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ABSTRACT 

A numerical study that considers strain rate dependency of material behaviour has 

been carried out to assess the performance of a ductile moment resisting frame (MRF) with 

reduced beam section (RBS) subjected to seismic ground motion. The structural 

components of an MRF can experience a significantly high rate of deformation during 

seismic ground motion, which can vary the mechanical properties of the steel. Hence, 

quasi-static material properties used in the design of steel structures are not representative 

of the material dynamic behaviour during an earthquake. 

A procedure has been developed to generate stress versus strain curves for mixed-

mode hardening plasticity model using the test data by other researchers conducted at strain 

rate ranging from 0.00005 s-1 to 1.0 s-1 for two grades (ASTM A572 grade 50 and 

CAN/CSA G40.20/21 300W) of steel coupons (specimens). The strain rate dependent 

material properties for these materials are used in different combinations on beams and 

columns of MRF with RBS to conduct the non-linear dynamic analyses subjected to a suite 

of earthquake records at different seismic hazard levels in finite element software, 

ABAQUS. The maximum bending moment and maximum base shear are found to increase 

by up to 8% when strain rate dependent material properties are used in the analyses. 

However, there is only a slight decrease in the mean predicted inter-storey drift when strain 

rate dependent material properties are considered. It is observed that the MRF with RBS 

connections can experience a maximum strain rate of up to 0.30 s-1. The strain hardening 

factor at the RBS center has been found to be much greater than the prescribed value in the 

design specification. A strain hardening of at least 1.2 should be used for a ductile moment 

resisting frame when inter-storey drift limit is ignored in the design.  
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Chapter  1: Introduction 

 

One of the more severe dynamic loading that can be experienced by civil engineering 

structures comes from earthquake ground motions. The loading on a structure due to an 

earthquake ground motions can be quite complex. One way to assess the response of a structure 

due to this loading is through numerical simulation by subjecting the structure to the recorded 

time histories of ground acceleration.  

A thorough understanding of the material behaviour is required for the design and 

analysis of a structure. Generally, quasi-static material properties are used in the design of steel 

structures. However, these properties are not representative of the dynamic behaviour of the 

material during an earthquake. Structures can experience considerably high rate of deformation 

(straining) during a seismic event. Tian et. al (2014) stated that the loading imparted on a steel 

building during an earthquake can produce a deformation/strain rate up to 1.0 s-1 in the 

structural components. Various researchers (Cowper-Symonds 1957, Wakabayashi et. al 1980, 

Suita et. al 1992, Elghazouli et al. 2004, Walker 2012) have shown that the yield and flow 

stress of steel increases with increasing strain rate. Hence, using strain rate dependent material 

properties in the numerical simulations can produce results that are more representative of the 

actual behaviour of a structure during a seismic event. 

Although numerous numerical studies have been conducted to study the effect of strain 

rate on steel structures due to seismic excitation, no study has been found to investigate the 

effect on ductile moment resisting frames (MRFs) with reduced beam section (RBS) 

connections. Moreover, not many studies can be found in the literature that have used the actual 

material properties for a combined isotropic/kinematic hardening model to carry out non-linear 

dynamic time history analyses of ductile MRFs with RBS.  
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1.1 Objective of the Thesis 

The objective of the thesis is to assess the performance of a ductile moment resisting 

frame with reduced beam section subjected to seismic ground motions that considers strain rate 

dependency of material behaviour. Numerical simulations are carried out using the actual strain 

rate dependent material properties calibrated from monotonic tensile tests by Chen (2010) and 

cyclic tests by Walker (2012) of round steel coupons (specimens) at different strain rates. A 

procedure is being developed to enable properties of materials with different strain rate 

sensitivity to be generated for use in the numerical simulations. 

 

1.2 Methodology Used in the Research 

The material properties to be used in the numerical simulations are calibrated using the 

experimental data from monotonic tensile tests by Chen (2010) and cyclic tests by Walker 

(2012) for two grades (ASTM A572 grade 50 and CAN/CSA G40.20/21 300W) of steel 

coupons (specimens) conducted at different strain rates. A procedure is being developed and 

used to calibrate the parameters and generate the stress versus strain curves of these two 

materials for a mixed-mode hardening plasticity model.  In the process, existing material 

models are modified to permit the back stress versus true plastic strain curves and isotropic 

yield stress versus true plastic strain curves at different strain rates to be generated easily, which 

allows properties for materials with different strain rate sensitivity to be generated if needed. 

The generated curves are validated through numerical simulations against tests results of 

monotonic tensile and cyclic tests from Chen (2010) and Walker (2012). 

A ductile moment resisting frame (MRF) with reduced beam section (RBS) connections 

of a two-storey building in Victoria, BC is being considered in the study. The frame is designed 

according to NBCC (2015) and CSA S16-14 (CSA 2014).  A simple finite element model of 

the frame is created to carry out the numerical simulations with finite element software 
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ABAQUS (Dassault Systèmes 2017). The generated isotropic yield stress versus plastic strain 

curves at different strain rates and back stress curves for the materials of Chen (2010) and 

Walker (2012) are used as the material properties input in the numerical simulations. Non-

linear dynamic time-history analyses with and without strain rate dependent material properties 

are conducted using a suite of scaled earthquake ground motion records at two seismic hazard 

levels. Different material combinations in the beams and columns of the frame are considered 

in the simulations. Bending moment, strain hardening, strain rate, base shear and inter-storey 

drift from the numerical simulations are analysed and studied, in particularly for effects due to 

strain rate dependency of material properties. 

 

1.3 Organization of the Thesis 

Chapter 2 presents a brief literature review on effects of strain rate, plasticity models 

for metals, constitutive equations used by various researchers to relate the stress amplification 

due to strain rate to the quasi-static stress and summarizes a few studies conducted to 

investigate effects of strain rate on various structures. Some background information on 

moment resisting frames, reduced beam section connections and capacity design approach has 

also been provided. 

Chapter 3 consists of details on the calibration of parameters for the mixed-mode 

hardening model plasticity model. An existing equation has been modified to relate the 

isotropic yield stress amplification at different strain rates as a ratio to the static isotropic yield 

stress. Material properties for different strain rates to be used in the numerical simulations are 

generated. A procedure to simplify the generation of strain rate dependent material properties 

has been developed. The generated strain rate dependent material properties (stress versus 

strain curves) are validated against tests results through numerical simulations  
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 Chapter 4 consists of the design and numerical modelling of a moment resisting frame 

with RBS connections. A combination shell and beam elements model, and a beam element 

only model of the frame are explored. Mesh sensitivity study has been conducted for two 

models. Comparisons are made between these models to come up with an efficient method to 

conduct non-linear dynamic analyses using rate dependent material properties. 

Chapter 5 presents non-linear dynamic time history analyses carried out using different 

combinations of material properties on beams and columns of the MRF subjected to a suite of 

earthquake ground motion records. Bending moment, strain hardening, strain rate, base shear 

and inter-storey drift from the analyses are analysed and studied. Effects of strain rate 

dependency of material properties on the response and performance of the frame are assessed 

and discussed 

Chapter 6 contains conclusions and recommendations for future studies 

 Supplementary analyses and results are provided in the appendices  
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Chapter  2: Literature Review 

There are many systems that can be used to resist the lateral forces on a building. One 

among the systems being a moment resisting frame with reduced beam section that is used 

specifically to resist the seismic load. The accuracy of the numerical simulation to predict the 

response of the frame depends on the correct modelling of the material load-deformation 

behaviour. Thus, the dynamic material properties are required in the simulation to predict the 

response due to earthquake ground motions. In order to facilitate the discussions, brief reviews 

of moment resisting frames and on the effects of strain rate on the material load-deformation 

response are provided. Various constitutive equations used to incorporate the effects of strain 

rate, metal plasticity, and as well as capacity design approach and reduced beam sections will 

be discussed.  

 

2.1  Strain Rate 

The change in the deformation or strain with respect to time is termed as strain rate. It 

can be defined as the change in length with respect to time divided by the length.as 

             𝜀̇(𝑡) =
𝑑

𝑑𝑡
 (

𝐿(𝑡) −  𝐿𝑟

𝐿𝑟
) =  

1

𝐿𝑟
 ×  

𝑑 𝐿(𝑡)

𝑑𝑡
                                                                        (2.1) 

where 𝜀̇(𝑡) represents the rate of change of engineering strain, 𝐿𝑟 is the original length and 

𝐿(𝑡) represents the length at any time t. 

 Mechanical properties of many construction materials, such as steel and concrete, are 

sensitive to the rate of deformation (straining). There is very little change in the material stress-

strain curve of most metals when subjected to quasi-static loading (Meyers 1994). However, 

their mechanical properties vary considerably when the loading rate is high. Hence, it is 

imperative to account for effects of strain rate on the mechanical properties of structural steel 

when assessing the safety of the steel structures subjected to loading that may induce 
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significantly high deformation rate such as earthquake ground motions. Various researchers 

have conducted studies to examine the effects of strain rate on the mechanical properties of 

structural steel (Manjoine 1944, Soroushian and Choi 1987, Suita 1992, Chen 2010, Tian et al. 

2011, Walker 2012, Ritchie 2017). It has been found that the yield and ultimate strengths of 

the steel increase with increasing strain rate. At the same strain rate, the percentage increase in 

the yield strength has been found to be higher than in the ultimate strength. However, the elastic 

modulus remains unaffected by the change in strain rate. In essence, only plastic deformation 

is affected by strain rate. It has also been found that different grades of steel exhibit different 

strain rate sensitivity. Steel with a lower yield strength is generally more sensitive to strain rate 

than steel with a higher yield strength.  

An earthquake ground motion cannot be considered as quasi-static loading. According 

to Ngo et al. (2007), a structure may experience the deformation up to a maximum strain rate 

of 10-1 s-1 during a seismic event. Chang and Lee (1987) stated that a maximum strain rate up 

to 10-1 s-1 can be attained in a steel building frame but not likely will be exceeded (Tian et al. 

2011). The effect of strain rate becomes significantly more important when the rate reaches 10-

1 s-1 to 1 s-1 as the rate of strength increase in steel increases with increasing strain rate. 

 

2.2 Plasticity 

There have been many plasticity constitutive models proposed to model metals (steel). 

For a metal under cyclic loading, the flow stress is commonly modelled with kinematic 

hardening or combined isotropic and kinematic hardening. One of the models used is a 

combined hardening model by Armstrong and Frederick (1966) and modified by Chaboche et 

al. (1979). The yield surface of the model can be defined by von Mises yield criterion as  
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𝑓(𝜎𝑖𝑗 − 𝛼𝑖𝑗) = √
3

2
(𝑠𝑖𝑗 − 𝛼𝑖𝑗)(𝑠𝑖𝑗 − 𝛼𝑖𝑗) − 𝐾0 = 0                                                     (2.2) 

where 𝜎𝑖𝑗 is the stress tensor, 𝛼𝑖𝑗 is the back stress that represents the translation of the yield 

surface, 𝑠𝑖𝑗 is the deviatoric stress tensor, and 𝐾0 is the parameter defining the size of yield 

surface. The evolution of plastic strain tensor is given by 

𝑑𝑒𝑚𝑛
𝑝 =  

𝜕𝑓(𝜎𝑖𝑗 − 𝛼𝑖𝑗)

𝜕𝜎𝑚𝑛
 𝑑𝜆                                                                                                  (2.3) 

where 𝑑𝜆 is the constant of proportionality. The back stress tensor is the summation of M 

number of back stress tensor terms according to  

𝛼𝑖𝑗 = ∑ 𝛼𝑖𝑗𝑚

𝑀

𝑚=1

                                                                                                                      (2.4) 

with mth term back stress tensor evolves as  

�̇�𝑖𝑗𝑚
= 𝐶𝑚  

1

𝐾0
 (𝜎𝑖𝑗 − 𝛼𝑖𝑗)𝜀̇𝑝𝑙 −  𝛾𝑚 𝛼𝑖𝑗𝑚 𝜀̇𝑝𝑙                                                                (2.5) 

where 𝐶𝑚 (kinematic hardening moduli) and 𝛾𝑚 (rate of reduction of 𝛼𝑖𝑗𝑚
with increasing 

plastic strain) are the constants that characterize the mth term back stress tensor evolution and 

the equivalent plastic strain rate given by 

𝜀̇𝑝𝑙  = √
2

3
𝜀�̇�𝑛

𝑝 𝜀�̇�𝑛
𝑝                                                                                                                  (2.6) 

 

For uniaxial monotonic tension condition and zero initial back stress tensor, Eq. (2.5) reduces 

to 

 �̇�𝑚 = 𝐶𝑚𝜀�̇�
𝑝 − 𝛾𝑚𝛼𝑚𝜀�̇�

𝑝                                                                                                      (2.7) 

where 𝛼𝑚 is the mth term uniaxial equivalent back stress defined by 
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𝛼𝑚 = √
3

2
𝛼𝑖𝑗𝑚

𝛼𝑖𝑗𝑚
                                                                                                              (2.8) 

and 𝜀𝑡
𝑝
 is the uniaxial true plastic strain reduced from Eq. (2.6) for monotonic uniaxial tension. 

Equation (2.7) can be integrated to give  

𝛼𝑚 =
𝐶𝑚

𝛾𝑚
(1 − 𝑒−𝛾𝑚𝜀𝑡

𝑝

)                                                                                                      (2.9) 

The equivalent isotropic yield stress is given by 

𝜎𝑒𝑞
𝑖 = √

3

2
(𝑠𝑚𝑛 − 𝛼𝑚𝑛)(𝑠𝑚𝑛 − 𝛼𝑚𝑛)                                                                            (2.10) 

The flow stress for uniaxial tension is the combination of isotropic yield stress and back stress 

defined as  

𝜎𝑡
𝐹 = 𝜎𝑖 +  𝛼                                                                                                                        (2.11) 

where 𝜎𝑡
𝐹 is a function of true plastic strain 𝜀𝑝

𝑡 , 𝜎𝑖 is the isotropic yield stress for uniaxial 

condition and 𝛼 is ∑ 𝛼𝑚
𝑀
𝑚=1 . Under uniaxial condition, 𝜎𝑖 is equal to 𝜎𝑒𝑞

𝑖  

Krempl (1979) conducted monotonic and cyclic uniaxial tests on 304 stainless steel, 

while Chang and Lee (1987) performed cyclic tests on A36 structural steel tubing at constant 

and varying strain rate to study the strain rate history effects. It was found that cyclic flow 

stress is independent of strain rate history and is affected by current strain rate only. Hence, 

kinematic hardening can be considered to be independent of  strain rate. Lemaitre and 

Chaboche (1990) also found that that strain rate mainly affects the size of yield surface 

(isotropic hardening) and not the evolution of back stress (kinematic hardening).  Walker 

(2012) found that the constants that characterize the evolution of back stress given in Eq. (2.9) 

can be assumed to be independent of strain rate. Chun et al. (2002) examined the plasticity 

model proposed by Chaboche (1979) by conducting tension-compression and multi-cycle bend 
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tests of sheet metals and validating it through finite element analyses. It was found that the 

numerical simulations were able to capture the Bauschinger effect consistently over multiple 

cycles. Figure 2.1 gives the diagrammatic representation of isotropic and kinematic hardening. 

 

2.3 Modelling of Strain Rate Effects 

Modelling of the effects of strain rate on the strength (flow stress) of steel becomes 

quite important at intermediate to high rates of 10-3 s-1 to 103 s-1 as there is a sharp increase in 

the strength with strain rate. Various researchers have developed many equations that takes 

effects of strain rate into consideration in modelling the material behaviour. Some of these are 

discussed here. 

 Cowper and Symonds (1957) studied the effects of strain hardening and strain rate on 

a cantilever beam made up of mild steel, and as well as copper by subjecting it to impact 

loading. A power law equation was proposed to relate the yield stress at different strain rates 

to the static yield stress as a ratio of the static yield stress as 

    
𝜎 (𝜀̇)

𝜎𝑦
= 1 + (

𝜀̇

𝐷
)

𝑞

                                                                                                          (2.12) 

where 𝜎 (𝜀̇) is the yield stress at 𝜀̇ strain rate, 𝜎𝑦 is the static yield stress, 𝐷 and 𝑞 are constants. 

 Johnson and Cook (1985) studied the behaviour of three metals namely, OFHC copper, 

Armco iron and AISI 4340 steel under dynamic loading conditions. The differences in the 

dynamic and static properties were found to be affected by strain, strain rate, temperature and 

pressure. The flow stress was proposed to vary with strain, strain rate and temperature as 

𝜎 =  [𝐴 + 𝐵𝜀𝑛]  [1 + 𝐶 ln
𝜀̇

𝜀0̇
] [1 − ( 𝑇∗ )𝑚]                                                                (2.13) 

where 𝜀 is the equivalent plastic strain, 𝜀̇ is the strain rate, 𝜀0̇ is taken as 1.0 s-1, A, B, C, n  

and m are material constants, and 𝑇∗ is homologous temperature (temperature of a material as 

a function of its melting point) given by [
𝑇−𝑇𝑟

𝑇𝑚−𝑇𝑟 
] where 𝑇 is the temperature,  𝑇𝑟 is the room 
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temperature, 𝑇𝑚 is the melting temperature. Hence, a linear variation of flow stress with the 

logarithm of strain rate was assumed. Effects of strain hardening, strain rate and thermal 

softening are assumed to occur independently. Tuazon et al. (2014) modified the Eq. (2.13) 

(Johnson-Cook equation) by introducing an exponential relationship between the flow stress 

and the logarithmic strain rate as  

𝜎 =  [𝐴 + 𝐵𝜀𝑛]  [1 + 𝐶 (ln
𝜀̇

𝜀0̇
)

𝑝

] [1 − 𝑇∗𝑚]                                                               (2.14) 

where 𝑝 is a constant. This equation can capture the increase in the strain rate sensitivity of the 

material at high strain rates 

 Couque (2014) developed a material model that incorporated a more refined strain rate 

effect on the Johnson-Cook (1985) model. This model has the capability of reproducing the 

test results up to the strain rate of 2 ⅹ 104 s-1 at room temperature. In this model, an additional 

material constant has been added by introducing an additional new power-law term on strain 

rate as given in 

𝜎 =  [𝐴 + 𝐵𝜀𝑛]  [1 + 𝐶 ln
𝜀̇

𝜀0̇
+ 𝐷 (

𝜀̇

𝜀1̇
)

𝑘

 ]  (1 − 𝑇∗𝑚)                                                (2.15) 

where 𝐷 and 𝑘 are constants,  𝜀0̇ and 𝜀1̇ are taken as 1.0 s-1 and 103 s-1 respectively. This model 

was able to capture the stress versus strain rate test data for nickel, aluminum and stainless steel 

at low, and as well as high strain rates.  

Othman (2015) makes use of a modified Eyring equation to model the yield and flow 

stresses of the metals considering a wide range of strain rates. Modified Eyring equation 

(Othman 2015) was an improvement to the proposed Eyring (1936) equation of  

     𝜎𝑦
𝐸 =  𝜎0 +  

𝑘𝑇

𝑉0
 ln (

𝜀̇

𝜀0̇
)                                                                                              (2.16)   

where  𝜎𝑦
𝐸  and 𝜎0 are the yield stress and yield stress at a strain rate 𝜀̇, 𝜀0̇ = 1s-1, 𝑉0 is a constant 

related to the activation volume and 𝑘 is Boltzmann constant. In the modified Eyring equation,  
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an additional exponential on the strain rate was added as 

     𝜎𝑦
𝐸 =  𝜎0 +  

𝑘𝑇

𝑉∗
 ln (

𝜀̇

𝜀0̇
)                                                                                                (2.17) 

where 𝑉∗ is given by 

𝑉∗ =  𝑉0𝑒𝑥𝑝 (−√
𝜀̇

𝜀�̇�
)                                                                                                       (2.18) 

where 𝜀�̇� is the critical strain rate 

   Salahi and Othman (2016) have conducted a comparative study of Eq. (2.12) to Eq. 

(2.17) by fitting the compression yield stress of copper and steel at two temperatures and at 

strain rates ranging from 10-4 to 5 × 104 s-1. The experimental data were obtained from Couque 

(2014) and Clarke et al. (2008). Equation (2.12) by Cowper and Symonds (1957) was found to 

be able to fit the experimental data well with 95% accuracy. Johnson-Cook model using Eq. 

(2.13) could not capture the increase in the yield stress at high strain rates of 103 to 5 × 104 s-

1, while fitted well for strain rates lower than 103 s-1. Equation (2.14) by Tuazon et al. (2014) 

was found to be able to capture the rise of yield stress at high strain rates but was unable to 

capture the rise at low strain rates. This equation was considered to be beneficial when 

considering strain rates higher than 10-2 s-1. Equation (2.15) by Couque (2014) and Eq. (2.17) 

by Othman (2015) fitted well for the experimental data of  steel and copper over the entire 

strain rate range considered in the study. The study concluded that the fitting provided by Eq. 

(2.12) (Cowper-Symonds 1957), Eq. (2.15) (Couque 2014), and Eq. (2.17) (Othman 2015) to 

be satisfactory. However, it was recommended that only either Eq. (2.12) or Eq. (2.17) be used 

to model the effects of strain rate as these equations have fewer material constants compared 

to Eq. (2.15). Table 2.1 summarizes the comparative study of Eq. (2.12) to Eq. (2.17) by Salahi 

and Othman (2016).  
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2.4 Effects of Strain Rate due to Seismic Excitation 

The effects of strain rate due to seismic ground motion excitations have been studied 

for different types of structures. Experimental testing and numerical modelling have been 

carried out on the reinforced concrete (RC) structures and, as well as steel frames to understand 

the effects of strain rate. 

Wakabayashi et. al (1980) found that the yield moment of reinforced concrete beams 

and steel beams increased significantly in monotonic loading tests at different strain rates 

ranging between 0.005 s-1 to 0.1 s-1. It was concluded that the compressive strength and elastic 

modulus of concrete, and yield stress of steel increases linearly with the logarithmic strain rate. 

Dynamic response analyses were conducted on single-storey steel frame using earthquake 

excitations to find out the magnitude of strain rate experienced by the structure during an 

earthquake event. A tri-linear stress strain relationship shown in Fig. 2.2 with a characteristic 

line prescribing the expansion of hysteresis loop that represent elastic modulus, softening due 

to Bauschinger effect and strain-hardening curve respectively, was used to model steel. The 

yield stress (𝜎𝑦) was assumed to increase linearly with the logarithm of the strain rate as  

𝜎𝑦

𝜎𝑦𝑜

 = 1 + 4.73 × 𝑙𝑜𝑔10  |
𝜀̇

𝜀�̇�
|                                                                                        (2.19) 

where 𝜎𝑦𝑜
is the quasi-static yield stress at the rate of 𝜀�̇�= 5 × 10-5 s-1. The maximum strain up 

 to 0.5 s-1 was found at the critical section of the column. Moreover, it was found that the 

maximum strain rate increases with the increase in the deformation (flexibility). 

Suita et al. (1992) conducted an experimental study on three steel connections where 

the structural joints were subjected to high speed loading. The connections were butt welded 

joint, friction and bearing type bolted connections. These specimens were subjected to tensile 

monotonic loading, and as well as cyclic loading of 5 cycles at a constant amplitude of 4 mm. 

The cyclic tests were conducted at the strain rate range of 0.05 to 0.35 s-1.  The experiments 
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showed that there was an increase in the yield stress of welded joints with strain rate under 

monotonic and cyclic loading. 

Elghazouli et al. (2004) conducted experiments on concentrically braced steel frames 

with tubular cold formed steel as bracing members. The experiments on the frames subjected 

to the seismic ground motions were carried out using a shake table. The braces were connected 

to the bottom flange of the transverse beam at the top and to a table platform at the bottom. 

Both coupon test and section tensile test for the steel members used in the frame were 

conducted. The frames were subjected to the El Centro earthquake record to determine inelastic 

response. In order to examine effects of strain hardening and strain rate, maximum tensile force 

measured in the braces during each test was normalized by actual yield and ultimate strengths 

obtained in monotonic tensile section tests. It was found that the tensile capacity calculated 

based on actual yield strength can underestimate the maximum tensile force transferred from 

the braces to other frame members by 30% due to combination of strain hardening and effects 

of strain rate. On the other hand, if the tensile capacity is calculated using the ultimate material 

strength, maximum tensile force transferred to other frame members is still underestimated by 

10 % due to effects of strain rate. 

 Bhowmick et al. (2009) showed the need for the inclusion of strain rate effect in the 

modelling of steel plate shear wall. A four and fifteen storey steel plate shear walls were 

designed according to NBCC (2005) and CAN/CSA S16-01 (CSA 2001). Various earthquake 

records were scaled to design spectrum of Vancouver, BC, Canada, for the analyses of these 

shear walls. An elasto-plastic stress strain curve was adopted with Eq. (2.12) (Cowper-

Symonds 1957) used to model the change in the flow stress with strain rate. The flexural 

demand for the shear wall was found to increase by an average of 11% when effects of strain 

rate were included in the material model. Moreover, it was found that the strain rate effect on 

the seismic demand at the base of steel plate shear wall increases with the intensity of the  
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 earthquake. The deformation of the steel plate shear wall was found to decrease with the higher  

strain rate. 

Zhang and Li (2011) investigated the effect of strain rate on the dynamic behaviour of 

reinforced concrete structures subjected to earthquake loading. Finite element software 

ABAQUS was used to analyze the dynamic response of a single bay 3-floor reinforced concrete 

frame and shear wall. Drucker-Prager model (1952) and concrete damaged plasticity model 

were used for concrete in the dynamic analyses in the study. Effects of strain rates on the yield 

strength of steel bars were defined as 

𝑓𝑦𝑑  =  (1 +  𝑐𝑓  log
𝜀̇

𝜀�̇�
) 𝑓𝑦𝑠                                                                                              (2.20) 

where 𝑓𝑦𝑠, and 𝑓𝑦𝑑 are static yield strength and dynamic yield strength respectively, 𝜀�̇�is quasi-

static strain rate and 𝑐𝑓 is a parameter given by 

𝑐𝑓 = 0.1709 − 3.289 ×  10−4 𝑓𝑦𝑠                                                                                  (2.21) 

It was found through dynamic analyses that the load carrying capacity and stiffness of the shear 

wall increase with the inclusion of effects of strain rate on the material properties. The 

reinforced concrete frame was subjected to the El Centro earthquake record with peak ground 

accelerations of 0.4g and 0.6g. There was increase in the maximum value of base shear and 

base moment when strain rate dependent material properties were included in the simulations. 

Tian et al. (2014) investigated the influence of including the strain rate effect in the 

analysis of power transmission tower under different ground motion intensities. A subroutine 

was developed in ABAQUS to model the progressive collapse in the simulation. To model 

progressive collapse, the stiffness of the of the element is set to zero once the strain in that 

element exceeds ultimate strain. Incremental dynamic analysis (IDA) method was adopted to 

calculate the seismic response of the tower with and without the consideration of the strain rate 

effect. Elastic-perfectly plastic material model, shown Fig. 2.3, was used. The dynamic yield 
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stress was assumed to vary with strain rate according to Eq. (2.20). The dynamic analyses were 

carried out using 3 earthquake records and these records were scaled up until progressive 

collapse of the structure occurred. At the ground motion intensity close to resulting in a collapse 

of the transmission tower, the maximum displacement at the top of the tower decreases, and 

the maximum base shear increases when effects of strain rate were included in the analyses. 

However, for weak ground motions, the maximum displacement at the top of the tower still 

decreases and the maximum base shear increases when the effects of strain rate are included 

for most of the earthquakes, but maximum base shear decreased and maximum displacement 

at the top of tower increased for a few cases. 

 

2.5 Moment Resisting Frames 

Moment resisting frame (MRFs) is commonly used framing system that provides 

resistance to lateral loads in a structure that are subjected to severe ground motions. They are 

one of the most ductile seismic resisting systems, thus making them quite popular among 

structural engineers designing buildings in areas of high seismicity. The load resistance of these 

frames is based on the plastic moment capacity of the beam and the capacity of the connection 

such that the plastic hinge formation is away from the face of the column thus forming a weak 

beam-strong column situation. Due to their high ductility, design specification codes have 

assigned a large force reduction factor to be used in calculating the equivalent static design 

load for these frames. Furthermore, they can provide an open layout that serves the functional 

requirements of a building that provides large unobstructed spaces throughout the building 

plan. However, due to this framing arrangement, MRFs require large member sizes in order to 

keep the drift within the limits. The columns and beams in a moment resisting frames are 

usually connected using full restrained moment connections. In these frames, flanges of the 

wide flange beams can be connected to the column flanges using complete joint penetration 
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weld along with either the beam web bolted or welded to the column flanges. Figure 2.4 shows 

a typical MRF connection where the beam web has been either bolted or welded to the column 

flange. Moment resisting frames can be used in low, medium and high-rise steel buildings. 

Redwood et al. (1989) attributed the higher flexibility of MRFs to produce forces in the 

structure that are lower compared to a stiffer concentrically braced seismic resisting. Moreover, 

the lower forces produced by MRF can be partially attributed to its high redundancy, which 

allows the redistribution of loads after yielding. In addition, structural elements are detailed 

such that an MRF can undergo high ductile deformation. Chen et al. (1996) stated that the input 

energy of severe ground motions can be absorbed and dissipated by plastic hinges formed at 

the beam-column connection of the moment resisting frames. Hence, the amount of energy 

dissipated by these MRFs will be dependent on the rotational capacity of these connections. A 

proper design of the connections is critical for MRFs to function in resisting the lateral loads  

Aksoylar et al. (2011) stated that the high ductility along with the economic viability 

have allowed the moment resisting frame to be used in low and medium rise structures in 

intense seismic zones. Moment resisting frames that are designed using the strong column-

weak beam philosophy have large column sections in low rise long span buildings. Hence, 

these frames are used on the periphery of the building. Fadden and McCormick (2012) 

recommended MRFs to be used in high seismic regions due to their intrinsic capability of 

providing resistance to the lateral loads coming from the bending resistance of columns, girder 

and joints (rigid frame action) that enable the seismic energy to be dissipated in a ductile 

manner.  

Some prequalified moment connections have been specified in the Moment Connection 

for Seismic Application by CISC (2014). This document serves as an alternative to the physical 

testing that is mandatory as the basis for the design of beam-column connection for ductile 

(Type D), moderately ductile (Type MD) and low ductile (Type LD) moment resisting frames. 
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The connections specified by the guidelines for connecting the beam to column flanges are 

reduced beam section (RBS) connection, bolted unstiffened end plate (BUEP) connection, 

bolted stiffened end plate (BSEP) connection and bolted flange plate (BFP) connection. In the 

seismic applications, these connections types are considered to be fully restrained with beams 

and columns conforming to appropriate requirements of CSA S16-14 (CSA 2014). BUEP and 

BSEP connections are primarily composed of an extended end plate that is first welded to the 

beam of the moment resisting frame and then bolted to the column flange. For the inelastic 

deformation to take place in the beam, sufficient strength is required in the connection to allow 

flexural yielding of beam section or end-plates or column panel zone. BFP connections consists 

of the flange plates welded to the column flanges using complete joint penetration weld. These 

plates are then connected to the beam flanges using the high strength bolts with beam web 

bolted to the column flange using shear tab. The unwelded portion of the flange plate serves as 

the location for the initial yielding and formation of plastic hinge. Another connection, an RBS 

connection will be discussed in greater detail in the following section 

 

2.6 Capacity Design Approach and Reduced Beam Section 

The extensive damage experienced by MRFs during the 1994 Northridge earthquake 

and 1995 Kobe Earthquake was a matter of great concern for the structural engineers. There 

were some unexpected failures at the beam-column connection.  The local brittle damage at the 

interface of the beam-column connections of steel MRF has led to an extensive research to 

solve this problem in the MRF. Two methods have been proposed to address this problem. One 

by strengthening the beam-column joints with additional bolts, welds or stiffeners, and the 

other by reducing the flexural capacity of the beam or some portion of the beam that framed 

into the column. Strengthening the beam-column connections, even though effective, is not an 

economically viable option for large projects.   
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Moore et al. (1999) stated that the moment frames constructed before Northridge 

earthquake were designed with the beam web connected to the column transferring the beam 

shear to the column, while the moment is transferred through the beam flanges. However, this 

assumption was disputed by a number of researchers due to widespread damage of these 

moment connections which led to the adoption of a design philosophy that is known as capacity 

design approach. Leslie et al. (2008) stated that capacity design approach is a method in seismic 

design of members in steel structures wherein a pecking order of strength is established within 

the structure. In this method, some of the ductile members are designed to yield while 

safeguarding some other members from yielding. The design of these protected members is 

based on the maximum force that is generated by the yielding members. The strength of the 

protected members is governed by multiplying the over-strength factor (OF) with the specified 

or nominal strength of the yielding members. In capacity design approach of structural system, 

yielding location is deliberately defined such that yielding occurs at a required force level at 

that location. The other members that are linked to the yielding members are designed to be 

stronger than the yielding members. Yielding members act as fuse that protects the less ductile 

sections of the structure. In capacity design, the forces in structural members are obtained and 

calculated from yielding elements. According to CSA S16-14 (CSA 2014), capacity design 

approach shall be adopted to design the members and connections of the seismic force resisting 

systems. In this approach, identified members of the structure are designed to dissipate energy 

along with proper detailing. Other members are designed sufficiently strong to allow the 

designated members (components) to achieve the energy dissipation. This led to introduction 

of RBS connections in the design of MRF. 

RBS connections or “dog-bone” are a part of prequalified moment connections that can 

be used in the moment frames without any prior physical testing. The strategy employed in 

these connections is to deliberately reduce the flexural capacity of the beam at a specific 
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location for yielding and plastic hinge formation to take place in the beam. The main 

characteristic of these connection is the reduction in the size of beam top and bottom flanges 

with cuts (generally semi-circular shapes) near the beam-column connections as shown in Fig. 

2.5. The intention is to allow the plastic hinge formation and yielding to occur away from the 

beam-column interface at the center of the RBS. Since inelastic deformation takes place mainly 

in the RBS only, minimal effort is required in designing of  the beam-column connection. The 

weak beam-strong column connections are made possible by the introduction of a smaller 

moment at the face of the column due to RBS. It is an economically viable connection as no 

additional plates, weld or fastener is required. Figure 2.6 shows an RBS connection in the field.  

 The performance of reduced beam section is dependent on its shape, size and location. 

Various studies have been conducted to study the performance of RBS with different shapes, 

which include semi-circular cut, tapered cut and straight cut. RBS with radius cut or the semi-

circular cut has been listed as one of the prequalified moment connections in Moment 

Connection for Seismic Application (CISC 2014) and ANSI/AISC 358-16 (AISC 2016).  

Moreover, Sofias et al. (2014) recommended radius cut RBS because of its highest rotational 

capacity. Figure 2.5 shows the parameters used in the design of RBS with “a” represents the 

distance of RBS from the face of the column, “s” is the length of RBS and “c” is the depth of 

the cut at RBS center (radius cut RBS will be designated as RBS henceforth). Engelhardt 

(1999) stated that to minimize the growth of moment from the plastic hinge forming at RBS 

center to column face, distance “a” (shown in Fig. 2.5) should be kept as small as possible. 

However, the distance should be large enough to allow the stress from RBS to spread uniformly 

across the flange width at the face of the column. The moment developed at the centerline of 

the column is dependent on the depth of the cut at the center of the RBS as this depth dictates 

the maximum moment that can be developed at the center of the RBS. Hence, it is the most 

important dimension that requires the utmost attention in the design of RBS. Englehart (1999) 
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recommended that the flange width reduction should not be greater than the 50 percent of the 

flange width as excessive reduction in the flange area could lead to untimely local lateral 

torsional buckling that could lead to adverse effects on the frame. 

Kitjasateanphun et al. (2001) stated that the performance and efficiency of the RBS is 

dependent on its proper design. Insufficient or inadequate reduction of the flange width will 

not be able to sufficiently reduce the stress at the column face and allow for proper yielding of 

RBS. The location of the RBS cut also plays a pivotal role in its performance. The cut carved 

out too close to the column face might result in the failure of the connection. According to 

Moment Connection for Seismic Application (CISC 2014), the cut should be in the range of 

20% to 50% of the beam flange width. Similar depth of cut has also been recommended by 

ANSI/AISC 358-16 (AISC 2016).   

Sofias et al. (2014) studied the behaviour of RBS with end plates subjected to cyclic 

loading with tests and numerical simulations. The profile recommended by the EC-8, Part-3 

(Eurocode 2005) was used to design the RBS. Coupon tests were conducted for the steel used 

in the RBS to define elastic-plastic material properties for the finite element analyses. The 

beam-column connection with the same RBS dimension but different mechanical properties 

was subjected to cyclic loading and plastic hinge was able to form in the RBS. This protected 

the beam-column connection from plastification and hence failure. It was also stated that the 

maximum permissible depth of the cut at the center of RBS is dependent on the ductility of 

steel. The RBS specimen made of steel with better ductility can prevent the brittle fracture of 

the tensile region at an extremely high load. 

Kitjasateanphun et al. (2001) studied modelling issues associated with inelastic 

behaviour of RBS experimentally and numerically. An FEA model was built to study the 

performance of RBS over a range of RBS location and flange reduction . A trilinear stress-

strain curve on the coupon test was used for the analyses. The specimen tested consists of a 
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beam with reduced beam section connected to a column. It is subjected to cyclic displacement 

time history at the free end of the beam with increasing cyclic amplitudes up to 200 mm 

displacement. A good agreement has been found between the experimental and finite element 

analysis hysteretic force of the connection versus tip displacement.  

The reduction in the beam strength due to introduction of RBS has only a small impact 

on the overall lateral stability of the MRF. Grub (1997) analyzed moment resisting frame with 

varying height and different flange reduction in a radius cut RBS. The elastic stiffness reduction 

of these frame was found to be in order of 4 to 7% for flange reduction ranging from 40 to 

50%. Moore et al. (1999) stated that even though the beam is weakened with introduction of 

the RBS, it has only a small effect on the lateral stability and stiffness of a steel moment frame. 

 

2.7 Concluding Remarks 

Although numerous studies have been conducted to investigate effects of strain rate on 

steel structures, none of the studies have been found to study these effects on ductile moment 

resisting frame (MRF) with reduced beam sections (RBS) connections. Moreover, none of the 

studies have employed realistic material properties in the analyses. Hence, the performance of 

ductile MRF with RBS connections that considers strain rate dependency of material behaviour 

can be investigated by employing actual strain rate dependent material properties in numerical 

simulations.  
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Table 2.1 Comparative study of Eq. (2.12) to Eq. (2.17) (Salahi and Othman 2016) 

Strain Rate Model Constitutive 

Equation 

Fitting results with experimental data 

Cowper-Symonds (1957) Eq. (2.12) Fits well at strain rates ranging from 10-4 to 

50000 s-1 with 95% accuracy. 

Johnson-Cook (1985) Eq. (2.13) Could not capture increase in yield stress at 

high strain rates of 103 to 50000 s-1 

Tuazon (2014) Eq. (2.14) Unable to capture increase in yield stress at 

strain rates lower than 10-2 s-1 

Couque (2014) Eq. (2.15) Fits well at the strain rates ranging from 10-4 

to 5000 s-1 

Othman (2015) Eq. (2.17) Fits well at the strain rates ranging from 10-4 

to 50000 s-1 
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Figure 2.1  Isotropic and kinematic hardening (Kelly 2013) 

 

 

          

Figure 2.2 Idealized stress-strain curve of steel (Wakabayshi et. al 2015) 
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Figure 2.3 Stress versus strain relationship curve of steel Tian et al. (2011) 

 

 

 

 

Figure 2.4 Typical MRF connection with the beam web (a) bolted to the column flanges (b) 

welded to the column flange. (Lau 2017) 
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 Figure 2.5 RBS connection (AISC 2016) 

 

 

Figure 2.6 Reduced beam section connection in field (Metten and Driver 2015) 

  

s 
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Chapter  3: Calibration of Material Properties 

 

Using realistic material properties and proper constitutive model in numerical 

simulations of a structure can produce results that are more representative of the actual 

behaviour. The appropriate material properties to be used in carrying out the analyses to assess 

effect of strain rate dependency of the material strength (behaviour) on the performance of a 

structure subjected to seismic ground motions can be obtained from the tests of steel coupons 

(specimens) at different strain rates. Chen (2010) and Walker (2012) have respectively 

conducted monotonic tensile and cyclic tests of steel coupons (specimens) for two grades of 

steel at different strain rates. Results of these tests can be used to generate the material 

properties input for the numerical simulations. A simple procedure has also been proposed to 

allow for a material with different stress amplification factors to be generated. The strain rate 

amplification factor by Cowper-Symonds (1957) in Eq. (2.12) has been modified and improved 

on and validated against tests results. This will allow material properties used in the numerical 

simulations to be varied in order to study the response and performance of structures with 

various material strain rate sensitivity. All numerical analyses have been carried out with 

ABAQUS (Dassault Systèmes 2017) with elastic modulus of 200 GPa and Poisson’s ratio of 

0.3.  

 

3.1 Monotonic Tensile and Cyclic Tests by Chen (2010) and Walker (2012) 

Monotonic tensile tests at constant strain rates from of 10-5 s-1 to 1 s-1 were conducted 

by Chen (2010) for rectangular and round specimens of ASTM A572 grade 50 and CAN/CSA 

G40.20/21 300W steel. Results of the tests show that the amplification of true stress with strain 

rate was found to be higher at the initial stage of strain hardening and diminishing with 
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deformation. To facilitate the discussions, ASTM A572 grade 50 and CAN/CSA G40.20/21 

300W steel used in these tests will be referred to respectively as material H and material G 

Walker (2012) also carried out tests on the round specimens of materials G and H with 

tapered and notched profiles subjected to a variety of cyclic loading at constant strain rates 

from 10-4 to 10-1 s-1. The loading applied to the tapered specimens consisted of a combination 

of predefined number of  loading cycles at specified strain ranges that was followed by pulling 

the specimen to fracture. A positive rate sensitivity on flow stress has been found for both these 

materials during initial cyclic loading. However, with continuous loading, tests performed at 

the strain rates of 10-2 and 10-1 s-1 were found to show negative flow stress rate sensitivity due 

to adiabatic heating. Walker (2012) has developed a procedure to generate strain rate dependent 

input material properties for numerical simulations under a general loading condition for strain 

rate ranging from 0.00005 s-1 to 1.0 s-1 using the mixed-mode hardening model by Lemaitre 

and Chaboche (1990). An exponential-law based equation  

 

𝜎𝑡
𝐹 = 𝜎𝑡

𝑦
+ 𝜎1 [1 − exp (

−(𝜀𝑡
𝑝 − 𝜀𝑡

𝑜)𝑑

𝜀𝑐
)  ]  for (𝜀𝑡

𝑝 − 𝜀𝑡
𝑜) > 0                                   (3.1) 

 

was used by Walker (2012) to generate flow stress versus true plastic strain curves at different 

strain rates, where 𝜀𝑡
𝑜 is the true plastic strain at the end of the yield plateau, 𝜎𝑡

𝑦
is the yield 

stress, 𝜎1 is saturated yield stress at the plastic strain of 5.0, 𝜀𝑐 and 𝑑 are constants. The 

generated curves for materials H and G at different strain rates are respectively shown in Figs. 

3.1 and 3.2. Table 3.1 shows the parameters used to generate these monotonic true flow stress 

versus true plastic strain curves at different strain rates by Walker (2012). Walker (2012) also 

calibrated the kinematic hardening parameters for two back stress terms. The generated back 

stress versus true plastic strain curves with calibrated parameters in Table 3.2 are shown in 
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Figs. 3.3 and 3.4 for materials H and G. Rearranging Eq. (2.11), the isotropic yield stress versus 

plastic strain curves at different strain rates were obtained for both materials by subtracting the 

back stress from the flow stress as 

 

       𝜎𝑖 = 𝜎𝑡
𝐹 −  𝛼                                                                                                                   (3.2) 

 

Figure 3.5 gives the general relationship between the flow stress, isotropic yield stress and back 

stress. Figures 3.6 and 3.7 show the isotropic yield stress curves at different strain rates 

generated by Walker (2012) for materials H and G. Walker (2012) carried out the numerical 

simulations of the round specimen tests using mixed-mode hardening plasticity model by 

Lemaitre and Chaboche (1990) at different constant strain rates from 10-4 to 10-1 s-1 with the 

generated isotropic hardening curves and back stress curves. Good agreement was achieved 

between the results of the simulations and cyclic tests. 

 

3.2 Modified Cowper-Symonds Amplification Equation 

Cowper-Symonds (1957) proposed an equation based on power-law relationship shown 

in Eq. (2.12) to calculate the amplification factor that relates the yield stress at different strain 

rates as a ratio to the static yield stress. Taking the isotropic yield stress and flow stress from 

Walker (2012), calculated amplification factors for materials H and G at different strain rates 

and strains are shown in Figs. 3.8 to 3.11. The isotropic yield stress and flow stress at the strain 

rate of 0.00005 s-1 are taken as the static stresses in calculating the amplification factors in Figs. 

3.8 to 3.11 as static stresses were not given by Walker (2012). It can be seen that the 

amplification factor is higher at the initial stage of strain hardening and decreases with strain. 

However, Eq. (2.12) is independent of plastic strain. Hence, a modified Eq. (2.12) has been 
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proposed to approximate the amplification factor on the isotropic yield stress that decreases 

with increasing plastic strain as 

𝐷𝑎 =
𝜎𝑖(𝜀̇)

𝜎𝑠
𝑖

= 1 + 𝑆(𝜀̇) 𝜉𝑝𝑙                                                                                                 (3.3) 

where  𝐷𝑎 is the dynamic amplification factor, 𝜎𝑠
𝑖 is the static isotropic yield stress and  𝜎𝑖(𝜀̇) 

is the isotropic yield stress at a specified strain rate,  𝑆(𝜀̇)  is the term from Cowper-Symonds 

(1957) given as 

𝑆(𝜀̇)   = (
𝜀̇

𝐼
)

1
𝐽

                                                                                                                        (3.4) 

where 𝐼 and 𝐽 are constants, and 𝜉𝑝𝑙 is the term that approximates the reduction in the stress 

amplification with increasing plastic strain given by 

𝜉𝑝𝑙 =  (1 + 𝐴 𝑒−𝐵(𝜀𝑡
𝑝

−𝜀0
𝑝

 ))                                                                                                 (3.5) 

where 𝐴 and 𝐵 are the constants, 𝜀𝑡
𝑝
 is true plastic strain and 𝜀0

𝑝
 is true plastic strain at the end 

of yield plateau. Hence, the true flow stress at different strain rates for uniaxial monotonic can 

be expressed using Eq. (3.3) as 

𝜎𝑡
𝐹(𝜀̇) =  [(1 + 𝑆(𝜀̇) 𝜉𝑝𝑙) 𝜎𝑠

𝑖] +  𝛼                                                                                    (3.6) 

 In a simpler form, Eq. (3.6) can be written as 

𝜎𝑡
𝐹(𝜀̇) =  (𝐷𝑎  ×  𝜎𝑠

𝑖) +  𝛼                                                                                                   (3.7) 

The constants A, B, I and J are simply referred to as amplification constants in the discussions.  

 

3.3 Calibration of Material Properties for Mixed-Mode Hardening Material Model for 

Different Strain Rates  

 The isotropic stress-strain curves generated by Walker (2012) in Figs. 3.6 and 3.7 show 

a considerable hump at close to a plastic strain of 0.2 for both materials. However, the isotropic 

yield stress is expected to always increase with strain. These humps were produced because 
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only two kinematic hardening terms for back stress were used by Walker (2012). It is expected 

that the hump in the isotropic stress-strain curve to become less distinct or be eliminated as 

more kinematic hardening terms are used to better represent the back stress evolution. Hence, 

a procedure has been adopted to extend the calibration by Walker (2012) to use more kinematic 

hardening terms. These back stress terms are then used to calculate the isotropic stress 

amplification factors at different strain rates along with the static isotropic yield stress-true 

plastic strain curve using modified amplification equation, Eq. (3.3). This forms a two-step 

procedure in which the first step involves calibrating the kinematic hardening parameters and 

the second step consists of calculating  the static isotropic yield stress and the isotropic yield 

stress amplification factors at different strain rates and strains. These two steps are explained 

further in the following sections. Since both materials G and H are calibrated using the same 

procedure, only the calibration of material H is presented in the discussions 

 

3.3.1 Calibration of Kinematic Hardening Parameters 

 According to Krempl (1979), Chang and Lee (1987) and Lemaitre and Chaboche 

(1990), only the size of yield surface (isotropic yield stress) is affected by strain rate while 

evolution of back stress can be considered to be unaffected. Since the flow stress-true plastic 

strain curve at zero strain rate (static curve) has not been provided by Walker (2012), the 

kinematic hardening parameters are calibrated using the isotropic yield stress versus plastic 

strain curve at a strain rate of 0.00005 s-1 shown in Fig. 3.12. It can be seen in Figs. 3.3 and 3.4 

that the first kinematic hardening term reaches saturation at a strain less than 0.04. Thus, the 

hump in the isotropic yield stress-plastic strain curve at around plastic strain of 0.2 is due to 

the second back stress term. For this reason, the second back stress term is being replaced with 

more than one back stress term in an attempt to eliminate the hump.  The process of calibrating 

of kinematic hardening parameters for more back stress terms involves re-calculating the 
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isotropic yield stress based on the flow stress given by Walker (2012) for p number of back 

stress terms as 

 𝜎𝑖 = 𝜎𝑡
𝐹(0.00005) −   

𝐶1

𝛾1
(1 − 𝑒−𝛾1𝜀𝑡

𝑝

) + ∑
𝐶𝑚

𝛾𝑚
(1 − 𝑒−𝛾𝑚𝜀𝑡

𝑝

)𝑝
𝑚=2                           (3.8) 

where 𝜎𝑡
𝐹(0.00005) represents flow stress at strain rate of 0.00005 s-1, 𝐶1 and 𝛾1 are kinematic 

hardening parameters for the first back stress term from Walker (2012). The derivative of 

isotropic yield stress with strain is constrained to be positive such that 

𝑑

𝑑𝜀
 (𝜎𝑡

𝐹(0.00005) −  
𝐶1

𝛾1
(1 − 𝑒−𝛾1𝜀𝑡

𝑝

) + ∑
𝐶𝑚

𝛾𝑚
(1 − 𝑒−𝛾𝑚𝜀𝑡

𝑝

)

𝑝

𝑚=2

) > 0                   (3.9) 

to ensure that the hump to be less distinct or be eliminated. Another condition is that the 

saturated isotropic yield stress versus plastic strain curve by Walker (2012) in Fig. 3.13 does 

not change.  

The kinematic hardening parameters are calibrated by the least square error fitting of 

the isotropic yield stress versus plastic strain curve by Walker (2012) shown in Fig. 3.12 and 

the data points listed in Table 3.3 by varying the isotropic stress at the end of yield plateau such 

that the isotropic stress-plastic strain curve obtained using Eq. (3.2) does not exhibit any hump 

or there is a significant reduction in the hump at close to plastic strain of 0.2. The isotropic 

yield stress at the end of yield plateau (𝜀0
𝑝
 =0.006) for strain rate of 0.00005 s-1 has been found 

to be equal to 279 MPa based on the kinematic hardening parameters by Walker (2012). Setting 

the isotropic yield stress at the end of yield plateau any higher than 279 MPa will increase the 

hump. Hence, the isotropic yield stress at the end of yield plateau has to be lower than 279 MPa 

in the least square error fitting. Using four kinematic hardening terms, Figs. 3.13 and 3.14 show 

the isotropic yield stress versus plastic strain curves of iterations with isotropic yield stresses 

of 230, 245 and 265 MPa at the end of yield plateau. It can be seen that a higher isotropic yield 

stress produces a higher saturated isotropic yield stress. Thus, the trial isotropic yield stress at 

the end of yield plateau is iterated between 245 and 265 MPa until the saturated isotropic yield 
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stress matches that from Walker (2012) shown in Fig. 3.13. The isotropic yield stress at the end 

of yield plateau is iterated to 260 MPa for the resulted isotropic yield stress versus true plastic 

strain curve shown in Figs. 3.15 and 3.16, and the calibrated parameters for 4 kinematic 

hardening terms listed in Table 3.4. Back stress and isotropic yield stress versus plastic strain 

curves calculated based on parameters in Tables 3.1 and 3.4 are shown in Fig. 3.17 and 3.18. 

The back stress with 4 kinematic hardening terms is higher at small strain compared to that 

with 2 kinematic hardening terms as can be seen in Fig. 3.17 and is able to eliminate the hump 

in the isotropic yield stress versus plastic strain curve as shown in Fig. 3.18. 

Three kinematic hardening terms have also been considered. Figures 3.19 and 3.20 

show the back stress and isotropic yield stress versus true plastic strain curves with calibrated 

parameters listed in Table 3.4 for three kinematic hardening terms. It can be seen that the 

increase in the back stress at low strain for 3 kinematic hardening terms over back stress for 

two kinematic hardening terms is not as high as the increase with four kinematic hardening 

terms. Consequently, hump in the isotropic yield stress versus true plastic strain curves at 

around the strain of 0.2 has not been as effectively eliminated with 3 kinematic hardening terms 

as shown in Fig. 3.20 and 3.21 and compared to Fig. 3.18 for 4 kinematic hardening term. 

Although further improvement on the elimination of the hump can be expected with more 

kinematic hardening terms, only 4 kinematic hardening terms will be considered as to limit the 

complexity in the calibration of the kinematic hardening parameters. It is decided that the 

improvement provided with 4 kinematic hardening terms is sufficient 

 

3.3.2 Static Stress-Strain Curve and Stress Amplification at Different Strain Rates 

In the studies by Chen (2010) and Walker (2012), the true stress versus true strain 

curves at different strain rates have been measured and generated for materials G and H. Chen 

(2010) paused monotonic tension tests at the strain rate of 10-4 s-1 for around half a minute at 
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regular intervals to take the reading. While this gives the reading at a zero loading rate after 

some relaxation due to the pause, it cannot be considered to be a true static (extremely low 

strain rate) reading. Walker (2012) also did not provide a true true stress versus true strain curve 

(static) at zero strain rate. Instead, numerical simulations carried out by Walker (2012) were 

using the true stress-strain curve at the strain rate of 0.00005 s-1 as the static curve.  Since there 

is no data available lower than the strain rate of 0.00005 s-1, the true stress-true strain curve at 

the strain rate of 0.00005 s-1 by Walker (2012) will be used as the basis to calculate the static 

stress versus strain curve and constants A, B, I and J for the modified amplification equation, 

Eq. (3.6).  

The flow (true) stress at the strain rate of 0.00005 s-1 according to Eq. (3.6) can be 

expressed as  

𝜎𝑡
𝐹(0.00005) =  [(1 + 𝑆(0.00005) 𝜉𝑝𝑙) 𝜎𝑠

𝑖] +  𝛼                                                                    (3.10) 

where 𝑆(0.00005) is 

𝑆(0.00005)   = (
0.00005

𝐼
)

1
𝐽

                                                                                           (3.11) 

Rearranging Eq. (3.10) as 

 𝜎𝑠
𝑖  =  

𝜎𝑡
𝐹(0.00005) − 𝛼

(1 + 𝑆(0.00005) 𝜉𝑝𝑙)
                                                                                                        (3.12) 

 and substituting for the isotropic static stress, Eq. (3.6) can be rearranged to give the isotropic 

yield stress at different strain rates according to Eq. (3.2) as 

𝜎𝑖(𝜀̇) = 𝜎𝑡
𝐹(𝜀̇) − 𝛼 =  ((1 + 𝑆(𝜀̇) 𝜉𝑝𝑙) × 

[𝜎𝑡
𝐹(0.00005) − 𝛼]

(1 + [𝑆(0.00005)]𝜉𝑝𝑙)  
)                  (3.13) 

Constants A, B, I and J are determined through least-square error fitting of the amplification 

factor at different strain rates and strains for isotropic yield stress in Table 3.5. The parameters 

for the kinematic hardening (back stress) are shown in Table 3.4. The isotropic yield stresses 

in Table 3.5 are calculated with the flow stresses using Eq. (3.1) from the parameters by Walker 
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(2012) in Table 3.1 and back stress by Eq. (2.9) with parameters for 4 kinematic hardening 

terms in Table 3.4. 

There is a two-step process involving calibrating the constants A, B, I and J. The 

constants I and J are first calibrated for the amplification factors at a large strain. This is 

followed by calibrating constants A and B using the amplification factors at all strains. At a 

large strain, the term 𝜉𝑝𝑙 is assumed to approach 1.0 and thus Eq. (3.3) converges to Eq. (2.12). 

Rearranging Eq. (3.3) as 

𝜎𝑖(𝜀̇) = 𝜎𝑠
𝑖(1 + 𝑆(𝜀̇)𝜉𝑝𝑙 )                                                                                                (3.14)  

and taking 𝜉𝑝𝑙=1.0 at a plastic strain of 0.75, the constants I and J for Eq. (3.4) are calibrated 

through least square error fitting of the isotropic stress amplification factor of isotropic yield 

stresses in Table 3.5 at strain of 0.75. The result of the fitting is shown in Fig. 3.22 for material 

H and calibrated values of I and J in Table 3.6. Constants A and B are then calibrated through 

the least square error fitting of the isotropic stress amplification factor obtained using all the 

data in Table 3.5 and calibrated values of I and J from Table 3.6. Even though the length of 

yield plateau varies with strain rate in the tests, a constant plastic strain at the end of yield 

plateau of 0.006 from the tests at a strain rate of 0.00005 s-1 is adopted. Calibrated values of A 

and B are shown in Table 3.7.  Calculated isotropic yield stress based on calibrated constants 

A, B, I and J are shown in Table 3.8. The static isotropic yield stress 𝜎𝑠
𝑖 is determined from the 

isotropic yield stress at the strain rate of 0.00005 s-1 through Eq. (3.12). Comparisons of the fit 

of Eq. (3.3) to the amplification of the measured isotropic yield stress and flow stress 

(calculated and generated) at various strain rates are shown in Figs. 3.23 and 3.24 for material 

H. The proposed modified Cowper-Symonds amplification equation, Eq. (3.6), appears to be 

able to give a reasonable prediction of the stress amplification. The calculated static isotropic 

yield stress versus plastic strain curves from Eqs. (3.1) and (3.13) are shown in Fig. 3.25. 
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3.3.3 Generating Isotropic Yield Stress-Plastic Strain Curves for Different Strain Rates  

 Static isotropic yield stress versus plastic strain curves has been calculated in Section 

3.3.2. It is expected that the hardening rate of isotropic yield stress to decrease with plastic 

strain. While four kinematic hardening is able to reduce or eliminate the hump in the calculated 

static isotropic yield stress versus plastic strain curves, it does not always give a calculated 

isotropic yield stress versus true plastic strain curve that show a decreasing hardening rate with 

plastic strain, which will be shown in the following section for material G. In order to facilitate 

the generation of the isotropic yield stress at different strain rates and to partially correct this 

deficiency, a smoother curve is fitted over the calculated static isotropic yield stress curve in 

Fig. 3.25. A modified Eq. (3.1) for generating the flow stress is being used to fit the calculated 

static isotropic yield stress versus true plastic strain curve. The equation can be expressed as   

 

𝜎𝑠
𝑖 = 𝜎𝑠

𝑦𝑝
+ 𝜎1[1 − exp(−𝑎 (𝜀𝑡

𝑝 − 𝜀𝑡
𝑜)𝑏) ] for (𝜀𝑡

𝑝 − 𝜀𝑡
𝑜) > 0                                (3.15) 

 

where 𝜎𝑠
𝑖 is the isotropic yield stress, 𝜎𝑠

𝑦𝑝
 is the isotropic yield stress at the end of yield plateau, 

 𝜎1is additional increase in the yield stress over 𝜎𝑠
𝑦𝑝

at the infinite finite plastic strain such that 

𝜎𝑠
𝑦𝑝

+ 𝜎1 is equal to saturated yield stress, (the upper limit in Fig 3.25) , 𝜀𝑡
𝑜 is plastic strain at 

the end of yield plateau, a and b are constants. Using Eq. (3.15) to generate the static isotropic 

yield stress versus plastic strain curve also allows material properties used in the numerical 

simulations to be varied in a study to investigate the response and performance of structures 

with different strain rate sensitivity in the material properties. 

 The constants a and b are determined by least square error of fitting of Eq. (3.15) 

through a few points in the calculated static isotropic yield stress versus plastic strain curve 

shown in Fig. 3.25.  Comparisons of the fitted and calculated static isotropic yield stress versus 

true plastic strain curves are shown in Fig. 3.25, and parameters calibrated and used in Eq. 
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(3.15) are listed in Table 3.9. The isotropic yield stress versus plastic strain curves at different 

strain rates can be generated from the static isotropic yield stress versus plastic strain curve 

according to Eq. (3.14) and the flow stress versus plastic strain curves according to Eq. (3.6). 

Using the calibrated values in Tables 3.4 (4 kinematic hardening terms), 3.6, 3.7 and 3.9, 

generated isotropic yield stress versus true plastic strain curves and flow stress versus true 

plastic strain curves for different strain rates for material H are shown in Figs 3.26 and 3.27 

respectively. Comparisons of generated flow stress versus true plastic strain curves by Walker 

(2012) and Eqs. (3.6, 3.14 and 3.15) with four kinematic terms are shown in Fig. 3.27 for 

material H. Note that the yield plateau length of the flow stress versus true plastic strain curves 

by Walker (2012) varies with strain rate, while a constant yield plateau length of 0.006 from 

the tests at a strain rate of 0.00005 s-1 is adopted when generated with Eqs. (3.6, 3.14 and 3.15). 

Nevertheless, the difference between the generated curves by Walker (2012) and Eq. (3.6) is 

not big. 

 

3.4 Generated Material Properties for Material G 

Using procedure outlined in Section 3.3, parameters and material properties for mixed 

mode hardening for different strain rates are calibrated and generated for material G. Similar 

to material H, the calibration is carried out mainly with data from the monotonic tension test at 

strain rate of 0.00005 s-1. Table 3.4 shows the parameters for kinematic hardening parameters 

calibrated for 3 and 4 back stress terms. Together with the data points used in the curve fitting, 

comparisons of calculated isotropic yield stress versus plastic strain curve with 4 kinematic 

hardening terms and 2 terms from Walker (2012) are shown in Fig. 3.28. Parameters for 4 

kinematic hardening terms have been calibrated with the isotropic yield stress of 205 MPa at 

the end of yield plateau (𝜀0
𝑝

 =0.013). Figure 3.29 compares the back stress versus plastic strain 

curves with 2 and 4 kinematic hardening terms. The higher back stress at small strain translates 
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to a reduction or elimination of the hump in the isotropic yield stress versus true plastic strain 

curves for 4 kinematic hardening terms as compared to that for 2 terms, as can be seen in Fig. 

3.30. Results of the calibration of the modified Cowper-Symonds amplification Eq. (3.3) are 

shown Fig. 3.31 for the isotropic yield stress at the plastic strain of 0.75, and Figs. 3.32 and 

3.33 for the isotropic yield stress and flow stress at various plastic strains. Isotropic yield stress 

at various strains and strain rates used in the calibration are listed in Table 3.10, and the 

isotropic yield stress calculated based on the calibrated parameters in Tables 3.4, 3.6 and 3.7 

for Eqs. (3.3) to (3.5) of Eq. (3.3) are listed in Table 3.11. As can be seen in Figs. 3.31 to 3.33, 

reasonably good representation can be achieved using Eq. (3.3) to calculate the stress 

amplification where the amplification is significantly higher at the beginning of strain 

hardening (small strain). 

 Figure 3.34 shows the comparison of the static isotropic yield stress versus plastic strain 

curve calculated with Eq. (3.13) and the fitted curve with Eq. (3.15) together with the data 

points used in the least square error fitting. Parameters used and calibrated for Eq. (3.15) are 

listed in Table 3.9. It can be seen in Fig. 3.34 that the rate of hardening of curve with Eq. (3.13) 

does not always decrease with plastic strain unlike to the fitted curve. The isotropic yield stress 

versus plastic strain curves at different strain rates generated from static isotropic yield stress 

versus plastic strain curve using Eq. (3.14) and the flow stress versus plastic strain curves using 

Eq. (3.6) from parameters listed in Tables 3.4 (4 kinematic hardening term), 3.6, 3.7 and 3.9 

are shown in Figs. 3.35 and 3.36 respectively. 

 Generated flow stress versus true plastic strain curves using Eqs. (3.6), (3.14) and (3.15) 

are compared to that from Walker (2012) in Fig. 3.36. Similar to material H, the differences 

between the generated curves by Walker (2012) and Eq. (3.6) are not big even though the yield 

plateau length varies with strain rate (Walker 2012) while it is taken to be constant at a plastic 

strain of 0.13 for curves generated with Eqs. (3.6), (3.14) and (3.15). 
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3.5 Validation of Calibrated and Generated Material Properties 

 Round specimens of material G and H of 14mm in diameter with a tapered profile were 

tested for different strain rates under monotonic tension by Chen (2010) and cyclic loading by 

Walker (2012). One set of cyclic loading tests consisted of specimens cyclically loaded at 

decreasing engineering strain ranges of ±2% and ±0.5% for 10 cycles at each range and then 

pulled to fracture. These tests were performed at strain rates of 0.0001 s-1, 0.001 s-1, 0.01 s-1 

and 0.1 s-1. Monotonic tension tests by Chen (2010) were carried out at a constant strain rates 

ranging from 10-4 s-1 to 1.0 s-1. The half gauge length finite element model by Walker (2012) 

shown in Fig. 3.37 is being used to carry out the numerical simulation of the tests with 

kinematic hardening parameters (4 back stress terms) in Table 3.4 and generated isotropic yield 

stress versus true plastic strain curves in Figs. 3.26 (material H) and 3.35 (material G).  

 Comparisons of test and predicted engineering stress versus engineering strain curves 

at different strain rates for cyclic tests by Walker (2012) are shown in Fig. 3.38 to 3.41 for 

material H and Fig 3.42 to 3.45 for material G. Overall there is a good agreement between the 

test and predicted curves except at the end of tests for the strain rate of 0.1 s-1 where the 

numerical simulations predicted a higher stress. This is due to adiabatic heating of the specimen 

and the reduction in the yield stress with increase in the temperature that are not accounted for 

in the numerical simulations.  

  Comparisons of test and predicted engineering stress versus cross-section ratio curves 

at different strain rates for monotonic tension tests by Chen (2010) are shown in Fig. 3.46 to 

3.50 for material H and Fig. 3.51 to 3.55 for material G. There is a good agreement between 

tests and predicted curves at strain rates of 10-3 s-1 and 10-2 s-1. Numerical simulations slightly 

over-predicted the stress after the peak load at the strain rate of 10-4 s-1 and significantly more 

for strain rates of 0.1 s-1 and 1.0 s-1. Walker (2012) postulated that the test stress and cross 

section area ratio curves at the strain rate of 10-4 s-1 is lower due to slight misplacement of the 
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diametral extensometer in the tests, while the lower test curves at the strain rate of 0.1 s-1 and 

1.0 s-1 are attributed to adiabatic heating. The over-prediction by the numerical simulations is 

higher for strain rate of 1.0 s-1 than 0.1 s-1, which corresponds to a larger temperature increase 

for 1.0 s-1 rate tests.  



 40 

Table 3.1 Parameters for generating monotonic true flow stress versus true plastic strain curves 

at different strain rates (Walker 2012) 

Material 

Strain rate 

(s-1) 

𝜎𝑡
𝑦

 

(MPa) 

𝜎1 

(MPa) 

𝜀𝑐 

 

 

 

𝑑 

 

 

 

𝜀𝑡
𝑜 

 

 

True stress at a 

true plastic 

strain of 5.0 

(MPa) 

Material G 

0.00005 353 412 0.229 0.691 0.013 765 

0.0001 354 413 0.215 0.716 0.013 767 

0.001 360 414 0.223 0.693 0.014 775 

0.01 382 402 0.254 0.625 0.018 785 

0.1 399 399 0.232 0.667 0.021 798 

1 420 395 0.214 0.702 0.024 815 

Material H 

0.00005 383 398 0.236 0.66 0.006 781 

0.0001 383 399 0.231 0.665 0.006 782 

0.001 388 398 0.197 0.716 0.006 786 

0.01 397 397 0.218 0.678 0.006 794 

0.1 416 392 0.196 0.722 0.0062 809 

1 439 395 0.211 0.689 0.012 834 
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Table 3.2  Kinematic hardening parameters from Walker (2012) 

 

C1 γ1 C2 γ2 

Material G 19852 175.2 1997 6.17 

Material H 27427 199.3 1383 5.35 

 

Table 3.3 Data points of isotropic yield stress (MPa) at rate of 0.00005 s-1 from Walker (2012)  

used for calibration of kinematic hardening terms 

Isotropic yield stress (MPa) 𝜺𝒕
𝒑
=0.05 𝜺𝒕

𝒑
=0.10 𝜺𝒕

𝒑
=0.20 𝜺𝒕

𝒑
=0.30 𝜺𝒕

𝒑
=0.60 𝜺𝒕

𝒑
=0.75 

Material H  351  373 379 376 375 377 

Material G  302 319 317 313 316 319 

 

Table 3.4 Calibrated kinematic hardening parameters for material G and H 

Material G Material H 

Parameters 

Number of Back Stress Terms 

Parameters 

Number of Back Stress Terms 

3 4 3 4 

C1 19852 19852 C1 27427 27427 

γ1 175.2 175.2 γ1 199.3 199.3 

C2 1666 1874 C2 818 692 

γ2 5.86 6.71 γ2 6.62 5.35 

C3 2127 222.7 C3 872 42976 

γ3 53.2 9.73 γ3 6.53 2466 

C4 

  ---- 

24610 C4 

  ---- 

1016 

γ4 1222 γ4 9.26 
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Table 3.5 Material H isotropic yield stress at various plastic strains for different strain rates  

Plastic strain 0 0.006 0.1 0.2 0.3 0.6 0.75 

𝜀̇ = 0.00005 383.4 260.0 342.8 353.8 359.5 372.8 377.1 

𝜀̇ = 0.0001 383.2 259.8 344.7 356.3 362.0 374.8 378.9 

𝜀̇ = 0.001 388.4 265.0 355.3 371.2 377.2 386.0 388.3 

𝜀̇ = 0.01 396.6 273.2 361.6 373.9 379.3 390.0 393.4 

𝜀̇ = 0.1 416.2 292.8 377.7 393.4 399.4 408.2 410.4 

𝜀̇ = 1 438.7 315.2 396.8 413.4 419.3 430.9 433.9 

 

 

 

Table 3.6 Calibrated values of constants I and J for materials G and H 

 

I J 

Material G 4684 5.04 

Material H 10573 5.49 

 

 

Table 3.7 Calibrated values of A and B for material G and H 

 

A B 

Material G 1.13 13.1 

Material H 0.39 8.00 
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Table 3.8 Material H isotropic yield stress at various plastic strains for different strain rates 

using Eq. (3.13) 

Plastic strain 0 0.006 0.1 0.2 0.3 0.6 0.75 

𝜀̇ = 0.00005 383.4 260.0 342.8 353.8 359.5 372.8 377.1 

𝜀̇ = 0.0001 384.8 261.4 344.4 355.3 361.0 374.3 378.6 

𝜀̇ = 0.001 391.1 267.7 351.4 362.0 367.5 380.8 385.2 

𝜀̇ = 0.01 400.6 277.1 362.2 372.1 377.4 390.7 395.3 

𝜀̇ = 0.1 415.0 291.5 378.5 387.6 392.4 405.9 410.5 

𝜀̇ = 1 436.9 313.5 403.2 411.1 415.3 428.9 433.7 

 

 

Table 3.9 Parameters for Eq. (3.15) for static isotropic stress curve for materials G and  H 

 Material G Material H 

𝜎𝑠
𝑦𝑝

 194.1 249.4 

𝜎1 125.9 125.6 

𝑎 5.40 4.50  

𝑏 0.54 0.53 

𝜀0
𝑡 0.013 0.006 
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Table 3.10 Material G isotropic yield stress at various plastic strains for different strain rates  

Plastic strain 0 0.013 0.1 0.2 0.3 0.6 0.75 

𝜀̇ = 0.00005 352.9 226.2 318.9 317.5 313.5 315.9 319.1 

𝜀̇ = 0.0001 353.8 227.1 320.6 322.2 319.0 320.6 323.2 

𝜀̇ = 0.001 360.1 233.4 329.1 329.1 325.2 326.8 329.7 

𝜀̇ = 0.01 382.3 255.7 345.7 338.2 330.8 331.3 335.1 

𝜀̇ = 0.1 399.4 272.7 355.9 354.1 348.7 349.0 351.9 

𝜀̇ = 1 420.0 293.4 369.2 373.2 369.6 369.5 371.8 

 

 

Table 3.11 Material G isotropic yield stress at various plastic strains for different strain rates 

using Eq. (3.13) 

Plastic strain 0 0.013 0.1 0.2 0.3 0.6 0.75 

𝜀̇ = 0.00005 352.9 226.2 318.9 317.5 313.5 315.9 319.1 

𝜀̇ = 0.0001 354.5 227.8 320.4 318.8 314.7 317.0 320.3 

𝜀̇ = 0.001 361.7 235.0 327.2 324.4 320.0 322.4 325.8 

𝜀̇ = 0.01 373.1 246.4 338.0 333.2 328.3 330.8 334.3 

𝜀̇ = 0.1 391.0 264.4 354.9 347.1 341.4 344.1 347.8 

𝜀̇ = 1 419.4 292.8 381.7 369.2 362.2 365.2 369.2 
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Figure 3.1 True flow stress versus true plastic strain curves at various strain rates for material 

H (Walker 2012) 

 

 

Figure 3.2 True flow stress versus true plastic strain curves at various strain rates for material 

G (Walker 2012) 
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Figure 3.3 Back stress versus true plastic strain curves for material H (Walker 2012) 

 

 

Figure 3.4 Back stress versus true plastic strain curves for material G (Walker 2012) 
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Figure 3.5 Relationship between true flow stress, isotropic yield stress and back stress 

 

 

Figure 3.6 Isotropic yield stress versus true plastic strain curves at different strain rates for 

material H (Walker 2012) 
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Figure 3.7 Isotropic yield stress versus true plastic strain curves at different strain rates for 

material G (Walker 2012) 

 

Figure 3.8 Isotropic yield stress amplification factors at different strain rates for material H 

from Walker (2012). 
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Figure 3.9 Isotropic yield stress amplification factors at different strain rates for material G 

from Walker (2012) 

 

Figure 3.10 Flow stress amplification factors at different strain rates for material H from 

Walker (2012) 
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Figure 3.11 Flow stress amplification factors at different strain rates for material G from 

Walker (2012) 

 

Figure 3.12 Isotropic yield stress versus true plastic strain at the strain rate of 0.00005 s-1 for 

material H (Walker 2012) 
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Figure 3.13 Isotropic yield stress versus true plastic strain curves at strain rate of 0.00005 s-1 

for different iterations for material H compared with that obtained from Walker (2012) 

 

Figure 3.14 Isotropic yield stress-plastic strain curves at strain rate of 0.00005 s-1 for different 

iteration for material H magnified near the end of yield plateau 
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Figure 3.15 Comparisons between isotropic yield stress versus true plastic strain  for 4 back 

stress terms and 2 back stress terms from Walker (2012) for material H at the strain rate of 

0.00005 s-1 

 

Figure 3.16 Comparisons between isotropic yield stress versus true plastic strain for 4 back 

stress terms and 2 back stress terms from Walker (2012) for material H at strain rate of 0.00005 

s-1 (Fig. 3.15 magnified near the end of yield plateau) 
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Figure 3.17 Comparisons between calibrated back stress (4 terms) versus plastic strain and 

back stress versus plastic strain curve from Walker (2012) for material H 

 

Figure 3.18 Isotropic yield stress versus true plastic strain curves for material H from Walker 

(2012) and from 4 kinematic hardening terms 
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Figure 3.19 Comparisons of calibrated back stress (3 terms) versus plastic strain and back stress 

versus plastic strain curve from Walker (2012) for material H 

 

Figure 3.20 Isotropic yield stress versus true plastic strain curves for material H from Walker 

(2012) and from 3 kinematic hardening terms 
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Figure 3.21 Comparisons of isotropic yield stress versus true plastic strain with different 

number of back stress terms for material H at a strain rate of 0.00005 s-1 

 

Figure 3.22 Amplification factor for isotropic yield stress at true plastic strain of 0.75 for 

material H
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Figure 3.23 Amplification factors of isotropic yield stress calculated with Eq. (3.3) and tests for material H 
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Figure 3.24 Amplification factor of flow stress calculated with Eq. (3.6) and tests for material  H
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Figure 3.25  Generated static isotropic yield stress-true plastic strain curve for material H with 

Eqs. (3.13) and (3.15)  

 

 

Figure 3.26 Generated isotropic yield stress versus true plastic strain curves for material H at 

different strain rates 
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Figure 3.27 Comparisons of generated flow stress versus true plastic strain curve for material 

H at different strain rates by Walker (2012) and Eqs. (3.6, 3.14 and 3.15) with 4 kinematic 

hardening terms 

 

Figure 3.28 Comparisons between isotropic yield stress versus true plastic strain for 4 back 

stress terms and 2 back stress terms from Walker (2012) for material G at the strain rate of 

0.00005 s-1 

0

150

300

450

600

750

900

0.0 0.2 0.4 0.6 0.8 1.0

F
lo

w
 s

tr
es

s 
 (

M
P

a)

True Plastic Strain

0.00005 s⁻¹ Eq. (3.6) 0.00005 s⁻¹ (Walker)

0.0001 s⁻¹ Eq. (3.6) 0.0001 s⁻¹ (Walker)

0.001 s⁻¹ Eq. (3.6) 0.001 s⁻¹ (Walker)

0.01 s⁻¹ Eq. (3.6) 0.01 s⁻¹ (Walker)

0.1 s⁻¹ Eq. (3.6) 0.1 s⁻¹ (Walker)

1.0  s⁻¹ Eq. (3.6) 1.0  s⁻¹ (Walker)

205
226

0

50

100

150

200

250

300

350

0.0 0.2 0.4 0.6 0.8 1.0

Is
o
tr

o
p
ic

 y
ie

ld
 s

tr
es

s 
(M

P
a)

True plastic strain

2 terms (Walker)

4 terms

Fitted points



 

 60 

 

Figure 3.29 Comparisons between calibrated back stress (4 terms) versus plastic strain and 

back stress versus plastic strain curve from Walker (2012) for material G 

 

Figure 3.30 Isotropic yield stress versus true plastic strain curve for material G  from Walker 

(2012) and from 4 kinematic hardening term 
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Figure 3.31 Amplification factor of isotropic yield stress at true plastic strain of 0.75 for 

material G
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Figure 3.32 Amplification factor of isotropic yield stress calculated with Eq. (3.3) and tests for material G 

1.00

1.07

1.14

1.21

1.28

1.35

1.42

0.00 0.15 0.30 0.45 0.60 0.75

A
m

p
li

fi
ca

ti
o
n
 f

ac
to

r

Plastic Strain

0.00005 s⁻¹ (tests) 0.00005 s⁻¹ Eq. (3.3)

0.0001 s⁻¹ (tests) 0.0001 s⁻¹ Eq. (3.3)

0.001 s⁻¹ (tests) 0.001 s⁻¹ Eq. (3.3)

0.01 s⁻¹ (tests) 0.01 s⁻¹ Eq. (3.3)

0.1 s⁻¹ (tests) 0.1 s⁻¹ Eq. (3.3)

1.0  s⁻¹ (tests) 1.0  s⁻¹ Eq. (3.3)



 

 

6
3
 

 

Figure 3.33 Amplification factor of flow stress calculated with Eq. (3.6) and tests for material  G
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Figure 3.34  Generated static isotropic yield stress-true plastic strain curve for material G with Eqs. 

(3.13) and (3.15) 

 

Figure 3.35 Generated isotropic yield stress versus true plastic strain curve for material G at 

different strain rates 
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Figure 3.36 Comparisons of generated flow stress versus true plastic strain curve for material G at 

different strain rates by Walker (2012) and Eqs. (3.6, 3.14 and 3.15) with 4 kinematic hardening 

terms 

 

Figure 3.37 The half gauge length model of tapered specimen modelled in ABAQUS by Chen 

(2010) and Walker (2012) 

0

150

300

450

600

750

900

0.0 0.2 0.4 0.6 0.8 1.0

F
lo

w
 s

tr
es

s 
 (

M
P

a)

True plastic strain

0.00005 s⁻¹ (Walker) 0.00005 s⁻¹ Eq. (3.6)

0.0001 s⁻¹ (Walker) 0.0001 s⁻¹ Eq. (3.6)

0.001 s⁻¹ (Walker) 0.001 s⁻¹ Eq. (3.6)

0.01 s⁻¹ (Walker) 0.01 s⁻¹ Eq. (3.6)

0.1 s⁻¹ (Walker) 0.1 s⁻¹ Eq. (3.6)

1.0  s⁻¹ (Walker) 1.0  s⁻¹ Eq. (3.6)

YSYMM

A
x

is



 

 66 

 

Figure 3.38 Test and predicted engineering stress versus engineering strain curve for material H 

for the cyclic test by Walker (2012) at a strain rate of 0.0001 s-1 

 

Figure 3.39 Test and predicted engineering stress versus engineering strain curve for material H 

for the cyclic test by Walker (2012) at a strain rate of 0.001 s-1 
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Figure 3.40 Test and predicted engineering stress versus engineering strain curve for material H 

for the cyclic test by Walker (2012) at a strain rate of 0.01 s-1 

 

Figure 3.41 Test and predicted engineering stress versus engineering strain curve for material H 

for the cyclic test by Walker (2012) at a strain rate of 0.1 s-1 
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Figure 3.42 Test and predicted engineering stress versus engineering strain curve for material G 

for the cyclic test by Walker (2012) at a strain rate of 0.0001 s-1 

 

Figure 3.43 Test and predicted engineering stress versus engineering strain curve for material G 

for the cyclic test by Walker (2012) at a strain rate of 0.001 s-1 
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Figure 3.44 Test and predicted engineering stress versus engineering strain curve for material G 

for the cyclic test by Walker (2012) at a strain rate of 0.01 s-1 

 

Figure 3.45 Test and predicted engineering stress versus engineering strain curve for material G 

for the cyclic test by Walker (2012) at a strain rate of 0.1 s-1 
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Figure 3.46 Test and predicted engineering stress versus cross-section area ratio curve for 

material H for monotonic tensile test by Chen (2010) at a strain rate of 0.0001 s-1
 

 

Figure 3.47 Test and predicted engineering stress versus cross-section area ratio curve for 
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Figure 3.48 Test and predicted engineering stress versus cross-section area ratio curve for material 

H for monotonic tensile test by Chen (2010) at a strain rate of 0.01 s-1 

 

Figure 3.49 Test and predicted engineering stress versus cross-section area ratio curve for material 

H for monotonic tensile test by Chen (2010) at a strain rate of 0.1 s-1 
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Figure 3.50 Test and predicted engineering stress versus cross-section area ratio curve for 

material H for monotonic tensile test by Chen (2010) at a strain rate of 1.0 s-1 

 

Figure 3.51 Test and predicted engineering stress versus cross-section area ratio curve for material 
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Figure 3.52 Test and predicted engineering stress versus cross-section area ratio curve for 

material G for monotonic tensile test by Chen (2010) at a strain rate of 0.001 s-1 

 

Figure 3.53 Test and predicted engineering stress versus cross-section area ratio curve for material 

G for monotonic tensile test by Chen (2010) at a strain rate of 0.01 s-1 
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Figure 3.54 Test and predicted engineering stress versus cross-section area ratio curve for material 

G for monotonic tensile test by Chen (2010) at a strain rate of 0.1 s-1 

  

 

Figure 3.55 Test and predicted engineering stress versus cross-section area ratio curve for material 

G for monotonic tensile test by Chen (2010) at a strain rate of 1.0 s-1
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Chapter  4: Numerical Modelling of Ductile Moment Resisting Frame 

In shake table tests, Elghazouli et al. (2004) have found that forces induced in the brace of 

a concentrically braced steel frame due to seismic ground motion can be 30% and 10% higher than 

that calculated using the yield and ultimate strengths respectively. These higher forces were partly 

attributed to the increase in the flow stress with strain rate for the steel brace. There have been 

many numerical studies carried out to investigate effects of material properties strain rate 

dependency on the response of the steel structures under seismic ground motions. However, none 

of the studies employed realistic strain rate dependent material properties in the analyses.  

One of the seismic-force-resisting-systems (SFRS) used in a building is a moment resisting 

frame (MRF) with reduced beam section (RBS) connection. A simple finite element model of 

MRF with RBS connection has been developed to assess effects of material properties strain rate 

dependency on the response of the frame. Strain rate dependent material properties calibrated from 

tests by Chen (2010) and Walker (2012) are being employed in the numerical simulations in order 

to predict a more realistic response of the frame. All finite element analyses have been conducted 

with ABAQUS (Dassault Systèmes 2017).  

 

4.1 Moment Resisting Frame 

A six storey building with moment resisting frames by Christopoulos and Filiatrault (2006) 

has been used as the basis to design the MRF with RBS connection. In order to simplify the 

analyses in the study to assess effects of material properties strain rate dependency, a modified 

version of this building that has the same plan dimensions but only two storeys of equal height is 

being considered. The roof is assumed to be steel deck and the floor to be concrete slab. Thus, the 

beam can be considered to be laterally supported against lateral torsional buckling. In addition, 
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only one bay on each side of the perimeter has the moment resisting frame while the remaining 

bays consist of simply supported beams. Normally there are more than one bay of moment resisting 

frame in the building. Figures 4.1 and 4.2 show the plan and elevation of the modified building 

with the ductile MRF in the north-south direction (noted in Fig. 4.1) being considered in the 

numerical simulations.  

The ductile moment resisting frame with RBS has been designed according to National 

Building Code of Canada (NBCC 2015) and CSA S16-14 (CSA 2014) for Victoria, British 

Columbia, Canada with stiff soil (site class D) condition. Lateral seismic forces imposed on the 

frame are calculated using the equivalent static method of seismic designs. The frame is considered 

to be pinned supported and designed only for strength in order to assess for possible maximum 

effects of material properties strain rate dependency. Thus, it is expected that the inter-storey drift 

limit to be exceeded. The inter-storey drift limit is ignored in the design so that the effects can be 

evaluated for maximum ductility of the ductile moment resisting frame. The RBS connections are 

designed according to Moment Connection for Seismic Application (CISC 2014). Details of the 

design of the ductile moment resisting frame with RBS are provided in Appendix A. The member 

sizes of the MRF and details of RBS are shown in Figs. 4.2 and 4.3 respectively. The frame has a 

first mode time period of 1.1 seconds, and inter-storey drift of 8.9% for first storey and 5.9% for 

the roof due to the seismic load from the equivalent static method. 

 

4.2 Numerical Modelling of Moment Resisting Frame  

There are many element types that can be used to model a structure. It is possible to model 

the ductile moment resisting frame using shell element or beam element entirely, or a combination 

of both. The analyses carried out using shell elements are more accurate, but they are 
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computationally more expensive. Hence, numerical modelling of the MRF using a combination of 

shell and beam elements or using beam element entirely have been explored.  

Wide flange beams or columns modelled with beam elements are unable to capture stress 

concentration or other local phenomena of RBS accurately. While shell elements are better able to 

capture local phenomena, they are computationally more expensive. In order to increase the 

efficiency of the finite element analysis, shell elements can be used in regions where local effect 

is prominent and beam elements are used for the rest of the model. Hence, a proper interface 

between beam and shell elements is required to transfer the forces and maintain continuity. To 

facilitate the discussion, a finite element model that uses a combination of beam and shell elements 

will be referred to henceforth as hybrid model. Section properties of all the beam elements are 

integrated over the section using 5 integration points each along the web and across the flange. 

 

4.3 Interface between Beam and Shell Elements 

A 5 meter wide flange I-section (W610 × 174) cantilever beam has been used to develop 

and verify shell to beam element interface for the hybrid model. The beam is modelled using four-

node shell elements with reduced integration (S4R) and two- node 3D open section (B31OS) beam 

element. Half of the beam is modelled using S4R shell element and the other half using B31OS 

beam element as shown in Fig. 4.4. B31OS beam element is the only 3D beam element that can 

be used with mixed-mode isotropic/kinematic hardening metal plasticity material model. Multiple 

point constraints (MPC) and other constraints are used to connect the beam and shell elements, 

and as well as to enable the fixed support for the cantilever beam to be imposed by prescribing the 

restraints on a single node connected to shell elements.  
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 It is assumed that the plane at both ends of half the beam modelled with shell elements 

remain plane after deformation. The orientation of the coordinate axes with y-axis in the vertical 

direction (along the web) and z-axis in the longitudinal direction, shown in Fig. 4.4 is adopted in 

the following discussions. Nodes on each flange are constrained to move in a straight line using 

MPC SLIDER with corner nodes and the node at the intersection of web and flange on each flange 

acting as the master nodes. Corner nodes and the node at the web-flange intersection of each flange 

are further constrained using linear constraint equations (*EQUATION) to have same nodal 

displacements in y-direction and z-direction. Thus, all the nodes at each flange are constrained to 

displace the same amount in both vertical and longitudinal directions. Figure 4.5 (a) shows the 

nodes involved in these constraints for the upper and lower flanges with Uyt and Uzt, and Uyb and 

Uzb representing the nodal displacements. 

 As shown in Fig. 4.5 (b), nodes along the web are constrained using MPC BEAM with the 

node at the middle of the web considered as the master node to displace and rotate as a rigid body. 

Finally, KINEMATIC COUPLING is used to couple the rotational degrees of freedom (DOFs) of 

the end nodes of the flanges to that of the node at the center of the web. Thus, all these nodes will 

have the same rotation. Figure 4.5 (c) shows the kinematic coupling scheme between the nodes on 

the flanges and the web at the section with Rx, Ry and Rz represent the rotations. However, only 

the rotation about x-axis (Rx) is coupled as there is no rotation about the other two axes. The node 

at the center of the web is tied to the node of the beam elements using MPC TIE according to Fig 

. 4.5 (d), thus connecting the shell elements to the beam element. The fixed support condition is 

imposed by restraining the node at the center of the web against all displacements and rotations, 

as shown in Fig. 4.5 (d). In order to prevent local torsional buckling, all the nodes at the web and 

flange intersections along the length are restrained against displacement in x-direction and rotation 
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in z-direction. Similarly, nodes of beam elements are restrained against displacement in x-direction 

and rotation in z-direction to prevent lateral torsional buckling. The established shell and beam 

interface scheme has been validated in Appendix B with comparisons of the results from hybrid 

model and beam element only model. 

 

4.4 Modelling of  Moment Resisting Frame using Hybrid Model 

 A combination of shell and beam elements is being used to model the ductile MRF with 

RBS connection. The RBS portion is being modelled with S4R shell elements and the rest of the 

frame with B31OS beam elements. The RBS segment and beam elements are connected using the 

interface scheme described in Section 4.3, and as shown in Fig. 4.5. Figure 4.6 gives the schematic 

representation of the hybrid model of the MRF. Dimensions of the frame are shown in Fig. 4.2. 

Figure 4.7 shows the hybrid model of the MRF with details of the RBS shell segments shown in 

Fig. 4.8. Additional respective length of 180 mm and 110 mm on both the ends of the RBS at the 

first floor and roof are modelled with shell elements to better replicate the non-uniform stress 

distribution at the transition to the RBS.  

The seismic masses are placed at each corner of the frame. A leaning column has been 

added to model the P-delta effects of the gravity loads from the rest of the building. The leaning 

column is modelled with extremely stiff  B31 beam elements that is hinged at the base and pinned 

connected at the first floor. Lateral displacement of the leaning column is constrained (or attached) 

to the main frame using *EQUATION, and thus transferring the lateral load effect to the frame. 

Orban (2011) stated that the damping ratio for steel structures subjected to earthquakes is between 

2-5%. Kudu et. al (2015) specified a damping ratio of 2-2.5%  for steel frames while Goehlich 



 

 80 

(2015) stated that most of steel structure have damping ratio equal to 3%. Hence, Rayleigh 

damping of 3% is considered for the MRF model. The damping matrix of structure is defined as 

[𝐶] =  𝛼 [𝑀] +  𝛽 [𝐾]                                                                                                                (4.1) 

where [𝐶], [𝑀] and [𝐾] are the damping, mass and stiffness matrices respectively, and 𝛼 and 𝛽  

represent the mass and stiffness proportional damping coefficients. These coefficients are defined 

by Song and Su (2017) as 

 {
𝛼
𝛽} =  

2 𝜀

𝜔𝑖+ 𝜔𝑗
 {

𝜔𝑖 𝜔𝑗

1
}                                                                                                               (4.2) 

where 𝜀 is the damping ratio, and 𝜔𝑖 and  𝜔𝑗 are frequencies of the mode considered in the 

damping. The damping is applied through material properties definition in the numerical model of 

the MRF with the input values of 𝛼 and 𝛽.  

 

4.5 Mesh Convergence Study for Hybrid Model 

A mesh convergence study has been conducted to improve the efficiency of the finite 

element model. When the MRF is subjected to seismic ground motions, plastic hinge forms at the 

RBS of the frame. RBS is a region with highly non-uniform stress and strain distribution. Hence, 

a sufficiently fine finite element mesh is required to capture these effects at the RBS. However, an 

excessively fine mesh can increase the computational time without significantly improve the 

accuracy of the results. 

Different meshing schemes considered involve changing the mesh size in the RBS region 

of the model while 100 beam elements are used to model each storey of the column and beam 

segment between the RBS and, 10 beam elements are used to model the segment between column 

and RBS segment at each storey.  Figure 4.9 (a) and (b) shows the finite element meshes and Table 

4.1 gives the number of elements and element sizes of these meshes for the RBS at first floor. The 
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same meshing schemes in terms of number of elements shown in Fig 4.9 are used for the finite 

element meshes for the RBS at the roof. The element size in the coarser mesh (mesh-1) is 1.6 times 

the element size in the finer mesh (mesh-2). Non-linear dynamic analyses with rate dependent 

material properties of material H are used in the numerical simulations of the hybrid model in the 

mesh convergence study. Rayleigh damping of 3% has been used for first 2 lateral modes of 

translation with input values of α =0.27 rad s-1 and β =2.4 ×10-3 s rad-1 obtained using Eq. (4.2) 

with 𝜔𝑖=5.57 rad/s and 𝜔𝑗 =24.2 rad/s. The hybrid model is subjected to Northridge 1994 

earthquake scaled to peak ground acceleration (PGA) of 0.57g shown in Fig. 4.10. Figure 4.11 

shows a good agreement in the predicted base shear versus roof displacement plotted from results 

of mesh-1 and mesh-2. Comparisons of peak first floor acceleration and displacement, peak roof 

acceleration and displacement and maximum base shear from these meshes are shown in Table 

4.2. There is no significant difference in the results from both meshes. The processing time for the 

analysis using mesh-1 with 8 central processing units (CPUs) is about 16 hours and 50 minutes, 

while the processing time for the same analysis using mesh-2 with two CPUs is 128 hours (i.e. 5 

days and 8 hours). Hence, mesh-1 is used for subsequent analyses as mesh-2 increases the 

computational time using approximately 47 hours with 8 CPUs (there is a reduction of processing 

time by a factor of 0.6 for every doubling of the number of CPUs) without providing any significant 

improvement in the results. A coarser mesh scheme has not been considered as it was deemed to 

be too coarse. 

 

4.6 Modelling of Moment Resisting Frame with Entirely Beam Elements 

Although a hybrid model is an improvement over an entirely shell element model in 

efficiency, it can still be computationally expensive. Thus, a scheme that models the moment 
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resisting frame with entirely B31OS beam elements shown in Fig. 4.12 is also being explored. 

Instead of shell elements, the RBS is modelled with beam elements of varying flange width to 

approximate the flange profile of the RBS. The equivalent width for any beam element segment is 

the average width taken as 

𝑏𝑖 =  
1

𝑧𝑖+1 − 𝑧𝑖
 ∫ 𝑏(𝑧)𝑑𝑧                                                                                                     (4.3)

𝑧𝑖+1

𝑧𝑖

 

where 𝑏(𝑧) is the flange width along the longitudinal axis, 𝑧𝑖 and 𝑧𝑖+1 are the longitudinal 

coordinates at the start and end of the ith beam element segment. Figure 4.13 shows beam elements 

 of varying flange width superimposed on the flange of an RBS. 

 

4.7 Model Convergence Study for Frame Composed of Beam Elements 

A model convergence study has been carried out for MRF with RBS modelled entirely 

using beam element to find out the optimum finite element model configuration. The number of 

elements in the RBS varies from 26 elements in model-1 to 52 elements in model-2 and 104 

elements in model-3. 100 beam elements are used to model each storey of the column and the 

beam between the RBS. 10 beam elements are used to model the portion between column and RBS 

segment at each storey. Mixed-mode hardening material behaviour and strain rate dependent 

material properties of material H calibrated in Chapter 3 are used in the non-linear dynamic 

analyses. For the purpose of this study, the frame is subjected to the seismic ground motion from 

Landers,1992 earthquake with scaled PGA of 0.83g shown in Fig. 4.14.  Predicted base shear 

versus roof displacement from the results of these meshing schemes are shown in Fig. 4.15. It can 

be seen that there is a good agreement between results of model-2 and model-3. Comparisons of 

the peak first floor acceleration and displacement, peak roof acceleration and displacement, 

maximum base shear, maximum moment at first floor and roof column centerline from these 
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models are shown in Table 4.3. The differences among the results of these three models are small. 

The processing time to complete the analyses using 2 CPUs is 80 minutes, 95 minutes and 125 

minutes with model-1, model-2 and model-3 respectively. Hence, based on the comparisons in 

Fig. 4.15 and Table 4.3,  model-2 with the RBS modelling with 52 elements is chosen to be used 

in the beam element only model for all subsequent analyses 

With 52 elements in the RBS segment of the beam element only model, the mesh sensitivity 

study has also been conducted to investigate the number of elements to be used for the rest of the 

beam using non-linear dynamic analyses with rate dependent material properties of material H 

subjected to seismic ground motion shown in Fig. 4.14. Three modelling schemes representing 

scheme-1, scheme-2 and scheme-3 for the rest of the beam are shown in Table 4.4 and Fig. 4.16. 

The moment time history plots at the center of first floor RBS for three schemes are shown in Fig. 

4.17. It can be seen that there is very little or no difference between the results of the three schemes. 

Even though any scheme appears to be acceptable, model with scheme-2 has nevertheless been 

chosen to be used in subsequent analyses. Based  on the comparisons in Fig. 4.17, 100 beam 

elements for each storey of the column and 10 beam elements between the column and RBS in the 

hybrid model can be considered to be adequate.  

 

4.8 Comparisons between Hybrid Model and Beam Element Only Model 

Comparisons made between the results of the analyses from the hybrid and beam element 

only models subjected to ground motion shown in Fig. 4.14 are shown in Table 4.5 and Fig. 4.18. 

The predicted peak acceleration and displacement at both first floor and roof, the predicted 

maximum base shear and column centerline maximum moment at the first floor between the two 

models differ by less than 2%.  However, there is a larger percentage difference in the predicted 
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column centerline maximum moment at the roof because the magnitude of the column centerline 

moment at the roof is significantly smaller than that at the first floor. Thus, any change in the 

difference in column centerline moment at the first floor due to moment redistribution will affect 

the column moment at the roof disproportionally percentage wise, even though the change in the 

moment is of comparable magnitude. Figure 4.18 shows that the base shear versus roof 

displacement predicted by the beam element only model closely tracks that of the hybrid model. 

Thus, based on the overall good agreement between results of the analyses from both models, it is 

decided that the beam element only model which is significantly less computationally expensive 

will be used predominantly in the analyses to study the effects of strain rate dependent material 

properties on the MRF with RBS. Nevertheless, hybrid models will be used in a few parametric 

combinations to get more precise results.  
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Table 4.1 Meshing scheme for the RBS at first floor modelled using shell elements (S4R) 

 Number of elements Element size (mm) 

Mesh scheme NL NW NH Flange  Web 

Mesh-1 40 10 28 25.4 × 23.4  23.8 × 23.4  

Mesh-2 64 16 44 15.9 × 14.6  15.1 × 14.6  

 

 

Table 4.2 Comparisons of RBS modelled using shell elements for coarse and fine meshes 

 

  

Peak acceleration (g) Displacement (mm) Maximum base 

shear (kN) 
First floor Roof First floor Roof  

Mesh-1 0.61  1.16  193 354 858  

Mesh-2 0.61  1.16  193 354 858  
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Table 4.3 Comparisons of the results for beam element only MRF model for different meshes  

 

  Model-1 Model-2 Model-3 

Peak first floor acceleration (g) 1.00 1.03 1.04 

Peak roof acceleration (g) 0.97 0.99 1.01 

Peak first floor displacement (mm) 229 231 231 

Peak roof displacement (mm) 417 419 419 

Maximum base shear (kN) 851 852 852 

Column centerline max moment at first floor (kN.m) 2137 2139 2139 

Column centerline max moment at roof (kN.m) 563 561 560 

 

Table 4.4 Number of elements for rest of the beam in beam element only model with 52 elements 

in RBS segment. (See Fig. 4.16) 

 

 N1 elements (element size) N2 elements 

(element size) 

N3 elements 

(element size) 

N4 elements 

(element size) 

Scheme-1 6 (82 mm) 70 (80 mm) 7 (80 mm) 64 (80 mm) 

Scheme-2 12 (41 mm) 140 (40 mm) 15 (38 mm) 128 (39 mm) 

Scheme-3 24 (20 mm) 280 (20 mm) 30 (19 mm) 256 (20 mm) 
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Table 4.5 Comparisons of the results for hybrid and beam element only models 

 

  Hybrid Beam Relative difference (%) 

Peak first floor acceleration (g) 1.04 1.03 0.91 

Peak roof acceleration (g) 1.00 0.99 0.88 

Peak first floor displacement (mm) 232 231 0.03 

Peak roof displacement  (mm) 421 419 0.03 

Maximum base shear (kN) 846 852 0.72 

Column centerline max moment at first floor (kN.m) 2098 2139 1.92 

Column centerline max moment at roof (kN.m) 597 561 6.23 
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Figure 4.1 Building plan dimensions 

 

                 

Figure 4.2 Elevation view of the moment resisting frame 
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Figure 4.3 Details of reduced beam section (RBS) connections 
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Figure 4.4 Hybrid cantilever beam model 
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Figure 4.5 Connection of shell and beam elements. (a) Nodes constrained on the flanges (b) nodes 

constrained on the web (c) kinematic coupling (d) beam to shell connection 
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Figure 4.6 Schematic representation of the elements and constraints for the hybrid model of MRF 
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Figure 4.7 Hybrid model of ductile MRF (leaning column has not been shown here for clarity)  

 

Figure 4.8 Dimensions of shell element portions of hybrid model  
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Figure 4.9 RBS modelled using shell elements with different meshes (a) mesh-1 (coarse mesh) (b) 

mesh-2 (fine mesh) 

 

 

 

Figure 4.10 Acceleration time history (Northridge 1994 scaled to PGA of 0.57g) for mesh 

convergence study of the hybrid model 

 

 

-0.6

-0.3

0

0.3

0.6

0 6 12 18 24 30

G
ro

u
n
d
 a

cc
el

er
at

io
n
 (

g
)

Time (seconds)

No. of 

elements 

along the 

height (NH) 

Number of elements 

along the length (NL) 

No. of elements along 

the width (NW) 

(a) Mesh-1 (b) Mesh-2 



 

 95 

 

Figure 4.11 Base shear versus roof displacement for fine and coarse mesh of hybrid model 

 

         

Figure 4.12 Schematic representation of the frame modelled using B31OS elements 
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Figure 4.13 Beam element flange with varying width at the RBS 

 

 

 

Figure 4.14 Acceleration time history (Landers 1992 scaled to PGA of 0.83g) for mesh 

convergence study of the beam element only model 

 

 

-0.9

-0.5

0.0

0.5

0.9

0 10 20 30 40 50

G
ro

u
n
d
 a

cc
el

er
at

io
n
 (

g
)

Time (seconds)

b(z) bi 

zi zi+1

RBS profile 

z 



 

 97 

 

Figure 4.15 Comparisons of base shear versus roof displacement for different meshing schemes at 

RBS.  

            

Figure 4.16 Modelling scheme for beam only model with 52 elements in RBS segment (See Table 

4.4) 
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Figure 4.17 Moment time history at the center of first floor RBS with different mesh schemes for 

the rest of the model 

 

Figure 4.18 Comparisons of base shear versus roof displacement for hybrid and beam element only 

model 
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Chapter  5: Numerical Simulations of MRF with RBS 

 

 The displacements and forces used in the design of a structure can be obtained from non-

linear dynamic analyses subjected to a suite of earthquake ground motion records that are 

compatible with target response spectrum of the site. However, there is a scarcity of these 

earthquake ground motion records. As a result, a suite of earthquake ground motion records is 

obtained by scaling the existing ground motion records such that their response spectrums match 

or exceed the target spectrum. A linear scaling method is adopted to scale a suite of earthquake 

ground motion records to match the target spectrum at the time period of the MRF with RBS 

connection detailed in Chapter 4. These records are then used to conduct non-linear dynamic 

analyses of the MRF at two different seismic hazard levels of maximum credible earthquake 

(MCE) and design basis earthquake (DBE). An MCE has a 2% probability of being exceeded in 

50 years while a DBE has 10% probability of exceedance in 50 years. A parametric study using 

different combinations of material properties calibrated in Chapter 3 for the beams and columns 

of MRF are carried out to study effects strain rate dependent material properties have on the base 

shear, inter-storey drift and maximum moment at various locations of the MRF.  

 

5.1 Dynamic Non-Linear Time history Analysis 

Non-Linear dynamic time history analyses are performed on the proposed moment resisting 

frame using the scaled acceleration time histories at MCE and DBE hazard levels in finite element 

software ABAQUS (Dassault Systèmes 2017). The static and rate dependent material properties 

of materials G and H calibrated in Chapter 3 are assigned to the frame members in different 

combinations to carry out the analyses of the MRF. Material G and material H have static yield 
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strengths of 342 MPa and 373 MPa respectively. While material H has a higher strength, material 

G on the other hand has a higher strain rate amplification of the flow stress. Material G can be 

taken to represent steel at the nominal yield strength of 350 MPa and material H for steel at the 

probable yield strength of RyFy of 385 MPa. The Rayleigh damping is calculated by using the first 

two translation modes having frequencies of 0.9 and 3.4 rad/s from the eigen value analyses of the 

MRF. Using Eq. (4.2) and a damping ratio (𝜀) of 3%, values of alpha (α) and beta (β) come out to 

be 0.27 s-1 and 2.4 × 10-3s respectively.   

In total, four combinations of material properties are used in the analyses of MRF; entire 

moment frame composed of material G (referred to as MATG), entire moment frame composed 

of material H (referred to as MATH), columns in the moment frame composed of material G while 

beams composed of material H (referred to as COMBH) and columns in the moment frame 

composed of material H while beams composed of material G (referred to as COMBG). A total of 

192 analyses are performed with the material combinations, earthquake hazard levels, rate 

dependent and independent material properties. Figure 5.1 shows these combinations used to 

conduct the non-linear dynamic analyses of the ductile MRF for an earthquake record.  The time 

to complete non-linear dynamic analysis of the MRF is 160 hours and 40 hours respectively for 

analyses with and without strain rate dependent material properties for all parametric combinations 

considered in this study. 

 

5.2 Scaling of Earthquake Records 

One of the important steps involved in conducting any non-linear dynamic time history 

analysis of a structure for design is the scaling of the earthquake records. This is due to the scarcity 

of the site-specific earthquake records and necessity to match the earthquake response spectrum to 
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the design hazard spectrum of the location for the time-period of interest. Linear scaling and 

spectral matching are two methods which are currently used to match the ground motion records 

to the target spectrum.  In general, the linear scaling method applies a constant scaling factor to 

match the design spectrum such that the frequency content of the ground motions remains 

unchanged. Spectral matching is a technique which modifies the ground motion records in 

frequency or time domain to match their response spectrum to the target spectrum over a range of 

periods. There is not much guidance available to use spectral matching for non-linear dynamic 

analyses. 

 NBCC (2015) specifies a method of scaling wherein the ground motion spectrums are 

scaled to match the target spectrum at the defined period range. The ground motion records are 

first scaled individually over that period range and are followed by a second scaling with a factor 

based on the mean of the records in the suite of ground motion records. The period range is chosen 

to cover all the structural periods that contribute to the dynamic response of the structure. A 

minimum of five records have to be considered for that period range.  

 There is a complex arrangement of  tectonic plates in British Columbia (specifically near 

the south-west) which results in three types of ground motions from crustal, sub-crustal and 

subduction earthquakes. Mario (2015) stated that in southwest BC, subduction earthquake controls 

the hazard for structures with the period greater than 1.5s. The contribution from crustal and sub-

crustal earthquakes is dominant for the structures with time period less than 0.7s. The scaling 

method prescribed in NBCC (2015) try to deal with a wide variety of structures with different 

geometries and heights, and the chosen period range for scaling must cover all the structural 

periods contributing to the dynamic response of the structure. Thus, in order to match the design 

spectrum, records from all these three earthquake sources are needed. Nevertheless, if the 
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earthquake records are scaled to the design spectrum at the fundamental time period of the 

structure, the analyses with these ground motions can be expected to give results that are 

representative of the response since the first mode is the primary contributor to the dynamic 

response of the MRF for a simple two storey building with regular geometry modelled in Chapter 

4. Hence a simpler scaling method from FEMA P695 (FEMA 2009) is chosen to scale the selected 

ground motion records in this study to investigate the effects of material properties strain rate 

dependency due to seismic earthquake ground motions. 

Ground motion records have been selected from FEMA P695 (FEMA 2009) for scaling. A 

total number of 12 acceleration time histories with 8 far-field ground motion and 4 near-field 

ground motions from Los Angeles, California have been selected. This set contains 6 seismic 

events with their acceleration time histories in two perpendicular horizontal directions. Table 5.1 

gives a summary of these records with their names, magnitude, time-step and peak ground 

acceleration (PGA).  

 The unscaled earthquake records are obtained from PEER NGA database 

(peer.berkeley.edu/ngawest2) and a two-step scaling method from FEMA P695 (FEMA 2009) has 

been adopted to scale these records. Each individual earthquake records are normalized by the 

geometric mean of the peak ground velocity of the two horizontal components. The median peak 

ground velocity of the suite of earthquake records is used to obtain a normalization factor using 

the following expression 

𝑁𝑖 =  
𝑀𝑒𝑑𝑖𝑎𝑛 (𝑃𝐺𝑉𝑠𝑒𝑡)

𝑃𝐺𝑉𝑁𝑀
 for  𝑃𝐺𝑉𝑁𝑀 = √𝑃𝐺𝑉𝐹𝑛,𝑖 ×  𝑃𝐺𝑉𝐹𝑝,𝑖                                          (5.1) 

where 𝑁𝑖  is the normalization factor for ith  seismic event, 𝑀𝑒𝑑𝑖𝑎𝑛 (𝑃𝐺𝑉𝑠𝑒𝑡) is the median of the 

peak ground velocities of the earthquake record set and 𝑃𝐺𝑉𝑁𝑀 is the geometric mean of peak 

ground velocity of the two horizontal components of a seismic event, 𝑃𝐺𝑉𝐹𝑛,𝑖 and 𝑃𝐺𝑉𝐹𝑝,𝑖. The 
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subscript Fn and Fp denote the normal and perpendicular directions of the ith seismic event. The 

normalized acceleration time histories for the earthquake records in the normal and perpendicular 

directions are scaled with the normalization factors as  

𝐴𝐹𝑛,𝑖 =  𝑁𝑖  ×  𝐴𝐻𝐹𝑛,𝑖                                                                                                                 (5.2) 

𝐴𝐹𝑝,𝑖 =  𝑁𝑖  ×  𝐴𝐻𝐹𝑝,𝑖                                                                                                                 (5.3) 

where 𝐴𝐻𝐹𝑛,𝑖 and 𝐴𝐻𝐹𝑝,𝑖 are the unnormalized horizontal acceleration components for ith seismic 

event in the normal and perpendicular directions. The normalization procedure helps in removing 

any variability in the records due to the difference in magnitude, source type, distance to source 

and site conditions while preserving the overall ground motion strength of the record set.  

The acceleration time histories in the record sets are then scaled to match the design 

spectrum of Victoria, British Columbia site class D from NBCC (2015) with a single scaling factor 

obtained by matching the median spectral acceleration of the earthquake record set at the 

fundamental time period of the proposed MRF, as shown in Fig.5.2. The scaling factor is given by 

𝐹𝑠 =  
𝑆(𝑎)𝑇1

𝑆(𝑎)𝑚𝑒𝑑𝑖𝑎𝑛,𝑠𝑒𝑡
                                                                                                                   (5.4) 

where 𝑆(𝑎)𝑇1 is the spectral acceleration of the design spectrum at the fundamental time period 𝑇1 

of the proposed MRF and 𝑆(𝑎)𝑚𝑒𝑑𝑖𝑎𝑛,𝑠𝑒𝑡 is median spectral acceleration of the earthquake record 

set. 

The scaling factor calculated from Eq. (5.4) is 1.88, which represents the scaling for MCE 

hazard level. To analyze the MRF at the DBE hazard level, the ground motions are scaled by a 

factor of 1.26, which is 67 % of the factor for MCE hazard level. Figure 5.3 shows the spectral 

acceleration spectrum for DBE hazard level.  
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5.3 Numerical Simulations 

Dynamic non-linear time history analyses on the MRF with RBS of the two storey building 

in Chapter 4 are carried out for the scaled ground motions records in Table 5.1 and parametric 

combinations in Fig. 5.1. The loading and the mass on the frame used in the simulations are shown 

in Fig. 5.4. Effects of strain rate dependent material properties on the response of the MRF are 

assessed and discussed. Results of the analyses on the strain rate, storey drifts and bending 

moments are analyzed and studied.  

 

5.3.1 Maximum Strain Rate 

Table 5.2 shows the maximum strain rate at the center of first floor RBS from the analyses 

with strain rate dependent material properties. The strain is taken at the top and bottom flanges at 

the RBS center. It can be seen that the maximum strain rate experienced at the first-floor RBS 

center is between 0.06 s-1 to 0.15 s-1 at MCE hazard level and 0.03 s-1 to 0.14 s-1 at DBE hazard 

level. The maximum strain rate for MATG and COMBG ranges from 0.06 s-1 to 0.15 s-1 and 0.03 

s-1 to 0.12 s-1 at MCE and DBE hazard levels respectively. As expected, the maximum strain rate 

at MCE hazard level is generally higher than DBE hazard level, but not for every ground motion. 

However, the mean maximum strain rate at MCE hazard level is only slightly higher than at DBE 

level, even though the intensity at MCE is 50% higher than DBE level. The same trend can be seen 

for MATH and COMBH. There is only a small difference in the maximum strain rate between 

MATG and MATH for every earthquake record, and there is hardly any difference in the mean 

maximum strain rate. Since the plastic deformation mainly occurs at the RBS, MATG and 

COMBG with the material at the RBS also have almost the same maximum strain rate. Similarly, 



 

 105 

it can be observed for MATH and COMBH as well. Overall, there is not much difference in the 

maximum strain rate between the four material combinations. 

 Results of the maximum strain rate at the roof RBS center in Table 5.3 also show the same 

characteristic as that for the first floor RBS center albeit with a higher magnitude. It can be seen 

that the maximum strain rate experienced at the roof RBS center is between 0.09 s-1 to 0.27 s-1 at 

MCE hazard level and 0.06 s-1 to 0.24 s-1 at DBE hazard level. Table 5.4 shows the maximum 

strain rate at the first floor and roof RBS center for MATG and MATH from analyses with and 

without strain rate dependent material properties at MCE hazard level. The maximum strain rate 

can go up to 0.30 s-1 at MCE hazard level without strain rate dependent material properties. There 

is not much difference in the predicted maximum strain rate between analyses conducted with and 

without strain rate dependent material properties. 

Figures 5.5 and 5.6 shows the strain rate versus time at the first floor RBS center for 

analyses for MATG and MATH subjected to ground motion shown in Fig. 5.7 for earthquake 

record 8 at MCE and DBE hazard levels with strain rate dependent material properties at MCE 

and DBE hazard level. It can be seen that the maximum strain rate occurs at about the same time 

as the peak ground acceleration. The RBS experiences strain rate higher than 0.1 s-1 for one cycle 

and 0.01 s-1 only for a short duration, which implies that there is only very little adiabatic heating 

occurring to have any significant  temperature rise to affect the material properties. With a few 

exceptions, the magnitude of the strain rate is generally higher at the MCE hazard level as 

compared to DBE level throughout the whole duration of earthquake ground motion excitation.   
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5.3.2 Bending Moment in MRF 

It is expected that the bending moment generated in the frame is affected with the 

consideration of strain rate dependent material properties in the non-linear dynamic analyses. 

Moments from the analyses with and without rate dependent material properties at MCE and DBE 

hazard levels for different material combinations are compared and discussed. The probable 

moment (𝑀𝑝𝑟) calculated based on CSA S16-14 (CSA 2014) and Moment Connections for Seismic 

Application (CISC 2014) at first floor RBS center is 1405 kN.m and at the roof RBS center is 353 

kN.m. 

Figures 5.8 to 5.11 shows that the predicted maximum moment at first floor RBS center 

for material combination MATH and MATG at MCE and DBE hazard levels with and without 

strain rate dependent material properties. Table 5.5 shows the mean predicted maximum moment 

at the first floor RBS center. It can be seen that the predicted maximum moment at the first floor 

RBS center increases when material properties are considered to be strain rate dependent. As 

expected, the predicted maximum moment for MATH is higher than MATG, since MATH has a 

higher strength. Similarly, the predicted maximum moment is higher at MCE hazard level than 

DBE level. At MCE hazard level, the predicted maximum moment with and without strain rate 

dependent material properties of  MATH is higher than the design probable maximum moment for 

all except two earthquake records. Even at DBE level, the predicted maximum moment for MATH 

exceeds the design probable moment for many of the earthquake records. For MATG, the predicted 

maximum moment for most of the earthquakes records still exceeds the design probable moment 

when strain rate material properties are considered in the analyses at MCE hazard level, but lower 

for most of the earthquake records when only static material properties are considered. The 
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predicted maximum moment are lower than the design probable moment for most or all earthquake 

records at DBE hazard level with and without strain rate dependent material properties. 

 The mean predicted maximum moment increases by 8.3% and 7.7% for MATG and 

MATH at MCE hazard levels, and 7.2% and 5.3% at DBE hazard level when material properties 

are considered to be strain rate dependent. Since, MATG with material G is more strain rate 

sensitive (higher isotropic yield stress amplification with strain rate), the rate of increase is higher 

for MATG than MATH. The rate of increase is lower at DBE than MCE hazard level as ground 

motion intensity is lower. As can also be observed in Figs 5.8 to 5.11, the mean predicted 

maximum moment exceeds the design probable moment at MCE hazard level for MATH with and 

without strain rate dependent material properties by 15% and 7%, and it slightly exceeds by 3% 

for MATG when strain rate dependent material properties are considered. At DBE hazard level, 

the mean predicted maximum moment only slightly exceeds the design probable moment for 

MATH when strain rate dependent material properties are considered. Since the response of the 

frame is governed mainly by the plastic hinge at the RBS, frame with similar material at RBS are 

expected to have similar response. It can be seen in Table 5.5 that analyses with MATG and 

COMBG, and MATH and COMBH, have comparable mean predicted maximum moment and rate 

of increase in the mean predicted maximum moment when strain rate dependent material 

properties are considered. Trends similar to Table 5.5 can be seen in Tables 5.6 and 5.7 for mean 

predicted maximum moment at first floor column face and centerline. Figure 5.12 shows the rate 

of increase in the mean predicted maximum moment at the first floor RBS center for MATG and 

MATH when strain rate dependent material properties are considered. Overall, the increase is 

slightly higher for MATG than MATH at MCE hazard level, but difference in the increase between 

MATG and MATH is slightly larger at DBE hazard level. This can be seen in Table 5.5 that the 
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difference of the increase in the mean predicted maximum moment is 0.6% at MCE hazard level 

and 1.9% at DBE hazard level. As observed in Chapter 3, the amplification factor on the isotropic 

yield stress decreases with strain, and thus does the difference in the amplification factor between 

material G and H also decreases with strain. Since the level of plastic strain is higher at MCE 

hazard level than DBE hazard level, the difference in the rate of increase between MATG and 

MATH is lower at MCE hazard level than DBE hazard level. 

Table 5.8 shows the mean predicted maximum moment at the roof RBS center exceeds the 

probable maximum moment for all parametric combinations except MATG and COMBG with 

static material properties at DBE hazard level. The predicted maximum moment at the roof RBS 

center is much higher than expected. This could be result of high cyclic deformation strain range 

due to strain localization at RBS center where the cut in the flange width is close to 50%. However, 

no definite reason has yet been found to explain for this high predicted maximum moment. Further 

investigation is needed to look into the high predicted moment. Besides the high predicted 

maximum moment, other characteristics of the mean predicted maximum moment observed for 

the first floor RBS center are applicable to the roof RBS center. Trends similar to that at the roof 

RBS center in Table 5.8 in Tables 5.9 and 5.10 can be seen for the mean predicted maximum 

moment at the roof column face and centerline. Examples of moment versus curvature curves at 

the first floor and roof RBS center for MATH and MATG subjected to earthquake record 4 at DBE 

and MCE hazard level. with and without considering strain rate dependent material properties in 

the analyses are shown in Appendix C.   
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5.3.3 Strain Hardening 

In the design of ductile moment resisting frame, the probable moment at the plastic hinge 

is calculated based on the strain hardening factor of 1.1 due to significant plastic deformation 

developed at the plastic hinge. The strain hardening factor can be calculated as 

𝐹𝑠ℎ =  
𝑀

𝑍𝑥𝐹𝑦
                                                                                                                                   (5.5) 

where M is the moment, 𝑍𝑥 is the plastic section modulus about the axis of bending and 𝐹𝑦 is the 

initial yield stress. Materials G and H considered in the numerical simulations have static initial 

yield stress of 342 MPa and 373 MPa respectively. 

 Figure 5.13 shows the strain hardening factor at the first floor RBS center with static 

material properties of MATG and MATH at MCE hazard level. It can be seen that the strain 

hardening factor is higher than 1.1 for all but two of the earthquake records with MATH having 

slightly higher factor than MATG. Table 5.11 shows the strain hardening factor at the roof and 

first floor RBS center for MATG and MATH with static material properties at DBE and MCE 

hazard level. 

 At MCE hazard level, the mean strain hardening factors are 1.18 and 1.22 for MATG and 

MATH at the first floor RBS center, and 1.31 and 1.33 at the roof RBS center. The factor is 

significantly higher than 1.1 specified in the design specification. With a lower ground intensity at 

DBE hazard level, the strain hardening factor is close to 1.1. Thus, a strain hardening factor greater 

than 1.1 should be considered for ductile moment resisting frame when drift limits are ignored. 

 

5.3.4 Maximum Inter-Story Drift 

The moment resisting frame in this study has been designed for strength and no deflection 

limit has been considered. Thus, the inter-storey drift is expected to be greater than the design limit 
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of 2.5%. The inter-storey drifts for the first-storey is 8.9% and second storey is 5.9% due to the 

seismic load calculated according to the equivalent static method with the initial estimated 

fundamental period of 0.44s, but the inter-storey drift are respectively 5.6% and 3.8% when 

calculated using the actual fundamental period of 1.1s.  

Tables 5.12 and 5.13 shows the inter-storey drift for MATG and MATH, and MCE and 

DBE hazard levels at first floor. The mean maximum inter-storey drift of 4.1 to 4.3% at MCE 

hazard level clearly exceeds the design limit of 2.5% but is lower than the 8.9% calculated for 

fundamental period 0.44s and 5.6% for fundamental period 1.1s based on the equivalent static 

method seismic load. Overall, there is slight reduction in the inter-storey drift when strain rate 

dependent material properties are considered. Similarly, there is only a slight reduction at DBE 

hazard level when strain rate dependent material properties are considered albeit the inter-storey 

drift around 2.7% is much lower at DBE than MCE hazard level. However, inter-storey drift for 

all the earthquakes records does not consistently decrease when strain rate dependent material 

properties are considered, as seen in Fig. 5.14 on the percentage change in the peak inter-storey 

drift at first storey with strain rate dependent material properties.  

Table 5.14, Figs. 5.15 and 5.16 shows the mean maximum inter-storey drift for MATG and 

MATH. The inter-storey drift for second storey of 3.3 to 3.6% is significantly lower than that for 

the first storey of 4.1 to 4.3% since the column at the second storey was way over designed. In 

general, considering the material properties to be strain rate dependent in the numerical simulations 

only slightly reduces the mean maximum inter-storey drift. MATG being weaker (less stiff) than 

MATH, also gives a higher inter-storey except for first storey at DBE hazard level where MATH 

gives a slightly higher mean maximum inter-storey drift. 

 Figures 5.17 and 5.18 show mean maximum inter-storey drift for COMBG and COMBH  
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 material combinations. Similar to the mean maximum moment at the RBS center, the mean 

maximum inter-storey drift is governed by the material at the RBS. Thus, having the same 

materials at the RBS, the inter-storey drift for COMBG closely follows that for MATG, and 

COMBH for MATH. 

 

5.3.5 Maximum Base Shear 

A base shear of 440 kN is considered in the design based on the equivalent static method 

for calculating the seismic load based on the initial estimate fundamental period of 0.44s (239 kN 

based on the actual fundamental period of 1.1s). Comparisons are made on the maximum base 

shear from analyses with and without strain rate dependent material properties at MCE and DBE 

hazard levels for MATG, MATH, COMBH and COMBG. In Table 5.15, it shows that there is an 

increase in the mean maximum base shear when strain rate dependent material properties are used 

in the non-linear dynamic analyses. There is an increase of 7.1% and 5.4 % respectively at MCE 

and DBE hazard levels for MATG, and 5.9% and 4.5% for MATH. As expected, the mean 

maximum base shear is higher for MATH than MATG as material H is stronger than material G.  

Similar to the mean maximum moment at the RBS center, the maximum base shear of 

COMBG closely follows that for MATG, and COMBH that of MATH, for having the same 

material at RBS. The predicted base shear is much higher than the design base shear, with 

difference at a ratio of 1.84 at MCE hazard level, and 1.62 at DBE hazard level for MATG. For 

MATH, the ratio is 1.98 at MCE hazard level and 1.71 at DBE hazard level. Even with static 

material properties, the difference is at a ratio of 1.70 at MCE hazard level and 1.54 at DBE hazard 

level for MATG. The difference at a ratio 1.88 at MCE hazard level and, 1.64 at DBE hazard level 

for MATH is observed for the numerical simulations. Further study is required to investigate the  
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 big difference in the predicted and design base shear. 

 

5.4 Numerical Simulations using Hybrid Model 

Beam element only model of the frame has been used in all numerical simulations for 

efficiency. However, unlike the hybrid model (Chapter 4), beam element only model cannot 

replicate the non-uniaxial stress at the flange of RBS. Thus, analyses are carried out with the hybrid 

model and MATH for one pair of earthquake motions to study the differences in the results 

compared to beam element only model. Earthquake records 7 and 8 at MCE hazard level, shown 

in Figs. 5.19 and 5.20 are used in the numerical simulations.  

 It can be seen in Tables 5.16 and 5.17 that the predicted peak acceleration and displacement 

at both first floor and roof, the predicted maximum base shear and column centerline maximum 

moment at the first floor by the two models differ by no greater than 2.5%. However, there is a 

larger percentage difference in the predicted column centerline maximum moment at the roof 

because the magnitude of the column centerline moment at the roof is significantly smaller than 

that at the first floor. Thus, any change in the difference in column centerline moment at the first 

floor due to moment redistribution will affect the column moment at the roof disproportionally 

percentage wise, even though the change in the moment is of comparable magnitude. Figure 5.21 

shows that the base shear versus roof displacement predicted by the beam element only model 

closely tracks that of the hybrid model that is subjected to the same acceleration time history shown 

in Fig. 5.19. Based on the overall small difference between results from hybrid and beam element 

only models, beam element only model can be considered to be adequate to be used in the 

numerical simulations in place of hybrid model while recognizing that there is a larger uncertainty 

in the moment predicted for the members at the roof level.  
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Table 5.1 Ground motions records from FEMA P695 (FEMA 2009). 

EQ Code Description Recording station Magnitude Time Step PGA(g) 

1 Fn Northridge 

Beverly Hills- Mulhol 

6.7 0.005 s 0.41 

2 Fp Northridge 6.7 0.005 s 0.52 

3 Fn Hector 

Hector 

7.1 0.005 s 0.27 

4 Fp Hector 7.1 0.005 s 0.34 

5 Fn Loma Prieta 

Gilroy Array #3 

6.9 0.005 s 0.55 

6 Fp Loma Prieta 6.9 0.005 s 0.37 

7 Fn Cape Mendocino 

Rio Dell Overpass 

7.0 0.005 s 0.40 

8 Fp Cape Mendocino 7.0 0.005 s 0.57 

9 Fn Imperial Valley 

El Centro Array #6 

6.5 0.005 s 0.33 

10 Fp Imperial Valley 6.5 0.005 s 0.44 

11 Fp Landers 

Lucerne 

7.3 0.005 s 0.70 

12 Fn Landers 7.3 0.005 s 0.79 
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Table 5.2 Maximum strain rate (s-1) at first floor RBS center for different material combinations 

with strain rate dependent material properties 

Eq. record 

MATG COMBG MATH COMBH 

DBE MCE DBE MCE DBE MCE DBE MCE 

1 0.10 0.10 0.10 0.10 0.07 0.13 0.07 0.13 

2 0.11 0.11 0.12 0.10 0.10 0.13 0.10 0.09 

3 0.08 0.09 0.08 0.09 0.07 0.09 0.07 0.08 

4 0.09 0.13 0.09 0.13 0.08 0.09 0.08 0.09 

5 0.04 0.06 0.04 0.06 0.03 0.05 0.02 0.05 

6 0.12 0.10 0.14 0.10 0.09 0.09 0.09 0.09 

7 0.12 0.10 0.12 0.10 0.10 0.11 0.09 0.11 

8 0.07 0.13 0.07 0.13 0.06 0.13 0.06 0.13 

9 0.08 0.13 0.11 0.13 0.07 0.09 0.08 0.10 

10 0.10 0.15 0.12 0.15 0.09 0.15 0.11 0.15 

11 0.09 0.14 0.09 0.14 0.14 0.15 0.09 0.15 

12 0.04 0.06 0.04 0.07 0.03 0.07 0.03 0.06 

Mean 0.09 0.11 0.09 0.10 0.08 0.11 0.07 0.10 
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Table 5.3 Maximum strain rate (s-1) at roof RBS center for different material combinations with 

strain rate dependent material properties  

Eq. record 

MATG COMBG MATH COMBH 

DBE MCE DBE MCE DBE MCE DBE MCE 

1 0.15 0.17 0.15 0.17 0.13 0.23 0.14 0.22 

2 0.19 0.17 0.19 0.18 0.24 0.25 0.18 0.24 

3 0.14 0.19 0.14 0.19 0.13 0.18 0.12 0.18 

4 0.16 0.17 0.16 0.17 0.14 0.15 0.14 0.16 

5 0.07 0.12 0.07 0.13 0.06 0.09 0.06 0.09 

6 0.18 0.19 0.18 0.19 0.16 0.20 0.19 0.16 

7 0.14 0.18 0.14 0.19 0.21 0.22 0.20 0.22 

8 0.15 0.27 0.11 0.27 0.14 0.22 0.14 0.24 

9 0.11 0.20 0.10 0.20 0.09 0.15 0.09 0.19 

10 0.15 0.22 0.15 0.22 0.15 0.21 0.22 0.18 

11 0.13 0.21 0.13 0.21 0.20 0.23 0.20 0.22 

12 0.01 0.10 0.03 0.11 0.02 0.09 0.02 0.09 

Mean 0.13 0.18 0.13 0.19 0.14 0.19 0.14 0.18 
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Table 5.4 Maximum strain rate (s-1) at first floor and roof RBS center for MATG and MATH with 

and without rate dependent material properties at MCE hazard level 

Eq. record 

MATG MATH  MATG  MATH 

First floor Roof 

Static Rate Static Rate Static Rate Static Rate 

1 0.10 0.10 0.10 0.13 0.17 0.17 0.16 0.23 

2 0.11 0.11 0.12 0.13 0.16 0.17 0.14 0.25 

3 0.09 0.09 0.09 0.09 0.21 0.19 0.19 0.18 

4 0.14 0.13 0.10 0.09 0.17 0.17 0.15 0.15 

5 0.10 0.06 0.08 0.05 0.15 0.12 0.12 0.09 

6 0.11 0.10 0.10 0.09 0.19 0.19 0.18 0.20 

7 0.12 0.10 0.10 0.11 0.14 0.18 0.14 0.22 

8 0.15 0.13 0.14 0.13 0.30 0.27 0.26 0.22 

9 0.11 0.13 0.11 0.09 0.19 0.20 0.17 0.15 

10 0.17 0.15 0.15 0.15 0.24 0.22 0.19 0.21 

11 0.12 0.14 0.11 0.15 0.23 0.21 0.17 0.23 

12 0.09 0.06 0.06 0.07 0.12 0.10 0.09 0.09 

Mean 0.12 0.11 0.11 0.11 0.18 0.18 0.16 0.19 
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Table 5.5 Mean predicted maximum moment (kN.m) at the first floor RBS center with and without 

strain rate dependent material properties, and probable maximum moment, 𝑀𝑝𝑟 (1405 kN.m)  

Material 

Combinations 

Predicted mean maximum moment (kN.m)  

𝑀𝑠

𝑀𝑝𝑟
 

 

𝑀𝑟

𝑀𝑝𝑟
 Static, 𝑀𝑠 Rate, 𝑀𝑟 % increase 

MCE 

MATG 1340 1452 8.3 0.95 1.03 

MATH 1509 1626 7.7 1.07 1.16 

COMBG 1342 1454 8.3 0.96 1.03 

COMBH 1522 1618 6.3 1.08 1.15 

DBE 

MATG 1247 1337 7.2 0.89 0.95 

MATH 1386 1460 5.3 0.99 1.04 

COMBG 1247 1337 7.2 0.89 0.95 

COMBH 1383 1458 5.4 0.98 1.04 
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Table 5.6 Mean predicted maximum moment (kN.m) at the first floor column face with and 

without strain rate dependent material properties, and probable maximum moment, 𝑀𝑐𝑓  (1641 

kN.m) 

Material 

Combinations 

Predicted mean maximum moment (kN.m)  

𝑀𝑠

𝑀𝑐𝑓
 

 

𝑀𝑟

𝑀𝑐𝑓
 Static, 𝑀𝑠 Rate, 𝑀𝑟 % increase 

MCE 

MATG 1562 1692 8.3 0.95 1.03 

MATH 1759 1894 7.7 1.07 1.15 

COMBG 1564 1694 8.3 0.95 1.03 

COMBH 1773 1885 6.3 1.08 1.15 

DBE 

MATG 1454 1559 7.3 0.88 0.95 

MATH 1615 1701 5.3 0.98 1.03 

COMBG 1454 1560 7.3 0.88 0.95 

COMBH 1612 1699 5.4 0.98 1.03 
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Table 5.7 Mean predicted maximum moment (kN.m) at the first floor column centerline with and 

without strain rate dependent material properties and, probable maximum moment, 𝑀𝑐 (1841 

kN.m) 

Material 

Combinations 

Predicted mean maximum moment (kN.m)   

𝑀𝑠

𝑀𝑐
 

 

𝑀𝑟

𝑀𝑐
 Static, 𝑀𝑠 Rate, 𝑀𝑟 % increase 

MCE 

MATG 1746 1891 8.3 0.95 1.03 

MATH 1965 2117 7.7 1.07 1.16 

COMBG 1749 1893 8.3 0.96 1.03 

COMBH 1981 2106 6.3 1.08 1.15 

DBE 

MATG 1625 1742 7.2 0.89 0.95 

MATH 1805 1901 5.3 0.99 1.04 

COMBG 1626 1743 7.2 0.89 0.95 

COMBH 1801 1901 5.4 0.98 1.04 
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Table 5.8 Mean predicted maximum moment (kN.m) at the roof RBS center with and without 

strain rate dependent material properties, and probable maximum moment, 𝑀𝑝𝑟  (353 kN.m) 

Material 

Combinations 

Predicted mean maximum moment (kN.m)   

𝑀𝑠

𝑀𝑝𝑟
 

 

𝑀𝑟

𝑀𝑝𝑟
 Static, 𝑀𝑠 Rate, 𝑀𝑟 % increase 

MCE 

MATG 372 405 8.7 1.05 1.15 

MATH 411 439 6.7 1.16 1.24 

COMBG 374 407 8.7 1.06 1.15 

COMBH 410 435 6.1 1.16 1.23 

DBE 

MATG 341 364 6.9 0.97 1.03 

MATH 373 390 4.7 1.06 1.10 

COMBG 341 365 6.9 0.97 1.03 

COMBH 371 389 4.7 1.05 1.10 
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Table 5.9 Mean predicted maximum moment (kN.m) at the roof column face with and without 

strain rate dependent material properties, and probable maximum moment, 𝑀𝑐𝑓 (391 kN.m) 

Material 

Combinations 

Predicted mean maximum moment (kN.m)   

𝑀𝑠

𝑀𝑐𝑓
 

 

𝑀𝑟

𝑀𝑐𝑓
 Static, 𝑀𝑠 Rate, 𝑀𝑟 % increase 

MCE 

MATG 411 447 8.8 1.05 1.14 

MATH 454 486 7.0 1.16 1.24 

COMBG 412 449 8.8 1.05 1.15 

COMBH 453 482 6.7 1.16 1.23 

DBE 

MATG 378 405 7.0 0.97 1.03 

MATH 413 433 4.9 1.06 1.10 

COMBG 378 405 7.0 0.97 1.03 

COMBH 412 432 4.9 1.05 1.10 

  



 

 122 

Table 5.10 Mean predicted maximum moment (kN.m) at the roof  column centerline with and 

without strain rate dependent material properties, and probable maximum moment, 𝑀𝑐 (439 kN.m)  

Material 

Combination 

Predicted mean maximum moment (kN.m) 
 

𝑀𝑠

𝑀𝑐
 

 

𝑀𝑟

𝑀𝑐
 Static, 𝑀𝑠 Rate, 𝑀𝑟 % increase 

MCE 

MATG 465 505 8.7 1.05 1.14 

MATH 513 548 6.9 1.16 1.24 

COMBG 466 507 8.7 1.05 1.15 

COMBH 512 544 6.3 1.16 1.23 

DBE 

MATG 428 457 6.8 0.97 1.03 

MATH 467 489 4.8 1.06 1.10 

COMBG 428 458 6.9 0.97 1.03 

COMBH 466 488 4.8 1.05 1.10 

 

Table 5.11 Mean predicted strain hardening factor at the roof and first-floor RBS center for MATG 

and MATH with static material properties  

Material Combinations 

MCE DBE 

First floor Roof First floor Roof 

MATG 1.18 1.31 1.10 1.20 

MATH 1.22 1.33 1.12 1.20 

COMBH 1.18 1.32 1.11 1.19 

COMBG 1.22 1.31 1.10 1.21 
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Table 5.12 Predicted maximum inter-storey drift (%) for individual earthquake record at first floor 

for MATG and MATH at MCE hazard level 

EQ. records 

MATG MATH 

Static Rate % change Static Rate % change 

1 4.5 4.4 -2.4 4.4 4.2 -3.9 

2 5.5 5.7 4.2 5.8 5.80 -0.4 

3 2.9 3.2 13 3.4 3.6 6.2 

4 7.2 6.6 -7.6 6.5 5.3 -18.3 

5 2.2 2.2 0.0 2.2 2.2 0.0 

6 6.2 5.8 -6.1 5.8 5.5 -5.1 

7 3.8 4.0 2.6 3.9 4.1 3.0 

8 3.9 3.8 -2.9 3.8 3.7 -2.6 

9 3.1 3.2 4.2 3.2 3.2 1.6 

10 5.1 4.8 -5.9 4.8 4.6 -4.8 

11 5.8 5.4 -5.3 5.4 5.1 -5.8 

12 1.6 1.7 3.6 1.7 1.7 1.2 

Mean 4.3 4.2 -1.7 4.3 4.1 -2.4 
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Table 5.13 Predicted maximum inter-storey drift (%) for individual earthquake record at first floor 

for MATG and MATH at DBE hazard level 

EQ. records 

MATG MATH 

Static Rate % change Static Rate % change 

1 2.6 2.9 10 3.1 3.2 4.5 

2 3.9 3.5 -4.7 3.5 3.4 -3.2 

3 2.7 2.6 -2.0 2.8 2.7 -2.2 

4 3.6 3.5 -3.1 3.7 3.6 -0.2 

5 1.5 1.5 0.0 1.5 1.5 0.0 

6 3.8 3.7 -2.2 3.7 3.6 -2.4 

7 3.2 3.3 3.7 3.3 3.4 1.9 

8 2.41 2.41 -0.3 2.4 2.4 -0.1 

9 2.2 2.2 -0.7 2.2 2.17 -0.5 

10 2.8 2.7 -4.6 2.7 2.6 -1.4 

11 2.9 2.7 -6.8 2.7 2.7 -1.7 

12 1.3 1.3 1.6 1.3 1.3 1.2 

Mean 2.7 2.7 -0.7 2.7 2.7 -0.3 
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Table 5.14 Mean predicted maximum inter-storey drifts (%) for the suite of earthquake records 

with and without strain rate dependent material properties 

Material 

Combinations 

MCE DBE 

Static Rate % decrease Static Rate % decrease 

First floor 

MATG 4.3 4.2 1.7 2.7 2.7 0.7 

MATH 4.3 4.1 2.4 2.7 2.7 0.3 

COMBH 4.3 4.2 1.7 2.7 2.6 0.4 

COMBG 4.3 4.1 3.0 2.7 2.7 0.7 

Roof  

MATG 3.6 3.5 2.8 2.3 2.2 2.7 

MATH 3.5 3.3 5.9 2.2 2.1 3.3 

COMBH 3.7 3.6 2.2 2.3 2.2 3.1 

COMBG 3.4 3.3 3.6 2.2 2.1 2.8 

 

Table 5.15 Mean predicted maximum base shear (kN) for different material combinations with 

and without strain rate dependent material properties, and design base shear, 𝑉𝑑 (440 kN) 

Combinations 
Predicted mean maximum base shear (kN) 𝑉𝑠

𝑉𝑑
 

𝑉𝑟

𝑉𝑑
 

Static, 𝑉𝑠 Rate, 𝑉𝑟 % increase 

MCE 

MATG 759 813 7.1 1.70 1.84 

MATH 826 875 5.9 1.88 1.98 

COMBG 776 826 6.4 1.76 1.88 

COMBH 802 856 6.7 1.82 1.95 

DBE 

MATG 677 714 5.4 1.54 1.62 

MATH 720 753 4.5 1.64 1.71 

COMBG 713 716 5.6 1.62 1.63 

COMBH 680 748 4.8 1.55 1.70 
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Table 5.16 The results for hybrid model for acceleration time history (Fig 5.19)  for MATH at 

MCE hazard level 

  Hybrid Beam Relative difference (%) 

Peak first floor acceleration (g) 0.80 0.82 2.50 

Peak roof acceleration (g) 1.32 1.34 1.52 

Peak first floor displacement (mm) 183 183 0.33 

Peak roof displacement  (mm) 337 338 0.30 

Maximum base shear (kN) 939 946 0.75 

Column centerline max moment at first floor (kN.m) 2078 2111 1.60 

Column centerline max moment at roof (kN.m) 598 551 -7.86 

 

Table 5.17 The results for hybrid model for acceleration time history (Fig 5.20) for MATH at MCE 

hazard level 

  Hybrid Beam Relative difference (%) 

Peak first floor acceleration (g) 1.14 1.14 2.50 

Peak roof acceleration (g) 2.14 2.14 1.52 

Peak first floor displacement (mm) 168 168 0.33 

Peak roof displacement  (mm) 292 292 0.30 

Maximum base shear (kN) 936 943 0.75 

Column centerline max moment at first floor (kN.m) 2002 2037 1.72 

Column centerline max moment at roof (kN.m) 593 549 -7.42 
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Figure 5.1 Combinations used to conduct non-linear dynamic analyses for an earthquake record 

No strain rate effect 

Strain rate effect 

No strain rate effect 

Strain rate effect 

MCE hazard level 

DBE hazard level 

MATG 

No strain rate effect 

Strain rate effect 

No strain rate effect 

Strain rate effect 

MCE hazard level 

DBE hazard level 

MATH 

No strain rate effect 

Strain rate effect 

No strain rate effect 

Strain rate effect 

MCE hazard level 

DBE hazard level 

COMBG 

No strain rate effect 

Strain rate effect 

No strain rate effect 

Strain rate effect 

MCE hazard level 

DBE hazard level 

COMBH 



 

 128 

         

Figure 5.2 Spectral acceleration for MCE hazard level 

 

Figure 5.3 Spectral acceleration for DBE hazard level 
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Figure 5.4 The loading and mass on the MRF of the two storey building from Chapter 4 

 

 

Figure 5.5 Strain rate versus time for MATG at first floor RBS center for earthquake record 8 at 

MCE and DBE hazard level 
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Figure 5.6 Strain rate versus time for MATH at the first floor RBS center for earthquake record 8 

at MCE and DBE hazard level 

 

Figure 5.7 Ground acceleration time history for earthquake record 8 at MCE and DBE hazard 

levels. 
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Figure 5.8 Maximum moment at the first floor RBS center with and without strain rate dependent 

material properties for MATH at MCE hazard level. 

 

Figure 5.9 Maximum moment at the first floor RBS center with and without strain rate dependent 

material properties for MATH at DBE hazard level 
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Figure 5.10 Maximum moment at the first floor RBS center with and without strain rate dependent 

material properties for MATG at MCE hazard level 

 

Figure 5.11 Maximum moment at the first floor RBS center with and without strain rate dependent 

material properties for MATG at DBE hazard level 
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Figure 5.12 Increase (%) in the maximum moment with strain rate dependent material properties 

for MATG and MATH at first floor RBS center at DBE and MCE hazard levels. 

 

Figure 5.13 Predicted strain hardening factor at the first floor RBS center for MATG and MATH 

with static material properties at MCE hazard level 
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Figure 5.14 Percentage change in the peak inter-storey drift for first storey with strain rate 

dependent material properties for MATG and MATH at DBE and MCE hazard levels. 

 

Figure 5.15 Average peak inter-storey drift with and without rate dependent properties for MATG 

and MATH at DBE hazard level  
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Figure 5.16 Average peak inter-storey drift with and without rate dependent properties for MATG 

and MATH at MCE hazard level 

 

Figure 5.17 Average peak inter-storey drift with and without rate dependent properties for the suite 

of earthquake for COMBH and COMBG at DBE hazard level 
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Figure 5.18 Average peak inter-storey drift with and without rate dependent properties for the 

suite of earthquake for COMBH and COMBG at MCE hazard level 

 

 

Figure 5.19 Ground acceleration time history for ground motion record 7 at MCE hazard level 
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Figure 5.20 Ground acceleration time history for ground motion record 8 at MCE hazard level 

 

 

Figure 5.21 Comparisons of base shear versus roof displacement for hybrid and beam element only 

models for acceleration time history shown in Fig. 5.19 
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Chapter  6: Conclusions and Recommendations for Future Studies 

 

6.1 Conclusions 

The following conclusions can be drawn from the study.  

1. In a combined hardening model, the flow stress is a combination of isotropic yield stress 

and back stress. Strain rate mainly affects isotropic hardening while kinematic hardening 

is independent of strain rate. However, back stress versus plastic strain curves generated 

using kinematic hardening parameters can affect the shape of isotropic yield stress versus 

plastic strain curves at different strain rates. A hump may occur in the calculated isotropic 

yield stress versus plastic strain curve when only a small number of kinematic hardening 

terms are used to generate back stress versus plastic strain curve. This study shows that the 

hump in the isotropic stress versus plastic strain curve can become less distinct or be 

eliminated as more kinematic hardening terms are used to better represent the back stress 

evolution.  

2. Cowper-Symonds (1957) proposed an equation based on power-law relationship defined 

in Eq. (2.12) to provide the amplification factor that relates the yield stress as a ratio to the 

static yield stress at different strain rates. Tests conducted by Chen (2010) and Walker 

(2012) showed that the amplification factor is higher at the initial stage of strain hardening 

and decreases with strain. However, Eq. (2.12) is independent of plastic strain. The absence 

of plastic strain term in this equation can lead to the under-estimation of stress 

amplification at small plastic strain while over-estimating the amplification at large plastic 

strain. Hence, a modified Eq. (2.12) has been proposed in this study to model the reduction 

in the amplification factor on the isotropic yield stress with increasing plastic strain.  
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3. A procedure has been developed to generate static isotropic yield stress versus plastic strain 

curve and isotropic yield stress versus plastic strain curves at different strain rates that can 

be used as material properties input for strain rate dependent behaviour in the numerical 

simulations with the mixed-mode hardening model by Lemaitre and Chaboche (1979). 

Generated curves have been validated through numerical simulations against results of 

monotonic tensile and cyclic tests of round steel coupons (specimens) of ASTM A572 

grade 50 and CAN/CSA G40.20/21 300W steel by Chen (2010) and Walker (2012). 

4. Numerical modelling of the moment resisting frame (MRF) with reduced beam section 

(RBS) using a combination of shell and beam elements (hybrid model) and using beam 

only element have been explored in this study. In the hybrid model, the RBS is modelled 

using shell elements while in the beam element only model, the RBS is modelled with 

beam elements of varying flange width to approximate the flange profile of the RBS. Even 

though beam element only model cannot replicate the non-uniform stress across the flange 

at the RBS, it is found that there is not a significant difference in the results between the 

hybrid model and beam element only model. On the other hand, the hybrid model requires 

considerably more computational effort and time (~10×) to perform non-linear dynamic 

analyses with rate dependent material properties compared to the beam element only 

model. 

5. The maximum strain rate produced at the first floor and roof RBS centers of the MRF has 

been determined in the study using non-linear dynamic analyses. It is observed that the 

MRF with RBS connections can experience a maximum strain rate up to 0.30 s-1. The 

maximum strain rate is affected by the intensity of earthquakes with the maximum strain 

rate ranges from  0.09 s-1 to 0.30 s-1 at MCE  hazard level and ranges from 0.03 to 0.21 s-1 
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at DBE hazard level. The difference in the maximum strain rate in the MRF with different 

material strengths is quite small. Moreover, there is also not much difference in the 

predicted maximum strain rate between analyses conducted with and without strain rate 

dependent material properties. Hence, the maximum strain rate can be taken to be 

independent in the range of material strength and strain rate sensitivity considered in this 

study. 

6. The mean maximum moment at the column centerline, column face and RBS center at the 

first floor and roof increases when rate dependent material properties are considered in the 

non-linear dynamic analyses. The rate of increase can be as high as 8%. The rate of moment 

increase is higher in the frame with a weaker strength material in the beam because 

isotropic yield stress amplification with strain rate is higher for a material with weaker 

strength. The increase in the mean maximum moment due to strain rate dependent material 

properties is higher at MCE hazard level as compared to DBE level due to higher strain 

rate developed with higher intensity ground motions. The moments and forces derived from 

the analyses using static material properties should be multiplied by a factor of 1.08 to 

account for the effects of material properties strain rate dependency.    

7.  The predicted maximum moment at the RBS center is higher for a frame with the beams 

composed of stronger material. For the MRF composed of material H, which has the static 

yield stress closer to the probable yield strength, the predicted maximum moment at the 

first floor RBS center at MCE hazard level ground motions with and without strain rate 

dependent material properties exceeds the design probable maximum moment by up to 

16%. When strain rate dependent material properties are considered, the design probable 

maximum moment at the first floor RBS center is also exceeded by the mean predicted 
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maximum moment for MRF with material G (at close to nominal yield strength) subjected 

to MCE hazard level ground motions and with material H subjected to DBE hazard level 

ground motions. Thus, the probable maximum moment in the design specified in S16-14 

(CSA 2014) for ductile moment resisting frame should be increased by at least 10% when 

inter-storey drift limit is ignored in the design.  

8. The strain hardening factor at the first floor and roof RBS center with static material 

properties subjected to MCE hazard level ground motions has been found to be 

significantly higher than the factor 1.1 specified in the design specification for ductile 

moment resisting frame. The mean predicted strain hardening factor is close to 1.2 at the 

first floor RBS center due to the possibly the large cyclic deformation range experienced 

by the MRF when it is designed only for strength. Thus, a strain hardening factor (at close 

to 1.2) should be considered for a ductile moment resisting frame when inter-storey drift 

limit is ignored in the design. 

9. Overall, there is a slight reduction in the inter-storey drift when strain rate dependent 

material properties are included in the analyses. This decrease is slightly higher at MCE 

hazard level as compared to DBE level. Nevertheless, inter-storey drift can be considered 

to be independent of strain rate sensitivity of the material strength. 

10. There is an increase in the mean predicted maximum base shear of up to 7% when strain 

rate dependent material properties are used in the non-linear dynamic analyses. However, 

there is a big difference between the predicted and design base shear. The mean predicted 

maximum base shear is still much larger than the design base shear even at DBE hazard 

level ground motions for material G without including strain rate dependent material 

properties. Further study is required to investigate the big difference.  
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6.2 Recommendations  

1. Current study only considers two materials. Additional study should be carried out for 

different material strength and strain rate sensitivity. Instead of actual material tests, the 

procedure established in the current study can be used to generate stress versus strain 

curves for materials of different strengths and strain rate sensitivity as the input in the 

dynamic analyses. 

2. The reduction of the flange width at the center of RBS is greater than 40% in this study. 

Analyses can be carried out to assess effects of strain rate dependent material properties on 

RBS with different percentage of flange width cut as this affects the plastic hinge and strain 

localization 

3. There are three types of seismic ground motions depending on the source of crustal, sub-

crustal and subduction earthquakes. The earthquakes from these sources affect the building 

at different time periods. As noted by Mario (2015), subduction earthquake has greater 

influence on the structures with the time period greater than 1.5s while the contribution 

from crustal and sub-crustal earthquakes is dominant for structures with the time period 

less than 0.7s. Hence, a parametric study can be conducted to study effects of strain rate 

material properties dependency on Seismic Force Resisting Structures (SFRS) for different 

buildings and earthquakes types. 

4. The MRF in this study has been subjected to scaled ground motions from a simple method 

which scales the median of a suite of ground motion records at the fundamental time period   

A more detailed scaling using the procedure in NBCC (2015) can be used to scale the 

ground motions for different time periods that contribute to the dynamic response of a 

structure. 
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5. Currently only one bay of ductile moment resisting frame is considered in the study. A 

more realistic design with multiple bays of moment resisting frame should be considered. 

Besides ductile moment resisting frames, moderately ductile moment resisting frames and 

limited ductile moment resisting frames should be considered in future studies. 

6. Shake table tests can be carried out on a moment resisting frame with reduced beam section 

to provide data to assess and validate the findings on the behaviour and response of the 

frame due to material properties strain rate dependency. Results of dynamic analysis of the 

MRF have not been validated against any experimental data. 
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APPENDICES 

Appendix A   Design of Ductile Moment Resisting Frame with Reduced Beam Section 

This appendix outlines the calculations and procedures used in the seismic design of the 

ductile moment resisting frame. National Building Code of Canada (NBCC 2015) has been used 

to calculate the dead, live, snow and seismic load acting on the MRF. The structural members of 

the MRF have been designed using CSA S16-14 (2014) for CAN/CSA G40.20/21 300W steel and 

RBS connections using prequalified connections from Moment Connections for Seismic 

Application (CISC 2014). A six storey building with moment resisting frames shown in Figs. A.1 

and A.2 by Christopoulos and Filiatrault (2006) has been used as the basis to design the MRF with 

RBS connection. This building has been modified by keeping the same plan dimensions but with 

only two storeys each at 4.5m high in order to simplify the analysis. In addition, only one bay on 

each side of the perimeter has the moment resisting frame while remaining bays consist of simply 

supported beams. Figures A.3 and A.4 shows the plan and elevation of the modified building with 

the ductile MRF in the north-south direction being considered in the design (noted in Fig. A.3). 

The ductile MRF has been designed for Victoria, British Columbia with site class D as it has high 

seismic hazard level according to Seismic Hazard Map of Canada (Geological Survey of Canada, 

2015) shown in Fig. A.5 

A.1 Gravity Loads for Seismic Load Calculations 

The dead load has been assumed given in Table A.1 based on a building by Metten and 

Driver (2015). Live load of 1.0 and 2.4 kPa has been considered at the roof and first floor 

respectively from NBCC 2015. The snow load is calculated using NBCC 2015 Clause 4.1.6.2 (1) 

as  
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𝑆 =  𝐼𝑠 [𝑆𝑠 (𝐶𝑏 𝐶𝑤𝐶𝑠 𝐶𝑎) +  𝑆𝑟 ]                                                                                              (𝐴. 1) 

 

where 𝐼𝑠 is the snow load importance factor, 𝑆𝑠 is 1 in 50-year ground snow load in kPa, 𝑆𝑟 is 1- 

in-50-year associated rain load in kPa, 𝐶𝑏 is basic roof snow load, 𝐶𝑤 is wind exposure factor, 𝐶𝑠 

is slope factor and 𝐶𝑎 is accumulation factor. Table A.2 shows the values of these parameters used 

to calculate the snow load for the proposed building in Fig. A.3.  

The seismic weight of the building is calculated using the values in Tables A.1 and A.2 

with 25% of the roof snow load. Hence, the total load on the roof is 1.87 kPa (1.60 + 0.27 kPa) 

and 3.32 kPa on first floor. For the building shown in Fig. A.3, the seismic weight are 1501 kN for 

the roof and 2665 kN for first floor respectively. 

Seismic analyses for the design of MRF is carried out using equivalent static method 

specified in NBCC (2015). Site class D has been selected for the seismic design of MRF at 

Victoria, BC. The building is assumed to be of normal importance with both floors intended for 

office use. Using NBCC 2015 clause 4.18.4 (7), the design spectrum for Victoria, BC for site class 

D is calculated and shown in Fig. A.6 and Table A.3. Fundamental lateral period (Ta) of the MRF 

is based on expression 0.085 hn
 (3/4), where hn is height of the MRF. The MRF has initial period 

estimated at 0.44 seconds. 

A.2 Design Base Shear 

NBCC 2015 Clause 4.1.8 gives the equation for calculating the base shear as  

𝑉 =  
𝑆(𝑇𝑎)𝑀𝑉 𝐼𝑒 𝑊

(𝑅𝑑 𝑅0)
                                                                                                                   (𝐴. 2) 

where 𝑆(𝑇𝑎) represents the spectral acceleration of the structure ( 𝑇𝑎= 0.44 seconds, time period 

estimated for the ductile MRF), 𝑀𝑉 represents the higher mode factor (taken as 1.0), 𝑅𝑑 is the 



 

 155 

ductility related force modification factor (5.0 for ductile MRF), 𝑅0 is the overstrength related 

force modification factor (1.5 for ductile MRF), 𝐼𝑒 is the importance factor taken as 1.0 for normal 

importance building and 𝑊 is the seismic weight. The base shear calculated using Eq. (A.2) is 709 

kN.  

For moment resisting frame, the design base shear should not be lesser than 

𝑉 >  
𝑆(2.0)𝑀𝑉 𝐼𝑒 𝑊

(𝑅𝑑 𝑅0)
                                                                                                                 (𝐴. 3) 

and for seismic force resisting systems having 𝑅𝑑 greater than or equal to 1.5, 𝑉 should not be 

greater than the larger of the following values of 

0.67 𝑆(0.2) 𝐼𝑒 𝑊

(𝑅𝑑 𝑅0)
 𝑜𝑟 

𝑆(0.5) 𝐼𝑒 𝑊

(𝑅𝑑  𝑅0)
                                                                                        (𝐴. 4)  

The total base shear is distributed on along the height of the building according to the expression 

from NBCC Clause 4.1.8.11 (7) as 

𝐹𝑥 = (𝑉 − 𝐹𝑡)
𝑊𝑥  ×  ℎ𝑥 

∑ 𝑊𝑖 ℎ𝑖
𝑛
𝑖

                                                                                                          (𝐴. 5) 

where 𝐹𝑥 is the lateral force applied at level 𝑥, 𝐹𝑡 represents the portion of design base shear to be 

concentrated at the top of the building taken as zero for structures with a time period less than 0.7 

seconds, 𝑊𝑥 and 𝑊𝑖 seismic weight and ℎ𝑥 and ℎ𝑖 are the heights above the base of structure at 

levels 𝑥 and 𝑖 respectively. Table A.4 shows the storey shear distribution for MRF. Since the 

building is symmetrical with two MRFs in the north-south direction, half of these shear forces go 

to each MRF. Hence, the shear forces of 188 and 167 kN are applied to the roof and first floor of 

MRF respectively. Additional lateral forces also have to be considered for the accidental torsion 

due to seismic load acting at an eccentricity of 10 % of building dimension and notional loads for 

frame stability at 0.5% the gravity loads. It is assumed that the torsion due to eccentricity of the 



 

 156 

seismic load is resisted entirely by the MRFs on the short side (north-south direction).  Figure A.7 

shows the shear forces due to seismic weight with and without accidental torsional effect and 

notional loads. The final applied loading on the MRF is shown in Fig. A.8  The analysis of this 

frame has been carried out with non-linear geometry to account for the second order effect of 

gravity load (P-delta). The maximum moment for the beam at the first floor is 1200 kN.m and at 

the roof is 292 kN.m. The maximum moment at the column centerline at the first floor is 1330 

kN.m. At the center of RBS, the maximum moment is 1038 kN.m at the first floor and 226 kN.m 

at the roof. Final member sizes selected for the frame are shown in Fig. A.9 (a) and bending 

moment, shear force and axial force diagram in Fig. A.9 (b), (c) and (d), and sectional properties 

in Table A.5.    

A.3 Reduced Beam Section  

Moment Connections for Seismic Application by CISC (2014) is used to design the RBS 

for the ductile MRF shown in Fig. A.9. The capacity at the reduced section should safely resist the 

load combination for factored live, dead, snow and seismic loads. The trial values for the RBS 

dimensions, a (distance of the RBS cut from face of the column), s (length of the RBS cut) and c 

(depth of the cut at center of RBS) are chosen such that  

0.5 𝑏 ≤ 𝑎 ≤ 0.75 𝑏                                                                                                                  (𝐴. 6) 

0.65 𝑑𝑏  ≤ 𝑠 ≤ 0.85 𝑑𝑏                                                                                                            (𝐴. 7) 

0.1 𝑏 ≤ 𝑐 ≤ 0.25 𝑏                                                                                                                    (𝐴. 8) 

where 𝑏 and 𝑑𝑏 are the width and depth of the beam respectively. Figure A.10 shows the values 

of these parameters chosen for the RBS at the first floor and roof. Based on these dimensions, the 

plastic section modulus at the center of RBS (𝑍𝑒) is calculated as  
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𝑍𝑒 =  𝑍𝑏 − 2𝑐𝑡𝑏 (𝑑𝑏 − 𝑡𝑏)                                                                                                       (𝐴. 9) 

where 𝑍𝑏 and 𝑡𝑏 are plastic section modulus and flange thickness of the unreduced beam cross-

section. The RBS plastic section moduli at first floor and roof are obtained as  3.32 × 106 mm3 and 

8.3 × 105 mm3. Based on these values, probable maximum moment at the center of RBS (𝑀𝑝𝑟) is 

calculated as  

𝑀𝑝𝑟 =  𝐶𝑝𝑟 𝑅𝑦 𝐹𝑦 𝑍𝑒                                                                                                                (𝐴. 10) 

where 𝐶𝑝𝑟 = 1.1 for ductile moment resisting frame (factor that accounts for the strain hardening), 

𝐹𝑦 is the yield stress, 𝑅𝑦 is the factor applied to yield stress to estimate probable yield stress 

(𝑅𝑦 =1.1). This gives probable maximum moment at RBS center of 1405 and 353 kN.m at the 

first floor and roof. The shear force can be calculated at the center of RBS at each end of beam 

using free body diagram shown in Fig. A.11. The shear force at the center of RBS (𝑉𝑅𝐵𝑆) is 

calculated as 

𝑉𝑅𝐵𝑆 =  
2 𝑀𝑃𝑅

𝐿ℎ
 ±  

𝑤𝐿ℎ 

2
                                                                                                         (𝐴. 11) 

Figure A.12 gives the free body diagram of beam segment between RBS center at the first floor 

and roof. The calculated shear force at the center of RBS at the first floor is 515 kN and at the roof 

is 126 kN. The moment at the face of the column due to plastic hinging of the reduced beam section 

(𝑀𝑐𝑓) is calculated as (Fig. A.13(a)) 

𝑀𝑐𝑓 =  𝑀𝑝𝑟 +  𝑉𝑅𝐵𝑆 (𝑎 +
𝑠

2
)                                                                                                (𝐴. 12) 

Equation A.12 yields the maximum moments of 1646 and 391 kN.m at the face of first floor and 

roof column. The moment at the column centerline (𝑀𝑐) as shown in Fig. A.13(b) is calculated as  
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𝑀𝑐 =  𝑀𝑝𝑟 + 𝑉𝑅𝐵𝑆 (𝑎 +
𝑠

2
+

𝑑𝑐

2
)                                                                                        (𝐴. 13) 

where 𝑑𝑐 is the depth of the column. Maximum moments of 1841 and 439 kN.m are obtained at 

first floor and roof column centerline. The moment developed at the face of the column due to 

formation of plastic hinge at the center of RBS should satisfy  

𝑀𝑐𝑓 ≤  ∅𝑑  𝑅𝑦 𝐹𝑦 𝑍𝑏                                                                                                                 (𝐴. 14) 

where ∅𝑑 = 1.0 

Table A.6 summarizes the design values for the RBS at the first floor and roof of the ductile MRF.  

The column is designed as the beam column such that the column can resist the apparent 

moment produced due to plastic hinge formation at the RBS such that the limit states of overall 

member strength and lateral torsional buckling strength are satisfied according to CSA S16-14 

(CSA 2014) as 

𝐶𝑓

𝐶𝑟
+  

0.85 𝑈1 𝑀𝑓

𝑀𝑟
 ≤ 1.0                                                                                                         (𝐴. 15) 

where 𝐶𝑓 and 𝑀𝑓 are the axial force and moment induced on the column centerline due to the 

loading and 𝐶𝑟 and 𝑀𝑟 are the factored compressive and moment resistances, and 𝑈1 is the factor 

to account for the second-order effect due to axial force. The column is assumed to be transversely 

braced at the mid-height of the first-storey. Table A.7 summarizes the design of the column of the 

MRF. The frame has a fundamental time-period of 1.1 seconds and the inter-storey drift of 8.9% 

for first storey and 5.9% for the second storey. Figure A.14 summarizes the steps for the design of 

RBS. 

 The period obtained through empirical expression, 0.085 hn
 (3/4) is 0.44 seconds. This is 

likely a conservative estimate as the actual period of the MRF obtained is 1.1 seconds for the 

designed frame. Hence, the preliminary design forces obtained can be decreased using the actual 
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time period. However, NBCC (2015) Clause 4.1.8.11 (3) limits the period taken for design up to 

1.5 times the time-period determined through 0.085 hn
 (3/4). Therefore, 𝑆(𝑇𝑎) used in Eq. (A.2) 

should be based on the fundamental period based at this upper limit of 0.66 seconds. The base 

shear obtained using Eq. (A.2) for time period of 0.66 seconds is 627 kN. This base shear is 

distributed at both the storeys according to Eq. (A.5). Since the time period is less than 0.7 seconds, 

𝐹𝑡 is taken as zero. Hence, no additional force is concentrated at the top of the MRF. Table A.8 

shows the reduced lateral forces at the two storeys of the MRF including the accidental torsional 

effects and notional loads based on time period of 0.66 seconds. The lateral forces at the roof and 

first floor are reduced from the calculated forces for time period of 0.44 seconds by 26 and 23 kN 

respectively. Since, the reduction is not very large, it is decided not to update the design of the 

frame for reduced forces. The lateral force can be further reduced by using the actual time period 

of the MRF at 1.1 seconds. The base shear using Eq. (A.2) for time period of 1.1 seconds comes 

out to be 404 kN. This base shear is distributed at both the storeys according to Eq. (A.5) and listed 

in Table A.8. Since the time period is greater than 0.7 seconds, an additional concentrated force 

𝐹𝑡 = 0.07𝑡𝑎𝑉 is applied at the roof of the MRF. Table A.8 shows the base shear, distributed force 

at each storey, inter-storey drifts and maximum moment at the center of first floor RBS for the 

three time-periods of 0.44, 0.66 and 1.1 seconds. The reduction in the lateral force calculated at 

the fundamental time period of the MRF is purely an academic exercise as NBCC 2015 does not 

allow such reduction.  
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Table A.1 Seismic weight at roof and first floor (Metten and Driver 2015) 

Roof (in kPa) First Floor (in kPa) 

Roofing/Deck 1.00 Partitions 0.50 

Mechanical/Electrical, 0.10 65 topping on 38mm deck 2.40 

Steel beams, joists columns 0.30 Mechanical/Electrical 0.10 

Partitions 0.20 Floor Joists 0.22 

  

Girders and tributary columns 0.10 

Total 1.60 Total 3.32 

 

Table A.2 Snow load 

𝐼𝑠, importance factor  1.00 

𝑆𝑠, ground snow load (kPa) 1.10 

𝐶𝑏, basic snow load factor 0.80 

𝐶𝑤, wind exposure factor  1.00 

𝐶𝑠, slope factor  1.00 

𝐶𝑎, accumulation factor 1.00 

𝑆𝑟, associated rain load (kPa) 0.20 

𝑆, total snow load (kPa) 1.08 
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Table A.3 Design spectrum for Victoria, British Columbia (site class D) 

Time period Sa (T) 

0.00 1.28 

0.20 1.28 

0.50 1.28 

1.00 0.82 

2.00 0.51 

5.00 0.17 

10.0 0.06 

 

Table A.4 Shear force distribution at each storey of MRF 

Level Area (m2) Wt/area Wi Height (m) Wi×H Wihi/sum V (kN) 

Roof 802 1.87 1501 9.0  13509 0.53 376 

First floor 802 3.32 2665 4.5 11992 0.47 333 

 Total         25501   709 
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Table A.5 Sectional properties 

  

Columns 

(W760×161) 

First floor beam 

(W690×140) 

Roof beam 

(W460×60) 

Depth (mm) 758 684 455 

Width of flanges (mm) 266 254 153 

Thickness of flange (mm) 19.3 18.9 13.3 

Thickness of web (mm) 13.8 12.4 8.00 

Area (mm2) 2.04 ×104 1.78 ×104 7.59 ×103 

Moment of inertia , Ix  (mm4) 1.86 ×109  1.36 ×109 2.55 ×108  

Moment of inertia, Iy (mm4) 6.07 ×107  5.17 ×107 7.96 ×106   

Section Modulus, Zx (mm3)  5.66 × 106  4.55 × 106 1.28 × 106  

Torsional constant, J (mm4) 2.07 × 106  1.67 × 106 3.35 × 105   

Warping constant, Cw (mm6) 8.28 × 1012   5.72 × 1012  3.88 × 1011   

 

Table A.6 Design summary of RBS at first floor and roof of the MRF 

  First floor Roof 

Plastic section modulus at center of RBS, Ze (mm3) 3.32 × 106 8.30 × 105 

Probable maximum moment at center of RBS, Mpr (kN.m) 1405 353 

Shear force at the center of RBS, VRBS (kN) 515 126 

Maximum moment at the face of column, Mcf  (kN.m) 1646 391 

Column centerline maximum moment, Mc (kN.m) 1841 439 

𝑀𝑐𝑓

∅𝑑 𝑅𝑦 𝐹𝑦  𝑍𝑏 
 

0.94 0.80 
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Table A.7 Design of column 

Limit state Overall member strength Lateral-torsional buckling 

strength 

Fy (MPa) 350  350 

Cf (kN) 1405 1405 

Mf (kN.m) 1473 1473 

Cr (kN) 6362 5604 

Mr (kN.m) 1783 1779 

U1 1.00 1.0 

𝐶𝑓

𝐶𝑟
+  

0.85 𝑈1 𝑀𝑓

𝑀𝑟
 

0.92 0.96 

 

Table A.8 Comparison of base shear, distributed force, elastic drift and moment at RBS center 

Fundamental time period, ta  (seconds) 0.44 0.66 1.10 

Building base shear (kN) 709 627 404 

Additional concentrated force at roof, Ft (kN) 0.00 0.00 31.0 

Base shear for single MRF (kN) 355 314 202 

Force at roof, Dr (kN) (includes accidental torsion, notional loads) 230 204 123 

Force at first floor, Df (kN) (includes accidental torsion, notional loads) 210 188 116 

Dr +Ft (kN) 230 204 154 

Maximum elastic drift (%) at first floor 8.94 7.99 5.61 

Maximum elastic drift (%) at roof 5.90 5.30 3.81 

Moment at the first floor RBS center (kN.m) 1038 923 660 
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Figure A.1 Building plan dimensions from Christopoulos and Filiatrault (2006) 

 

Figure A.2 Six-storey building elevation from Christopoulos and Filiatrault (2006) 
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Figure A.3 Building plan dimensions 

 

Figure A.4 Elevation view of the moment resisting frame of the modified building 
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Figure A.5 Seismic hazard map (Geological Survey of Canada 2015) 

 

Figure A.6 Design Spectrum for Victoria, British Columbia for site class D 
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Figure A.7 Lateral forces on the ductile MRF 

                  

Figure A.8 The applied loads on the ductile MRF 
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Figure A.9 (a) Final member sizes of ductile MRF (b) bending moment diagram (c) shear force 

diagram (d) axial force diagram 
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Figure A.10 Details of RBS connections 

       

Figure A.11 Free-body diagram of beam segment between plastic hinges at RBS center 
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Figure A.12 Free body diagram of beam segment between RBS center at (a) first floor and (b) roof 

 

          

Figure A.13 Maximum moment due to plastic hinging of RBS at (a) column face (b) column 

centerline (Moment Connections for Seismic Application, CISC 2014) 
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Figure A.14 RBS design summary  
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Appendix B  Validation of the Shell and Beam Element Interface  

A 5 meter W 610 × 174 (d = 616mm, b = 325mm, tw = 14mm and tf = 21.6mm) cantilever 

beam of hybrid model and beam element only model have been considered in order to validate the 

shell and beam element interface. The hybrid model consists of 100 B31OS beam elements and 

110 S4R shell elements of equal size in the longitudinal direction. In the cross-section of the shell 

segment, each flange is modelled with 10 shell elements of equal size and the web with 28 shell 

elements of equal size. The beam element only model consists of 200 equally spaced B31OS beam 

elements in the longitudinal direction. The hybrid model is referred as B-S4R and the cantilever 

beam model with entirely B31OS beam elements as B-B31OS. The beams are subjected to three 

separate loads of  axial load of 100 kN, vertical load of 100 kN and bending moment of 100 kN.m 

at the free end. The material is considered to be elastic (elastic modulus of 200 GPa) for the 

analyses. The stresses from the loading are compared at different sections of the cantilever beam. 

These sections are referred to as S-5000, S-4500, S-4000, S-3500, S-3000 and S-2500, as shown 

in Fig. B.1. The section S-2500 is the section at shell and beam element interface in B-S4R. 

Comparisons of stresses corresponding to the three loads at various sections are shown in Figs. 

B.2 to B.4. There is good agreement between stresses for B-S4R and B-B31OS at sections S-4500, 

S-4000, S-3500 and S-3000. However, there is slight difference in the stresses at sections S-2500 

and S-5000 as there are additional constraints against lateral deformation introduced for the shell 

elements at the fixed end and at the shell and beam element interface. 

 Table B.1 shows the vertical deflection and bending rotation at the middle of the web at 

section S-2500 and free end for B-S4R and B-B31OS loaded with a vertical force of 100 kN at the 

free end. There is a good agreement between the results from both models.   
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Table B.1 Vertical deflection and bending rotation at the middle of the beam at free end and section 

S-2500 

 B-B31OS B-S4R 

Free end S-2500 Free end S-2500 

Vertical deflection in mm 14.95 4.80 14.79 4.79 

Bending rotation in rad 4.29E-3 3.21E-3. 4.23E-3 3.15E-3 

 

  



 

 174 

 

 

 

 

 

 

 

Figure B.1 Sections at which bending and axial stresses are evaluated 
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(a) Bending stress due to applied moment 

  

(b) Axial stress due to applied axial force 

  

(c) Bending stress due to applied vertical force 

Figure B.2 Comparisons of stresses at section S-5000 and S-2500 of the cantilever beam for hybrid 

and beam element only models 
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(a) Bending stress due to applied moment 

  

(b) Axial stress due to applied axial force 

  

(c) Bending stress due to applied vertical force 

Figure B.3 Comparisons of stresses at section S-3500 and S-3000 of the cantilever beam for hybrid 

and beam element only models 
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(a) Bending stress due to applied moment 

  

(b) Axial stress due to applied axial force 

  

(c) Bending stress due to applied vertical force 

Figure B.4 Comparisons of stresses at section S-4500 and S-4000 of the cantilever beam for hybrid 

and beam element only models 
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Appendix C  Example of Moment Versus Curvature Curves 

 

Figure C.1 Ground acceleration time history for earthquake record 4 at MCE hazard level 

 

Figure C.2 Ground acceleration time history for earthquake record 4 at DBE hazard level 
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Figure C.3 Moment versus curvature at first floor RBS center for earthquake record 4 for MATH 

at MCE hazard level 

 

Figure C.4  Moment versus curvature at roof RBS center for earthquake record 4 for MATH at 

MCE hazard level 
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Figure C.5 Moment versus curvature at first floor RBS center for earthquake record 4 for MATG 

at MCE hazard level 

 

Figure C.6  Moment versus curvature at roof RBS center for earthquake record 4 for MATG at 

MCE hazard level 
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Figure C.7  Moment versus curvature at first floor RBS center for earthquake record 4 for MATH 

at DBE hazard level 

 

Figure C.8  Moment versus curvature at roof RBS center for earthquake record 4 for MATH at 

DBE hazard level 

-1700

-850

0

850

1700

-0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

M
o
m

en
t 

(k
N

.m
)

Curvature (m⁻¹)

Static

Rate

-500

-250

0

250

500

-0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04

M
o
m

en
t 

(k
N

.m
)

Curvature (m⁻¹)

Static

Rate



 

 182 

 

Figure C.9 Moment versus curvature at first floor RBS center for earthquake record 4 for MATG 

at DBE hazard level 

 

Figure C.10  Moment versus curvature at roof RBS center for earthquake record 4 for MATG at 

DBE hazard level 
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