP for detailed information). 

 The modal properties and period ranges for each mode are given in Table 3.1 for 

buildings considered in this study. The uncracked first period (T1, uncr) could be used for 

the beginning of the first mode period range, but not to introduce a sharp cutoff right at this 

period, for example for the 12-story building, the beginning of the range is specified as 0.5-

second, assuming the second period won’t lengthen beyond this period. The upper limit is 

used as 5-second for the first mode period range for all buildings. Similarly, the beginning 

of second mode period range is specified less than uncracked second period (T2, uncr) as 

0.09-second for 12-story building, assuming the third mode period won’t lengthen beyond 

this period. The third mode period range is also defined similarly. Therefore, period ranges 

T1-range=0.03-0.089, T2-range=0.09-0.499, and T3-range=0.5-5.0 (sec) are adapted for 12-story 

building by making sure that there is no data overlapping in between period ranges. These 

ranges are found to give good resolution on reconstructing the time histories and 

identifying three transitioning modes. Table 3-1 presents the filtering period ranges for 4-, 

8-, and 12-story shear wall buildings. Note that 66.7 Hz (which is equal to the 0.015sec, 

3rd mode range period of 4-story building as seen in Table 3-1) low-pass filter is applied to 

all response quantities presented in this section to avoid any numerical errors that may stem 

from the solution of Eq 3.1. 
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 Note that shear walls are designed at three strength levels (tapered, nominal and 

constant) for 4-, 8-, and 12-story buildings as their differences will be discussed in the 

following sections. However, for the initial investigation in Fig 3-15 to Fig 3-17, 12-story 

constant-strength design, for which the base fiber section design is kept same along the 

height of the wall, is adapted.  

 First, the Fourier-based decomposition technique is applied to time history of base 

shear force normalized by the ELF base design demand (Vb/Vb, des-ELF) for 12-story building 

under MCE EQ1 and shown in Fig 3-15. As seen, considerable contribution from firsts two 

modes is observed. The decomposed time histories involve components from multiple 

frequencies as seen in the Power Spectral Density (PSD) of each decomposed time history 

in Fig 3-15(d). These frequencies lie in between corresponding period ranges specified (T1-

range, T2-range, and T3-range), which aligns with the intention of this procedure. Also included 

in Fig 3-15(d) are the dominant periods of vibration in each period range (1.71sec, 0.17sec 

and 0.06sec). 

 

Fig 3-15. (a)-(c) Fourier-based decomposition of time history of base shear for 12-story 

building under MCE EQ1; (d) Power Spectral Density (PSD) of (a)-(c) time histories. 
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 As shown in Fig 3-16(a), the base shear time history reconstructed by linearly 

adding up decomposed responses of three ranges matches very well to the original time 

history. Given that the first mode response has the largest PSD value centralized at 1.71sec, 

the largest peaks however are often dominated by the second mode in the time history as 

seen in Fig 3-16. This observation stems from the fact that PSD is a cumulative measure 

of a time history and harmonics usually possess larger PSD values; hence, the PSD does 

not provide clear information about instantaneous responses. 

 Fig 3-16(b-e) illustrate modal shear force profiles obtained along the height of the 

building at different instance of time for 12-story building under MCE EQ1. Some 

interesting observations can be made by looking at interactions between modes in these 

figures. Fig 3-16(b) shows that first mode and second mode components counteract each 

other at the lower levels of the building, which results in smaller total response in the lower 

levels. In the upper levels, however, first two modes add up to each other, which results in 

larger shear forces in the upper levels. At this instance, the contribution of the third modes 

is negligible. The total reconstructed response obtained by linearly adding up 3 modes 

match to the total response very well at this instance. Fig 3-16(c) shows the 3 modes add 

up to total response at the lower levels of the building, whereas in the mid-height and upper 

levels, second and third mode components counteract the first mode response. Fig 3-16(d) 

shows that first mode and second mode components counteract each other in the lower 

levels that results in almost zero total base shear at this instance, whereas the upper levels 

of the structure experience considerable shear demand since the first and second modes 

add up to each other. Fig 3-16(e) shows an instance that the response is largely controlled 
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Fig 3-16. Fourier-based decomposition of time history of base shear for 12-story building 

under MCE EQ1; (a) Base shear time histories; (b-e) Instantaneous shear profiles. 

 

by the second mode response, where minor contributions of the second and third mode 

response are observed. 
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 Fig 3-16 indicate that Fourier based method can successfully decompose shear 

force times histories into inelastic modal components and reconstructs the total response 

excellently. Next, the IMTHA assumptions is briefly discussed prior to comparing different 

methods. For this purpose, Fig 3-17(a) illustrates how modal periods change during the 

NTHA of 12-story building under MCE EQ1. Note that Tin and To denote the inelastic and 

initial modal periods, respectively. In this figure, modal periods are obtained with eigen-

value analysis of the current stiffness and mass properties at each successful analysis time 

step. Normalized lateral (absolute) displacement time histories (multiplied by 15 for visual 

purposes) at each floor level are plotted in the same figure to observe how modal periods 

alter as displacements change. As can be seen, first modal period is affected significantly 

as the structure oscillates through large deformations, though the change in the first mode 

period is not maximum when the lateral displacements are maximum. Rather, a smaller 

displacement response at 13.5sec, when the concrete goes through significant cracking, 

results in the largest instantaneous first mode period. On the other hand, second and third 

mode periods are significantly influenced when the structure goes through maximum 

displacements at 14.7 second. It is important to note that these modal periods are obtained 

instantaneously at every time step and do not give true values of a full cyclic period of the 

vibration; however, the change in the instantaneous modal periods gives information about 

how the modal properties of the structure change during concrete cracking and large 

deformations. Also, note that in calculating modal periods, at steps if any negative eigen-

values are obtained from the eigen-value decomposition, the period calculation is omitted, 

and previous step positive eigen-values are used for calculation. Period values less than the 

initial periods result from the rapid stiffness changes after yielding or on the unloading  
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Fig 3-17. 12-story shear wall building; (a) Time history of modal periods; Effective 

earthquake forces (sn) under (b) −𝑚 1 𝑥ሷ𝑔; (c) −𝑚 𝑠𝑛 𝑥ሷ𝑔 with MCE EQ1. 

 

branch of the response and can be neglected. Fig 3-17(b) presents the distribution of the 

effective earthquake forces calculated with Eq 3.4 with the modal properties at each 

successful analysis time step during typical earthquake analysis (𝜄 = 1.0 in Eq. 1). As can 

be seen, the modal characteristics of the system alters, thus this alteration causes variability 

in the effective earthquake forces. Fig 3-17(c) on the other hand illustrates the change of 

effective earthquake forces during IMTHA. The distribution of effective earthquake forces 

𝑠𝑛
′  are obtained when 𝜄 = 𝑠𝑛 for the nth mode in Eq 3.1. Note that 𝜄 = 𝑠𝑛 is calculated using 
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the initial modal properties of the system and substituted in Eq 3.1, then the nonlinear time 

history analysis is carried out using the modified version of OpenSees. 𝑠𝑛
′  is calculated with 

the modal properties at each successful analysis time step. This figure shows that the 

variability in the first mode is slightly reduced; however, the variability in the second and 

third modes are significantly reduced compared to Fig 3-17(b) since the influence factor 

𝜄 = 𝑠𝑛 enforces the nth mode oscillation to the system. The slight reduction in the variability 

of the first mode can be ascribed to the inelastic responses to significantly alter modal 

properties. Despite this drawback of the IMTHA for inelastic systems, it will further be 

exploited for comparison to Fourier- and Wavelet-based decomposition techniques. 

 Using Fourier-based and Wavelet-based decomposition techniques described 

earlier, the time histories of (normalized) story shear, diaphragm force, overturning 

moment and inter-story drift ratio are decomposed into modal components over the 

specified period ranges, first, for the 12-story elastic and inelastic buildings. Comparison 

to MTHA and IMTHA results are also provided in Fig 3-18 and Fig 3-19.  

 Fig 3-18 illustrates that the three methods result in similar first and second mode 

(absolute-maximum) response envelopes for all response quantities of an elastic 12-story 

SW building. Third mode MTHA results, however, slightly differ from the other two 

decomposition methods. Fourier- and Wavelet-based decomposition results overlap each 

other for all response quantities in the elastic building case except a negligible difference 

in the second mode IDR response. Total responses for all response quantities match very 

well to the total earthquake response (solid black line). The first and the second mode 

diaphragm forces obtained from MTHA have a slight difference compared to other two 

methods especially in the lower levels of the structure, but the Fourier- and Wavelet based 
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methods match better to the total earthquake response as can be seen in Fig 3-18(a). This 

difference can be ascribed to the eigen-value decomposition approximation in the MTHA.  

 

 

Fig 3-18. 9. Comparison of modal components of elastic 12-story shear-wall building 

response under MCE EQ1 with MTHA, Fourier- and Wavelet-based decomposition 

methods (black solid line is when 𝜄 = 1.0 for total response); (a) Diaphragm Force; (b) 

Story Shear; (c) Overturning Moment; (d) Inter-story Drift Ratio. 

 

Fig 3-18 indicates that both Fourier- and Wavelet-based decomposition results match very 

well to the MTHA and total earthquake response envelopes are reconstructed excellently. 

 Fig 3-19 illustrates response comparison for 12-story inelastic building. For all 
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response quantities, there are slight differences between IMTHA, and Fourier- and 

Wavelet-based results. This difference can be attributed to the fact that IMTHA neglects 

the alterations in the modal properties on the building, as it was illustrated in Fig 3-17. 

Total response envelopes show that the Fourier- and Wavelet-based methods reconstruct 

the total responses (solid black lines) better than IMTHA. Fourier- and Wavelet based 

decomposition techniques result in identical modal components for F, V, and M response  

 

 

Fig 3-19. Comparison of modal components of inelastic 12-story shear-wall building 

response under MCE EQ1 with IMTHA, Fourier- and Wavelet-based decomposition 

methods (black solid line is when 𝜄 = 1.0 for total response); (a) Diaphragm Force; (b) 

Story Shear; (c) Overturning Moment; (d) Inter-story Drift Ratio. 
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envelopes; however, there are slight differences for the IDR response envelopes in the 

inelastic case and this difference is found to be negligible. 10% and 11% difference for 

Fourier- and Wavelet-based methods, respectively, to the total EQ IDR response at the top 

floor are observed in Fig 3-19(d). Fig 3-19 presents excellent reconstructed total force 

envelopes using both Fourier- and Wavelet-based decomposition techniques, and a 

negligible error in the total IDR response. 

 Results in Fig 3-18 and Fig 3-19 indicate that both Fourier- and Wavelet-based 

decomposition techniques are successful on obtaining modal components and they 

reconstruct the total earthquake responses excellently in the linear-elastic and inelastic 

buildings; therefore, only Fourier-based decomposition approach will be adapted for the 

rest of this section. 

 Response envelopes are plotted in Fig 3-20 for 12-story building under 50 MCE 

earthquake excitations. As can be seen, the total reconstructed response envelopes obtained 

with Fourier-based decomposition method for F, V and M match perfectly to the total 

earthquake response envelopes. The reconstructed total IDR response on the other hand 

tend to slightly underestimate the response (9% difference on average at the top floor). Fig 

3-20(a) illustrates that the average normalized diaphragm forces for the first, second, and 

third modes, respectively, are 2.1, 5.0 and 3.1 at the top floor, and 1.2, 4.6, and 2.1 at the 

fourth floor. This indicates that the F is controlled by the second mode at the top and fourth 

floors. Significant contribution of the third mode on F is observed at the top and first floor 

levels as normalized average values at the first floor are 1.5, 2.8 and 3.0 for the first, second, 

and third modes, respectively. The normalized average total F of 6.2, 6.0 and 5.1 are 

observed at the top, fourth and first floor levels, respectively. These results differ 
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significantly from the design patterns illustrated in Fig 3-6(a and b) not only by magnitude 

but also in terms of shape since NTHA results indicate large acceleration induced forces in  

 

 

Fig 3-20. Modal components of inelastic 12-story shear-wall building under 50 MCE 

ground motions using Fourier-based decomposition method; (a) Diaphragm Force; (b) 

Story Shear; (c) Overturning Moment; (d) Inter-story Drift Ratio (solid black lines in modal 

components are averages). 

 

the lower levels of the building in addition to the top floor level.  

 Fig 3-20(b) illustrates that contribution of average normalized first, second, and 

third modes on the base shear are 1.9, 3.1 and 0.81, respectively. This indicates that shear 

is controlled by the second mode at the base floor. The normalized average shear response 
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values in upper floors (ninth floor) are 1.1, 1.6 and 0.75 for the first, second, and third 

modes, respectively. This indicates that shears in the upper floors are controlled by the 

second mode. Average mid-height (sixth floor) normalized shear values are 1.4, 0.5, and 

0.7 for the first, second and third modes, respectively. This indicates that the shear is 

controlled by the first mode at mid-height level. The normalized average total V values of 

1.7, 1.6 and 4.1 are observed at the ninth, sixth and base floor levels, respectively. 

 

3.8 Effects of Building Height and Design Strength on the 

Distribution of Seismic Demands 

 Shear walls in 4-, 8-, and 12-story SW buildings are designed at three strength 

levels as constant, tapered and nominal using the ELF design forces. The base fiber section 

design is kept same along the height of the wall for the constant strength design. For 

nominal, the wall fiber sections are designed to the nominal design forces at each floor 

level. For tapered, on the other hand, wall fiber sections are designed to design forces every  

 

Fig 3-21. Constant, Tapered and Nominal design flexural strength patterns; (a) 12-story; 

(b) 8-story; (c) 4-story buildings.  
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4, 3, and 2 stories for 12-, 8-, and 4-story walls (top 2 floors are designed to have same 

strength for 8-story). These design flexural strengths are illustrated in Fig 3-21. Note that 

all designs comply with the minimum longitudinal and transverse reinforcement 

requirements and detailing prescribed by ACI 318-11. The same plan geometry shown in 

Fig 3-3(a) and same modeling technique shown in Fig 3-3(b) are used for 4-, 8-, and 12-

story buildings. 

 Fig 3-22 illustrates the normalized diaphragm force, (mean +1.0 and mean−1.0 

standard deviation) envelopes obtained from NTHA for 50 MCE ground motions. Mean ± 

1.0 standard deviation is adapted in this study to demonstrate the seismic demands since it 

provides with the variability of response quantities. Modal components are obtained using 

the Fourier-based decomposition method described earlier. As can be seen, there are 

significant differences between the design envelopes (RSA, FMR, and ELF) and NTHA. 

Since MCE ground motions correspond to 1.5 times the design intensity, the design 

envelopes are multiplied by 1.5 for comparison in figures. Significant differences between 

RSA and NTHA are observed in all modal components; whereas, differences between 

FMR and NTHA are more pronounced in the first mode components. Note that first mode 

component has a crooked shape, rather than theoretical first mode shape since 

decomposition technique considers the alterations in the modal properties and envelopes 

are plotted for 50 ground motions.  FRM second mode design envelope predicts the second 

mode component relatively better. As pointed out earlier, the higher modes are not greatly 

affected by the inelastic deformations and this results in large differences between total 

NTHA and design envelopes. Large forces at the first floor are due to the contribution of 

the second and third modes to the response; whereas, top and mid-height floor forces are 
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controlled by the second mode. Different design patterns result in considerable differences 

in the diaphragm force patterns. Especially significantly large forces are observed in the 8- 

and 4-story buildings for nominal and tapered strength patterns, for which the difference

 

Fig 3-22. Diaphragm forces obtained from the NTHA for the three design approaches using 

50 MCE ground motions; mean ± 1.0 standard deviation envelopes are presented in figures.  

 

in the first mode are significant in the lower levels of buildings. Large amplification of 

diaphragm forces is mainly associated with significant contribution of higher modes in all 

cases. The diaphragm force patterns are found to change shape for different height of 

buildings as seen in the total responses. The top floor forces are found to increase as the 

Mode-1 Mode-2 Total Mode-3 

Fi / Ft, des-ELF 
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building height increases. For 12- and 8-story buildings, the peak total diaphragm forces 

are found at the top floor levels for constant strength design pattern; however, the peak 

 

Fig 3-23. Story shears obtained from the NTHA for the three design approaches using 50 

MCE ground motions; mean ± 1.0 standard deviation envelopes are presented in figures. 

 

total forces occurred in the lower levels of the building for tapered and nominal strength 

designs. The peak total force is observed at the first floor in 4-story building for all three 

design patterns.  

 Similarly, Fig 3-23 presents shear amplifications and their variability along the 

height of the building. Both RSA and FMR envelopes underestimate the first mode 

Mode-1 Mode-2 Total Mode-3 

Vi / Vb, des-ELF 
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response for all cases; however, FMR method predicts the second mode contribution 

relatively better. The total response envelopes indicate that all three design procedures 

underestimate shear demands. Shear forces at the lower and upper levels of the structure 

are controlled by the second mode for all cases; whereas, the mid-height shear forces are 

controlled by the first mode response. The contribution of third mode is more pronounced 

in the 8- and 4-story buildings with nominal and tapered strength patterns. Slight 

differences are observed in the shear force envelopes for three design patterns, especially 

in the third mode components. Large shear amplifications are observed for all cases and  

 

Fig 3-24. Overturning moments obtained from the NTHA for the three design approaches 

using 50 MCE ground motions; mean ± 1.0 standard deviation envelopes are presented in 

figures.  

Mode-1 Mode-2 Total Mode-3 

Mi / Mb, des-ELF 
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significant contributions of higher modes are found to control the response. The shear 

amplifications increase for increasing building height mainly due to increasing second 

mode contribution, whereas the first mode contribution is similar in shape and amplitude 

for all cases.  

 Fig 3-24 illustrates the overturning moment envelopes obtained from NTHA. As 

can be seen, all three design methods underestimate the moment demands, except ELF 

method predicts the 12-story base moment demand well, but the demands in upper floors 

are underestimated. There are slight differences in moment envelopes; especially, the  

 

Fig 3-25. Inter-story drifts ratios obtained from the NTHA for the three design approaches 

using 50 MCE ground motions; mean ± 1.0 standard deviation envelopes are presented in 

figures.  

Mode-1 Mode-2 Total Mode-3 

IDRi (%) 
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increasing contribution of the second mode is observed as the building height increases. 

The first mode component however is similar for all cases. For different design patterns 

slight differences are observed; especially, in the second and third mode components. 

Constant strength design exhibits larger contribution of the second mode in the mid-height 

floor levels, whereas tapered and nominal strength designs result in larger third mode 

contribution. For all cases the base flexural demands are controlled by the first mode; 

whereas, the second mode controls the demands at the mid-height. 

 The normalized average base moment demands are found to range in 1.55-1.69, 

which corresponds to the base flexural over-strength factor. One cause for large force 

amplifications observed in Fig 3-22 and Fig 3-23 may be attributed to the flexural over-

strength factor at the base of the building. Another, the 2% critical damping adapted in 

simulations may contribute to larger demands since design procedures possess 5% critical 

damping assumption. This assumption results in larger demands as evident in Fig 3-7. 

 Inter-story drift ratio demands obtained from NTHA are illustrated in Fig 3-25. As 

can be seen, the first mode component controls the IDR response in all cases. The first 

mode response is underestimated by both RSA and FMR methods for all SW buildings. In 

the 12-story building, the total response is slightly underestimated by RSA and FMR; 

however, the ELF method slightly overestimates the response in the upper levels. 8- and 

4-story building total IDR demands are underestimated by all three methods. Large IDR 

demands are observed around the mid-height and upper floor levels of 4- and 8-story 

buildings for tapered and nominal strength designs due to smaller flexural strengths 

assigned to the upper floor fibers for those designs. Constant strength design pattern results 

in more evenly distributed IDR demands for all buildings. 
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 Fig 3-22 to Fig 3-25 exhibit that all demands are underestimated by the three design 

procedures. These findings question the validity of response modification factor (R=5) 

used for shear wall buildings. Results of this chapter suggests that, to meet seismic 

demands, shear wall fibers are needed to be designed for lower R factors. A similar 

observation was also made by [Pugh et al. 2017]. Further, if a modal super-position method 

is employed, modal components are to be reduced with different R factors since inelasticity 

impacts modal component differently. 

3.9 Discussion 

In this section, the vertical response patterns of shear wall buildings are closely 

examined by means of modal components of story shears, diaphragm forces, overturning 

moments and inter-story drift ratios of 4-, 8- and 12-story SWs under 50 MCE ground 

motions. Each building is designed using ASCE 7-10 ELF procedure and three shear wall 

design strength patterns (constant, tapered and nominal) are investigated. The NTHA 

results for 12-story building, by means of force profiles at the time a floor experiences a 

minimum of maximum (min-max profiles), are firstly studied using large-date simulation 

tools that employ Principal Component Analysis to find similar force distribution patterns 

along the height of the building. Further, min-max profiles are grouped into various clusters 

using three different clustering methods. These results indicated that force-demands 

involve significant higher mode contributions, and results were encouraging to study 

seismic response in terms of inelastic modal components. Fourier- and Wavelet-based 

modal decomposition techniques are illustrated to successfully decompose the NTHA 

results into ranges of frequencies that correspond to assumed modal coordinates of each 

building. Fourier- and Wavelet-based decomposition results are shown to match well to 
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IMTHA. The inelastic modal components revealed that shear and diaphragm force 

demands are controlled by higher mode components. On the other hand, moment and inter-

story drift demands are mostly controlled by the first mode. Large acceleration induced 

diaphragm forces are observed to occur not only at the top floor but also on the lower levels 

of the buildings and are controlled by the second and third mode components. Shear forces 

exhibit large second mode contributions both at the lower and upper floors, whereas the 

first mode controls the demand at mid-height. Base moment demands are found to be 

controlled by first mode, whereas the mid-height moments are controlled by the second 

mode. Three seismic design procedures adapted in U.S. standards (ELF, RSA, and FMR) 

are shown to mostly underestimate seismic demands. The large differences between NTHA 

and design forces in the shear wall buildings considered in this study can be ascribed to the 

flexural over-strength (due to expected material strengths, oversized elements etc.), the 

lower critical damping factor in analytical model than the assumed design damping (5%), 

and significant higher mode contributions as it is revealed in this chapter. A lower value of 

a response modification factor (R) in the design procedure is suggested since the force 

reduction presumed by the R factor is not achieved as seen in seismic responses. Further, 

results suggest that, if modal super-position method is utilized, elastic modal components 

are needed to be reduced by different R factor since inelasticity affects modal components 

differently. Three shear wall design strength patters investigated in this chapter have shown 

to considerably influence the shape and magnitude of the seismic demands. Constant 

strength pattern is found to result in more uniform distribution of lateral deformations and 

force demands. Whereas, the tapered and nominal design patterns result in larger demands 
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and variability, especially, in 8- and 4-story buildings. Some of these results presented in 

this chapter are published in [Kuzucu et al. 2018]. 

The following chapter investigates the force distribution patterns along the height 

of the building and dynamic amplification of seismic demands when building is designed 

using different lateral force resisting systems. For this purpose, building designs and 

numerical models are first described, then NTHA results and comparison between different 

LFRS are presented.  
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4 SEISMIC RESPONSE DISTRIBUTION PATTERNS IN 

DIFFERENT LATERAL FORCE RESISTING SYSTEMS 

 

Structures experience significant inelastic deformations especially when imposed 

to infrequent major earthquake excitations. Current design codes incorporate the effects of 

inelastic behavior through response modification factors (R) used to reduce the elastic 

expected demands. Since design codes utilize the distribution of forces from elastic forces, 

the design does not necessarily lead to effective distribution of strength and stiffness in the 

structure. Due to different inelastic deformation mechanisms, different LFRSs may 

experience different unpredictable seismic responses. Typically, LFRSs are designed for 

lateral inertial forces to consider seismic effects. The resulting forces are then utilized to 

size and detail LFRS members. For this reason, the seismic lateral forces directly affect the 

size and detailing of members; therefore, the distribution of forces within the building. 

Note that, in some cases, the distribution of strength and stiffness of members may be 

controlled by allowable drift limitations. 

Due to the significance of lateral force distribution patterns for the design of 

structures, force distribution patterns have been extensively studied by researchers 

[Leelataviwat et al. 1999, Lee and Goel 2001, Rodriguez and Restrepo 2002, Park and 

Medina 2007, Chao et al. 2007, Moghaddam and Hajirasouliha 2008, Goel and Chao 2008, 

Uriz and Mahin 2008, Chopra 2011, Goel et al. 2010, and Liao and Goel 2014]. In these 

studies, structures are investigated to find effective seismic design force distribution 

patterns that would lead to desirable seismic force demands in the structure. In these studies, 

there has not been direct extensive comparison of SWs, SMFs, SCBFs and BRBBs 

designed to accommodate same seismicity. In this study, all buildings are designed for a 



74 

 

generic site with short-time acceleration of Ss=1.5g and one-second acceleration of S1=0.6g 

for different lateral force resisting system with different number of stories. Description of 

different types of buildings are explained in the following section.  

4.1 Description of SW, SMF, SCBF, and BRBF Buildings 

A series of 4-, 8-, 12-, 16-, and 20-story Special Reinforced Concrete Shear Wall 

(SW) buildings, Special Steel Moment Frames (SMF), Special Concentrically Braced 

Frames (SCBF), and Buckling Restrained Braced Frames (BRBF) are designed using the 

ASCE 7-10 ELF procedure for this study. Steel buildings are investigated using the same 

plan and elevation geometric properties; whereas, reinforced concrete buildings are 

investigated using a different plan and elevation geometric properties than steel buildings 

for creating more realistic designs and building models. Typical plan and elevation view 

for SW buildings are shown in Fig 4-1, and same plan geometry and story heights are used 

for all SW buildings. Note that this SW building configuration has extensively been studied 

[Fleischman et al. 2015 and Zhang 2017]. SW buildings have rectangular 54.8m x 30.5m 

symmetric plan, and first and typical floor heights are 4.9m and 3.05, respectively. Shear 

walls are designed as the primary lateral force resisting system and remaining of the 

building elements are designed to resist only gravity loads. Structures consist of a flat plate-

gravity frame, and two walls in each direction for 4-, 8-, 12-, 16- story buildings and four 

walls for 20-story building for the lateral force resisting system. Interior walls are 

employed in the transverse direction and exterior walls in the longitudinal direction. The 

building is designed according to the ASCE 7-10 ELF procedure. The ELF procedure is 

carried out assuming effective flexural stiffness of 35% and 70% of gross section flexural 

stiffness for shear walls and columns, respectively. 
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The plan and elevation views of SCBF, BRBF and SMF are illustrated in Figs. 2 

and 3. Note that these floor plans and story heights in Fig 4-2 and Fig 4-3 are adopted from 

the SAC steel project [FEMA 355C 2000] and buildings are redesigned for this study. Steel 

design requirements stipulated by AISC 341-10 for SCBF, BFBF and SMF are employed. 

4-, 8-, and 12-story steel buildings have 46m x 46m symmetric plan. 16- and 20-story 

buildings have 30m x 30m symmetric plan. First-floor height of 5.5m and typical-floor 

height of 3.96m are used. Steel lateral force resisting systems are provided along the 

perimeter of the buildings as illustrated in Fig 4-2 and Fig 4-3. The rest of the building 

columns and beams are designed as the gravity resisting system. Where there is no bracing 

or moment frames in the perimeter bays, columns and beams are modeled as gravity 

resisting members in steel buildings. SW buildings are designed to have same plan and 

story height properties.  

For all types of buildings, a codified design acceleration spectrum for a generic site 

with short- and one second-period accelerations (Ss=1.5g and S1=0.6g) at MCE level are 

assumed as recommended by ASCE 7-10. The design level acceleration demands are 

calculated as two-thirds of MCE accelerations. The period of each structure is 

approximated by equations given in ASCE 7-10. The seismic design category D and soil 

site class D are assumed. Response modification factors (R) of 6, 8, 8 and 5; design 

overstrength factor (Ω𝑜) of 2, 2.5, 3 and 2.5; and deflection amplification factor (Cd) of 5, 

5, 5.5, and 5 are used for SCBF, BRBF, SMF, and SW buildings, respectively. Effective 

seismic weight of each floor for SCBF, BRBF and SMF are assumed to be 4.07 kN/m2. 

For SW buildings 0.3m flat plate (slab) is assumed for all buildings and 6.5 kN/m2 seismic 

mass is employed assumed. Buildings are considered general office buildings with an 
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occupancy importance factor of 1.0. Design of members in the lateral force resisting system 

are determined to resist the ELF lateral forces using the load combinations required by 

ASCE 7-10. Strength, slenderness and compactness requirements for steel elements are 

satisfied per ASCE341-10. Further, the allowable drift limits per ASCE 7-10 Table 12.12-

1 are checked. Especially, the SMF member sizes are controlled by the story drift limits.  

The resulting design member sizes for the lateral force resisting system of buildings 

are given in tables in the Appendix. Note that all beams, columns and braces are selected 

from the available sections given in the AISC Steel Construction Manual. For SCBF braces, 

round HSS sections are employed. For the BRBF braces, the design of buckling restraining 

encasing is not carried out since for the numerical modeling only the steel core area is 

needed; therefore, the interaction between the BRB steel core and encasing is neglected in 

numerical modeling. All columns are selected from the available column sections in the 

AISC Steel Construction Manual, and no wide flange section is chosen as a column. SCBF 

and BRBF frames are designed to develop expected strength of the braces as discussed 

more in details in the following sections. SMF beam and column sections are designed to 

sustain design demands and retain the lateral story drifts within allowable drift limits. 

Strong column – weak beam requirement check is also conducted per AISC 341-10. All 

gravity resisting beams are assumed to be elastic elements with pin connections at both 

ends. Gravity columns are assumed to be continuous and pinned at the base. Beams and 

columns in the lateral force resisting frames, on the other hand, are assumed continuous 

welded flange and welded web connected (fully restrained) at beam column connection. 

All SCBF and BRBF braces are assumed as pin connected at both ends where they connect 

to elastic or rigid transition elements as explained further in the following sections. 
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Fig 4-1. (a) Plan view of 4-, 8-, 12-, 16- and 20-story special reinforced concrete shear wall 

buildings (two walls in each direction for 4-to-16 story SWs, four walls in each direction 

for 20-story building -illustrated only for transverse direction with dashed lines in this 

figure); (b) Numerical 2D lumped-mass model for the transverse direction (half building). 

0.3m thick slab 
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Fig 4-2. Floor Plans of (a) 4-, 8-, and 12-story; (b) 16- and 20-story; (c) Elevations of 4-, 

8-, 12-, 16-, and 20-story SCBF and BRBF buildings. 
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Fig 4-3. Floor Plans of (a) 4-, 8-, and 12-story; (b) 16- and 20-story; (c) Elevations of 4-, 

8-, 12-, 16-, and 20-story SMF buildings. 
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4.2 Ground Motions  

Seismic behavior of building structures is complex and simplification to planar 

problems analyzed by imposing a horizontal ground-motion component is often deemed 

satisfactory, especially for structures without irregularities. Since the buildings considered 

in this study are regular, 1D dynamic analyses are carried out with selected horizontal 

ground motions.  

 There are numerous intensity measures adapted to approximate the response of a 

structure and various methods to consider different characteristics of ground motions such 

as moment magnitude, source-to-site distance, and other site, path, and source parameters 

that affect that affect the seismic response [e.g., see Bradley 2012 and Kuzucu 2012]. 

Amongst all, Pseudo Spectral Acceleration (PSA) is widely used. PSA of an arbitrarily 

selected horizontal component of a ground motion has been often used for structural design. 

 

Fig 4-4. Response spectra of selected 16 ground motions that are matched to DBE intensity 

target design spectrum. 
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In this chapter, 16 far-field ground motion set was selected from sites that have 

fault rupture distance greater than 10km to neglect pulse-like recordings and less than 80km 

to omit recordings with very low frequency content. PEER NGA-West2 strong motion 

database is used for ground motion selection. Main characteristics of the suite of selected 

ground motions are summarized in Table 4-1 and response spectra of selected ground 

motions are illustrated in Fig 4-4.  

Table 4-1. Characteristics of 16 Far-Field Ground Motions 

EQ ID Name Year Mag Station RSN PGA (g) 

01 Imperial Valley-06 1979 6.53 El Centro Array #12 175 0.45 

02 Superstition Hills-02 1987 6.54 Westmorland Fire Sta 728 0.4 

03 Chi-Chi, Taiwan 1999 7.62 CHY029 1198 0.55 

04 Chi-Chi, Taiwan 1999 7.62 CHY46 1208 0.46 

05 Kobe, Japan 1995 6.90 Sakai 1115 0.42 

06 Hector Mine 1999 7.13 Amboy 1762 0.39 

07 Victoria, Mexico 1980 6.33 Chihuahua 266 0.44 

08 Kobe, Japan 1995 6.90 Abeno 1100 0.6 

09 Landers 1992 7.28 Amboy 832 0.42 

10 Kern County 1952 7.36 Taft Lincoln School 15 0.48 

11 Superstition Hills-02 1987 6.54 El Centro Imp. Co. Cent 721 0.53 

12 Loma Prieta 1989 6.93 Salinas-John & Work 800 0.44 

13 Loma Prieta 1989 6.93 Fremont-Mission San Jose 762 0.48 

14 Northridge-01 1994 6.69 Playa Del Rey-Saran 1057 0.52 

15 Kocaeli, Turkey 1999 7.51 Duzce 1158 0.39 

16 Livermore-01 1980 5.80 Tracy-Sewage Trea. Plant 216 0.38 

Mag: Magnitude. RSN: Record sequence number. PGA: Peak ground acceleration. 

 

Each individual horizontal component of an earthquake is considered as a candidate 

in the selection procedure. Scaling and matching procedure is conducted by reducing the 

root-mean-square-error between target and individual spectra. The recording that results in 

the least error is selected. Maximum scale factor of 4.0 is used in the linear scaling 
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procedure. Recordings with Vs30 (shear wave velocity in 30m) parameter in the range of 

182-762 m/sec are considered in the selection procedure for site classes C and D. 

Recordings with the magnitude in the range of 5.5-8.5 are included in the selection. 

Maximum of two recordings from the same event but from different station is allowed in 

the selection procedure. For the error calculation, a significant period range (Ts) of 0.5 T2
*< 

Ts <2.5 T1
* is adapted, where T2

* is the second modal period (uncracked) of the 4-story 

shear-wall building and T1
* is the first mode period of the 20-story BRBF building, hence 

the frequency content of each recording complies with the target design spectrum in large 

spectrum range for all buildings investigated. Fig 4-4 depicts the scaled ground motions’ 

response spectra compatible with DBE level target design spectrum. These selected 

recordings are utilized for NTHA of different LFRS considered in this study. 

 

4.3 Design and Seismic Performance of SW Buildings 

Special reinforced concrete shear wall buildings (SW) are commonly used as lateral 

force resisting system especially high seismic regions. SWs are expected to undergo large 

inelastic deformations especially when experiencing infrequent earthquake excitations. 

SWs are typically designed to constrain inelastic deformations at the wall base region as 

flexural yielding; however, experimental and numerical studies have shown that inelastic 

deformations in SWs can occur outside of the base of wall [see Panagiotou and Restrepo 

2009]; hence, numerical models capable of accurately simulating inelastic wall behavior 

are needed for seismic evaluations.  

Simulation of walls responding primarily in flexure can be achieved using various 

modeling approaches such as using plastic rotational hinge elements at locations inelastic 
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deformations are expected to form and modeling remaining parts of the wall as elastic 

elements; however, approach neglects the interaction between axial and flexural demands. 

In this approach, lumped plastic hinges are defined at critical parts of the wall and they 

require an assumption for the plastic hinge length that depends of the geometric and 

material properties of the wall. The plastic hinge is typically defined as moment versus 

plastic rotation, where plastic rotations are calculated from cross-section curvatures 

multiplied by the plastic hinge length. The effects of an axial force on the curvature can be 

included fiber analysis of the cross-section, however, variability of axial force and effects 

of variation of axial force to flexural capacity is omitted in this approach. Further, this 

approach requires a prior assumption of the locations of inelastic deformation so that plastic 

hinges can be placed. 

The use of fiber type elements, however, provides with more accurate 

representation of walls over lumped plastic hinge method. Discretization of steel and 

concrete fibers enables to assign uniaxial constitutive rules to each fiber and curvatures are 

converted to rotations with the corresponding plastic hinge length during analysis. The use 

of fiber-type elements, such as force-based beam-column elements available in OpenSees, 

considers the interaction between axial and flexural demands during cyclic response. 

Further, force-based beam-column elements can simulate the distribution of plasticity 

anywhere along the element through the integration points where fiber-type sections are 

assigned. Fiber-type force-based beam-column elements, however, assumes that plane 

sections remain plane and the effects of shear deformations are not simulated. For more 

complicated modeling of walls that considers the effects of shear coupling, please refer to 

[Palermo and Vechhio 2007, Kolozvari et al. 2014a and 2014b]. Linear moment and 
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constant axial force distribution along the length of elements are assumed in the force-

based beam-column elements. Force-based beam column element enables to place the 

fiber-type sections at both end integration points of the element in addition to at internal 

integration points, which enables inelastic deformations to form at multiple locations of an 

element. Force-based beam-column is typically computationally costlier than lumped-

plastic hinge approach and if the element undergoes significant loss of strength and 

stiffness due to concrete crushing, reinforcing steel rupturing etc., some convergence issues 

might arise. Despite the limitation, fiber-type force-based beam-column elements have 

been used effectively to simulate walls often buildings with regular configurations [see 

Ghorbanirenani 2010 and Pugh et al. 2017]. 

4.3.1 Design of SW Buildings  

The design of SWs depends on several performance factors such as response 

modification factor (R), deflection amplification factor (Cd) and overstrength factor (Ω𝑜). 

For the design of SW buildings investigated in this study 𝑅 = 5, 𝐶𝑑 = 5 and Ω𝑜 = 2.5 are 

employed. Since large inelastic flexural deformations are expected in SW systems under 

severe excitations, the system is needed to be detailed to sustain large forces and 

deformations. For this study, 4-, 8-, 12-, 16-, and 20-story SWs are designed in accordance 

with ACI 318-11 and ELF procedure per ASCE 7-10.  

The approximate fundamental period of each building is calculated by the equations 

provided in ASCE 7-10. The design is carried out based on load combinations per ASCE 

7-10 including the seismic loads. Shear walls are designed to resist lateral seismic force 

demands. Note that for this study, wind design is assumed to not control the design, thus 
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neglected from the design. Appropriate load combinations from ASCE 7-10 are adapted 

for axial, shear, and combined axial-flexure design of members. Gravity frame beams and 

columns are assumed to carry only gravity loads. In addition to strength requirements, 

allowable drifts per ASCE 7-10, are also satisfied. Required design force calculations, wall 

boundary element length, flexural and shear reinforcement and detailing is satisfied per 

ASCE 7-10 and ACI 318-10.  

To investigate seismic demands in shear wall buildings, plan-symmetric buildings 

are selected for the current study. The typical plan view of SWs is illustrated in Fig 4-1(a). 

The same plan-view (geometric) properties are used for all SWs, but varying shear wall 

and column sizes for different number of stories. A flat plate-gravity frame and planar 

reinforced concrete shear walls are adapted. Design forces are calculated according to the 

ASCE 7-10 ELF procedure, assuming effective flexural stiffness equal to 35% and 70% of 

gross section flexural stiffness for shear walls and columns, respectively per ACI 318-10. 

4.3.2 Numerical Model of SWs and NTHA Results 

The half-building is modeled as two-dimensional MDOF system using OpenSees 

software only considering the transverse direction, see Fig 4-1(b). Shear walls are modeled 

using fiber type distributed plasticity force-base beam-column (FBBC) elements (Spacone 

et al. 1996), which enables to simulate the interaction between axial and flexural demands, 

with 5 integration points for each element. The use of FBBC provides with the smooth 

spread of plasticity anywhere along the member, which avoids the abrupt stiffness changes 

when the element undergoes large inelastic deformations. P-Δ effects through a leaning 

column, material strain hardening, and tension softening are included in the modeling. The 
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gravity columns are modeled using elastic elements with inelastic deformations only at the 

base. The contribution of floor slab is included by modeling the effective column strip as 

elastic beams with lumped-plastic hinges at both ends of the element using the Pinching4 

material model available in OpenSees. For this study, the base floor fiber design of shear 

walls is kept constant along the height of the building. Expected material strengths are 

adapted as increasing the strength 1.3 and 1.17 times for concrete and reinforcing steel, 

respectively, per PEER/ATC-72-1 (2010). Note that these expected concrete and steel 

properties are slightly different than the ones used in chapter-3 where 4-to-12 story SW 

buildings were investigated.  

OpenSees Concrete02 and Steel02 uniaxial material models are used for simulating 

concrete and reinforcing steel cyclic behavior, respectively. Uniaxial materials with 

expected material properties are assigned to the steel, confined-concrete and unconfined-

concrete fibers. Confined concrete properties are calculated using Mander model [Mander 

et al. 1988]. MinMax material wrapper available in OpenSees is used to simulate 

reinforcement rupture when steel tensile strains exceed the rupture strain. Similarly, 

buckling of reinforcing bars is implicitly simulated by reducing the strength of the 

reinforcing bar to zero when compressive strain exceeds the strain corresponding to 80% 

concrete strength loss. Seismic masses corresponding to the tributary areas of vertical 

elements are lumped at floor nodes. The load combination of dead loads plus 25% of live 

loads is used for the loading acting on the numerical model. Using Rayleigh damping 

model, 2% critical damping ratios are anchored at the first and third modal periods obtained 

with effective flexural stiffness (cracked concrete) properties of buildings. Since slender 

walls are assumed to respond primarily in flexure, the effects of shear softening are 
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neglected in the modeling. Dimensions, details and specified material properties for the 

building components comply with code requirements, and are modeled to accurately 

simulate inelastic response, including strength loss. The boundary elements at both ends of 

the shear wall cross sections are provided. Main design properties of SW buildings 

considered in this study are presented in the Appendix. Using design code spectrum 

compliant 16 far-field ground motions scaled to DBE and MCE intensity levels, the NTHA 

is conducted exploiting high-performance computing resources by running simulations as 

parallel array jobs. MCE intensity is chosen to investigate the response quantities under 

significant inelastic deformations and contributions of different modes; whereas, DBE 

level corresponds to design level seismic demands. Due to complex nature and the 

alterations in the modal properties of SWs during NTHA, responses other than first mode 

is expected in SWs. [Eberhard and Sozen 1993] in their experimental study have shown 

that seismic demands experience demands larger than those associated with the base 

strength due to contributions other than the first mode.  

The initial analysis time step of 0.001sec is assigned for the nonlinear time history 

analysis (NTHA). Different numerical methods are adapted to get convergence in 

OpenSees software. Available algorithms Newton, Newton with initial tangent (stiffness), 

Newton line search, Newton initial then current (stiffness) algorithms are looped to find 

convergence. If convergence is not achieved, time step reduction method is applied to 

achieve convergence using smaller analysis time steps (up to 100 times smaller than initial 

time step) while still trying different algorithms. If convergence is still not achieved, the 

convergence tolerance and the maximum number of iterations are gradually increased 

while trying different solution algorithms and time-step reduction schemes. This method 
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is quite robust to achieve convergence. This solution technique described above is 

developed as an OpenSees process and at every times step this technique is applied to 

search for convergence. Please note that similar solution algorithm is also employed for 

the dynamic analysis of other types of buildings with additional methods if required. 

Using the numerical model crated for SWs, nonlinear time history analysis is 

carried out using the selected 16 ground motions for design-based earthquake (DBE) and 

maximum considered earthquake (MCE) intensity levels. DBE and MCE intensity level 

response envelopes for 4-story SW are illustrated in Fig 4-5 for diaphragm forces (F) 

normalized by ELF top level design diaphragm force, story shears (V) normalized by the 

base ELF design shear, story moments (M) normalized by the base ELF design moment, 

and inter-story drift ratio as percentage along the height of the building. Under DBE 

excitations, the largest average (normalized) F value of 2.28 is observed at the top floor 

level, while the first floor experienced 1.9. Average (normalized) V exhibits largest value 

of 1.86 at the base level, while base M is 1.5 times larger than the design value on average 

under DBE intensity level. Third floor level experienced the largest average IDR value to 

1.1% in DBE level. Under MCE excitations, the largest normalized (average) F value of 

2.7 is observed in the first floor; whereas, the top floor experienced 2.7. Note that this large 

first floor inertial forces are also observed by [Rodrigues and Restrepo 2002]. Largest 

normalized average V and M values of 2.1 and 1.55, respectively, are observed at the base 

level at MCE intensity. The largest average IDR value of 1.8% is experienced by the top-

floor. These results in Fig 4-5indicate that NTHA results are significantly larger than the 

corresponding design values for 4-story SW system under both DBE and MCE excitations. 

The base moment and shears are amplified in the MCE compared to the DBE responses as 
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expected. Average flexural over-strength (maximum moment divided by the design 

moment) of 1.5 and 1.55 are observed in DBE and MCE intensities, respectively, at the 

base of the structure. 

The response envelopes of the 8-, 12-, 16-, and 20-story SMF buildings are 

illustrated in Fig 4-6 to Fig 4-9. There is an increasing trend for F as the number of stories 

increases and there is a significant amplification of F in all buildings. Large acceleration 

induced lower level and upper level diaphragm forces are observed in all building both in 

DBE and MCE intensities. Increasing shear demands are observed as the number of stories 

increases for both DBE and MCE. Slight difference in the shape of the moment profiles 

are observed; there is a slightly larger mid-height moment demands as the number of stories 

increase. Slight differences are observed in IDR profiles for different number of stories. 

An increasing IDR demands towards the upper levels are observed for both DBE and MCE 

intensities, whereas lower floors levels exhibit lesser IDR demands. These response 

quantities are briefly discussed in this section because they will be discussed further and 

compared to each other building types in the following sections. 
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Fig 4-5. 4-story SW normalized diaphragm force (F), shear (V), moment (M) and inter-

story drift ratio (IDR) envelopes under 16 ground motions (a) at DBE; (b) at MCE intensity 

levels (black dashed lines are design force profiles normalized by top (for F) and base (for 

V and M) design demands). 
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Fig 4-6. 8-story SW normalized diaphragm force (F), shear (V), moment (M) and inter-

story drift ratio (IDR) envelopes under 16 ground motions (a) at DBE; (b) at MCE intensity 

levels. 
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Fig 4-7. 12-story SW normalized diaphragm force (F), shear (V), moment (M) and inter-

story drift ratio (IDR) envelopes under 16 ground motions (a) at DBE; (b) at MCE intensity 

levels. 
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Fig 4-8. 16-story SW normalized diaphragm force (F), shear (V), moment (M) and inter-

story drift ratio (IDR) envelopes under 16 ground motions (a) at DBE; (b) at MCE intensity 

levels. 
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Fig 4-9. 20-story SW normalized diaphragm force (F), shear (V), moment (M) and inter-

story drift ratio (IDR) envelopes under 16 ground motions (a) at DBE; (b) at MCE intensity 

levels. 
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4.4 Design and Seismic Performance of SMF Buildings 

Special steel moment frames (SMF) are commonly used effectively as primary 

lateral force resisting system in high seismic regions. Beam and column members as part 

of the SMF system are designed to resist lateral earthquake forces and dissipate energy 

through mainly flexural yielding in beams, in addition to limited panel zone shear yielding. 

Especially, under large infrequent ground excitations, SMFs may undergo significant 

inelastic deformations especially in plastic hinge zones in beam ends. AISC 341-10 

provides a series of rules to prevent weak-story mechanisms and element stability 

requirements for seismic design. SMF columns are designed to remain mainly elastic 

during DBE intensity. Only at the base level flexural yielding of the columns are allowed. 

Strong column – weak beam rule is employed in the design of SMF beams and columns, 

in which columns are designed to be stronger than yielded and strain hardened beams. 

Moment strength ratio applies to satisfy this requirement by per AISC 341-10 

∑ 𝑀𝑝𝑐
∗ ∑ 𝑀𝑝𝑏

∗⁄ > 1.0, where the ∑ 𝑀𝑝𝑐
∗  is defined as some of the projections of the nominal 

flexural strengths of the columns above and below the joint to the centerline of the beam; 

whereas, ∑ 𝑀𝑝𝑏
∗  is the sum of the projections of the expected flexural strengths of beams 

at the plastic hinge locations to the centerline of the column. Expected flexural strength of 

beams are amplified by a factor of 1.1 or by a factor of 𝐶𝑝𝑟. For this study, 𝐶𝑝𝑟 = 1.15 

value is employed assuming beam-column connections with reduced beam sections (RBS) 

per AISC 358-10. Please refer to AISC 341-10 and AISC 358-10 for the calculation of 

∑ 𝑀𝑝𝑐
∗  and ∑ 𝑀𝑝𝑏

∗ .  
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4.4.1 Design of SMF Buildings 

The design of SMFs depend on several performance factors such as response 

modification factor (R), deflection amplification factor (Cd) and overstrength factor (Ω𝑜). 

For the design of SMF buildings investigated in this study 𝑅 = 8, 𝐶𝑑 = 5.5 and Ω𝑜 = 3 

are employed. Since large inelastic deformations are expected in SMF systems under 

severe excitations, the system is needed to be detailed to sustain large forces and 

deformations. For this study, 4-, 8-, 12-, 16-, and 20-story SMFs are designed in accordance 

with AISC 341-10 and ELF procedure per ASCE 7-10. The approximate fundamental 

period of each building is calculated by the equations provided in ASCE 7-10.  

The design is carried out based on load combinations per ASCE 7-10 including the 

seismic loads for beams and columns. The design considers the typical RBS sections at 

both ends of SMF beams as discussed in AISC 358-10. SMF is assumed to be on the 

perimeter of buildings on a square plan view as shown in Fig 4-3. The 4-, 8-, and 12-story 

buildings are designed to resist seismic forces with four-bay perimeter SMFs; whereas, 16- 

and 20-story buildings are assumed to have five-bay perimeter SMFs. This design approach 

is similar to the original 9-story and 20-story SAC SMF designs [FEMA 355C 2000]. Note 

that for this study, wind design is assumed to not control the design thus neglected from 

the design. For both beam and column designs, appropriate load combinations from ASCE 

7-10 are adapted for axial, shear, and combined axial-flexure design of SMF members. 

Beams and columns are assumed to be fabricated from ASTM A992 Gr. 50 steel (nominal 

yield strength of 345MPa). Amplified seismic loads are also employed for the axial design 

of the columns. Lateral ELF forces (𝐹𝑥) are amplified by the system overstrength factor 

(Ω𝑜) and columns are then checked to resist resulting axial demands. According to AISC 
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341-10, all SMF members needs to satisfy additional local buckling requirements. Beams 

and columns shall satisfy requirements for highly ductile members. Further, beams are 

braced to satisfy the requirements for highly ductile members. For this study, SMF beams 

are designed assuming top flanges continuously braced, while bottom flange is braced at 

quarter points and all required highly ductile member checks are conducted. In addition to 

strength requirements, allowable drifts are also satisfied by selecting appropriate beam and 

column sizes. Members are selected with a similar strategy explained in [FEMA 355C 

2000].  

In addition to hand calculations, ETABS software is used to verify the strength 

checks and story drifts, and they are found to satisfy all requirements. The resulting 

member sizes are given in Appendix. Note that allowable drift limit is found to control the 

design of all SMF buildings. 

4.4.2 Numerical Model of SWs and NTHA Results 

The numerical OpenSees model for SMF is explained in this section. Column 

elements are modeled using force-based beam column (FBBC) elements (Spacone et al. 

1996) with fiber-based cross-sections, which enables to simulate the interaction between 

axial and flexural demands. For each brace element, 5 integration points (IP) are used to 

get accurate results. The use of FBBC provides with the smooth spread of plasticity 

anywhere along the column member, which avoids the abrupt stiffness changes when the 

brace element undergoes inelastic deformations. SMF beams, however, are modeled with 

beam with hinges element available in OpenSees, which considers the interaction between 

axial and flexural demands. Inelastic deformations are assumed to concentrate at end 
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integration points of the element where RBSs are located; whereas, the remaining of the 

element is assigned elastic element properties. It is assumed that the inelasticity is mainly 

retained in the end integration points and not distributed to interior integration points. The 

offset between the column mid-point to RBS is modeled using elastic element. Uniaxial 

materials are used to assign constitutive rules for the fiber elements. Both beam and column 

fiber-sections are assigned hardening uniaxial material available in OpenSees with three 

percent kinematic hardening. Expected material properties used in the design of SMFs are 

assigned to beam and column element materials in the numerical model. Effects of low-

cycle fatigue, stiffness and strength deteriorations are neglected in the numerical models 

of SMFs. 

The numerical studies on seismic evaluations and performance of SMFs have been 

extensively conducted [e.g., Gupta and Krawinkler 1999, Zareian et al. 2010, and NIST 

2010]. The effect of composite beam-slab action is neglected in the numerical models in 

these studies for the seismic performance evaluations. For this study, effects of composite 

action are also neglected, please refer to [FEMA 355D 2000, Ricles et al. 2000, Kim et al. 

2004, Lignos et al. 2013] for effects of composite action. Effects of shear distortion and 

hence the shear deformations in the panel zone have been studied [e.g., Shin and Engelhard 

2013]. For this study, panel zone deformations are neglected in the numerical model. 

The moment frame base conditions are defined as fixed; whereas, gravity frame 

column base ends are defined as pinned. Beam-to-column connections are modeled as fully 

restrained in the SMF bays, whereas gravity beam-to-column connections are assumed as 

pinned. The damping is simulated using Rayleigh damping model with 2% critical damping 

anchored to first and third modal periods of the structure. Stiffness proportional damping 
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is assigned to the beam and column elements. The mass proportional damping, however, 

is assigned to the joints where seismic masses are applied. The half building is modeled in 

2D space on the perimeter SCBF as shown in Fig 4-3(c). 4-, 8- and 12-story buildings are 

modeled as four-bay SMF and the last bay as gravity frame; whereas 16- and 20-story 

buildings are modeled as five-bay SMF. The corresponding dead and live loads are 

assigned to each column and beams as point and distributed loads according to tributary 

areas. Dead (D) and live (L) loads are assigned using load combination 1.0D + 0.25L for 

the analysis. Since in 2D space, building is modeled using half of the lateral resisting 

system (the perimeter SMF), half of the entire mass of the building is assigned to the model. 

The effect of the interior gravity frame is neglected in the modeling; however, a P-Delta 

column with no flexural stiffness parallel to SMF is created to assign the remaining (half 

building) gravity loads carried by the internal gravity frame. Axially rigid elastic beam 

elements with pin conditions at both ends are adapted to connect the P-Delta column to the 

system.  

The initial analysis time step of 0.001sec is assigned for the nonlinear time history 

analysis (NTHA). Different numerical methods are adapted to get convergence. Newton, 

Newton with initial tangent (stiffness), Newton line search, Newton initial then current 

(stiffness) algorithms are looped to find convergence. If convergence is not achieved, time 

step reduction method is applied to achieve convergence using smaller analysis time steps 

(up to 100 times smaller than initial time step) while still trying different algorithms. If 

convergence is still not achieved, the convergence tolerance and the maximum number of 

iterations are gradually increased while trying different solution algorithms and time-step 

reduction schemes. This method is quite robust strategy to achieve convergence. This 
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solution technique described above is developed as an OpenSees process and at every times 

step this technique is applied to search for convergence. Please note that similar solution 

algorithm is also employed for the dynamic analysis of other types of buildings. 

Using the numerical models crated for SMFs, nonlinear time history analysis is 

carried out using the selected ground motions for design-based earthquake (DBE) and 

maximum considered earthquake (MCE) intensity levels. DBE and MCE intensity level 

response envelopes for 4-story SMF are illustrated in Fig 4-10 for diaphragm forces (F) 

normalized by ELF top level design diaphragm force, story shears (V) normalized by the 

base ELF design shear, story moments (M) normalized by the base ELF design moment, 

and inter-story drift ratio as percentage along the height of the building. Under DBE 

excitations, the largest average (normalized) F value of 5.4 is observed at the top floor level, 

while the first floor experienced 4.1. Average (normalized) V exhibits largest value of 4.2 

at the base level, while base M is 3.4 times larger than the design value on average under 

DBE intensity level. Third floor level experienced the largest average IDR value to 1.6% 

in DBE level. Under MCE excitations, the normalized (average) F values of 5.9 and 6.5 

are observed at first and top floors, respectively. Largest normalized average V and M 

values of 4.8 and 3.9, respectively, are observed at the base level at MCE intensity. The 

largest average IDR value of 2.28% is experienced by the second-floor, while top floor 

experienced 1.45%. These results in Fig. 1 indicate that NTHA results are significantly 

larger than the corresponding design values for 4-story SCBF system under both DBE and 

MCE excitations. The distribution of average F along the height has an increasing trend for 

both intensities. The base moment and shears are amplified in the MCE compared to the 

DBE responses as expected. Average flexural over-strength (maximum moment divided 
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by the design moment) of 3.4 and 3.9 are observed in DBE and MCE intensities, 

respectively, at the base of the structure. 3.4 value is slightly larger than assumed design 

overstrength value of 3.0 due to primarily higher flexural strength of beams that were 

selected to satisfy the allowable drift requirement.  

 

Fig 4-10. 4-story SMF normalized diaphragm force (F), shear (V), moment (M) and inter-

story drift ratio (IDR) envelopes under 16 ground motions (a) at DBE; (b) at MCE intensity 

levels (black dashed lines are design force profiles normalized by top (for F) and base (for 

V and M) design demands). 
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The response envelopes of the 8-, 12-, 16-, and 20-story SMF buildings are 

illustrated in Fig 4-11 to Fig 4-14. There is an increasing trend for F as the number of 

stories increases there is a significant amplification of F in all buildings. For 12-, 16- and 

20-story buildings, F has an increasing trend along the height of the building for both DBE 

and MCE intensities, unlike 4- and 8-story buildings where F is almost uniform along the 

height of the building. Increasing shear demands are observed as the number of stories 

increases for both DBE and MCE. Slight difference in the shape of the moment profiles 

are observed. Considerable differences are observed in IDR profiles for different number 

of stories. An increasing IDR demands towards the upper levels are observed for both DBE 

and MCE intensities, whereas lower floors levels exhibit considerably lesser IDR demands. 

These response quantities are briefly discussed in this section because they will be 

discussed further and compared to each other building types in the following sections.  
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Fig 4-11. 8-story SMF normalized diaphragm force (F), shear (V), moment (M) and inter-

story drift ratio (IDR) envelopes under 16 ground motions (a) at DBE; (b) at MCE intensity 

levels. 
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Fig 4-12. 12-story SMF normalized diaphragm force (F), shear (V), moment (M) and inter-

story drift ratio (IDR) envelopes under 16 ground motions (a) at DBE; (b) at MCE intensity 

levels. 
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Fig 4-13. 16-story SMF normalized diaphragm force (F), shear (V), moment (M) and inter-

story drift ratio (IDR) envelopes under 16 ground motions (a) at DBE; (b) at MCE intensity 

levels. 
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Fig 4-14. 20-story SMF normalized diaphragm force (F), shear (V), moment (M) and inter-

story drift ratio (IDR) envelopes under 16 ground motions (a) at DBE; (b) at MCE intensity 

levels. 
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4.5 Design and Seismic Performance of SCBF Buildings 

Special steel concentrically braced frames (SCBF) are commonly considered 

effective primary lateral force resisting system for lateral forces such as earthquakes 

especially in high seismic regions. Brace members as part of the SCBF system dissipates 

energy through buckling and yielding under compressive and tensile forces, respectively. 

Especially, under large infrequent ground excitations, SCBFs undergo large inelastic 

deformations. Due to complex nature of the formation of inelastic mechanism in braces 

and location of inelastic deformations along the height of the building, SCBFs may exhibit 

different force distribution patterns than other lateral force resisting systems. Since 

columns, beams and braces are connected on a centerline creating a high stiff region at the 

joint, SCBFs have large elastic initial lateral stiffness that can cause large lateral forces 

before the yielding of braces is initiated.  

There has been research on the concentrically braced frames’ failure modes and 

their affects in the structure [Tremblay et al. 1996]. As a result of buckling of braces in 

SCBF and significant reduction in the system lateral stiffness at post-buckling stage, 

localization of inelastic deformations may cause story mechanisms that can result in total 

collapse of the structure. The reserved capacity in SCBFs, the performance after brace 

fracture and effects of connection detailing have been studied by [Uriz 2005, Hines et al. 

2009, Stoakes 2012). Experimental studies of braced frames have demonstrated that 

behavior of braces depend on the type of bracing, material properties and geometric 

properties. [Karamanci and Lignos 2014] has discussed the modeling of braced frames and 

proposed a computational approach for the collapse assessment, including post-buckling 

behavior and fracture. Accurate representation of brace buckling, inelastic post-buckling 
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cyclic behavior and ultimately low-cycle fatigue attributable brace fracture is needed for 

seismic simulations. A detailed review of concentrically braced frames is given in 

[Tremblay 2002]. 

4.5.1 Design of SCBF Buildings 

The design of SCBFs depend on several performance factors such as response 

modification factor (R=6), deflection amplification factor (Cd=5) and overstrength factor 

(Ω𝑜 = 2) used in this study. Since large inelastic deformations are expected in SCBF 

systems under severe excitations, the system is needed to be detailed to sustain large forces 

and deformations. For this study, 4-, 8-, 12-, 16, and 20-story chevron type SCBFs are 

designed following the capacity design procedure required by AISC 341-10 and ELF 

procedure per ASCE 7-10. The approximate fundamental period of each building is 

calculated by the equations provided in ASCE 7-10. 

Braces are designed to sustain large lateral forces and large inelastic deformations 

through buckling under compression and tensile yielding. Other structural members such 

as beams, columns and connections are designed to remain elastic and sustain post-

buckling seismic forces. AISC 341-10 assumes all braces to reach expected strengths 

(tensile and compressive or post-buckling strengths) simultaneously under first mode load 

distribution and the resulting unbalanced loads to be carried by beams and columns. 

Especially in chevron type SCBFs, beams are exposed to large axial and shear forces at the 

beam-brace joint and resulting moment forces. For this reason, beams are designed to 

withstand large combined axial and moment demands. This capacity design procedure 
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results in deep wide flange beam sections in SCBFs. [Wen et al. 2016] discusses the SCBF 

design procedures and provides comparison between AISC 341-05 and 341-10.    

There are 3 analysis cases required for SCBFs in AISC 341-10; two of which are 

for beam and column strengths and the third case is to limit the column strength. The design 

is carried out based on load combinations per ASCE 7-10 including the amplified seismic 

loads for beams, columns, and their connections. Amplified seismic loads, however, are 

permitted to be taken as the larger force determined from case-1 and case-2 described as 

following. Two analysis cases apply to the design of columns and beams when the structure 

is under the first mode lateral forces, implying all braces to simultaneously yield or buckle; 

(case-1) assumes all braces to reach expected compressive or tensile strengths; (case-2) 

assumes all tension braces to reach expected tensile strength while all compression braces 

to reach expected post-buckling strengths. AISC (2012) recommends replacing braces by 

equivalent expected brace forces for corresponding cases and carry out static analysis to 

find demands in columns and beams. The resulting demands are then used as the amplified 

seismic forces in the load combinations. The (case-3), however, limits the column strength, 

in which compression braces are assumed to be removed and the remaining system must 

resist the amplified seismic lateral forces. This case corresponds to the compression brace 

post-fracture mechanism. Lateral ELF forces (𝐹𝑥) are amplified by the system overstrength 

factor (Ω𝑜) in case-3 and columns are not to resist forces larger than this case requires. 

These analysis cases are illustrated in Fig 4-15. For case-1 and case-2, brace expected 

tensile (PET) and compressive (PEC) strengths can be obtained by expressions 𝑅𝑦𝐹𝑦𝐴𝑔 and 

min (𝑅𝑦𝐹𝑦𝐴𝑔, 1.14𝐹𝑐𝑟𝑒𝐴𝑔), respectively. In these expressions, 𝑅𝑦 is the ratio of expected 

yield stress to the minimum specified steel yield stress as given in Table A3.1 in ASC 341-
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10, 𝐹𝑦 is the specified minimum steel yield stress, 𝐹𝑐𝑟𝑒 is the critical stress buckling stress 

calculated using expected yield stress, and 𝐴𝑔 is the gross cross-sectional area of the brace. 

Expected post-buckling strength (PEPB) is permitted to be 30% of the expected compressive 

strength of the brace. According to AISC 341-10, all SCBF members needs to satisfy 

additional local buckling requirements. Braces and columns shall satisfy requirements for 

highly ductile members; whereas, beams shall satisfy requirements for moderately ductile 

members. 

 

 

Fig 4-15. Design analysis models for SCBF columns and beams per AISC 341-10.  

 

The resulting SCBF member sizes are given in Appendix. Case-2 is found to control 

the design of beams for all SCBF buildings. Case-3, which is the strength limiting case for 

columns, in which all the compression braces are removed and amplified seismic ELF 

forces applied (Ω𝑜𝐹𝑥), is found to control column designs for all SCBF buildings.  
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4.5.2 Numerical Model of SCBFs and NTHA Results 

The numerical OpenSees model for braced frame is briefly explained here. The 

computational model proposed by [Karamanci and Lignos 2014; and Uriz 2005] is 

employed for SBCF braces. The post-buckling and fracture of braces are considered in the 

model. Brace elements are modeled using force-based beam column (FBBC) elements 

(Spacone et al. 1996) with fiber-based cross-sections, which enables to simulate the 

interaction between axial and flexural forces. The use of 2 FBBC elements to model a brace 

is found to give adequate results. If solution diverged with the use of FBBC elements, eight 

displacement-based beam column elements (DBBC) are adapted to model a brace. For 

considering the out-of-plane deformations and large-displacements, all brace elements are 

modeled using Corotational transformation per [De Souza 2000]. The small-displacements 

are however considered by using multiple elements to model a brace. For each brace 

element, 5 integration points (IP) are used to get accurate results and Gauss-Lobatto 

quadrature rule is adapted for the element numerical integration scheme. The use of FBBC 

provides with the smooth spread of plasticity anywhere along the member, which avoids 

the abrupt stiffness changes when the brace element undergoes inelastic deformations.  

Uniaxial materials are used to assign constitutive rules for the fiber elements. The 

brace steel material is modeled using steel02 material available in OpenSees. The material 

parameters suggested by [Karamanci and Lignos 2014] is employed in this study. The 

effective buckling length of the brace is used to model the brace, see Fig 4-17 for brace 

numerical model suggested by [Karamanci and Lignos 2014]. The initial out-of-plane 

imperfection as 0.1% of effective brace length is introduced to the model. The out-of-plane 

flexibility of gusset-plates can be modeled either with zero-length plastic hinges or as pin-
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connection. For this study, brace elements are assumed to be pinned at ends connecting to 

rigid elements, see [Uriz and Mahin 2008]. 

The steel low-cycle fatigue behavior is modeled with Fatigue material available in 

OpenSees. Fatigue material is introduced to the steel uniaxial material based on the 

recommendations of [Karamanci and Lignos 2014] for round HSS brace sections since all 

SCBF braces are selected as round HSS members in this study. Please refer to [Uriz 2005,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4-16. Typical brace cyclic response (a) Comparison of experimental data (HSS 

102x102x6.4, Fell et al. 2009) and OpenSees numerical model; (b) Comparison of square 

and round HSS brace responses; (c) Stress-strain relations in the top and; (d) bottom 

extreme fibers of HSS 102x102x6.4 section during cyclic pushover.  

(a) (b) 

(c) (d) 
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Karamanci and Lignos 2014] for more detailed description for the numerical modeling of 

steel braces. Based on these assumptions, a numerical OpenSees model is created and its 

capabilities are tested by a cyclic brace test conducted by [Fell et al. 2009, HSS1-1 

specimen] in Fig 4-16. As can be seen in Fig 4-16(a) that OpenSees model can simulate 

the cyclic demands and smooth stiffness reversals are described very well. Fig 4-16(c and 

d) illustrate the stress-strain simulations at the top and bottom extreme fibers of the square 

HSS section obtained from OpenSees model. The top flange extreme fibers reach to the 

maximum strain range (𝜖𝑟𝑎𝑛𝑔𝑒 = 0.04) parameter as predicted by the empirical equation 

given by [Karamanci and Lignos 2014] and the brace ruptures at this point, while the 

bottom flange strains are smaller than 0.04. Note that this brace specimen is a square HSS 

section (102x102x6.4 mm, 𝜙𝑐𝑃𝑛 = 408 kN) and in this study all SCBFs are designed using 

round HSS sections. Fig 4-16(b) illustrates a comparison between simulated HHS square 

brace shown in Fig 4-15(a) and HSS round section (27x6.4 mm, 𝜙𝑐𝑃𝑛 = 430 kN), which 

both have a similar axial strength. Note that modeling and material parameters for round 

and square section differ, and parameters suggested by [Karamanci and Lignos 2014] are 

used. As can be seen there is similar cyclic reversals between round and square sections. 

Fig 4-16 results indicate that OpenSees numerical models are capable of simulating main 

characteristics of a brace element and similar modeling procedure is employed for the brace 

in the SCBF model. The numerical brace model created for this study is illustrated in Fig 

4-17.  
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SCBF braces are first modeled using two fiber type FBBC elements with 5 IPs. If 

convergence is not achieved using this element type, eight fiber type DBBC elements are 

used to model braces. In case of DBBC, braces are assigned to follow a sinusoidal function 

up to the middle of brace then to the other end rather than straight lines. 0.1% of effective 

length of brace is employed as the initial imperfection in the middle of the beam to trigger 

buckling of the brace. For this study, all braces are modeled as pin-pin end condition. The 

rigid end zones are defined following the approach proposed by [Karamanci and Lignos 

2014] by using rigid elastic element to connect the brace end. A ghost truss element with a 

negligible axial strength is assigned between end points of the beam for stability purposes 

in case a brace fully lost its capacity and removed from the model. This truss element is 

also useful by assigning recorders to find brace axial deformations. The braced frame base 

conditions are defined as fixed-base; whereas, gravity frame base ends are defined as 

pinned-base. 

Beam-to-column connections are modeled as rigid connection in this study and 

distributed-plasticity fiber type beam-column elements are used to model beams and 

columns using five integration points. The damping is simulated using Rayleigh damping 

model with 2% critical damping anchored to first and third modal periods of the structure. 

Stiffness proportional damping is assigned to the beam and column elements. The mass 

Fig 4-17. Description of the brace element numerical model in SCBF building. 
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proportional damping, however, is assigned to the joints where seismic masses are applied. 

The building is modeled in 2D space on the perimeter SCBF as shown in Fig 4-2(c). Two 

braced frames and three gravity frames are created. The corresponding dead and live loads 

are assigned to each column and beams as point and distributed loads according to tributary 

areas. Since in 2D space building is modeled as a slice of whole building and half of the 

lateral resisting system, half of the entire mass of the building is assigned to the 2D model. 

Further, a P-Delta column is created to assign the remaining (half building) gravity loads 

carried by the internal gravity frame. Axially rigid elastic beam elements with pin 

conditions at both ends are adapted to connect the P-Delta column to the system. 

Due to complex nature of SCBFs and complicated elements used to describe braces, 

often convergence problems under large seismic excitations are faced. The initial analysis 

time step of 0.001sec is assigned. Different numerical methods are adapted to get 

convergence for this purpose. Newton, Newton with initial tangent (stiffness), Newton line 

search, Newton initial then current (stiffness) algorithms are looped to find convergence. 

Please refer to OpenSees website for the use of these numerical methods. If convergence 

is not achieved, time step reduction method is applied to achieve convergence using smaller 

analysis time steps (up to 100 times smaller than initial time step) while still trying different 

algorithms. If still convergence is not achieved, the convergence tolerance and the 

maximum number of iterations are gradually increased while trying different solution 

algorithms and time-step reduction schemes. This method is quite robust strategy to 

achieve convergence; however, especially post-buckling and complete fracture of braces 

cause further convergence problems. For this purpose, an OpenSees process is created to 

check if any of the braces fully lost its axial capacity in several time steps during analysis 
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for this study. This algorithm checks the brace axial force capacity and makes sure whether 

a brace completely lost its capacity. If a brace lost its capacity, this element and its 

corresponding nodes and recorders are removed from the numerical model, then NTHA is 

continued. This solution technique described above is developed as an OpenSees process 

and at every time step this technique is applied to search for convergence. Please note that 

similar solution algorithm is also employed for the dynamic analysis of other types of 

buildings. 

Using the numerical model crated for SCBFs, nonlinear times history analysis is 

carried out using the selected 16 ground motions for design-based earthquake (DBE) and 

maximum considered earthquake (MCE) intensity levels. Fig 4-18 illustrates 4-story SCBF 

building brace moment demands in the middle sections of the braces (normalized by yield 

moment, My) versus the curvature ductilities where brace mid-section curvatures 

normalized by the yield curvatures (𝜅𝑦) under MCE ground motion EQ01 for left-braced 

frame (BF1) and right braced frame braces (BF-2). Left-hand side and right-hand side  

 

Fig 4-18. SCBF braces mid-section normalized moment vs. curvature ductility under MCE 

ground motion EQ01; (a) Left braced frame braces (BF1); (b) Right braced frame braces 

(BF-2). 
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Fig 4-19. 4-story SCBF braces normalized axial force vs. axial deformation ductility under 

MCE ground motion EQ01; (a) Left braced frame braces (BF1); (b) Right braced frame 

braces (BF-2). 

 

braces in a braced frame are denoted by LH and RH, respectively. As seen Fig 4-18, all 

braces in the middle go through inelastic deformations and smooth cyclic reversals are 

simulated. Both right and left-hand side braces deform inelastically and upper floor braces 

exhibit slightly larger inelastic deformations. Fig 4-19 illustrates normalized axial force 

(by elastic buckling load Pe) versus the axial deformation ductility (δ δ𝑦⁄ ). As can be seen, 

all braces buckled under this MCE ground excitation and have gone through tensile 

inelastic deformations. Due to the buckling of braces and degradation in the stiffness, the 

axial ductility of SBCF braces are limited in a range of 1.0 to 3.0 in MCE level intensities.  

Fig 4-20 illustrates the braces’ mid-section curvature ductility (𝜅 𝜅𝑦⁄ ), mid-section rotation 

ductility (θ θ𝑦⁄ ) and axial deformation ductility (δ δ𝑦⁄ ) envelopes obtained from 16 MCE 

ground motions. Average curvature and rotation ductilities are uniformly distributed along 

the height of the building, exhibiting slight variations in the third and fourth floor levels 

and greater variability in the first and second floor levels as seen in Fig 4-20(a and b).  
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Fig 4-20. 4-story SCBF braces (a) mid-section curvature; (b) mid-section rotation; (c) axial 

deformation; ductility envelopes under 16 MCE ground motions. Left-side brace envelopes 

are plotted on the left side (negative) and right-side brace envelopes on the right-hand side 

(positive) in each plot; black solid line is average of left-side, and red dashed line is the 

average of right-side brace envelopes. 

 

However, axial deformation ductilities exhibit relatively larger values o average in the first 

and second floor levels. Fig 4-21 depicts the relative distribution of average rotation and 

axial deformation ductilities in 4-story building under MCE intensity. Box length (parallel 

to brace) is related the axial deformation ductility in the brace (upper positive and lower 

negative ductilities); whereas, the box-height (perpendicular to brace) is related to mid-

section rotation ductility (upper positive and lower negative rotation ductilities). No 

numerical values are presented in the box-plot since the intension is the observe the relative 
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Fig 4-21. 4-story SCBF braces axial deformation and mid-section rotation box-plot 

obtained from the average values of 16 MCE ground motions. 

 

distribution of ductilities in braces. Fig 4-21 illustrates that the tensile (positive) axial 

ductilities are greater in the third-floor braces. Left braces in each braced frame exhibiting 

larger tensile elongation than the right brace. Second largest tensile axial ductilities are 

observed in the first floor. Similarly, left braces elongate slightly larger than right-braces 

in both braced frames. Largest axial deformation ductility of 1.52 (on average) is observed 

in the building. Braces exhibit lesser negative axial deformation ductilities and largest 
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floors is not significant. The largest average rotation ductility of 9.05 occurred in the third 

floor BF-1 left brace. Note that in this section, only the MCE level responses are illustrated 

in Fig 4-18 to Fig 4-21.  

DBE and MCE intensity level response envelopes for 4-story SCBF are illustrated 

in Fig 4-22 for diaphragm forces (F) normalized by ELF top level design diaphragm force, 

story shears (V) normalized by the base ELF design shear, story moments (M) normalized 

by the base ELF design moment, and inter-story drift ratio as percentage along the height 

of the building. Under DBE excitations, the largest average (normalized) F value of 3.47 

is observed at the top floor level, while the first floor experienced 3.3. Average (normalized) 

V exhibits largest value of 2.66 at the base level, while base M is 2.55 times larger than the 

design value on average under DBE intensity level. Top floor level experienced the largest 

IDR value to 1.27% in DBE level. Under MCE excitations, the normalized average F 

values are observed very close to each other at top and first floors as 3.9 8 and 4.06, 

respectively. Largest normalized average V and M values of 2.99 and 2.82, respectively, 

are observed at the base level at MCE intensity. The largest average IDR value of 2.14% 

is experienced by the third-floor, while top floor experienced 1.73%. These results in Fig. 

8 indicate that NTHA results are significantly larger than the corresponding design values 

for 4-story SCBF system under both DBE and MCE excitations. The distribution of 

average F along the height of the building is not varying significantly. The base moment 

and shears are amplified in the MCE compared to the DBE responses. Since the third level 

braces experienced larger inelastic deformations, its effects on the third floor IDR is 

observed in the MCE intensity. Average flexural over-strength of 2.55 and 2.82 are 

observed in DBE and MCE intensities, respectively, at the base of the structure. 
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Fig 4-22. 4-story SCBF normalized diaphragm force (F), shear (V), moment (M) and inter-

story drift ratio (IDR) envelopes under 16 ground motions (a) at DBE; (b) at MCE intensity 

levels (black dashed lines are design force profiles normalized by top (for F) and base (for 

V and M) design demands). 

 

Only the response envelopes of the 8-, 12-, 16-, and 20-story SCBF buildings are illustrated 

in Fig 4-23 to Fig 4-26. If braces fractured and created a story mechanism especially in the 

MCE intensity level, those responses are excluded in the IDR envelopes. There is an 

increasing trend for F as the number of stories increases and a significant amplification of 
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F in all buildings. For 12-, 16- and 20-story buildings, F has an increasing trend along the 

height of the building for both DBE and MCE intensities, unlike 4- and 8-story buildings 

where F is almost uniform along the height of the building. Increasing shear demands are 

observed as the number of stories increases for both DBE and MCE. Slight difference in 

the shape of the moment profiles are observed. Considerable differences are observed in 

IDR profiles for different number of stories. An increasing IDR demands towards the upper 

levels are observed for both DBE and MCE intensities, whereas lower floors levels exhibit 

considerably lesser IDR demands. These response quantities are briefly discussed in this 

section because they will be discussed further and compared to each other building types 

in the following sections. 
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Fig 4-23. 8-story SCBF normalized diaphragm force (F), shear (V), moment (M) and inter-

story drift ratio (IDR) envelopes under 16 ground motions (a) at DBE; (b) at MCE intensity 

levels. 
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Fig 4-24. 12-story SCBF normalized diaphragm force (F), shear (V), moment (M) and 

inter-story drift ratio (IDR) envelopes under 16 ground motions (a) at DBE; (b) at MCE 

intensity levels. 
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Fig 4-25. 16-story SCBF normalized diaphragm force (F), shear (V), moment (M) and 

inter-story drift ratio (IDR) envelopes under 16 ground motions (a) at DBE; (b) at MCE 

intensity levels. 
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Fig 4-26. 20-story SCBF normalized diaphragm force (F), shear (V), moment (M) and 

inter-story drift ratio (IDR) envelopes under 16 ground motions (a) at DBE; (b) at MCE 

intensity levels. 
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4.6 Design and Seismic Performance of BRBF Buildings 

During the last few decades, buckling restrained braced frames (BRBF) have been 

extensively used as lateral force resisting systems especially in high seismic regions. 

Buckling restrained braces (BRB) differ from the ordinary brace inelastic behavior which 

has low ductility and nonsymmetrical tension and compression hysteresis curves, and 

stiffness and strength degradation due to buckling; whereas, buckling restrained braces 

exhibit high ductility and symmetric hysteresis curves in tension and compression. BRBs 

provide stable and symmetric hysteretic behavior and substantial ductility capacity both in 

tension and compression and are designed to eliminate any buckling problem [Black et al. 

2002]. Typical BRBF systems possess relatively modest overstrength factor and low post-

yield stiffness properties.  

 Some large scale BRBF experimental studies and numerical simulations on the 

inelastic performance of BRBFs and their capabilities [Sabelli et al. 2003, Fahnestock et 

al. 2007a and 2007b, Uriz and Mahin 2008, Tsai and Hsiao 2008] have been carried out. 

These tests have demonstrated the performance of BFBRs under various loadings, and 

ductility and energy dissipation capacity of braces. The performance evaluation using the 

FEMA P-695 [FEMA 2009] indicated that BRBFs have acceptable seismic collapse 

margins, and appropriate response modification and over-strength factors complied with 

design codes [Chen and Mahin 2012].  

BRBs are designed in such a way that undesirable buckling under compressive 

forces are prevented. This is provided by providing a buckling restraining system the brace, 

where axial (tensile and compressive) load resisting element is separated from the stiff 

buckling restraining system [Black et al. 2002, Wu et al. 2014, Tsai et al. 2014]. When 
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BRBF system is exposed to large seismic forces, the axial load carrying system -steel core- 

undergoes large tensile and compressive inelastic deformations, while the buckling 

restraining system eliminates the buckling under compression.  

Steel core can have various shapes in practice such as a rectangular flat plate. Since 

the steel core is separated from the buckling restraining system, inelastic deformations 

occur only in the steel core. Though BRBs have a region where the inelastic deformations 

form in the middle part of the brace. This yielding length typically ranges between 0.65-

0.75 times the brace steel core length. The inelastic region is designed as a constant uniform 

section; whereas, in the remaining two sides of the brace, strength increases so that those 

portions remain elastic. The connection between braces and beam-column connection can 

be designed fully restrained, partially restrained or pinned (AISC 341-10). Fig 4-27 

illustrates a typical cyclic behavior of BRBs where significant energy dissipation and 

overstrength due to hardening is observed. BRBs are typically exhibit larger compressive 

strength due to poisson’s expansion and friction between steel core and buckling 

restraining encasing.  

4.6.1 Design of BRBF Buildings 

Similar to SCBFs, BRBFs are designed in such a way that inelastic deformations 

accommodated primarily by braces under DBE level ground excitations. This also requires 

a capacity design approach for the remaining parts of the system. Braces are designed to 

withstand lateral forces, further expected to limit BRBF lateral deformations corresponding 

to at least 2% inter-story drift ratio or two times the design story drift, whichever is larger 

[AISC 341-10]. ASCE 7-10 provides the required analysis procedures for design, seismic 
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design characteristics, performance indices, and seismic lateral force calculation principles. 

Note that for this study, all BRBFs are designed using the ELF procedure using response 

modification factor (R) of 8, system over-strength (Ω𝑜) of 2.5, and deflection amplification 

factor (Cd) of 5. BRBFs have the largest design R factor due to high inelastic capacities of 

BRBs and hence the flexibility they provide. Thus, BRBFs are usually have larger 

fundamental periods than SCBFs, SMFs and SWs. 

 

Fig 4-27. Typical buckling restrained brace (BRB) hysteretic behavior. 

 

According to ASCE 341-10, BRBF braces are designed to resist lateral forces using 

the appropriate load combinations provided in ASCE 7. The reduced seismic forces are 

calculated based of R factor of 8 and steel core areas are calculated to carry resulting axial 

loads. The adjusted brace strengths in tension and compression are calculated considering 

strain hardening and overstrength to determine beam, column and connection designs. 

Strain hardening is employed by the compression strength adjustment factor (𝛽, maximum 

compression force divided by the maximum tension force at expected brace deformation) 



130 

 

and strain hardening adjustment factor (𝜔, ratio of maximum tension force divided by 

tensile yield force at expected brace deformation) per AISC 341-10. Using expected 

strengths of BRBs, the surrounding system (beams, columns and connections) are designed 

to remain elastic during DBE intensity so that inelastic deformations are constrained to 

brace elements. Further, the allowable drifts are satisfied for BRBF system. This design 

procedure is also outlined and discussed in [NIST 2015]. The expected brace strength (𝛽 

and 𝜔) and brace yield length parameters require individual BRB test data and typically 

provided by the manufacturer for the expected deformations corresponding to 2% inter-

story drift ratio. The strength adjustment factors typically range between 1.3-1.5 for 𝜔 and 

1.05-1.15 for 𝛽 . For this study adjustment factors are assumed to be 1.36 and 1.1 

respectively for 𝜔 and 𝛽. Since the BRBs inelastic region is uniform with a constant cross-

sectional area and the transitioning part and connection part, brace to beam-column joint, 

have larger stiffness, a stiffness modification factor is applied to find approximate BRB 

elastic stiffness. This stiffness modification factor (KF) is used in the design procedure. KF 

factors typically ranges between 1.3-1.7. For this study, KF factor of 1.4 is assumed as 

suggested by [Lopez and Sabelli 2004]. 1.4 is approximately corresponding to yield length 

ratio factor (YLR, ratio of brace yielding length to work-point to work-point brace length) 

of 0.7. The design analysis model accounts for the KF factor by multiplying the steel core 

area (Asc) by KF. 

The adjusted brace strength in compression is determined by the expression 

𝛽𝜔𝑅𝑦𝑃𝑦𝑠𝑐, where 𝑅𝑦 is the ratio of expected yield stress to the minimum specified steel 

yield stress as given in Table A3.1 in ASC 341-10 and 𝑃𝑦𝑠𝑐 is the axial yield strength of 

steel core. The adjusted brace strength in tension; however, can be calculated by 𝜔𝑅𝑦𝑃𝑦𝑠𝑐 



131 

 

expression. 𝑅𝑦 is permitted to be 1.0 if 𝑃𝑦𝑠𝑐 is determined form coupon test. 𝑅𝑦 is assumed 

to be 1.0 BRBs for this study. In this study, the minimum axial yield strength value of 

262.0MPa is employed for calculating the steel core area (Asc); whereas, the maximum 

axial yield strength value of 317.0MPa is employed for calculating the adjusted brace 

strengths as suggested by [Lopez and Sabelli 2004]. 

In the capacity design procedure, BRBF columns and beams are determined using 

load combinations that include the amplified seismic load. Amplified seismic loads are 

permitted to be calculated as the forces developed in beam and column members when the 

BRBs achieved their adjusted tensile and compressive strengths, per ASCE 341-10. This 

approach is similar to case-1 of SCBF design. BRBs are designed to carry only lateral loads, 

neglecting the effects of gravity loads, hence beams and column sizes are determined using 

the load combinations where braces are removed from the model and corresponding 

adjusted brace forces are substituted at brace-to-beam and brace-to-beam-column joints. 

Beams and columns are assumed continuous between floors and between columns, 

respectively.  

4.6.2 Numerical Model of BRBFs and NTHA Results 

The numerical OpenSees model for buckling restrained braced frames is briefly 

explained here. The computational model proposed by [Uriz and Mahin 2008] is employed 

for BRBFs. Brace elements are modeled using force-based beam column (FBBC) elements 

(Spacone et al. 1996) with fiber-based cross-sections, which enables to simulate the 

interaction between axial and flexural forces. The use of one FBBC elements to model a 

brace is found to give adequate results. For each brace element, 5 integration points (IP) 
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are used to get accurate results and Gauss-Lobatto quadrature rule is adapted for the 

element numerical integration scheme. The use of FBBC provides with the smooth spread 

of plasticity anywhere along the member, which avoids the abrupt stiffness changes when 

the brace element undergoes inelastic deformations. The panel zone deformations are not 

modeled in this model.  

Uniaxial materials are used to assign constitutive rules for the fiber elements. The 

brace steel material is modeled using steel02 material available in OpenSees. The material 

parameters suggested by [Uriz and Mahin 2008] is employed in this study. The expected 

material strengths are assigned to column and beam elements (beam and column Ry factor 

per AISC 341-10). Symmetric tension and compression side for the constitutive material 

model is assumed. For this study, brace elements are assumed to be pinned at ends to rigid 

elements, see [Uriz and Mahin 2008]. 

The steel low-cycle fatigue behavior is modeled with Fatigue material available in 

OpenSees. Fatigue material is introduced to the steel uniaxial material based on the 

recommendations of [Uriz and Mahin 2008]. Please refer to [Uriz and Mahin 2008] for 

more detailed description for the numerical modeling of buckling restrained braces (BRBs). 

For this study, all BRBs are modeled as pin-pin end condition by assigning zero-length 

elements at both ends of brace to rigid brace end zone connection with a negligible 

rotational stiffness. The rigid end zones for the elastic portion of the brace are defined 

following the approach proposed by [Uriz and Mahin 2008] by using rigid elastic element 

to connect the brace to the beam-column joint. The braced frame base conditions are 

defined as fixed; whereas, gravity frame base ends are defined as pinned.  
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Beam-to-column connections are modeled as fully restrained in this study and 

distributed-plasticity fiber type beam-column elements are used to model beams and 

columns using five integration points. The damping is simulated using Rayleigh damping 

model with 2% critical damping anchored to the first and third modal periods of the 

structure. Stiffness proportional damping is assigned to the beam and column elements. 

The mass proportional damping; however, is assigned to the joints where seismic masses 

are applied. The building is modeled in 2D space on the perimeter BRBF as shown in Fig. 

Fig 4-2(c). Two braced frames and three gravity frames are created. The corresponding 

dead and live loads are assigned to each column and beams as point and distributed loads 

according to tributary areas. Since in 2D space building is modeled as a slice of whole 

building and half of the lateral resisting system, half of the entire mass of the building is 

assigned to the model. Further, a P-Delta column is created to assign the remaining (half 

building) gravity loads carried by the internal gravity frame. Axially rigid elastic beam 

elements with pin conditions at both ends are adapted to connect the P-Delta column to the 

system. 

The initial analysis time step of 0.001sec is assigned for NTHA. Different 

numerical methods are adapted to get convergence. Newton, Newton with initial tangent 

(stiffness), Newton line search, Newton initial then current (stiffness) algorithms are 

looped to find convergence. Please refer to OpenSees website for the use of these numerical 

methods. If convergence is not achieved, time step reduction method is applied to achieve 

convergence using smaller analysis time steps (up to 100 times smaller than initial time 

step) while still trying different algorithms. If still convergence is not achieved, the 

convergence tolerance and the maximum number of iterations are gradually increased 
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while trying different solution algorithms and time-step reduction schemes. This method 

is quite robust strategy to achieve convergence. This solution technique described above is 

developed as an OpenSees process and at every time step this technique is applied to search 

for convergence. Please note that a similar solution algorithm is also employed for the 

dynamic analysis of other types of buildings. 

Using the numerical model crated for BRBFs, nonlinear times history analysis is 

carried out using the selected ground motions for design-based earthquake (DBE) and 

maximum considered earthquake (MCE) intensity levels. Fig 4-28 illustrates 4-story BRBF 

building brace axial force (normalized by yield axial force, Py) versus the axial steel-core 

deformation ductility, where axial brace elongations are normalized by the yield 

deformation (𝛿𝑦) under MCE ground motion EQ01 for left-braced frame (BF1) and right  

 

Fig 4-28. 4-story BRBF braces normalized axial force vs. axial deformation ductility under 

MCE ground motion EQ01; (a) Left braced frame braces (BF1); (b) Right braced frame 

braces (BF-2). 

 

braced frame braces (BF-2). Left-hand side and right-hand side braces in a braced frame 

are denoted by LH and RH, respectively. As seen in Fig 4-28, all braces exhibit inelastic 
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deformations and smooth cyclic reversals. Both right and left-hand side braces deform 

inelastically and lower floor braces exhibit slightly larger ductilities.  

 Fig 4-29 illustrates the axial deformation ductility (δ δ𝑦⁄ ) envelopes obtained from 

16 MCE ground motions. First floor braces experience largest ductilities and ductility 

demands decreases towards the upper floors. 

                   

Fig 4-29. 4-story BRBF braces axial deformation ductility envelopes under 16 MCE 

ground motions. Left-side brace envelopes are plotted on the left side (negative) and right-

side brace envelopes on the right-hand side (positive) in each plot; black solid line is 

average of left-side, and red dashed line is the average of right-side brace envelopes.   

 

Fig 4-30 depicts the relative distribution of brace axial deformation ductilities in 4-

story BRBF building for MCE level intensity. Box length (parallel to brace) is related the 

axial ductility in the brace (red color is tension and light-blue is compression ductility). No 

numerical values are presented in the box-plot since the intension is the observe the relative 

distribution of brace ductilities. Fig 4-30 illustrates that the tensile (positive) ductilities are 

greater in the first-floor braces than other floors in both braced-frame. Smaller ductility 

demands are observed in the top floor. Largest tensile axial deformation ductility of 5.2 (on 
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average) is observed in the first floor BF-1 left-hand-side (LH) brace. The largest 

compression ductility demand of 5.8 is observed in the first floor BF-1, RH brace. The 

smallest compression ductility demand occurs in the top floor.  

In this section, only the MCE level responses are illustrated in Fig 4-28 to Fig 4-30. 

DBE and MCE intensity level response envelopes for 4-story BRBF are illustrated in Fig 

4-31 for diaphragm forces (F) normalized by ELF design top level design diaphragm force, 

story shears (V) normalized by the base ELF design shear, story moments (M) normalized 

by the base ELF design moment, and inter-story drift ratio as percentage along the height 

of the building.  

 

Fig 4-30. 4-story BRBF brace axial deformations box-plot obtained from the average 

values of 16 MCE ground motions. 
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Under DBE excitations, the largest average (normalized) F value of 2.4 is observed 

at the first floor, while the top floor experienced 2.1. Average (normalized) V exhibits 

largest value of 2.2 at the base level, while base M is 1.9 times larger than the design value 

on average under DBE intensity ground motions. Top floor level experienced the largest  

 

Fig 4-31. 4-story BRBF normalized diaphragm force (F), shear (V), moment (M) and inter-

story drift ratio (IDR) envelopes under 16 ground motions (a) at DBE; (b) at MCE intensity 

levels (black dashed lines are design force profiles normalized by top (for F) and base (for 

V and M) design demands). 
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IDR value to 1.2% in DBE level. Under MCE excitations, the normalized average F values 

of 3.6 and 2.4 are observed at the first and top floors, respectively. Largest normalized 

average V and M values of 2.6 and 2.3, respectively, are observed at the base level at MCE 

intensity. The largest average IDR value of 2.1% is experienced by the first-floor, while 

top floor experienced 1.3%. These results in Fig 4-31 indicate that NTHA results are 

significantly larger than the corresponding design values for 4-story BRBF system under 

both DBE and MCE excitations. The distribution of average F along the height of the 

building is decreasing towards the top of the structure. The base moment and shears are 

amplified in the MCE compared to the DBE responses as expected. Since the first-floor 

braces experienced larger inelastic deformations, its effects on the floor IDR is observed 

in the MCE intensity. Average flexural over-strength of 1.9 and 2.6 are observed in DBE 

and MCE intensities, respectively, at the base of the structure.  

Only the response envelopes of the 8-, 12-, 16-, and 20-story BRBF buildings are 

illustrated in Fig 4-32 to Fig 4-35. There is no significant difference on the shape of 

normalized F response as the number of stories change in both DBE and MCE intensities, 

while there is an increasing amplification in the first floor F response for increasing number 

of stories in both DBE and MCE intensities. For 12-, 16- and 20-story buildings, F exhibits 

a decreasing trend along the height of the building for both DBE and MCE intensities. This 

decreasing F trend towards the top of the building is a result of decreasing floor 

accelerations, which has also been observed by [Dehghani and Tremblay 2017] in BRBFs. 

Slightly increasing shear demands are observed as the number of stories increases for both 

DBE and MCE intensities. Slight differences in the shape of the moment profiles are 

observed. Considerable differences are observed in IDR envelopes for different number of 
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stories. An increasing IDR demands towards the upper levels are observed for both DBE 

and MCE intensities in 12-, 16- and 20-story buildings; whereas, lower floors levels exhibit 

lesser IDR demands. The largest IDR demands are experienced by the lower levels in 4- 

and 8- story buildings both in DBE and MCE intensities. These response quantities are 

briefly discussed in this section because they will be discussed further and compared to 

each other building types in the following sections. 
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Fig 4-32. 8-story BRBF normalized diaphragm force (F), shear (V), moment (M) and inter-

story drift ratio (IDR) envelopes under 16 ground motions (a) at DBE; (b) at MCE intensity 

levels. 
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Fig 4-33. 12-story BRBF normalized diaphragm force (F), shear (V), moment (M) and 

inter-story drift ratio (IDR) envelopes under 16 ground motions (a) at DBE; (b) at MCE 

intensity levels. 
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Fig 4-34. 16-story BRBF normalized diaphragm force (F), shear (V), moment (M) and 

inter-story drift ratio (IDR) envelopes under 16 ground motions (a) at DBE; (b) at MCE 

intensity levels. 
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Fig 4-35. 20-story BRBF normalized diaphragm force (F), shear (V), moment (M) and 

inter-story drift ratio (IDR) envelopes under 16 ground motions (a) at DBE; (b) at MCE 

intensity levels. 
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5 COMPARISON OF SEISMIC RESPONSES IN DIFFERENT 

LFRS SYSTEMS 

 

In this section, the comparison of seismic demands obtained chapter 4 of this study 

will be compared. Firstly, the distribution of diaphragm forces (F), story shears (V), story 

moments (M) and inter-story drift ratios (IDR) along the height of the building are 

compared for different buildings for same stories. Next, the amplifications of F, V, M and 

IDR are presented and discussed. Please refer to prior chapters for the detailed description 

of design, numerical modeling and NTHA approach for SWs, SMFs, SCBFs and BRBFs. 

Fig 5-1 to Fig 5-5 illustrate the seismic response comparison of 4-, 8-, 12-, 16- and 20-

story buildings in terms of average envelopes obtained from NTHA of each building at 

DBE and MCE intensity levels, and Fig 5-6 illustrates the comparison of peak 

amplification of seismic responses. 

5.1 Seismic Response Distribution Patterns in Different LFRS Systems 

Fig 5-1 illustrates that the largest amplification of demands occurs in 4-story SMF. 

This is mainly because overstrength factor is higher in 4-story SMF than other 4-story 

buildings. The smallest force-demands experienced by the SW building in 4-story 

buildings, except that the smallest top floor F demands are observed in BRBF building. 

The distribution of F has a linearly increasing trend for 4-story SMF and SCBF buildings 

both in DBE and MCE. 4-story BRBF exhibits uniform F pattern, which has a slight 

decreasing trend towards the top floor for both DBE and MCE. SW building, however, 

experiences considerable first floor forces with a decreasing trend above first floor and 

increasing trend towards the top of the building for both DBE and MCE. The first floor F 

demands are more pronounced in the 4-story SW in the MCE intensity. Shear demands are 
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pronounced in the 4-story SMF building in both DBE and MCE intensities. The smallest 

V demands are experienced by the SW building except at the top floor, consistent with the 

F demands, 4-story BRBF exhibits smallest F demands compared to other 4-story buildings. 

M patterns follow almost a linear trend towards the base floor for all 4-story buildings with 

 

Fig 5-1. 4-story SW, SMF, SCBF, and BRBF buildings average normalized diaphragm 

force (F), shear (V), moment (M) and inter-story drift ratio (IDR) envelopes under 16 

ground motions (a) at DBE; (b) at MCE intensity levels. 
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the largest M amplification in 4-story SMF, indicating largest overstrength in this building 

compared to other 4-story buildings in both DBE and MCE intensities. The IDR demands 

are similar in 4-story SW, SCBF and BRBF, while SMF IDR demands are the largest in 

the third floor amongst 4-story buildings in the DBE level. 4-story SMF, SCBF and BRBF 

experienced similar amplitude of largest IDR demands but at different floor levels in MCE 

intensity. The largest IDR in the MCE intensity is experienced at second, third and first 

floors in 4-story SMF, SCBF and BRBF buildings, respectively. 

The seismic demand comparison for 8-story buildings are illustrated in Fig 5-2 for 

both DBE and MCE levels. In 8-story buildings, the distribution of forces and story drifts 

exhibit differences compared to 4-story building. The largest F demands are experienced 

by the SCBF building amongst 8-story buildings in both DBE and MCE levels. Similar 

amplification of F is experienced for SCBF and SMF in the top floor level in both DBE 

and MCE levels. In both DBE and MCE intensities, 8-story SCBF exhibits almost uniform 

distribution of F along the height of the building, while the SMF experiences uniform from 

base to upper levels and slight increasing trend in the top floor.  The smallest top floor F is 

experienced by the BRBF building amongst 8-story buildings. The distribution of F in 8-

SW building is similar to 4-story building with larger amplification of F, while the 

distribution of F in 8-story BRBF has a slight decreasing trend along the height of the 

building in both DBE and MCE levels. The V amplifications are pronounced in the 8-story 

SMF building, and in both DBE and MCE intensities, the largest V amplifications occurred 

in the 8-story SMF building amongst 8-story buildings. Other 8-story buildings 

experienced similar V distributions along the height of the building in DBE and MCE 

levels. The largest amplification of M is observed in the SMF building amongst 8-story 
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buildings, and the SW building experienced the smallest M amplifications in the lower 

levels of the building in both DBE and MCE levels. The largest IDR amongst 8-story 

buildings in both DBE and MCE intensities is experienced by 8-story SCBF building in 

the upper floors mainly due to concentration of inelastic demands as braces undergo 

 

Fig 5-2. 8-story SW, SMF, SCBF, and BRBF buildings average normalized diaphragm 

force (F), shear (V), moment (M) and inter-story drift ratio (IDR) envelopes under 16 

ground motions (a) at DBE; (b) at MCE intensity levels. 
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buckling deterioration and cyclic inelastic deformations. 8-story SMF building exhibits 

mainly uniform IDR demands along the height of the building in both DBE and MCE 

intensities. 8-story SW and BRBF buildings experience mainly uniform distribution of IDR 

except slight decrease in the base floor level in both DBE and MCE levels.  

 

Fig 5-3. 12-story SW, SMF, SCBF, and BRBF buildings average normalized diaphragm 

force (F), shear (V), moment (M) and inter-story drift ratio (IDR) envelopes under 16 

ground motions (a) at DBE; (b) at MCE intensity levels. 
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Fig 5-3 illustrates the seismic demands in 12-story building. As can be seen, the F 

demands in SCBF building is pronounced amongst 12-story buildings. The distribution of 

F in 12-story SCBF exhibits increasing trend along the height of the building with a slight 

decrease in the upper floors in both DBE and MCE levels. This slight decrease in the upper 

floors can be ascribed to concentration of brace deformations in the eleventh floor as it is 

also evident in IDR response. 12-story SMF experiences mainly uniform distribution of F 

with a slight increasing trend in the upper floors, while 12-story BRBF experiences mainly 

uniform up above mid-height and a slightly decreasing trend towards the top floor levels 

in both DBE and MCE levels. SW buildings exhibits considerable lower level F demands, 

a decreasing trend towards upper floors and an increasing trend towards the top floors in 

both DBE and MCE intensities. Similar F trends were observed in 4- and 8-story SWs. The 

largest amplification of V is observed in SMF building amongst 12-story buildings in DBE 

and MCE levels, except 12-story SW building experienced slightly larger V demands at 

the base floor in MCE intensity. The distribution of V in 12-story SCBF and BRBF exhibit 

a mainly linear increasing trend towards the base floor, while 12-story SW building 

experiences rapidly increasing V demands in the lower levels of the building in both DBE 

and MCE levels. The largest M demands in both DBE and MCE intensities are experienced 

by 12-story SMF building while the smallest M demands are observed in the 12-story 

building in the lower levels of the building. The largest IDR demands are experienced by 

SCBF building at the eleventh floor amongst 12-story buildings. The distribution of IDR 

in 12-story SCBF follows an increasing trend along the height with larger concentration of 

deformations in the eleventh floor and slight decrease in the top floor level in DBE intensity; 

while in MCE intensity IDR exhibits mainly uniform trend in lower levels, increasing trend 
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mid-height to upper levels and largest demands in the eleventh floor. 12-story BRBF 

building experiences mainly uniform IDR demands with a slight increasing trend in the 

upper floors in both DBE and MCE levels. The largest lower floor IDR demands are 

experienced by 12-story SMF. The distribution of IDR in 12-story SMF building exhibit 

 

Fig 5-4. 16-story SW, SMF, SCBF, and BRBF buildings average normalized diaphragm 

force (F), shear (V), moment (M) and inter-story drift ratio (IDR) envelopes under 16 

ground motions (a) at DBE; (b) at MCE intensity levels. 

 

Fi / Ft, des-ELF Vi / Vb, des-ELF Mi / Mb, des-ELF IDRi (%) 

R
el

at
iv

e 
H

ei
g
h
t 

 

(a) 

(b) 

R
el

at
iv

e 
H

ei
g
h
t 

 

SW 
SMF 
SCBF 
BRBF 



151 

 

decreasing trend from base to mid-height floors, uniform demands above mid-height and 

increased demands in eleventh and top floors in both DBE and MCE intensities. 12-story 

SW building experiences a lightly increasing IDR demands in lower levels, then mainly 

uniform demands towards the top in both DBE and MCE intensities. 

Fig 5-4 illustrates the seismic demands in 16-story buildings in DBE and MCE 

intensities. Amongst, 16-story buildings, the largest F demands are experienced by the 16-

story SCBF both in DBE and MCE levels. The largest V demands are experienced by the 

SW building in the first two floors while the largest demands in the remaining floors are 

experienced by the SMF building both in DBE and MCE intensities. 16-story SCBF 

exhibits increasing F trend along the height of the building in both DBE and MCE levels, 

while 16-story BRBF exhibits mainly uniform F trend along the height with a slightly 

decreasing trend towards the top floor in both DBE and MCE. 16-story SMF exhibits 

mainly uniform distribution of F along the height of the building with an increasing trend 

towards the top floor in both DBE and MCE intensities. The distribution of F in W building 

has a trend similar to 4-, 8- and 12-story buildings, for which considerable F demands in 

lower levels with a decreasing trend towards the upper floors and an increasing trend 

towards the top floor in both DBE and MCE intensities. The amplification of F demands 

in lower levels are more pronounced in MCE intensity than DBE for 12-story SW building. 

16-story SMF building experiences the largest V demands in upper floors in both DBE and 

MCE, as the 16-story SW building experiences the largest V demands in the first two floors 

both in DBE and MCE. The distribution of V in 16-story SW, SCBF and BRBF are similar 

in upper floor levels and differences are observed towards the base in both DBE and MCE 

intensities. In both DBE and MCE intensities, 16-story SW and SCBF V demands exhibit 
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a rapidly increasing trend in the lower levels and the base V demands for SCBF and SMF 

overlap each other; while SW base V demand exceeds the SMF demand in the first two 

floors. The lowest V demands are experienced by the BRBF building in the lower levels 

amongst 16-story buildings, while the lowest mid-height V demands are experienced by 

the SW building in both DBE and MCE intensities. The largest amplification of M is 

observed in SMF building amongst 16-story buildings. All 16-story buildings experience 

increasing flexural demands towards the base level with slight differences in the shape. 

Braced frames M demands overlap each other at the base floor while there is a slight 

difference in lower and upper levels in both DBE and MCE intensities. The lowest base M 

demands are experienced by SW building amongst 16-story buildings. 16-story IDR 

demands exhibit increasing demands for both braced frames and largest demands in the 

upper floor levels for both DBE and MCE intensities. 16-story SMF building, however, 

experiences considerable lower level IDR demands, then decreased more uniform demands 

towards the upper floors and increased demands thirteenth-to-fifteenth floor levels in both 

DBE and MCE intensities. 16-story SW building experiences slightly increasing IDR 

demands in the lower levels, then mainly uniform IDR demands towards the top floor.  

Fig 5-5 illustrates the seismic responses in 2-story buildings. As can be seen, the 

largest amplification of F occurs in 20-story SCBF and SW buildings in the top floor level. 

The largest amplification of base V is pronounced in the SW building on both DBE and 

MCE intensities. 20-story SCBF exhibits increasing F trend along the height of the building 

with a slight difference shape in the upper floors due to concentration of inelastic 

deformations in those floors as evident in the IDR response. The distribution of F exhibits 

very similar trend in 20-story BRBF and SMF buildings except the top floors and first three 
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Fig 5-5. 20-story SW, SMF, SCBF, and BRBF buildings average normalized diaphragm 

force (F), shear (V), moment (M) and inter-story drift ratio (IDR) envelopes under 16 

ground motions (a) at DBE; (b) at MCE intensity levels. 
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considerable lower level F demands occur with a decreasing trend in upper floors and an 

increasing trend towards the top floor both in DBE and MCE intensities. The amplification 

of F in 20-story SW building exceeds SCBF top floor demand slightly in the DBE level, 

while amplification of F in SCBF in the top floor exceeds SW demand slightly in the MCE 

intensity. The lower levels of SW and SCBF experiences similar amplification of F 

demands up to mid-height of buildings. The largest amplification of V in the lower levels 

is experienced by 20-story SW building, while the largest amplification of V in upper floors 

is experienced by SMF building. The distribution of V in 20-story SW building follows a 

rapidly increasing trend in the lower levels of the building. V demands in 20-story SCBF 

and SMF exhibit similar values, however, difference in the shape of V distribution in upper 

floors is observed. The lowest amplification of V in the lower and upper levels are 

experienced by 20-story BRBF, while 20-story SW experiences the lowest V demands in 

the mid-height in both DBE and MCE intensities. Amongst 20-story buildings, the largest 

amplification of M in lower levels is observed in the SMF building in both DBE and MCE 

levels. 20-story braced frames exhibit similar distribution of M along the height of the 

building in both DBE and MCE levels. The lowest M demands in the lower levels are 

observed in the SW building amongst 20-story buildings in both DBE and MCE intensities, 

while the lowest M demands in upper floors are experienced by BRBF. The largest IDR 

demands are experienced by 20-story SCBF in the upper floor levels because of 

concentration of deformations as a result of inelastic cyclic deformations and deterioration 

due to buckling of braces in both DBE and MCE. The distribution of IDR demands in 20-

story SCBF follows an increasing trend from base to upper floors with increased demands 

in sixteenth-to-nineteenth floors in both DBE and MCE intensities. 20-story BRBF 
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experiences lowest IDR demands in the base floors, with a uniform IDR demands up to 

mid-height, then an increasing trend towards upper floors. 20-story SMF, however, exhibits 

a more uniform distribution of IDR demands compared to braced frames, with considerable 

demands in the lower levels and decreasing trend towards the mid-height, then slightly 

increasing trend in upper floors in both DBE and MCE intensities. 20-story SW building 

experiences a slightly increasing IDR demands in upper floors and uniform IDR demands 

in upper floors. 

5.2 Comparison of Peak Seismic Amplifications in Different LFRS 

Systems 

In this section, comparison of different LFRS systems is discussed, where the peak 

demands along the height of the buildings are obtained from the average envelopes of each 

demand from 16 ground motions in DBE and MCE levels.  The location of maximum 

demands along the height of the building may differ in different response quantities as seen 

earlier in this study. Maximum F demands typically occur in the top floor, however, may 

also occur in lower levels; while maximum V and M demands typically occur in the base 

floor. Maximum IDR demands, on the other hand, may occur in the lower or upper levels 

depending whether there is concentration of inelastic deformations in any floor.  

Fig 5-6 illustrates the comparison between the maximum (along the height of the 

building) seismic demands in 4-to-20 story SW, SMF, SCBF and BRBF buildings. The 

largest amplifications of F, V, M and IDR occur in 16-story SCBF, 4-story SMF, 4-story 

SMF and 20-story SCBF, respectively, under MCE intensity. These results indicate 

different amplifications of seismic demands and different trends as the number of stories 

change in different types of lateral force resisting systems. 
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Fig 5-6. Comparison of maximum (of average from 16 earthquakes) normalized diaphragm 

force (F), shear (V), moment (M) and inter-story drift ratio (IDR) along the height of 

buildings for SWs, SMFs, SBCFs and BRBFs (a) at DBE; (b) at MCE intensity levels. 
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The largest amplifications of F demand in DBE intensity are observed in SCBF 

building for 8-to-16 story buildings, while the largest F demand is experienced by SMF 

amongst 4-story buildings and the largest F demand, which is very close to SCBF demand, 

is experienced by the 20-story SW building amongst 20-story buildings. The lowest F 

demands are experienced by BRBF in 8-to20 story buildings, while 4-story SW building 

exhibits the lowest amplification of F amongst 4-story buildings in DBE intensity. Under 

DBE intensity, SW F demands exhibit almost linearly increasing trend as the number of 

stories increase. SMF, however, has a decreasing F demands as the number of stories 

increase up to 12-story, then increased 16-story demand and slightly less 20-story demand 

in DBE intensity. The decreasing F trend in 4-, 8- and 12-story SMFs can be ascribed to 

decreasing overstrength shown in the M response, while increased demands can be ascribed 

to both effects of increasing higher mode contributions as the building gets taller and 

decrease in the overstrength. Also, recall that, 4-to-12 story steel buildings have the same 

plan-geometry properties, while 16- and 20-story steel buildings have same the same plan-

geometry properties. SCBF F demands in DBE intensity has an increasing trend as the 

number of stories increase up to 16-story, and a smaller amplification in the 20-story 

compared to 12- and 16-story SCBFs. F demands in BRBF exhibit rather uniform 

amplification of F demands in DBE intensity. Similar observations for F demands can be 

made for MCE intensity. The largest amplifications of F are observed in SCBF in 8-to-20 

story buildings, while the 4-story SMF experiences the largest F demands amongst 4-story 

buildings in MCE intensity. In MCE intensity, the lowest F demands are observed in BRBF 

amongst 12-to-20 story buildings, while 4- and 8-story SWs experience the lowest F 

amplifications amongst 4- and 8-story buildings, respectively. Slightly different increasing 
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trends in the SCBF and SW F demands are observed as the number of stories increase in 

MCE level compared to DBE level. Compared to DBE, similar F trends in SMFs and 

BRBFs are observed as the number of stories increase in MCE intensity. 

 The largest amplifications of V are observed in SMF building in 4-to-12 story 

buildings, while the largest V demands in 16- and 20-story buildings are experienced by 

SW building in DBE intensity. The lowest V demands are experienced by SW in 4- and 8-

story buildings, while the lowest V demands are experienced by BRBF in 12-to-20 story 

buildings in DBE intensity. V demands in SW buildings exhibit an increasing trend, while 

SMF V demands decrease as the number of stories increase. BRBFs and SCBFs experience 

mainly uniform V demands as the number of stories increase in DBE intensity. Under MCE 

intensity, the largest V demands are observed in the SMF building in 4- and 8-story 

buildings, while SW building experiences the largest V demands in 12-to-20 story 

buildings. The lowest V demands are experienced by BRBF building 8-to-20 story 

buildings, while SW building experienced the lowest V demands in 4-story buildings in 

MCE intensity. SW V demands exhibit an increasing trend, while the SMF building V 

demands exhibit decreasing trend as the number of stories increase in MCE level. SCBFs 

experience slightly larger V demands in 12-to-20 story buildings than 4 and 8 story 

buildings in MCE intensity. BRBFs experience uniform distribution of V demands as the 

number of stories change, with a slightly larger demand in 16-story building under MCE 

intensity. 

 M demands exhibit the largest amplification in SMF buildings in both DBE and 

MCE intensities, while the smallest M demands are observed in SW buildings. SMF and 

SCBF buildings exhibit a decreasing M demands as the number of stories increase in both 
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DBE and MCE intensities. Similarly, BRBF M demands decrease with the increasing 

number of stories in DBE and MCE levels except a slight increased demand in the 16-story 

building in MCE intensity. SWs exhibit rather uniform M demands as the number of stories 

change in both DBE and MCE levels. 

The largest IDR demands are experienced by SCBF buildings in 8-to-20 story 

buildings, while the SMF building exhibits the largest IDR demands in 4-story buildings 

in both DBE and MCE intensities. The lowest IDR demands are experienced by the SW 

buildings in both DBE and MCE intensities. The IDR demands exhibit an increasing trend 

as the number of stories increase, with the exception that 16-story SCBF experiences 

slightly lower IDR demands than 12-story SCBF. SMFs exhibit an increasing or mainly 

uniform trend as the number of stories increase up to 12-story, then a decreasing trend in 

16- and 20-story buildings in DBE and MCE intensities. SW buildings in DBE and MCE 

intensities experience mainly uniform demands as the number of stories change, with a 

slightly increased IDR demands in 4- and 20-story buildings. 
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6 CONCLUSIONS 

 

In chapter 3 of this dissertation, the vertical response patterns of special reinforced 

concrete shear wall buildings (SW) are closely examined by means of modal components 

of story shears, diaphragm forces, overturning moments and inter-story drift ratios of 4-, 

8- and 12-story buildings under 50 MCE ground motions. The NTHA results for 12-story 

SW building are firstly studied using large-date simulation tools that employ Principal 

Component Analysis to find similar force distribution patterns along the height of the 

building. Further, response profiles are grouped into various clusters using three different 

clustering methods to find similar force distribution patterns. These results indicated that 

force-demands include significant higher mode contributions, and results were 

encouraging to study seismic responses in terms of inelastic modal components. Next, 

Fourier- and Wavelet-based modal decomposition techniques are illustrated to successfully 

decompose the NTHA results into ranges of frequencies that correspond to assumed 

inelastic modal coordinates of each building. Fourier- and Wavelet-based decomposition 

results are shown to match well to inelastic modal time history analysis (IMTHA) results.  

The inelastic modal components revealed that shear and diaphragm force demands 

are substantially controlled by higher mode components. On the other hand, moment and 

inter-story drift demands are controlled by the first mode. Large acceleration induced 

diaphragm forces are observed to occur not only at the top floor, but also on the lower 

levels of the buildings and are controlled by the second and third mode components. Shear 

forces exhibit large second mode contributions both at the lower and upper floors, whereas 

the first mode controls the demand at mid-height. Base moment demands are found to be 
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controlled by the first mode, whereas the mid-height moments are controlled by the second 

mode.  

Three seismic design procedures adapted in U.S. standards (ELF, RSA, and FMR) 

are shown to mostly underestimate seismic demands. The large difference between NTHA 

results and design forces in the shear wall buildings are ascribed to the flexural over-

strength, the lower critical damping factor in analytical model than the assumed design 

damping, and significant higher mode contributions as it is revealed in chapter 3. Inelastic 

modal components illustrated in chapter 3, where higher modes are shown to be not 

affected by inelasticity as much as the first mode, indicate that the total response is 

controlled by the large contributions from second and third modes. Even the first mode 

modal components are found to be larger than design forces. First mode reduced (FMR) 

method results in good predictions of higher modes in some cases, however, generally 

FMR method results in underprediction of total responses also due to larger inelastic first 

mode response. With that in mind, results of NTHA suggests not only smaller values of R, 

but also different R values for different modal components if a modal super-position 

technique is employed for design, rather than linear first mode force distribution of ELF 

approach or a modal superposition technique (RSA) where modal components are 

normalized by the same R factor. Three shear wall design strength patters have shown to 

considerably influence the shape and magnitude of the seismic demands. Constant strength 

pattern is found to result in more uniform distribution of lateral deformations and force 

demands. Whereas, the tapered and nominal design patterns result in larger demands and 

variability, especially, in 8- and 4-story buildings. 
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In chapter 4 and 5, different types of lateral force resisting systems (SWs, SMFs, 

SCBFs and BRBFs) are investigated to study distribution of seismic demands along the 

height of the building and amplification of demands using 16 code spectrum-compliant 

ground motions. A series of NTHA of 4-, 8-, 12-, 16- and 20-story buildings is carried in 

DBE and MCE intensity levels. NTHA results indicate that significantly large 

amplifications of seismic forces are observed in all four types of LFRSs investigated in this 

study. Results indicate that buildings employing different types of lateral force resisting 

systems exhibit different distribution of seismic demands along the height of the building. 

The distribution of demands along the height of building is also affected by the number of 

stories as illustrated in chapter 4. The effects of concentration of inter-story drifts, such as 

in SCBFs, are shown to considerably influence the distribution of seismic forces. In some 

cases, decreasing diaphragm force demands are observed along the height of the building 

in BRBF buildings. This behavior can be ascribed to the fact that BRBFs are rather flexible 

especially when BRBs undergo large inelastic deformations without loss of strength as 

opposed to SCBF braces where the strength and stiffness degradations are experienced by 

braces. Both BRBFs and SCBFs tend to undergo large inter-story drifts in a few stories 

especially in the upper levels of buildings as the number of stories increase. The NTHA 

results shows significant differences in the distribution of seismic demands for different 

types of building. Some buildings may exhibit uniform distribution of seismic demands 

while others exhibit completely different pattern. This implies a design force pattern for 

each individual type of lateral force resisting system to be incorporated in the design 

procedure. 
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In general, BRBFs are found to perform better for uniformly distributing the 

seismic forces along the height of the buildings especially as the building height increases; 

however, BRBFs exhibited large drift demands concentrated towards the upper levels of 

buildings. SMFs, on the other hand, performed well in terms of distributing seismic forces 

along the height of the building, especially as the building height increases; however, SMFs 

experienced non-uniform distribution of drifts especially as the building height decreases. 

SCBFs are found to experience the largest diaphragm forces except the 4-story buildings, 

and the tendency of non-uniform distribution of diaphragm forces are observed in SCBFs. 

Concentration of drift demands due to loss of brace strength as a result of buckling are 

found to affect the diaphragm force distributions in SCBFs. Maximum drift demands 

experienced by SBCFs exhibit values larger than maximum drift demands experienced by 

BRBFs. For these reasons, it can be inferred that BRBFs performed better than SCBFs. 

SWs exhibited varying distribution of diaphragm forces along the height of the building 

and large demands are observed in the upper and lower floors, while median floors 

experienced lesser diaphragm force demands. SWs are found to exhibit rather uniform 

distribution of drift demands and smaller variation of drift demands along the height of the 

building is observed compared to other types of buildings.  

Not only at the upper levels, but also in the lower levels of buildings, significantly 

large diaphragm forces are observed. Average amplification results indicate that F, V, M 

and IDR demands exhibit different amplification of seismic demands and different trend 

as the number of stories change. Differences in terms of amplitudes and trends are also 

observed between DBE and MCE intensities. Moment demands follow a similar trend as 

the number of stories change in all buildings with different amplitudes. Shear demands, 
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however, show different trends in different types of LFRSs; as SW buildings exhibit 

increasing shear demands for increasing number of stories, while SMF buildings 

experience mainly decreasing shear demands, RBBFs experience mainly uniform shear 

demands and SCBFs experience mainly uniform or slightly increasing shear demands as 

the number of stories increase.  

The distribution of forces illustrated in this study reveals that seismic demands do 

not follow a first mode pattern and contribution of higher modes are significant for all four 

types of buildings regardless of the number of stories. Significantly large amplifications of 

seismic force demands suggest for a smaller R factor to be used to design all four types of 

LFRSs.  
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7 APPENDIX: DESIGN MEMBER SIZES OF BUILDINGS 

 

Member sizes for 4-, 8-, 12-, 16- and 20-story special concentrically braced frames 

(SCBFs), buckling restrained braced frames (BRBFs), special steel moment frames (SMFs), 

and special reinforced concrete shear wall buildings (SWs) are tabulated in this section. 

Note that, for steel member sizes in tables below, the representation given in AISC 

construction manual (American units) are directly employed. Also, the controlling analysis 

cases are provided if the design code required multiple analysis cases to be conducted (such 

as SCBF design). BRBF brace core areas are given in squared inches since the required 

brace area is rounded in that unit. SW building design parameters are presented in SI units. 

Table 7-1. Design Member Sizes of 4-story SCBF Building  

 Brace Beam Columns 

Floor  Section Control Case Section Control Case 
4 HSS 6.625x0.375 W24x176 2 W12x50 3 
3 HSS 7.500x0.500 W27x217 2 W12x50 3 

2 HSS 8.625x0.500 W30x235 2 W14x82 3 
1 HSS 10.750x0.500 W30x326 2 W14x132 3 

 

Table 7-2. Design Member Sizes of 8-story SCBF Building 

 Brace Beam Columns 

Floor  Section Control Case Section Control Case 
8 HSS 6.625x0.432 W24x207 2 W14x53 3 
7 HSS 8.625x0.375 W24x207 2 W14x68 3 

6 HSS 8.625x0.625 W24x335 2 W14x132 3 
5 HSS 10.000x0.500 W24x306 2 W14x132 3 
4 HSS 10.000x0.625 W33x291 2 W14x176 3 
3 HSS 10.000x0.625 W33x291 2 W14x193 3 
2 HSS 10.000x0.625 W33x291 2 W14x257 3 
1 HSS 14.000x0.625 W36x441 2 W14x342 3 
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Table 7-3. Design Member Sizes of 12-story SCBF Building 

 Brace Beam Columns 

Floor  Section Control Case Section Control Case 
12 HSS 6.000x0.500 W24x229 2 W14x53 3 
11 HSS 7.000x0.500 W24x229 2 W14x68 3 

10 HSS 8.625x0.500 W24x279 2 W14x132 3 
9 HSS 8.625x0.625 W24x335 2 W14x132 3 
8 HSS 10.000x0.500 W24x306 2 W14x159 3 
7 HSS 10.000x0.625 W33x291 2 W14x193 3 
6 HSS 10.000x0.625 W33x291 2 W14x233 3 
5 HSS 14.000x0.625 W33x387 2 W14x283 3 
4 HSS 14.000x0.625 W33x387 2 W14x342 3 
3 HSS 14.000x0.625 W33x387 2 W14x398 3 
2 HSS 14.000x0.625 W33x387 2 W14x455 3 
1 HSS 14.000x0.625 W36x441 2 W14x550 3 

 

Table 7-4. Design Member Sizes of 16-story SCBF Building 

 Brace Beam Columns 

Floor  Section Control Case Section Control Case 
16 HSS 4.500x0.337 W18x119 2 W14x48 3 
15 HSS 5.000x0.500 W24x146 2 W14x48 3 

14 HSS 5.500x0.500 W24x162 2 W14x82 3 
13 HSS 6.000x0.500 W24x162 2 W14x82 3 
12 HSS 7.500x0.375 W24x162 2 W14x145 3 
11 HSS 6.875x0.500 W21x201 2 W14x145 3 
10 HSS 7.000x0.500 W21x201 2 W14x159 3 
9 HSS 8.625x0.375 W24x162 2 W14x159 3 
8 HSS 7.500x0.500 W24x192 2 W14x211 3 
7 HSS 8.625x0.500 W27x194 2 W14x233 3 
6 HSS 8.625x0.500 W27x194 2 W14x257 3 
5 HSS 8.625x0.500 W27x194 2 W14x311 3 
4 HSS 8.625x0.500 W27x194 2 W14x342 3 
3 HSS 9.625x0.500 W27x217 2 W14x370 3 
2 HSS 9.625x0.500 W27x217 2 W14x426 3 
1 HSS 10.000x0.625 W24x335 2 W14x500 3 
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Table 7-5. Design Member Sizes of 20-story SCBF Building 

 Brace Beam Columns 

Floor  Section Control Case Section Control Case 
20 HSS 4.500x0.337 W18x119 2 W14x48 3 
19 HSS 6.000x0.250 W18x119 2 W14x48 3 

18 HSS 6.625x0.280 W21x122 2 W14x68 3 
17 HSS 7.000x0.312 W21x132 2 W14x68 3 
16 HSS 7.000x0.375 W24x146 2 W14x132 3 
15 HSS 7.500x0.375 W24x146 2 W14x132 3 
14 HSS 6.875x0.500 W24x176 2 W14x145 3 
13 HSS 8.625x0.375 W24x162 2 W14x159 3 
12 HSS 7.500x0.500 W24x192 2 W14x193 3 
11 HSS 7.500x0.500 W24x192 2 W14x211 3 
10 HSS 8.625x0.500 W24x207 2 W14x257 3 
9 HSS 8.625x0.500 W24x207 2 W14x283 3 
8 HSS 8.625x0.500 W24x207 2 W14x342 3 
7 HSS 8.625x0.500 W24x207 2 W14x342 3 
6 HSS 8.625x0.500 W24x207 2 W14x426 3 
5 HSS 8.625x0.500 W24x207 2 W14x426 3 
4 HSS 9.625x0.500 W24x229 2 W14x455 3 
3 HSS 9.625x0.500 W24x229 2 W14x500 3 
2 HSS 9.625x0.500 W24x229 2 W14x550 3 
1 HSS 10.000x0.625 W24x335 2 W14x605 3 
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Table 7-6. Design Member Sizes of 4-story BRBF Building 

Floor Brace (in2) Beam Section Column Section 
4 2.50 W16x57 W10x45 
3 4.00 W16x57 W10x45 

2 5.50 W16x57 W10x68 
1 7.00 W16x57 W10x100 

 

Table 7-7. Design Member Sizes of 8-story BRBF Building 

Floor Brace (in2) Beam Section Column Section 
8 2.00 W16x57 W14x48 
7 3.50 W16x57 W14x48 
6 4.50 W16x57 W14x74 
5 5.50 W16x57 W14x74 
4 6.50 W16x57 W14x132 
3 7.00 W16x57 W14x132 

2 7.00 W16x57 W14x159 
1 8.50 W18x65 W14x211 

 

Table 7-8. Design Member Sizes of 12-story BRBF Building 

Floor Brace (in2) Beam Section Column Section 
12 1.50 W16x57 W14x48 
11 3.00 W16x57 W14x48 
10 4.00 W16x57 W14x68 
9 5.00 W16x57 W14x68 
8 6.00 W16x57 W14x132 
7 6.50 W16x57 W14x132 
6 7.00 W16x57 W14x176 
5 7.50 W16x57 W14x176 
4 8.00 W18x65 W14x257 
3 8.00 W18x65 W14x257 

2 8.00 W18x65 W14x283 
1 9.50 W18x65 W14x342 
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Table 7-9. Design Member Sizes of 16-story BRBF Building 

Floor Brace (in2) Beam Section Column Section 
16 1.00 W16x40 W14x48 
15 1.50 W16x40 W14x48 
14 2.00 W16x40 W14x53 
13 2.50 W16x40 W14x53 
12 3.00 W16x40 W14x74 
11 3.50 W16x40 W14x74 
10 4.00 W16x40 W12x120 
9 4.00 W16x40 W12x120 
8 4.50 W16x40 W14x145 
7 4.50 W16x40 W14x145 
6 4.50 W16x45 W14x193 
5 5.00 W16x45 W14x193 
4 5.00 W16x45 W14x257 
3 5.00 W16x45 W14x257 

2 5.00 W16x45 W14x283 
1 6.00 W16x45 W14x342 

 

Table 7-10. Design Member Sizes of 20-story BRBF Building 

Floor Brace (in2) Beam Section Column Section 
20 1.00 W16x40 W14x48 
19 1.50 W16x40 W14x48 
18 2.50 W16x40 W14x53 
17 3.00 W16x40 W14x53 
16 3.50 W16x40 W14x82 
15 4.00 W16x40 W14x82 
14 4.00 W16x40 W12x120 
13 4.50 W16x40 W12x120 
12 5.00 W16x40 W14x159 
11 5.00 W16x40 W14x159 
10 5.50 W16x45 W14x211 
9 5.50 W16x45 W14x211 
8 5.50 W16x45 W14x283 
7 6.00 W16x45 W14x283 
6 6.00 W16x45 W14x342 
5 6.00 W16x45 W14x342 
4 6.00 W16x45 W14x398 
3 6.00 W16x45 W14x398 

2 6.00 W16x45 W14x426 
1 7.50 W16x45 W14x500 
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Table 7-11. Design Member Sizes of 4-story SMF Building 

 Beam Section Column Section 

Floor Interior Exterior 
4 W33x130 W14x370 W14x233 
3 W33x130 W14x370 W14x233 

2 W33x141 W14x500 W14x370 
1 W33x141 W14x500 W14x370 

 

Table 7-12. Design Member Sizes of 8-story SMF Building 

 Beam Section Column Section 

Floor Interior Exterior 
8 W27x94 W14x233 W14x233 
7 W30x108 W14x455 W14x283 
6 W30x108 W14x455 W14x283 
5 W36x160 W14x500 W14x370 
4 W36x160 W14x500 W14x370 
3 W36x182 W14x550 W14x455 

2 W36x182 W14x550 W14x455 
1 W36x182 W14x550 W14x455 

 

Table 7-13. Design Member Sizes of 12-story SMF Building 

 Beam Section Column Section 

Floor Interior Exterior 
12 W24x84 W14x193 W14x159 
11 W24x84 W14x193 W14x233 
10 W33x141 W14x550 W14x257 
9 W33x141 W14x550 W14x257 
8 W36x182 W14x500 W14x342 
7 W36x182 W14x500 W14x342 
6 W36x194 W14x550 W14x370 
5 W36x194 W14x550 W14x370 
4 W36x194 W14x550 W14x370 
3 W36x182 W14x550 W14x500 

2 W36x182 W14x550 W14x500 
1 W36x182 W14x550 W14x500 
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Table 7-14. Design Member Sizes of 16-story SMF Building 

 Beam Section Column Section 

Floor Interior Exterior 
16 W21x62 W14x132 W12x96 
15 W21x62 W14x132 W12x96 
14 W24x76 W14x257 W14x132 
13 W24x76 W14x257 W14x132 
12 W27x94 W14x311 W14x145 
11 W27x94 W14x311 W14x145 
10 W27x94 W14x311 W14x145 
9 W30x108 W14x342 W14x193 
8 W30x108 W14x342 W14x193 
7 W30x108 W14x342 W14x193 
6 W30x108 W14x398 W14x211 
5 W30x108 W14x398 W14x211 
4 W30x108 W14x398 W14x211 
3 W27x102 W14x455 W14x370 

2 W27x102 W14x455 W14x370 
1 W27x102 W14x500 W14x370 

 

Table 7-15. Design Member Sizes of 20-story SMF Building 

 Beam Section Column Section 

Floor Interior Exterior 
20 W18x50 W14x193 W12x96 
19 W24x62 W14x370 W14x211 
18 W24x62 W14x370 W14x211 
17 W27x94 W14x398 W14x193 
16 W27x94 W14x398 W14x193 
15 W27x102 W14x426 W14x233 
14 W27x102 W14x426 W14x233 
13 W27x102 W14x426 W14x233 
12 W30x116 W14x500 W14x233 
11 W30x116 W14x500 W14x233 
10 W30x116 W14x500 W14x233 
9 W30x116 W14x500 W14x233 
8 W30x116 W14x500 W14x233 
7 W30x116 W14x500 W14x233 
6 W30x108 W14x550 W14x257 
5 W30x108 W14x550 W14x257 
4 W30x108 W14x550 W14x257 
3 W30x108 W14x550 W14x283 

2 W30x108 W14x550 W14x283 
1 W30x108 W14x550 W14x283 
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Table 7-16. Main Design Characteristics of Shear Wall Buildings 

 20-story  

(4-walls) 

16-story 

(2-walls) 

12-story 

(2-walls) 

8-story 

(2-walls) 

4-story 

(2-walls) 
First floor height (m) 4.88 4.88 4.88 4.88 4.88 

Typical floor height (m) 3.2 3.2 3.2 3.2 3.2 
Building height (m) 65.7 53.0 40.0 27.3 14.5 

Wall length (m) 12.2 15.85 13.4 11 6 
Wall thickness (m) 0.508 0.508 0.508 0.508 0.508 

Wall Boundary length (m) 1.83 3.05 2.44 1.83 1.22 
Wall area (m2) 5.59 8.05 6.80 5.59 3.05 

Seismic floor weight (kN) 10809 10809 10809 10809 10809 
Wall base long. reinf. (%) 1.0 1.0 1.0 1.0 1.2 

Conc. Comp. Strength (MPa) 34.47 
Steel Yield Strength (MPa) 413.7 
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