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The damage suffered by steel structures during recent strong earthquakes 

forced the profession to reevaluate issues related to the seismic design of steel 

structures. The evaluation of the maximum inelastic deformation of a strucmre 

subjected to a strong motion earthquake is a critical part of this process. A ductility 

parameter can also be used to calculate the maximum inelastic deformation of a 

strucmre. It is pointed that there is no unanimity on the definition of ductility, 

although it is constantly used in the profession. In this research several definitions of 

story ductility for MDOF systems are smdied and the most appropriate one is 

identified. Definitions for local and global ductility are proposed. 

The presence of PR and composite connections on the structural response is 

also addressed in this study. Conventional analysis and design of steel frames 

strucmres is based on the assumptions that beam-to-colunm connection are either fully 

restrained (FR) or perfectly pinned (PP) connections. However, almost all steel 

connections used in practice are essentially partially restrained (PR) connections with 

different rigidities. The effect of PR and composite connections on the nonlinear 

seismic response of steel frames is evaluated. For this purpose, first the strucmral 

responses in terms of maximum interstory displacements and maximum top lateral 

displacements of three steel frames are calculated considering all of the frame 

connections to be of FR-type. Then the strucmral responses are evaluated for the 

frames with PR connections and finally for the frames with composite connections. 
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Responses are compared for the three different cases. 

The recommendations to consider the effect of the venical component on the 

structural response of two major seismic design guidelines for buildings are also 

smdied. The first one is the National Earthquake Hazard Reduction Program 

(NEHRP) Recommended Provisions for Seismic Regulations for New Building (1994) 

and the second one is the Mexico City Seismic Code. Specifically, the effect of the 

vertical component on the strucmral responses of steel frames is evaluated first 

analytically and then according to the NEHRP Provisions and the Mexican Code. 

Finally, the analytical results are compared with the codes'recommendations. 
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I.I General Remarks 

After the Northridge Earthquake, the behavior of steel structures during strong 

earthquakes has received considerable attention. One parameter often mentioned along 

with others considered desirable for the good behavior of steel structures during strong 

earthquakes is the ductility. Explicit use of the ductility parameter of steel structures in 

reducing seismic hazard during strong earthquakes is extremely desirable and may even 

be a necessity. However, so far it has been used only in an indirect way in design, and 

there is no unanimity on the definition of ductility in the profession. 

In addition to the lack of understanding of the important parameter ductility, there 

are many misconceptions in the profession regarding the analysis and design of steel 

Moment Resisting Frames (MRF). In the analysis of these structures, structural 

members are usually assumed to be connected by fully restrained (FR) connections. It 

has been established in the profession, both theoretically and experimentally, that these 

connections are partially restrained (PR) even when the applied loads are very small. 

Thus, it is extremely important that the melastic dynamic behavior of steel MRF with PR 

connections be understood properly; a measure of ductility must be introduced explicitly, 

and design codes must be modified so that one of the most desirable properties of steel 

can be utilized in addressing the safety of steel strucmres during large earthquakes. 

Another issue related to the analysis and design of steel frames is the influence 

of the vertical component of an earthquake on the overall seismic response of strucmres. 
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This subject has long been of considerable interest to the profession. Several design 

codes have tried to address the issue in very conservatives ways. However, many steel 

MRF during a recent strong earthquake having a relatively very large vertical 

acceleration, suffered a considerable amount of damage. Because similar steel structures 

behaved well in the past when the vertical component was not so strong, this has 

prompted the discussion that the excessive vertical acceleration may have caused the 

damage. This indicates the importance of evaluating the adequacy of the design 

provisions outlined in the model codes to consider the effect of the venical acceleration. 

The study proposed here addresses the aforementioned issues and is expected to be a 

major step forward in mitigating earthquake hazard. 

1.2 Ductility Parameter 

The damage suffered by steel SMR in a recent strong earthquake forced the 

profession to reevaluate issues related to the seismic design of steel strucmres. The 

evaluation of the maximum inelastic deformation of a strucmre subjected to a strong 

motion earthquake is a critical part of this process. To calculate the maximum inelastic 

deflection, design guidelines usually suggest simplified versions of complicated analysis 

procedures. According to the National Earthquake Hazard Reduction Program (NEHRP, 

1993), the maximum inelastic deflection can be estimated by calculating design deflection 

using elastic analysis and then multiplying it by the deflection amplification factor C^. 

A ductility parameter can also be used to calculate the maximum inelastic deformation 

of a structure. This parameter is particularly important for steel structures since the 
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considerable beneficial effect of ductility can be utilized to mitigate the seismic hazard. 

In a recent report (1995), the SAC (Strucmral Engineers Association of California, 

Applied Technology Council, and California Universities for Research in Earthquake 

Engineering) stated, "Ductility is shown in parentheses to emphasize that there is no 

definition of ductility in our Specification and Codes but it is always being used. The 

metallurgical definition of ductility is the ability of a metal to be stressed beyond its yield 

strength and into its plastic (inelastic) range, with large elongations before rupturing in 

a ductile mode. An engineering definition of ductility may be needed, as related to MRF 

design and construction." 

Ductility can be concepmally defined as the ratio of the inelastic displacement to 

the yield displacement (Rosenblueth, 1981; Newmark and Hall, 1982; Scholtz, 1991; 

Chen and Lui, 1987; Iwan, 1980). In the context of the seismic analysis of single degree 

of freedom (SDOF) systems, the yield displacement (Dy) can be defined as the 

displacement of the system when it yields for the first time, and the maximum inelastic 

displacement (Dn^ is the maximum displacement that the system undergoes during the 

application of the complete earthquake. However, using this definition of ductility, it is 

not easy to calculate ductility for seismic loading using experimental results, even for a 

SDOF system. A typical response time history of a structure will be extremely irregular, 

similar to earthquake excitation. Thus, the ductility can not be quantified from the 

response time history alone. When the response time history is plotted, it indicates the 

presence of some ductility, but can not quantify it. It is very important to appropriately 

define these two displacements. A sophisticated analytical procedure is necessary to 
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identify the deformation when the first hinge develops in the structure. The task of 

ductility evaluation for multiple degree of freedom (MDOF) systems is even more 

complicated, and there is no unanimity in the profession on how to define it. Therefore, 

various definitions of ductility are possible and discussed in this study. 

The preceding definition of ductility is appropriate for story ductility. It is also 

necessary to properly define local and global ductility and establish appropriate 

relationships among these parameters. Here, a distinction is made between the ductility 

of a member such as the rotation at a joint in a flexural member, the ductility of a floor 

or story, and the overall ductility of a structure. The general definition of ductility used 

in story ductility is also applicable to the case of local ductility. However, now the 

maximum inelastic displacement can be the maximum inelastic longimdinal displacement 

in a tensile member, the rotation at a joint in a flexural member, or the total shearing 

deformation in a shear wall; while the yield displacement will be the corresponding 

displacement when the first yield occurs in the member. The global ductility can be 

some weighted average of the story ductilities. The member ductility can be 

considerably higher than the story ductility, which in turn may be higher than the global 

ductility. In order to develop a global ductility of 3 to 5, the story ductility must have 

to vary between 3 and 8 and the local ductility probably lies in the range of 5 and 10 or 

even more (Newmark and Hall, 1982). 

Theoretically, ductility capacity should be reached when a collapse mechanism 

develops in the structure. To obtain this, it needs to be assumed that the plastic moments 

are reached at positions of maximum moments before failure due to instability or in a 
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connection occurs. Moreover, local ductilities should not be exceeded; otherwise, the 

ductility corresponding to the collapse mechanism will not be the ductility capacity. For 

that reason, some researchers (Osteraas and Krawinkler, 1990) suggest using local 

ductility as the basis for design because there are nimierous laboratory smdies on ductility 

capacity of members. In this regard, it is important to define local, story and global 

ductility properly and establish some relationships among them. Then, if the local 

ductility capacity and the relationship between this parameter and the global ductility are 

known, the overall ductility of the structure can be estimated. Because the strucmral 

response for a given building varies from one earthquake to another, and different 

buildings respond differently when subjected to the same earthquake, the problem needs 

to be evaluated statistically. 

1.3. Frames with Partially restrained connections. 

Beam to colimm cormections in some steel frames suffered considerable damage 

in some recent strong earthquakes. An enormous amount of research, mostly 

experimental, is now being conducted to improve the behavior of such connections. 

Another issue that deserves more attention than it is receiving from the profession is how 

accurately the flexibility of connections is being considered in conventional analysis 

procedures, and whether any improvement in current analysis procedures is necessary to 

reflect the present understanding of the problem. 

Conventional analysis and design of steel frames strucmres is based on the 

simplified assumptions that beam-to-column connection are either fully restrained (FR) 
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or perfectly pinned (PP) connections. Design and analysis methods have been developed 

under these simplified assumptions. Despite these classifications, almost all steel 

connections used in practice are in fact essentially partially restrained (PR) connections 

with different rigidities. It has been established in the profession both theoretically and 

experimentally that these connection exhibit semi-rigid nonlinear response characteristics 

even when the applied loads are very small. The FR or PP connection consideration is 

an assumption made to simplify calculations, and is a major weakness in current 

analytical procedures. These simplifications result, in many of the cases, in erroneous 

values for resultant stresses and deformations because in reality FR connections possess 

some flexibility and PP connections possess some rigidity. Thus for nonlinear seismic 

analysis of steel frames, proper consideration of the rigidity is essential, no matter how 

difficult the analysis procedure becomes. The implication is that classical frame analysis 

procedures may not be applicable to the seismic analysis of steel frames with PR 

connections. 

Conceptually, connections in a steel frame can be FR, but considering the 

practical design aspects of a connection, they rarely are. The connection rigidity is 

defined in the profession in terms of the T ratio, i.e., the relative stiffness of the 

connection with respect to that of the beam. Since a T ratio of 1.0 representing an FR 

connection is rarely achieved in a typical steel frame, the connection is considered to be 

FR if it is at least 0.9. The frame is then analyzed using conventional analysis 

procedures, although in reality it is a frame with PR connections. Reflecting this 

limitation, the Load and Resistance Factor Design Specifications published by the 



American Institute of Steel Construction (AISC, 1994), representing the steel fabrication 

industry, explicitly recognize two types of steel construction: FR connections and PR 

connections. Despite this fact and that research on the behavior of frames with PR 

connections started as early as 1917 (Wilson and Moore, 1917) and that the concept was 

introduced into the American Institute of Steel Construction in 1946, there has been only 

limited practical application on steel frames with PR connections. The main reasons of 

this are that no guidelines are available for their design and the codes address the issue 

in a very arbitrary and indirect way. 

In many cases, the concrete slab rests on steel beams. When the presence of steel 

in the concrete slab is considered in the design of a coimection, it is called a composite 

beam-to-column connection. The effect of PR connections including the slab steel on the 

strucmral response has been of considerable interest to the profession (Leon and 

Ammerman, 1987). It has been shown that only a nominal amount of slab steel crossing 

the column lines is necessary to turn the non-composite beam-to-colunm connection into 

rather stiffer PR composite connection. It has been proved by experimental investigation 

that for service load, composite connections offer rigidities similar to those of rigid 

frames. Composite coimections offer significant gains in stiffness and strength for all 

strucmral members. However, as for the non-composite PR connections case, they have 

had a limited practical application due to the lack of analytical and design guidelines. 

Thus, it is necessary to compare the idealistic assumption that the T ratio is 

exactly 1.0 to the seismic response of steel frames when the T ratio is not 1.0 or when 

the presence of the concrete slab can not be overlooked. This comparative smdy is 
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intended to establisli the accuracy or inaccuracy of current analysis procedures; its 

success will depend on the evaluation of nonlinear seismic response behavior of steel 

frames subjected to several earthquake time histories, modeling the connection behavior 

as realistically as possible. The Nonhridge Earthquake of 1994 is historically significant 

in the sense that it has attracted attention to an issue that has been overlooked for a long 

time. Many time histories were recorded during the earthquake. This provides a unique 

opportunity to smdy the nonlinear seismic responses of steel frames considering the 

connections to be FR, PR or composite. It is essential that the inelastic dynamic 

behavior of steel frames with PR connections be understood properly so that design codes 

can be modified to explicitly consider steel frames with PR connections. This area needs 

the attention of the profession to prevent future damage like that which occurred during 

the Northridge earthquake. The subject is comprehensively treated in this smdy. 

It must be emphasized that a considerable amount of work has already been done 

in the area of analysis of steel frames with PR connections. However, it is also known 

to the profession that the existing information is insufficient for wide use for seismic 

design of steel frames with PR connections. Several important static test results on 

connection rigidity and their implications for structural behavior have been reported in 

the literamre (Razzaq, 1983; Fry and Morris, 1975; Chen and Liu, 1987; Richard and 

Abbot, 1975; Ksai and Popov, 1986; Astaneh, 1989; Barakat and Chen, 1990; Chen and 

Kishi, 1989; Leon and et. al., 1987; Richard, 1986). As a result of this extensive 

research, several analytical expressions have been proposed to represent the behavior of 

the connections. These analytical models consist of moment-relative rotation (Af-0) 



curves which represent the comprehensive properties of connection. Most of the work 

described above dealt with the monotonically increasing loading section of the Af-0 

curves. For seismic analysis the unloading and reloading behavior of these curves is also 

essential. This subject was addressed recently in the literature (Colson, 1991; El-Salti, 

1992; Deierlin, 1991; Hsieh, 1990). The essence of these studies is that the monotonic 

loading behavior and the Masing rule were used to theorically develop the unloading and 

reoloading sections of the M-0 curves. 

1.4 Effect of the Vertical Groimd Motion 

Influence of the vertical component of an earthquake on the overall seismic 

response of structures has long been of considerable interest in the profession. Several 

design codes tried to address the issue in very conservative ways. However, many steel 

strucmres during the Northridge earthquake of January 1994, suffered a considerable 

amount of damage. Severe cracks were developed in the structures during the 

earthquake. Researchers generally attribute these damages to defects in welding and 

material, and to design related causes (Chen and Yamaguchi, 1996). Several recorded 

ground motions during the Northridge earthquake indicated that the vertical component 

was much larger than that generally considered in the design. This observation has 

prompted the discussion that the excessive vertical acceleration may have caused the 

damage since, in the past, similar steel structures behaved well when the vertical 

component of the earthquakes was not so strong. Although extensive smdies are now 

being conducted on the welding procedures and the design of connections, it is important 
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for the profession to reconsider the adequacy of the design provisions outlined in the 

building codes to consider the effect of the vertical component of earthquakes. 

For numerical evaluation, earthquake motions are generally represented by three 

components; two horizontal and one vertical. The peak groimd acceleration (PGA) of 

the vertical component is generally smaller than those of the two horizontal components. 

Since the horizontal motion of the ground causes the most significant effect on the 

strucmral response, it is that effect which is usually thought of as earthquake load. 

Therefore, most building codes having earthquakes provisions, require that an equivalent 

lateral load as a result of the horizontal ground motion (Salmon and Jhonson, 1996) be 

used in simplified empirical approaches. The effect of vertical component is considered 

indirectly. Obviously, if the vertical component is much stronger than generally 

considered normal, then the simplified codified approaches will underestimate seismic 

load, and the strucmre will not perform as intended. 

The ratio (R) of the vertical peak ground acceleration (PGAY) to the horizontal 

peak ground acceleration (PGAH) can be used to smdy the influence of the vertical 

component on the overall seismic response behavior of structures. For normal 

earthquakes, this ratio is expected to be around 2/3. However, as shown in Chapter 3, 

this ratio can be as large as 1.11 for some earthquake time histories recorded during die 

Northridge Earthquake. For the widely used earthquake time histories recorded during 

the El Centro Earthquake of 1940, this ratio is 0.60. Thus, the large data collected 

during the Northridge earthquake gives the profession an opportunity to reevaluate the 

adequacy of the provisions suggested in design codes as how to consider the effect of the 
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vertical component in the design. 

1.5 Objectives and Organization 

The main objectives of this research are: 

1. To study the ductility parameter for steel frames. For this purpose, several 

definitions for story ductility, particularly for MDOF systems, are proposed. These 

definitions are studied for different frames and earthquakes and the most appropriate is 

identified. In the same marmer, definitions for local and global ductility as well as the 

ratio of global ductility to local ductility is also studied. The mean value, standard 

deviation and coefficient of variation of this ratio are estimated. 

2. To evaluate the effects of partially and composite cormections on the inelastic 

seismic response of steel frames. In order to evaluate the cormection effect, the inelastic 

seismic response is first estimated for frames with fully restrained connections. Then the 

response is obtained for the firames with partially restrained connection and finally for 

the frames with composite connections. Then a comparison is made among the three 

different cases. 

3. To evaluate the effect of the vertical ground motion on the structural response 

of steel frames. Here, the effect of the vertical ground motion in terms of lateral 

displacements, moments and axial forces at columns, is evaluated and compared to that 

of NERPH Provisions and Mexico City Code. 

This smdy addresses the objectives presented above. In chapter 2 a review of the 

PR connections models is carried out emphasizing the Richard's Model which is used in 
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this research. Then, in chapter 3 the solution procedure for the problem under 

consideration is presented. Here, the nonlinear seismic equations for the problem and 

their numerical solution technique, are presented. In chapter 4, the smdy of the ductility 

parameter is addressed. The effect of the flexibility of the connections is smdied in 

chapter 4. In Chapter 6 the effect of the vertical ground motion is evaluated. Finally, 

in chapter 7, the conclusions for the proposed research are presented and 

recommendations for needed future work are outlined. 
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2.1 Introduction 

Connections are structural elements through which resultant stresses are 

transmitted between beams and columns. In general, these resultant stresses, may consist 

of axial force, shear force, torsion and bending moment. For in-plane smdy, the torsion 

effect on the connection deformation can be neglected. Furthermore, it has been shown 

that the effect of shear and axial forces are small in comparison with that of bending 

moment and can also be neglected. Thus, the bending moment and its associated effect 

needs to be considered. The important effect of the bending moment is the relative 

rotation (0) of the connection. It represents the change in angle between the beam and 

the column from its original configuration. Consequently, the comprehensive properties 

of a PR connection can be represented by a moment-relative rotation (M-0) curve. In 

Fig. 2.1 the M-0 curves for typical connections are shown. It is observed from this 

figure that connections exhibit a nonlinear behavior even at the start of loading. Also 

the behavior of the connections fall between the two extreme cases of fully restrained 

(vertical axis) and ideally pinned (horizontal axis) connections. 

The flexibility of the connections of a real structure has a significant effect on the 

strucmral behavior and must be considered in any realistic analytical procedure. 

Therefore, accurate modeling of the M-0 curves is important in order to account for the 

beam-to-column connection behavior in the analysis of steel frames. Methods of 
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modeling M-0 curves have been developed along with experimental studies. As a result 

of this extensive research, several analytical expressions have been proposed by different 

researchers to represent these curves. Some of these models are discussed below. 

2.2 Linear Model 

All early models assumed a linear M-0 relationship. This relationship is shown in Fig. 

2.2. The model depends on the initial stifftiess which represents the connection behavior 

for the entire range of loading. Obviously, the linear model provide only a crude 

approximation to the M-0 curve since, in a real situation, the stiffness of the connection 

decreases as the moment increases. A bilinear model can give a better representation of 

the connection behavior. Lionberger and Weaver (1969) used a bilinear model within 

a matrix analysis. In this model the initial stiffness combined with a shallower stiffness 

at certain transition moment is used, as shown in Fig. 2.2. Also the bilinear model 

provides a crude approximation of the M-0 curve. The piecewise linear model is similar 

to the bilinear model, but it uses several straight line segments. Generally these linear 

models are easy to use, but the discontinuity in the stiffness causes numerical difficulty 

at the transitions points. 

2.3 Polynomial Model 

Fry and Morris (1975) proposed a polynomial model in which the M-0 curve is 

represented for an odd-power polynomial. This model can be represented as: 
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(2.1) 

where. 

K = a standardization factor which depends on the type of geometry of 

the connection. 

M = the moment applied to the connection, and 

Q, C, and Cj = curve fitting parameters. 

The polynomial model give a better approximations of the M-0 curve than the linear 

model. However, due to its inherent oscillatory nature, it may yield erratic 

approximations of the connection stiffness at various points as shown in Fig. 2.3. 

2.4 Cubic B-Spiine Model 

The B-Spline Model (Jones, BCirby and Nethercott, 1980) is similar to the polynomial 

model, but a cubic polynomial model is used to fit segments of a curve. Within each 

segment, a cubic function is used, so the first and second derivatives are maintained 

between adjacent segments. This method gives very good approximation of the M-0 

curve as shown in Fig. 2.3. The disadvantage of this model is that a large number of 

parameters need to be evaluated. 
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2.5. Exponential Model 

Chen and Lui (1987) proposed an exponential model to represent the nonlinear 

connection behavior. It is expressed as: 

^ = E ^ Mo* 
M 

where. 

Mo = the starting value of the coimection moment to which the curve is fitted. 

Rkf = the strain hardening stiffness of the connection. 

a = the scaling factor, and 

Cj = curve-fitting constants. 

This model can give a good representation of the M-0 curve; however, its evaluation 

requires at least six parameters. 

2.6 Richard's Model 

The Richard's model (Richard and Abbot, 1975) to represent the M-0 behavior is 

discussed next. This model is used in this smdy because of its applicability to any type 

of cormections as well as because it requires only four parameters to represent the curve. 

This model is expressed as: 
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MQ 

where, 

M = the connection moment, 

0 = the connection rotation, 

K = the initial or elastic stifftiess, 

Kp = the plastic stiffness, 

Mo = the reference moment, and 

N = the curve shape parameter. 

The model represents observed experimental results data well and it is appropriate to 

implement in a computer program. This model also encompasses more simple models. 

If Kp = K, it becomes the simple linear model, the elasto-plastic model if Kp = 0 and 

the bilinear model if N is large. The physical definition of each parameter is shown in 

Fig. 2.4. 

Eq. 2.3 represents the monotonically increasing loading section of the M-0 

curves. In a typical seismic analysis, at a given time, some of the PR connections are 

expected to be loading and others are expecting to be unloading and reloading. Studies 

related to the unloading and reloading behavior at PR connections, both experimental and 

theoretical, are rare. Thus, the unloading and reloading behavior of the M-0 curves is 
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also essential. This subject was addressed recently in the literature ( Jayakumar and 

Beck, 1988; Colson, 1991; El-Salti, 1992). In this studies, the monotonic loading 

behavior and the Masing rule are used to theoretically develop the unloading and 

reloading sections of the M-0 curve. A general class of Masing models can be defined 

with a virgin loading curve as: 

/ (Af, 8) = 0 (2.4) 

and its unloading and reloading curve can be described by the following equation: 

M - 0 - 0„ _ / ( i , 2-) = 0 (2-5) 

where (M^, ©J denotes the load reversal point as shown in Fig 2.5. 

Using the Masing rule and the Richard's model represented by Eq. 2.3, the mathematical 

model used in this smdy for the unloading and reloading behavior of a PR connection is 

given by: 

-8) 
Af = AT ^^ ° 

, iK-Km-Q) (2.6) 
(1+ 2 

2M, " 

If (Mb,0b) is the next reversal point, as shown in Fig. 2.5, the reloading relation between 

M and 0 can be obtained simply by replacing (Mj„0j) with (Mb,0b) in Eq. 2.6. Thus, 
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if the connections is loading, Eq. 2.3 is used while if it is unloading or reloading, Eq. 

6 should be used instead. 

The Richard's Model has been implemented in a computer program, PRCONN 

(Richard, 1993). This program allows the prediction of the behavior of many conunonly 

used PR steel frame connections (36) for composite and noncomposite beams by 

generating M-0 curves and constant and variable load beam line. Some of this 

connection models are shown in Figs. 2.6, 2.7, and 2.8. This program is used to 

calculate the parameters of the PR and composite connections of the structural models 

used in this study. 



Fig. 2.6, Typical Single Web Connection 

Fig. 2.7. Typical Top and Seat Connection 



Fig. 2.8, Typical Header Plate Connectioa 

Fig. 2.9, Typical Top and Seat with Single Web Angle Connection 
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Fig. 2.10, Typical Top and Seat with Single Plate Connection 

Fig. 2.11, Typical Composite with Top and Seat and Single Web Angle Connection 
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3.1 Introduction 

In order to meet the objectives of this study, the nonlinear seismic responses of 

structures subjected to strong motions need to be evaluated as realistically as possible. 

The author, with the help of other research team members, developed a highly efficient 

time domain finite element-based algorithm to estimate the nonlinear seismic responses 

of steel frames considering geometric and material nonlinearities and nonlinearities due 

to partially restrained connections. This sophisticated algorithm can also be used to 

estimate the seismic response of strucmres, instead of using simplified approaches such 

as the equivalent lateral load procedure and the modal analysis procedure suggested in 

the NEHRP Provisions. This type of elaborate analytical procedure is not expected to 

be used routinely by the design profession; however, it can be used to study the adequacy 

of the simplified methods suggested in the design codes to calculate the inelastic response 

of strucmres. The fundamentals of the analytical procedure are available in the literature 

(Haldar and Nee 1989a; Gao and Haldar 1995). Therefore, only the essential feamres 

are discussed briefly below. 

3.2 Nonlinear behavior 

The nonlinear behavior of a frame can be produced from changes in the 

geometry, including the P-A effect and/or material properties. The effects of geometric 

nonlinearity are changes in the member lateral stiffness due to the effect of axial force. 
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the change in member length due to the bowing effect and axial force, and the finite rigid 

body deformation of a member with small to moderate relative rotation. Most of the 

currently available finite element-based nonlinear analysis techniques for frames are 

based on an assumed displacement field (Kam, 1988; Kassimali, 1983; Powell, 1969; 

Clough and Penzien, 1993). In order to capture the effects of change in the axial length 

of an element due to large deformation, several elements are needed to model each 

member. The necessity for a large nimiber of elements coupled with the use of a 

nimierical integration scheme to obtain the tangent stiffness matrix for each element 

several times during the analysis makes this approach uneconomical. Alternatively, the 

assumed stress-based finite element method (Kondoh and Atluri, 1987; Shi and Atluri 

1988, Haldar and Nee, 1989b) can be used to derive an explicit form of the tangent 

stiffness. In this approach, the stresses on an element can be obtained directly instead 

of using the less accurate method of taking the derivatives of the displacement functions 

as in the assumed displacement field approach. The method is very efficient and 

economical because of this feature and the use of fewer elements in describing a large 

deformation configuration, and because it needs no integration to obtain the tangent 

stiffness. This procedure is particularly applicable to steel structures. It gives very 

accurate results and is very efficient compared to the displacement-based approach 

(Kondoh and Atluri, 1987; Shi and Atluri, 1988; Haldar and Nee, 1989a). This method 

is used in this smdy. 

The other major source of nonlinearity in frames is material nonlinearity. 

Material nonlinearity occurs as a result of the nonlinear constitutive relationship of the 
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material. In the analysis of steel structures, the three most common assiraiptions for the 

material behavior are the elastic-perfectly plastic, isotropic strain hardening and kinematic 

strain hardening models (Owen and Hinton, 1982). Considering the complexity of the 

problem under consideration and the usual practice in the profession, the material 

nonlinearity of steel will be considered to be elasto-perfectly plastic in this study. The 

Von Mises criterion (Owen and Hinton, 1982) is very appropriate and is used in this 

smdy. For steel structures, the appropriate yield functions were discussed by Mahadevan 

and Haldar (1991). 

The expressions for the tangent stiffiiess considering only geometric nonlinearity 

need to be modified to incorporate the effect of the elasto-plastic behavior of the 

material. Assuming the concentrated plasticity behavior of the material, plastic hinges 

are expected to develop in the strucmre. The material is assumed to be linear except at 

plastic hinges. The presence of plastic hinges increases the axial and rotational 

deformation of a strucmral element. The additional axial elongation and rotation can be 

easily calculated, and the tangent stiffness matrix can be easily modified (Kondoh and 

Atluri, 1987; Shi and Atluri, 1988; Haldar and Nee, 1989b). 

For frames with PR connections the connection itself represents another source 

of nonlinearity. Some of the important reasons for this nonlinear behavior are local 

yielding of some components of the connections, modes of contact of the beam and the 

column during deformation and stress concentrations of the flanges and web. The 

incorporation of the behavior of frames with flexible comections is also addressed in this 

smdy. The energy dissipation due to the loading, unloading and reloading process at PR 



45 

connections is also considered. As stated earlier, the Richard's model is used in this 

study to represent the connection behavior. 

3.3 Seismic governing equations 

The development of the static governing equations using the assumed stress 

method is not described here. Only the dynamic governing equations required for the 

nonlinear seismic analysis of frames are developed here, and their solution strategy is 

presented briefly below. 

The equation of motion of a linear system under dynamic and seismic loadings 

can be expressed as (Clough and Penzien, 1993): 

M D  +  C D  +  K D  =  F -  M D g  ( 3 . 1 )  

where, 

M, C, and K = the mass, damping and stiffness matrices of the frame, respectively, 

• • • 
D, D, and D = the acceleration, velocity and the relative displacement vectors, 

respectively, 

• • 

Dg = the ground acceleration vector, and 

F = the external dynamic force vector, if present. 

For the nonlinear static case, the incremental displacement vector for the problem 

under consideration for each iteration at each step At, including the external load vector 

F, can be expressed as: 
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tjr(k) (t+^)^J)(k) _ (t+At)j<k) _ (i-^AD^Oc-n 2) 

where, 

'K^' = the tangent stifftiess matrix of the system of the kth iteration at time t, 

(t+At)^(k) _ jjjg incremental displacement vector of the kth iteration at time t+At, 

(t+At)p(k) _ jjjg incremental external load vector of the kth iteration at time t+At. 

(t+At)]^(k-i) _ jjjg internal force vector of the (k-l)th iteration at time t+At. 

Eq. 3.2 with the tangent stiffness matrix consisting of geometric and material 

nonlinearities can be solved using the modified Newton-Raphson method with arc-length 

procedure. 

The dynamic and seismic governing equations of motion for the problem under 

consideration can be obtained by modifying Eq. 3.2 by adding terms for the inertia, 

damping and applied forces (Bathe, 1982). Considering Eqs. 3.1 and 3.2, the 

equilibrium equations for the nonlinear dynamic and seismic case can be expressed in 

incremental form as: 

^(I) ^Ik) (k) Jt*iit)p(.k) 

The parameters in Eq. 3.3, namely, M, K, C and R, need to be evaluated at this 

stage. The procedure used in this smdy to evaluate these parameters are discussed 

briefly in the following sections. 

The mass matrix of the system M in Eq. 3.3 can be expressed as 
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M = M' (3-4) 
i-1 

where, 

m = the total element number, and 

= the mass matrix of an element. 

M' can be evaluated in a standard way and either a lumped-mass matrix or consisteul-

mass matrix can be used for this purpose. 

The global tangent stiffness matrix K and the internal force vector R are obtained 

from the assemblage of the element tangent stiffness matrices Ki"s and the element 

internal forces vectors R®j's, respectively, and can be expressed as 

K = (3.5) 
i-1 

and 

R = 
1-1 

(3.6) 

As mentioned earlier, explicit expressions for the tangent stiffness matrix and the internal 

force vector are developed for each beam-column element using the assumed stress 

method for each iteration of a given time t. The mathematical details of the derivation 

are not shown here, but can be found in the literature (Kondo and Atluri, 1987; Shi and 

Atluri, 1988; Haldar and Knee, 1989b). The conceptual detail of the algorithm is 
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discussed very briefly below. 

The nonlinear elastic tangent stiffness matrix for a beam-column element can be 

represented as 

where, 

= the elastic property matrix, 

Aodo = the transformation matrix and 

Ajdo = the geometric stiffness matrix. 

Similarly, the internal force vector at element level is expressed as 

where, 

Rjo = the homogeneous part of the internal force vector, and 

R, = the deformation difference vector. 

In this smdy, the material is considered to be linear elastic except at plastic 

hinges. Concentrated plasticity behavior is assumed at plastic hinge location. In the past, 

several analytical procedures were proposed to predict the deformation of elasto-plastic 

frames under increasing seismic and static loads. However, most of these formulations 

are based on the small deformation theory. In this study, each elasto-plastic beam-

(3.7) 

R' = R, 4- (3.8) 
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column element can experiment arbitrary large rigid deformations and small relative 

deformations. 

In addition to the elastic stress-strain relationships, the plastic stress-strain 

relationships need to be incorporated into the constimtive equations if the yield condition 

is satisfied. Several yield criteria have been proposed in the literature in terms of stress 

components or nodal forces. Since the nodal forces can be obtained directly from the 

proposed method, the yield criteria used in this study is expressed in terms of nodal 

forces. When the combined action of axial force and bending moment (this is for plane 

strucmres only) satisfy a prescribed yield fimction at a given node of an element, a 

plastic hinge is assumed to occur instantaneously at that location. The yield function for 

the two-dimensional (2-D) beam-column element used in this smdy has the following 

general form 

/(MM, Oy)=0 atX = l^ (3.9) 

where, 

N = the axial force, 

M = the bending moment, 

a = the yield stress, and 

Ip = the location of the plastic hinge. 

As commented earlier, the presence of plastic hinge in the strucmre will produce 

additional axial deformations and relative rotations in a particular element. This is 

considered in the stiffness matrix and the internal force vector in the plastic stage. The 
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elastoplastic tangent stifftiess matrix Kp and the elastoplastic internal force vector Rp can 

be shown to be (Shi and Atluri, 1988; Haldar and Knee, 1989b): 

A:; - «•< - <<1 A:1 K, C/ (3.10) 

and 

R ' , '  C /  -  A ; X  ̂  (3.11) 

All the parameters in Eqs. 3.10 and 3.11 except Vp and Cp were defined earlier. Vp and 

Cp can be shown to be: 

All parameters in Eqs. 3.12 and 3.13 were defined earlier. 

It is important to point out, that the plastic hinges are considered to form not at 

the connections, but at the ends of the beam-columns elements which are coimected to 

the PR connections. In a typical structure, depending on the level of earthquake 

excitation, all the element may remain elastic or some of the elements may remain elastic 

and the rest may yield. The strucmral stiffness matrix can be explicitly obtained by 

r 
(3.12) 

and 

c/ = (F/A - y  f;' A - ^  (3.13) 
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considering individual elements and the corresponding element stiffness matrices, 

depending on the particular state they are in. Thus, if a particular element is in an 

elastic state, Eqs. 3.7 and 3.8 are used. If the element has yielded, Eqs 3.10 and 3.11 

should be used instead. Eq. 3.3, either for the elastic or the plastic case, is solved by 

using the Newmark /S Method. This is further disaissed below. 

3.4 Rayleigh damping 

Since acmal earthquake time histories are used in this study, the inertia and 

applied forces are available. However, the damping is an important parameter which 

needs further discussion at this stage. In a realistic seismic analysis of steel frames, the 

amount of damping energy that will be generated will depend on the nonyielding and 

yielding state of the material and on the hysteretic behavior if the material yields. For 

mathematical simplicity, the effect of nonyielding energy dissipation is usually 

represented by equivalent viscous damping varying between 0.1% to 7% of the critical 

damping. The damping is often increased in linear analysis to approximate energy losses 

due to anticipated inelastic behavior (Leger and Dussault, 1992). In a rigorous seismic 

analysis this practice is not appropriate, since the energy losses due to inelastic behavior 

would be counted twice. Based on an extensive literature review, it is observed that the 

following Rayleigh-type damping is very commonly used in the profession: 

•C = a M + 7 'K (3.14) 
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where a and y are the proportional constants. The use of both the tangent stiffness and 

the mass matrices is a very rational approach to estimate the energy dissipated by viscous 

damping in a nonlinear seismic analysis. The constants a and 7 can be determined from 

specified damping ratios and for the /th and jth modes, respectively. Then the 

following algebraic equation system is solved for a and 7 (Clough and Penzien, 1993): 

CO. 
CO. 

CO, 

a 

Y 
CO, 

(3.15) 

where ojj and coj are the natural frequencies of the /th and Jth mode, respectively, and are 

calculated using the Stodola method in this smdy. Usually the /th mode is selected as the 

first mode, and the yth mode as the higher mode that contributes significantly to the 

structural response. 

3.5 The Newmark /3 Method 

The step-by-step direct integration numerical analysis procedure using the Newmark ^ 

method is used to solve Eq. 3.3. The displacements and velocity vectors within each 

time step At are assimied as follows (Bathe, 1982): 

(c+At)£)(ic) = tp ^ ((l-r;)'b + 7/»^^>D^>)At (3.16) 
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(t+Ai)D(k) = tj) ID At + ((1/2 - /S) T) + 13 At^ (3.17) 

where 7/ and |8 are the parameters which need to be determined to obtain the integration 

accuracy and stability. In this study t; = 1/2 and /S = 1/4 are assiraied. For these 

values, the acceleration vector is constant within each interval At, and the method is 

considered to be unconditionally stable. 

It is assumed that the displacement and dynamic force vectors of the kth iteration 

at time t+At can be expressed in incremental form as: 

Substiwting Eqs. 3.14, 3.16 and 3.17 into Eq. 3.3, manipulating and assembling some 

terms together, and using Eqs. 3.18 and 3.19, the following governing equation results: 

«+At)Jj(k) _ (t+At)u(k-l) ^ (n-At)^f)(k) (3.18) 

(t+At)pOc) _ {t+AI)pOc-I) ^ (t+Al)^p(k) (3.19) 

TCD (3.20) 

where 'K^ is the modified tangent stiffness matrix and can be shown to be: 

Kd = f, M + fa 'Kp (3.21) 

where. 
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(t+Ai)F|^(k-i) = tjje modified external force vector, and 

(t+Ai)^^(ic) _ jjjg incremental force vector. 

The modified external force vector can be expressed as: 

(t+iii)p^(k-l) _ (t+At)p(K-l) ^ (t+At)p(k-I) _ jyj (t+dOJ) (k-l) (3.22) 

The term gq 3 22 is the modified force vector contributed by the 

displacement, velocity and acceleration vectors at time t and the displacement vector at 

time t+At, and can be written as: 

(t+AOpflc-l) ^ D + fj ® + f/i) - f, 

+ 'KCfs 'D + ffi T) + f, T) - fj (3.23) 

The incremental external force term can be shown to be: 

(l+AO^^(k) ^ , |y| (t+Al)^^(k) (3^24) 

The coefficients fj can be evaluated in terms of rj, /3, a, y, and At as: 
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^ pAf 

' PAt p 

(3.26) 

(3.27) 

/,=(^-i)-n«(^--)A( (3.2a) 
2p 2p T] 

/,=J^ (3.29) 
^ PAf 

/,=ilI-Y (3.30) 
J6 p 

/=(JlY_Y)Af (3.31) 
^ 2P 

Eq. 3.20 now can be solved using the procedure proposed by Haldar and Nee 

(1989a). A computer program has been developed for this purpose. The program was 

extensively verified using information available in the literature. The structural response 

behavior and the members' forces in terms of axial load, shear force and bending 

moment can be estimated using the computer program. 
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3.6 Description of Earthquakes 

The verified computer program is used to evaluate the nonlinear seismic response 

of structures. Steel frames with different dynamic characteristics are subjected to the 

thirteen strong motion earthquakes identified in Table 3.1. The first earthquake in the 

table is the El Centro earthquake of 1940 and the others are strong motion records of the 

Northridge Earthquake of 1994. These earthquakes are denoted hereafter as Earthquakes 

1 through 13. They are presented in increasing order for the ratio R. They were 

selected to represent many different characteristics of strong motion earthquakes. The 

two horizontal components as well as the vertical component, in terms of accelerations, 

are plotted in Fig. 3.1 for Earthquake 1. Similar plots are shown in Figs. 3.2 through 

3.13 for Earthquakes 2 through 13, respectively. 
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TABLE 3.1. Strong motion earthquakes 

EARTHQ STATION 
ACCELERATION 

(mm/Sec-) EARTHQ STATION 

PGAv PGA„ R 

1 EL CENTRO 206 210 0.60 

N 
0 
R 
T 
H 
R 
I 
D 
G 
E 

E 
A 
R 
T 
H 
Q 
U 
A 
K 
E 
S 

2 LOS ANGELES. 1526.EDGEMONT AVE 225 696 0.27 N 
0 
R 
T 
H 
R 
I 
D 
G 
E 

E 
A 
R 
T 
H 
Q 
U 
A 
K 
E 
S 

3 LOS ANGELES.WADSWORTH V.A. 135 300 0.38 

N 
0 
R 
T 
H 
R 
I 
D 
G 
E 

E 
A 
R 
T 
H 
Q 
U 
A 
K 
E 
S 

4 LOS ANGELES. 10660,WILSHIRE BLVD 441 678 0.44 

N 
0 
R 
T 
H 
R 
I 
D 
G 
E 

E 
A 
R 
T 
H 
Q 
U 
A 
K 
E 
S 

5 LOS ANGELES.GRIFFITH OBSERVAT 142 163 0.51 

N 
0 
R 
T 
H 
R 
I 
D 
G 
E 

E 
A 
R 
T 
H 
Q 
U 
A 
K 
E 
S 

6 JENSON FILTRATION PLANT 369 388 0.60 

N 
0 
R 
T 
H 
R 
I 
D 
G 
E 

E 
A 
R 
T 
H 
Q 
U 
A 
K 
E 
S 

7 LOS ANGELES.WADSWORTH VA 152 247 0.61 

N 
0 
R 
T 
H 
R 
I 
D 
G 
E 

E 
A 
R 
T 
H 
Q 
U 
A 
K 
E 
S 

8 TOPANGA FIRE STATION 201 176 0.62 

N 
0 
R 
T 
H 
R 
I 
D 
G 
E 

E 
A 
R 
T 
H 
Q 
U 
A 
K 
E 
S 

9 SHERMAN OAKS. 1525, VENTURA BLVD 377 249 0.68 

N 
0 
R 
T 
H 
R 
I 
D 
G 
E 

E 
A 
R 
T 
H 
Q 
U 
A 
K 
E 
S 

10 LOS ANGELES.4929,WILSHIRE BLVD 285 335 0.73 

N 
0 
R 
T 
H 
R 
I 
D 
G 
E 

E 
A 
R 
T 
H 
Q 
U 
A 
K 
E 
S 

11 LOS ANGELES, 10751,WILSHIRE BLVD 326 318 0.86 

N 
0 
R 
T 
H 
R 
I 
D 
G 
E 

E 
A 
R 
T 
H 
Q 
U 
A 
K 
E 
S 

12 CONOGA PARK, SANTA SUSANA 613 391 1.07 

N 
0 
R 
T 
H 
R 
I 
D 
G 
E 

E 
A 
R 
T 
H 
Q 
U 
A 
K 
E 
S 13 LOS ANGELES,4929.WILSHIRE BLVD 285 335 1 . 1 1  
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4.1 Introduction 

As stated earlier, the ratio of the maximum inelastic displacement (Djnax) to the 

yield displacement Dy will provide information on story ductility. A properly designed 

steel structure is expected to yield or develop plastic hinges when subjected to strong 

motion earthquakes. Using the algorithm developed in this smdy, the ductility for a 

particular building subjected to a particular earthquake can be calculated. This algorithm 

identifies the location of plastic hinges as they develop in the strucmre. Thus, as soon 

as the first plastic hinge develops, the corresponding displacement is noted as the yield 

displacement. After the application of the complete time history of the earthquake, and 

if at least one plastic hinge is formed in the structure, the maximum inelastic 

displacement can also be noted. The ratio of these two displacements will give the 

ductility. In this chapter several definitions for story ductility are considered and the 

most appropriate one is identified. Definitions for local and global ductility are smdied. 

Relationships between story ductility and global ductility and between local and global 

ductility are also proposed. 

4.2 Story Ductility 

In order to evaluate the story ductility as accurately as possible, the information 

on the two displacements (Dy and Dn^x) must be available. For a SDOF structure, they 

can be estimated very accurately by the algorithm discussed in Chapter 3 and the 
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corresponding ductility can be estimated very easily. For MDOF strucmres, however, 

the evaluation of ductility is more complicated. To smdy the problem as 

comprehensively as possible, the following alternative definitions of ductility are 

considered for MDOF systems. 

Definition 1: For each story, Dy is the interstory lateral displacement when the 

first plastic hinge forms, and D^ is the maximum interstory lateral displacement after 

the application of the complete time history of the earthquake. Note that this definition 

gives a value of story ductility for each story by finding the corresponding ratio D^/Dy. 

Definition 2: For each story, Dy is the absolute lateral displacement when the first 

plastic hinge forms, and D^ is the maximum absolute lateral displacement after the 

application of the complete time history of the earthquake. This definition also give a 

value of ductility for each story by finding the ratio Dna^/Dy. 

Definition 3: A single value of Dy applies to ail stories, corresponding to the 

maximum of the absolute lateral displacement when the first plastic hinge is developed. 

Dna, is defined as in Definition 2. 

Definition 4: In this case, Dy is the absolute lateral displacement of the floor 

where the first plastic hinge forms. It will be same for all the floors. Dn^^^ is defined 

as in Definition 2. 

Definition 5: Here Dy is evaluated using Definition 3 and Dnajj is evaluated using 

Definition 1. 

Definition 6: Dy is the same as in Definition 4, and D^a* is the same as in 

Definition 1. 
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4.3 Local and Global Ductility 

The local ductility of a girder for a given joint, is defined as the ratio of the 

maximum rotation that the joint undergoes during the application of the complete 

earthquake and the rotation of the joint when a plastic hinge is formed on it (Dy) 

for the fu-st time. The global ductility is calculated as the mean value of all story 

ductilities of the frame. 

4.4 Structural Models 

In order to evaluate the different definitions of ductility, three steel frame 

structures are considered. These three frames are shown in Fig. 4.1. Frame 1 is a 3 

story building with a story height of 5.49 m for the first floor and 3.66 for the other 

floors. Frame 2 is identical to Frame 1, except that it is an eight story building (Roeder 

et. al, 1993). The bay width of these two frames is 7.32 m. Frame 3 is a 15 story 

building considered by Engelkirk (1994), with a story height of 4.47 m for all the floors 

and a constant bay width of 9.15 m. These three frames are subjected to the thirteen 

strong earthquake motions presented in Section 3.5. The first natural periods of the 

buildings are 1.4 Sec, 2.3 Sec and 4.2 Sec for Frames 1, 2 and 3, representing a low-

rise, a medium height and a tall building, respectively. 

4.5 Results and Observations 

Results in terms of Story Ductility are first considered. In this smdy all frames 

are assumed to have FR connections. They are subjected to the thirteen earthquakes and 
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a) Frame 1 

a) Frame 2 c) Frame 3 

FIGURE 4.1, Three steel frames 



their nonlinear responses are estimated for 2% and 5% of critical damping using the 

algorithm discussed earlier. The corresponding story ductility values are calculated using 

the six definitions discussed above. The results for Frame 1 subjected to the horizontal 

component with the largest peak ground acceleration (PGA) of Earthquake 1 and 

damping 2% and 5% are shown in Fig. 4.2. Similar results for earthquakes 7, 11 and 

12 are presented in Figs. 4.3, 4.4 and 4.5, respectively. These figures indicate that the 

story ductility depends on the definition of ductility and the earthquake motions 

considered. Also, the ductility values may increase or decrease with height depending 

upon the definition used. As expected, it is also observed that ductility values decrease 

significantly while increasing damping from 2% to 5%. The most important observation 

that can be made here is that, in general, the ductility values in terms of absolute 

displacements are larger than those of the interstory displacements. From the three 

definitions of story ductility in terms of interstory displacements. Definition 5 is the most 

appropriate and is further discussed below. The results are not shown for the other 

earthquakes, however, they are similar to those discussed above. 

Frame 2 subjected to the same thirteen earthquakes is considered next. Fig. 4.6 

shows the results for Earthquake 1 and the two used amounts of damping. Results for 

Earthquake 10 are shown in Fig. 4.7. The observations for this frame are similar to 

those of Frame 1. The ductility values are found to be, in most of the cases, extremely 

large according to Definitions 2, 3 and 4. However, "reasonable values" of story 

ductility are obtained according to Definitions 5 and 6. It is interesting to note that both 

of these definitions are in terms of relative lateral displacements. 
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Frame 3 is similarly analyzed. The results for this frame in terms of story 

ductility are presented in Figs. 4.8 and 4.9. Again, as for Frame 2, the major 

observations made for Frame 1 also apply to Frame 3. The only additional observation 

is that ductility values tend to be larger for taller buildings for all definitions of ductility. 

Results in terms of global ductility, local ductility and their ratio Q, for Definition 

5, are discussed next. Results for Frame I, for the two horizontal components of the 

thirteen earthquakes and the two amounts of damping, are presented in Table 4.1. From 

this table it is observed that for a given earthquake and damping value, the parameter Q 

is approximately the same for the two damping values. This observation is also true for 

the two horizontal components. If comparison is made between these Q values for a 

particular earthquake and damping ratio for the two horizontal components, they are 

slightly smaller for the horizontal component with the smaller PGA. 

Results for Frame 2 in terms of local and global ductility are shown in Table 4.2. 

The same observations made for Frame 1 are also valid for Frame 2; the smdied ratio 

is approximately the same for the two damping values for given a earthquake and it is 

slightly smaller for the horizontal component with the smaller PGA. 

Frame 3 is similarly analyzed and the results are shown in Table 4.3. Again the 

major observations made for Frame 1 are also valid for Frame 3. The only additional 

observation is that the values of the aforementioned ratio tends to be smaller for taller 

buildings. 

Table 4.4 summarizes the mean value (Q), standard deviation (ag) and coefficient 

of variation (GOV Q) of the ratio of global to local ductility for Definition 5 for all three 
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TABLE 4.1. Lx)cal and global ductility for 
Frame 1 and Definition 5 

EAR 
(1) (2) 

LARGEST PGA SMALLEST PGA 
EAR 
(1) (2) GLOBAL 

(3) 
LOCAL 

(4) 
Q 

(5) 
GLOBAL 

(6) 
LOCAL 

(7) 
Q 
(8) 

1 
2 1.3 1.5 0.87 1.2 1.5 0.80 

1 
5 1.1 1.3 0.85 1.1 1.3 0.85 

2 
2 4.8 6.8 0 .71 2.7 3.6 0.75 

2 
5 1.8 2.0 0 . 90 2.3 2.5 0 . 92 

3 
2 1.3 1.9 0.68 1.3 1.8 0.72 

3 
5 1.2 1.7 0.71 1.1 1.5 0.73 

4 
2 6.0 10 .5 0.57 6.2 11.2 0.55 

4 
5 4.5 7.1 0.63 4.9 9.5 0.52 

5 
2 1.8 2.4 0 .75 1.5 1.9 0 .79 

5 
5 1.3 1.8 0.72 1.2 1.6 0.75 

6 
2 4.8 5.7 0 .84 2.5 3.7 0.68 

6 
5 3.2 3.8 0 .84 2.3 3 .3 0.70 

7 
2 1.3 1.6 0 .81 1.8 2.6 0.69 

7 
5 1.1 1.3 0 .85 1.4 2.0 0 .70 

8 
2 2.5 3.6 0 .69 2.2 3 .2 0.69 

8 
5 1.9 2.5 0.76 1.8 2.4 0.75 

9 
2 2.7 3.5 0 .77 1.4 1.8 0.78 

9 
5 2.4 3.2 0 .75 1.2 1.7 0.71 

10 
2 3.1 4.8 0.65 2.4 4.2 0.57 

10 
5 2.7 3.8 0.71 1.9 2.7 0 .70 

11 
2 4.2 8.4 0.50 2.3 4.1 0.56 

11 
5 3.4 7.8 0 .44 1.9 3.2 0.59 

12 
2 3.2 3.6 0.89 1.4 1.6 0.88 

12 
5 1.1 1.3 0.85 1.1 1.4 0.79 

13 
2 5.4 10.1 0 .53 7.8 10 .5 0.74 

13 
5 4.5 7.1 0 .63 6.8 9.3 0 .73 
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TABLE 4.2. Local and global ductility for 
Frame 2 and Definition 5 

EAR 
(1) (2) 

LARGEST PGA SMALLEST PGA 
EAR 
(1) (2) GLOBAL 

(3) 
LOCAL 

(4) 
Q 

(5) 
GLOBAL 

(6) 
LOCAL 

(7) 
Q 

(8) 

1 
2 1.6 2.0 0 .80 1.6 2.1 0 . 76 

1 
5 1.3 1.7 0 .76 1.4 1.6 0 . 88 

2 
2 8.4 12.0 0 .70 5.4 12 .3 0 .44 

2 
5 4.2 8 . 9 0 .47 4.2 9.2 0 .46 

3 
2 1.3 1.7 0.76 1.3 1.6 0.81 

3 
5 1.1 1.3 0 .85 1.1 1.3 0.85 

4 
2 3 .0 5.1 0.59 4.1 6.2 0 . 66 

4 
5 2 .1 2.4 0.88 3.1 5.2 0 . 60 

5 
2 1.5 2.7 0.56 1.4 2.1 0 . 67 

5 
5 1.2 2.2 0 .55 1.2 2.0 0 . 60 

6 
2 9.2 16.2 0.57 6.9 14 . 9 0.46 

6 
5 8.2 14.3 0.57 5.5 12.7 0 .43 

7 
2 1.5 2.3 0.65 1.4 2.1 0.67 

7 
5 1.3 1.8 0 . 72 1.2 2.0 0 . 60 

8 
2 1.3 1.7 0 . 76 1.4 1.9 0.74 

8 
5 1.1 1.6 0.69 1.2 1.8 0.67 

9 
2 5.9 14.3 0 .41 3 .0 4.9 0 .61 

9 
5 5.0 12.3 0 .41 2.9 5.0 0.58 

10 
2 2.4 4.2 0.57 1.6 2.7 0.59 

10 
5 2.2 3.6 0.61 1.4 2.5 0.56 

11 
2 4.6 6.6 0 .70 2.1 2.9 0.72 

11 
5 3.7 4.8 0.77 1.9 2.9 0.66 

12 
2 1.3 1.5 0.87 1.2 1.7 0. 71 

12 
5 1.2 1.5 0.80 1.1 1.6 0 .69 

13 
2 8 . 0 16.2 0.49 6 . 8 11.2 0.61 

13 
5 4.2 9.8 0.43 4.2 7.0 0.60 
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TABLE 4.3. Local and global ductility for 
Frame 3 and Definition 5 

EAR 
(1) (2) 

LARGEST PGA SMALLEST PGA 
EAR 
(1) (2) GLOBAL 

(3) 
LOCAL 

(4) 
Q 

(5) 
GLOBAL 

(6) 
LOCAL 
(7) 

Q 
(8) 

1 
2 1.9 3.5 0.54 1.7 3.4 0 .50 

1 
5 1.4 2.6 0 .54 1.1 2.4 0 .46 

2 
2 2.1 3.3 0.64 2.2 3.5 0 . 63 

2 
5 1.7 2.6 0.65 1.8 2.7 0 . 67 

3 
2 2.2 3.8 0.58 2.1 3.8 0 .55 

3 
5 1.9 3.2 0.59 1.6 2.9 0 . 55 

4 
2 1.3 3.1 0.42 1.3 2.7 0 .48 

4 
5 1.1 2.1 0.52 1.2 2.4 0.50 

5 
2 1.8 3.0 0 . 60 1.3 2.8 0 .46 

5 
5 1.6 2.9 0.55 1.4 2.7 0.52 

6 
2 2.3 6.0 0.38 1.4 4.1 0 .34 

6 
5 2.0 4.8 0 .42 1.8 4.6 0.39 

7 
2 2.9 4.2 0.69 3.0 4.6 0 .65 

7 
5 2.6 3.8 0 . 68 2.8 3.9 0 . 72 

8 
2 1.6 2.9 0.55 1.5 3.4 0 .44 

8 
5 1.4 2.5 0.56 1.3 2.7 0.48 

9 
2 2.6 7.7 0.34 2.3 5.7 0.40 

9 
5 2.4 4.9 0.49 2.5 5.3 0 .47 

10 
2 1.6 4.3 0.37 1.2 3.1 0.39 

10 
5 1.3 3.8 0.34 1.3 3.7 0.35 

11 
2 3.9 11.7 0 .33 3.1 10.2 0.30 

11 
5 1.6 6.4 0.25 1.4 4.8 0 .29 

12 
2 1.9 2.8 0.68 1.7 2.7 0 . 63 

12 
5 1.2 2.2 0 . 55 1.1 2.1 0 . 52 

13 
2 6.2 13 .8 0 .45 4.2 8.3 0 .51 

13 
5 5.1 11.2 0.46 3.2 7.3 0 .44 
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frames. From these results it is observed that the mean value, standard deviation and 

coefficient of variation of the parameter R, tends to be slightly smaller for the horizontal 

component containing the smaller PGA than for the other one. It is noted that COV 

tends to increase with the height of the building. However, this variation is not 

significant. Thus, the proposed ratio of Global Ductility to Local Ductility can be used 

to characterize Global Ductility in terms of Local Ductility. 

TABLE 4.4 Statistic for the ratio of global to 
local ductility for Definition 5 

LARGEST PGA SMALLEST PGA 
FRAME 
(1) Q 

(2) (3) 
COV(Q) 

(4) 
Q 
(5) 

CTq 

(6) 
COV(Q) 
(7) 

1 0.73 0.12 0 .17 0.72 0.10 0.13 

2 0.65 0.14 0.22 0.64 0.11 0.18 

3 0.51 0.12 0 .24 0.49 0.11 0.23 
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5. EFFECT OF PARTIALLY RESTRAINED CONNECTIONS 

5.1 Introductioa 

The main objective of this chapter is to smdy the effect of the PR connections and 

composite connections on the maximum seismic response of steel frames. For this 

purpose three different steel frames subjected to the thirteen strong motions given in 

Table 3.1 are considered. First, the structural responses in terms of maximum interstory 

lateral displacements and maximum top lateral displacements are obtained considering 

the frames with FR connections. Then the structural responses are obtained for the 

frames with PR connections and finally for the frames with composite connections. In 

all cases, responses are evaluated for all the thirteen strong motions described earlier and 

two damping ratios. Responses are compared for the three different cases, i.e., the 

frames with FR, PR and composite connections. 

5.2 Structural Models 

The influence of PR and composite connections on the structural response of three 

steel frames strucmres are considered in this smdy. The geometry of these three frames 

are shown in Fig. 5.1 and their member sizes are shown in Table 5.1. In all these 

frames, columns are assumed to be made of grade-50 steel and the girders of steel A36. 

These frames were designed to remain elastic even under the action of the most severe 

of the earthquakes when FR coimections are used. They will be denoted hereafter as 

Frame 4, Frame 5 and Frame 6, respectively. Frame 4 is a three story building with a 
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a) Frame 1 

c) Frame 3 a) Frame 2 

FIG. 1. Three steel frames with PR and 
composite connections 
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TABLE 5.1. Member sizes 

FRAME STORY EXT. COLUMNS INT. COLUMNS GIRDERS 

1 
1 W14X211 W14X283 W18X175 

1 
2-3 W14X145 W14X211 W18X119 

2 

1-2 W14X370 W14X550 W24X335 

2 

3-4 W14X277 W14X3 70 W24X279 

2 5-S W14X211 W14X257 W24X192 2 

7-8 W14X193 W14X211 W24X131 

3 

1-4 W14X665 W14X730 W36Xe50 

3 

5-6 W14X455 W14X665 W3 6X43 9 

3 
7-8 W14X426 W14X455 W3 6X280 

3 
9-10 W14X398 W14X426 W3 6X245 

3 

10-12 W14X342 W14X3 98 W14X210 

3 

13-15 W14X311 W14X342 W36X194 
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Story height of 3.66 m for all floors and a bay width of 7.32 m. Frame 5 is identical to 

Frame 4, except that it""is an eight story building. Frame 6 is also identical to Frame 4, 

except that it is a fifteen story building. The fundamental periods of these frames are 

0.31 Sec, 0.54 Sec and 0.68 Sec. They represent a short, an intermediate and a tall 

building, respectively. In the seismic analysis of these frames the lumped mass matrix 

are used and each node is considered to have three degrees of freedom. 

Single Plate Top and Seat connections (SPTS) were used in all the frames. The 

stifftiesses of the connections are tuned up in such a way that their relative stiffnesses 

with respect to those of the beams are 0.9 (T = M/Mr„ = 0.9). This is according to the 

Richard's model and the Beam Line Theory as discussed below. Here, it was assumed 

that the maximum moment that a beam can develop is its Plastic Moment (Mp) capacity. 

The Richard's parameters for all connections are shown in Table 5.2. The amount of 

steel used to turn the non-composite PR connections into a composite connection ranges 

from 5.5% to 7% of that of the cross section area of the beams. This results in the 

increase of the moment of inertia for the beams ranging from 21% to 28%. The ratio 

T also increased to about 0.95 for the composite connections. The Richard's parameters 

for the composite connections are also shown in Table 5.2. 

5.3 Beam line theory 

Once the moment-relative rotation curve for a given connection is obtained, the 

relative stiffness of the connection with respect to that of the beam may be found using 

the beam line theory. The Beam Line Theory was developed by Batho and Rowan 
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TABLE 5.2. Connections' Parameters 

FRAME STORY PR CONNECTIONS COMPOSITE CONNECTIONS FRAME STORY 

K (10̂  
(kN-m/rad) 

Kp m 
(kN-m/rad) 

ModO^) 
(kN-m) 

N K(10̂  
(kN-m/rad) 

Kp (10̂ ) 
(kN-m/rad) 

Mo (10') 
(Ŵ -m) 

N 

1 
3 0.5295 0.9090 1.0819 .80 0.8411 0.9839 2.0997 .90 

1 
1-2 0.8189 0.9838 1.6414 .80 0.5581 0.9090 1.4340 .90 

2 

7-8 0.8913 0.9634 1.6653 .80 0.9650 0.9634 2.3435 .90 

2 

5-6 1.2144 1.8887 2.5201 .80 1.3177 1.8887 3.4467 .90 

2 3^ 1.6641 3.4103 3.5232 .90 1.8185 3.4103 4.8574 1.0 2 

1-2 2.1499 4.7715 4.3638 .90 2.3354 4.7715 5.9290 1.0 

3 

13-15 1.8400 3.4990 3.7565 .80 2.0260 3.4990 5.0119 .90 

3 

11-12 1.9235 3.7221 3.8818 .80 2.1243 3.7221 5.2376 1.0 

3 
9-10 2.2484 4.0598 4.3398 .90 2.4694 4.0598 5.8440 1.0 

3 
7-8 2.5929 5.0729 4.9617 .90 2.8467 5.0729 6.6721 1.0 

3 

5-6 4.3201 12.6554 8.2602 .90 4.6385 12.6554 10.8205 1.0 

3 

1-4 6.9905 25.4136 12.8814 .90 7.3694 25.4136 16.4859 1.0 



(1936) to calculate the resisting moment of beam-to-column connections. In general, to 

use this theory, the fixed end moment and simply supported end rotation are calculated 

for a given beam for any desired level of loads. These values are then plotted on their 

respective axis, and connected with a straight line. The intersection point of this line 

with the M-0 curve, gives the moment that the connection can transmit. The 

corresponding beam rotation can also be found, as shown in Fig. 5.2. 

The PRCONN program is able to perform the procedure described above. It 

superimposes the beam line on the connection M-0 curve and determines and plot the 

values of the intersection point which gives the beam end moment and end rotation. The 

ratio (T) of this moment to the fixed end moment represents the relative stiffness of the 

connection to that of the beam. The PRCONN program is used in this study to 

determine the T ratio of the connections used. 

5.4 Connection Element Approach 

As discussed earlier, the flexibility of the connections may have a significant 

effect on the structural response and must be considered in any realistic analysis 

procedure. To include the presence of PR connections in the analysis, generally two 

analysis techniques are used. The first one is the coimection element approach which is 

equivalent to adding a rotational spring at the member's end for each PR connection 

(Zhou, 1991). The stiffness of the strucmre can be obtained by the usual assembly 

method. This algorithm will increase the degree of freedom of the strucmre due to the 

rotational springs. The second technique is the matrix transformation approach. In this 
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approach the stiffness matrix of an element is generated considering the influence of the 

PR connections. Then it uses the static condensation technique to obtain a modified 

element stiffness matrix which incorporates the additional stiffness contributed for the 

flexible connections. This method is tedious but does not increase the numbers of degree 

of freedom of the structure (Ang and Morris, 1983). 

The method proposed here belongs to the first category. In this method, for 

numerical analysis, each flexible connection is represented by a beam-colunm element. 

The difference between these elements and ordinary beam-columns elements is that their 

stiffness and Young's modules need to be modified with respect to the M-0 curve which 

is obtained from the PRCONN program. The equation to evaluate the instantaneous 

connection stiffness k(0), if the connection is loading, is obtained by differentiating Eq. 

2.3 with respect to O. It results the following equation: 

(1-
(K-K^e 

(5.1) 

M„ 
I ) 

In the same manner, the equation to evaluate the instantaneous stiffness of the 

connection, when it is unloading or reloading, is obtained by differentiating Eq 2.6 with 

respect to 0. It gives the following equation: 
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m = 

[ 1 +] N 
2M, 

(5.2) 

Once k{0) is known, the current Young's modules E(0) of an element can be found from 

the equation: 

where E(0) is the current Young's modules of the equivalent beam-column. Thus, 

knowing, k(0), the moment of inertia I and the element length I, the current Young's 

modules can be easily evaluated. The stiffness matrix of the equivalent beam-column 

element can be obtained similar to that of an ordinary element. 

5.5 Results for frames with PR connections 

5.5.1 Results for PR connections in term of interstory displacement 

In order to smdy the effect of PR connections on the structural response of steel 

frames, the nonlinear seismic responses for the three frames described earlier are 

calculated. It needs to be emphasized that for all frames with PR or composite 

connections, the ratio T is considered to be at least 0.9. From a practical point of view, 

these connections are essentially FR-type connections. Thus, it is important to compare 

the maximum inelastic responses of the frames with FR connections with those of the 

frames with PR connections. 

It is observed that a frme with PR connections generally fails by developing 

;:(e)=E(0)I/l (5.3) 



large lateral displacements suddenly before developing any plastic hinge. This type of 

failure is referred to instability failure in this smdy. Thus, in this smdy, results are 

presented only in terms of interstory and absolute lateral displacements. 

Results in terms of maximum interstory lateral displacements are discussed first. 

The interstory displacements for Frame 4 are shown in Figs. 5.3, 5.4 and 5.5 for 

Earthquakes 1, 8 and 10, respectively. For tiiis frame. Earthquakes 1 and 8 are more 

severe than Earthquake 10. As shown in these figures, the interstory displacements are 

calculated for the frame with FR and PR connections for two damping ratios (2% and 

5%). Several important observations can be made from these figures. From Fig. 5.3.a, 

it is observed that the interstory displacements for the frame with PR connections are 

much larger than the corresponding displacements for the frame with FR connections. 

The frame with PR connections failed by instability before developing any plastic hinge. 

As shown below for other fi^es, it occurs for most of the earthquakes considered, 

particularly for 2 % damping. It is observed from Fig. 5.3.b that the interstory 

displacements for the frames with PR connections are practically the same that of the 

corresponding displacements of the frame with FR connections. 

Interstory displacements for Frame 4 subjected to Earthquake 8 are shown in Fig. 

5.4.a for 2 % damping and in Fig 5.4.b, for 5% damping. Important observations can 

also be made from these figures. From Fig. 5.4.a, it is observed that the frame fails by 

instability before developing any plastic hinge, as before. Thus, the assumption of FR 

connection for a connection with a T ratio equal to 0.9, may be an underconservative 

assumption, indicating that the real flexibility of connections has to be considered in an 



99 

4.5 

PTC 4-

COMPOSITE 

FRC 
0.5-

STORY 
Fig. S.3.a. Damping = 2% 

0.9 
-...PRC 

0.85 
COMPOSITE 

FRC 
0.75-

co 0.65 

0.6-

0.55 

STORY 
Fig. 9.3.b. Damping =9% 

FIG. 5.3, Frame 4 with PR connections and Earthquake 1 



100 

4 - "  
PRC 

COMPOSITE 

STORY 
Fig. 5.4.a. Damping = 2% 

COMPOSITE 

STORY 
Fig. 5.4.b. Damping = 5% 

FIG. 5.4, Frame 4 with PR connections and Earthquake 8 



101 

PRC 

FRC 

UJ 
5 0.9-
UJ 

COMPOSITE 

O 0.7-

0.5 

STORY 

Fig. 5.5.a. Damping =2% 

0.0 

PRC 

E 0.75-

COMPOSITE 

8? 0.65-

0.6-
FRC 

2 0.55-

0.5 

STORY 

Fig. S.S.b. Damping 5% 

FIG. 5.5, Frame 4 with PR connections and Earthquake 10 



102 

appropriate way. From Fig. 5.4.b, it is observed that the interstory displacements for 

the frame with FR connections are larger than the corresponding displacements of the 

frame with PR connections. One reason for this is that more energy is dissipated in a 

fiame with PR connections than in a fiame with connections, due to the Iiisteretic 

behavior of the PR connections which is not present in a firame with FR connections. 

Figs. 5.5.a and 5.5.b show the interstory displacements for Frame 4 when 

subjected to Earthquake 10. It is observed again that, it is possible to obtain practically 

the same interstory displacements for frames with PR connections than for firames widi 

FR connections. 

Frame 5 is considered next. The interstory displacements for this frame subjected 

to Earthquakes 5, 7 and 8 are shown in Figs. 5.6, 5.7 and 5.8, respectively. As for 

Frame 4, it is observed that the interstory displacements are much larger for the frame 

with PR connections than for the frame with FR connections (Figs. 5.6). Again, the 

fiame fails due to instability before developing any plastic hinge. However, for some 

other earthquakes, the fiame may experience similar, or even smaller interstory 

displacements, with PR connections, than with FR connections (Figs. 5.7). The 

beneficial effect of damping is noted from Figs. 5.8. It is shown that for 2% of damping 

the fiame with PR connections experiences large lateral displacements before failing by 

instability (Fig. 5.8.a). For 5% of damping, however, it presents a stable behavior, 

experiencing smaller lateral displacements than the fiame with FR connections (Fig. 

5.8.b). 

Results for Frame 6 are considered next. The interstory displacements for this 



INTERSTORY DISPLACEMENT (cm) INTERSTORY DISPLACEMENT (cm) 

cn ro <j\ 

Ol 

P O) 
3 J} < 

(D 

fO 



104 

PRC 
PRC COMPOSITE 

UJ 
2 0.0-

O 0.4-

Z 0.2-

1 2 3 5 6 7 4 0 
STORY 

Fig. 5.7.B. Damping = 2% 

0.0-

0.6-

—.:.:.--COMPOSITE 
FRC 

:•••• PHC 

STORY 
Fig. S.7.b. Damping .3% 

FIG. 5,7, Frame 5 with PR connections and Earthquake 7 



105 

3.5-

PRC 
3--

COMPOSITE 

2.5--

2 - '  

1.5- •• 

—T— 
3 

—I— 
5 

STORY 
Fig. 3.8.a. Damping = 2% 

1.2 

FRC 

8; 0.6-

O 0.4-

COMPOSITE 

PRC 

STORY 

Fig. S.8.b. Damping = 5% 

FIG. 5.8, Frame 5 with PR connections and Earthquake 8 



106 

frame are plotted in Figs. 5.9, 5.10 and 5.11, for Earthquakes 1, 7, and 13, respectively. 

All major observations made for Frames 4 and 5 are also valid for Frame 6. The only 

additional observation is that the maximum interstory displacements, in general, tends 

to be larger in the middle third of the frames. 

5.5.2 Results for PR coimections in terms of DMAX 

Results m terms of the maximum top lateral displacements are discussed next for 

all three frames. The results for Frame 4 are shown in Table 5.3 for all the earthquakes 

and the two damping ratios. The maximum top lateral displacements (DMAX) for the 

frame with FR connections are shown in Colimm 3 and for the PR connection case in 

Colunm 4. As discussed earlier, these results indicate that the frame with PR 

connections fails by instability for most of the earthquakes used. For a total of 26 

analyses shown in the table (thirteen earthquakes and two damping ratios), 13 resulted 

in failure giving a failure ratio of 50 %. These failures occurred particularly for the 

smaller of the two damping ratios (2%). It is important to emphasize tiiat no plastic 

hinges are formed m the frame when PR connections are used. The frame failed by 

instability rather than forming a plastic mechanism. The reason for this is that the 

stiffnesses of the connections are reduced significantly. It is shown in Table 5.4 for 

some connections for Earthquake 2 and 2 % damping. The first three connections 

presented in this table are located at the left end of the girders of the first bay while the 

remaining three are placed at the right end of the girders of the same bay. From this 

table it is also observed that the failure of the frame occurs when the relative rotations 
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TABLE 5.3. Maximum top displacement for Frame 4 
with PR, PR and composite connections 

EAR 

(1) (2) 

DMAX(cm) 
FRC 
(3) 

DMAX(cm) 
PRC 
(4) 

DMAX(cm) 
COMPOSITE 

(5) 

2 2.88 * • 

1 5 2.05 2.07 2 . 06 

2 6.92 * * 

2 5 5.38 5.18 • 

2 1. 82 1.81 1.81 
3 5 1.71 1.71 1.71 

2 6.39 * * 

4 5 4.54 * * 

2 1.79 1.80 1.80 
5 5 1.49 1.49 1.49 

2 3 .79 * * 

6 5 3 .08 * 3 . 05 

2 1. 08 1.09 1.09 
7 5 0.81 0 .82 0 .81 

2 4 .26 • *• 

8 5 2.65 2.62 2.94 

2 7.44 * 

9 5 4.74 * • 

2 2.32 2.48 2.31 
10 5 1.78 1.78 1. 77 

2 1.96 1.95 1.96 
11 5 1.52 1.52 1.52 

12 
2 4 .47 * * 

12 
5 3 .59 * 3 .61 

2 2.74 * 2 .76 
13 5 2.29 2.32 2.32 

* = Very large lateral displacement occurred suddenly 
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TABLE 5.4. Maximum rotations and final stiffness 
for some connections of Frame 4 

CONNECTION 
LOCATION 

ROTATION 
(miliradians) 

J^tNTnAL 
(kN.m/rad) 

^FINAL 
(kN.m/rad) 

TOP STORY 0.8 5295700 330982 

SECOND STORY 2.2 8189500 584964 

FIRST STORY 1.8 8189500 744500 

TOP STORY 0.9 5295700 1223025 

SECOND STORY 2.2 8189500 610387 

FIRST STORY 1.7 8189500 842098 
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of the connections are not large. 

Frame 5 is analyzed next. For this frame, 26 analysis were carried out. The 

results for this frame are shown in Table 5.5. Similar results to those of Frame 4 are 

also observed for Frame 5. For this frame with PR connections 18 analyses out of a 

total of 26 resulted in failure, giving a 69 % failure rate. Again, no plastic hinge was 

developed in the frame in all cases. The reduced stiffnesses for some connections of this 

frame are shown in Table 5.6 for Earthquake 5 and 2 % of damping. Again, it is 

observed that the values of the connection stiffness are reduced significantly causing the 

frame to fail by instability. All connections presented in this table are located at the left 

end of some girders of the first bay. 

Finally Frame 6 is analyzed. The observations made for Frame 4 and Frame 5 

also apply to Frame 6. The results for this fi-ame in term of DMAX are shown in Table 

5.7. For this frame with PR connections 14 analyses out of a total of 26 resulted in 

failure, giving a 54 % failure rate. It is important to observe that there is no correlation 

between the failure rate and the height of the frames. In Table 5.8, the reduced 

stiffnesses and the maximum relative rotations for some of the connections of this frame 

are shown for Earthquake 9 and 2 % damping. All connections presented in this table 

are located at the left end of some girders of the first bay. Even thought it is not 

possible to present the reduced stiffnesses and rotations for all connections and for all the 

earthquakes, they represent typical values including those of composite cormections. 

Comparing Tables 5.4, 5.6 and 5.8, it is observed that the maximum rotations are larger 

for Frame 4 than for Frame 5, which in turn are larger than those of Frame 6. Thus, 
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TABLE 5.5 Maximum top displacements for Frame 5 
with PR, FR and composite connections 

EAR 

(1) (2) 

DMAX(cm) 
FRC 
(3) 

DMAX(cm) 
PRC 
(4) 

DMAX(cm) 
COMPOSITE 

(5) 

1 
2 12 .52 * * 

1 5 8 . 95 * 9 .04 

2 
2 14 . 96 * • 

2 5 14 .21 14.32 14 .17 

3 
2 10 .16 10 .25 10 .09 

3 5 7.29 7.29 7.33 

4 
2 23 .70 * 

4 5 16 .33 * 15.73 

5 
2 10.98 * 11.07 

5 5 8.33 * 8 .22 

6 
2 20 .19 •k • 

6 5 14 . 02 * * 

7 
2 6.57 6.25 6.47 

7 5 4.68 4.64 4 .66 

8 
2 6.40 * 4.48 

8 5 5 .49 5.20 5 .22 

9 
2 18 . 37 * * 

9 5 14 .22 * * 

10 
2 6.23 6.24 6.24 

10 5 5.66 5.70 5 .68 

11 
2 13 .58 * * 

11 5 9.25 * 9 .54 

12 
2 19 . 31 * * 

12 
5 18 . 18 * 17.96 

13 
2 19.07 * * 

13 5 13 .44 •k 13 .42 

* = very large lateral displacement occurred suddenly 
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TABLE 5.6 Maximum rotation and final stiffness 
for some connections of Frame 5 

CONNECTION 
LOCATION 

ROTATION 
(miliradians) 

ÎNITIAL 
(kN.m/rad) 

F̂INAI, 
(kN.m/rad) 

SEVENTH STORY 0.4 8913400 2621588 

FIFTH STORY 0.7 12144400 2478449 

FOURTH STORY 0 . 9 16641900 2377414 

THIRD STORY 1.1 16641900 1849100 

SECOND STORY 1.3 21499900 2263147 

FIRST STORY 0.8 21499900 2945191 
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TABLE 5.7 Maximum top displacements for Frame 6 
with FR, PR and composite connections 

EAR 

(1) (2) 

DMAX(cm) 
FRC 
(3) 

DMAX(cm) 
PRC 
(4) 

DMAX(cm) 
COMPOSITE 

(5) 

2 15.07 • 15.84 
1 5 11.31 11.28 11.28 

2 16.91 * 17.44 
2 5 15.02 • 15.22 

2 10 .56 * 10 . 98 
3 5 7.21 7.23 7.24 

2 13 . 88 * 13 . 80 
4 5 12.51 12 .91 12 .89 

2 14 .46 14.32 • 

5 5 11. 66 11.59 11.60 

2 27.19 •k •k 
6 5 23 .04 * 22 .13 

2 9.79 9.64 9.85 
7 5 6.18 6 .05 6 .09 

2 6.39 6.08 6.13 
8 5 4 . 64 4.58 4.59 

2 33 .16 * * 

9 5 23 .17 * * 

2 11.42 11.48 11.46 
10 5 10 .75 10 .99 10 .96 

2 15.66 * * 

11 5 12.17 12.23 12 .22 

12 
2 28.75 * * 

12 
5 23 . 55 * 22 .79 

2 25.59 * * 

13 5 21.32 * 20 . 96 

* = very large lateral displacement occurred suddenly 



116 

TABLE 5.8 Maximum rotation and final stiffness 
for some connections of Frame 6 

CONNECTION 
LOCATION 

ROTATION 
(miliradians) 

ÎNITIAL 
(kN.m/rad) 

F̂INAL 
(kN.m/rad) 

FOURTEENTH STORY 0.1 18445300 3689060 

TWELFTH STORY 0.2 19235500 2747928 

TENTH STORY 0.2 22484300 3212043 

EIGHTH STORY 0.5 25929500 2729421 

FIFTH STORY 0.4 43201300 3927391 

FIRST STORY 0.8 69905600 5377354 
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as expected, the instability problem of frames with PR coimections is greater for tall 

frames than for low-rise frames. 

5.6 Results for frames with composite coimections. 

5.6.1 Results for composite comiections in term of interstory diisplacements 

The results in term of the maximum interstory lateral displacements for Frame 

4 with composite connections and Earthquake 1 are plotted in Fig. 5.3. From Fig. 5.3.a, 

it is observed that the displacements of the frame with composite connections are much 

larger than the corresponding displacements of the frame with FR connections. The 

frame with composite connections, similar to the PR connection case, failed by instability 

before developing any plastic hinge. From Fig. 5.3.b, it is observed that the interstory 

displacements of the frame with composite connections are practically the same than 

those of the frame with FR connections. 

Interstory displacements for Frame 4 subjected to Earthquake 8, are shown in 

Figs. 5.4. From Fig. 5.4.b, it is observed that the interstory displacements for the frame 

with composite connections may be smaller than the corresponding displacements of the 

frame with FR connections. As discussed earlier for the PR connection case, one reason 

for this is that more energy is dissipated in a fi^e with composite connections than in 

a frame with FR connections due to the histeretic behavior of the composite connections. 

Results for Frame 4 and Earthquake 10 are shown in Figs 5.5. It is again observed that 

it is possible to obtain similar or slightly smaller interstory displacements for frames with 

composite coimections than for a frame with FR connections. 
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Frame 5 is considered next. The interstory displacements for this frame subjected 

to Earthquakes 5, 7 and 8 are shown in Figs. 5.6, 5.7 and 5.8, respectively. The main 

conclusions made for Frame 4 are also applicable to Frame 5. It is observed that the 

interstory displacements can be larger for the frame with composite connections than for 

the frame with FR connections (Fig. 5.8.a). For some other earthquakes, however, the 

frame may experience similar, or even smaller displacements with composite 

connections, than with FR connections (Figs. 5.6 and 5.8.a). The beneficial effect of 

damping can be noted from the Figs. 5.8. It is shown that for 2% of damping, the frame 

with composite connections experiences large lateral displacements before failing for 

instability (Fig. 5.8.a). For 5% of damping, however, it presents a stable behavior 

producing lateral displacements smaller than those of the frame with FR coimections 

(Fig. 5.8.b). 

Results for Frame 6 are considered last. The interstory displacements for this 

frame are plotted in Figs. 5.9, 5.10 and 5.11, for Earthquakes 1, 7, and 13, respectively. 

All major observations made for Frames 4 and 5 are also valid for Frame 6 and are not 

repeated here. 

Thus, the behavior of the frame with composite connections is similar to that of 

the frames with PR connections. In both situations, sometimes the frames fail due to 

instability and some other times they experience similar or even smaller interstory 

displacements than the frames with FR connections. The only difference, as further 

discussed below, is that the instability problem arises more frequently for the frame with 

PR connections than for the frame with composite cormections. This is due to the 
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beneficial effect of the slab steel considered developing in the M-0 curves. 

5.6.2 Results for composite connections in terms of DMAX 

Results in term of the maximum top lateral displacements are discussed next for 

all three frames with composite connections. The results for Frame 4 are shown in 

Column 5 of Table 5.3. It is observed from this table that composite connections has a 

tremendous beneficial influence on the structural response when compared to those results 

of PR connections. For this frame with composite coimections, 6 analyses out of a total 

of 26, resulted m failure, giving a failure ratio of 23 %. Also, for some of the cases, 

DMAX was smaller than that of the FR connection case. In most cases, failures 

occurred for a damping ratio of 2 %. 

Frame 5 is similarly analyzed. The results for this frame in terms of DMAX are 

shown in Table 5.5. Similar results to those of Frame 4 are also observed for Frame 5. 

From the 26 analyses shown in the table, 8 resulted in failure, giving a failure ratio of 

30 %. For this frame also, for some cases, DMAX for the frame with composite 

connections was smaller than for the frame with FR connection. 

Finally Frame 6 is analyzed. The observations made for Frame 4 and Frame 5 

are also valid for Frame 6. The results for this frame in terms of DMAX are shown in 

Table 5.7. From a total of 26 analyses, 5 resulted in failure, giving a failure ratio of 

19%. As for Frames 1 and 2, for many of the cases the lateral displacements of the 

frame with composite connections were smaller than those of the frame with FR 

connections. As for the PR connection case, it is important to observe that there is no 
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5.7 Results for frames with stiffer PR and composite comiections 

As stated earlier, from a practical point of view, PR connections with a T ratio 

of at least 0.9, can be considered as FR connections. It is observed here that, if the T 

ratio is 0.9, this assumption is valid only for a few earthquakes. For most of the 

earthquakes the frames fail due to instability, before developing any plastic hinge. Thus, 

a frame with PR connections with a T ratio of at 0.9 should not be considered as a frame 

with FR connections, particularly for seismic analysis. 

When the composite action of the connection is considered, the T ratio increased 

to about 0.95. This resulted in a stable behavior of the frames for most of the 

earthquakes. The implication of this is that, for these particular cases it may be cheaper 

and more efficient to use frames with composite connections than frames with FR 

connections. However, for some other earthquakes, namely Earthquakes 2, 9 and 10 for 

Frame 4 and Earthquakes 12, 9 and 6 for Frame 5, failure due to instability still occurs. 

Thus, even for a T ratio of 0.95, in general, a connection can not be considered as FR 

connection. 

In order to study the behavior of the frame with stiffer PR and composite 

connections, M-0 curves for PR and composite connections with a T ratio larger that 0.9 

were developed, as shown in Table 5.9. Then Frames 4 and 5 with these stiffer 

connections were subjected to the strongest earthquakes defined above. The 

corresponding results are shown in Table 5.9. From this table it is observed that 
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instability problem may still occurs for some cases even if the T ratio is 0.95 for PR 

connections and 0.96 for composite connections. A stable behavior is obtained only for 

the composite connection case when the T ratio of 0.98. Thus, for seismic analysis, the 

T ratio should be close to 1 for all PR and composite connections. 

TABLE 5.9. DMAX for Frames 1 and 2 with stiffer 
PR and composite connections 

FRAME EAR 

DMAX(ctQ) DMAX (cm) DMAX (cm) DMAX (cm) 

FRAME EAR PRC PRC 
T=0.90 

COMP 
T=0.95 

PRC 
T=0.95 

COMP 
0.96 

PRC 
0.97 

COMP 
0.98 

1 

2 6.92 • » * * 5.37 

1 9 7.49 » * * 4.75 1 

10 6.39 • * * 4.53 4.52 4.52 

2 

6 19.31 * * 4t * 18.27 17.34 

2 9 20.37 * • * 19.23 2 

12 22.37 * * * * 20.12 

* = very large lateral displacements occur suddenly 
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6. EFFECT OF THE VERTICAL GROUND MOTION 

6.1. Introduction 

In this chapter the recommendations to consider the effect of the vertical 

component of the earthquakes on the structural response of two major seismic design 

guidelines for buildings are reevaluated. The first one is the National Earthquake Hazard 

Reduction Program (NEHRP) Recommended Provisions for Seismic Regulations for New 

Building (1994), hereafter denoted as the NEHRP Provisions, and the second one is the 

Mexico City Seismic Code (1993). The design requirements in other codes are expected 

to be similar. Specifically, in this smdy the effect of the vertical component is evaluated 

analytically for several recorded earthquakes for several steel firames in terms of their 

maximum top lateral displacements and the maximum axial loads and bending moments 

at the ground level columns. Then, the effect of the vertical component is evaluated 

according to the NEHRP Provisions and the Mexican Code. Finally, the analytical 

results are compared with the codes'recommendations in order to evaluate the adequacy 

of the current design practices. 

6.2 The NEHRP Provisions 

In the 1994 edition of the NEHRP Provisions, a new requirement was added to 

consider the combined effects of the horizontal and vertical components of earthquakes 

on the structural response. It is addressed indirectly in the section on "Combination of 

Load Effects." It is suggested that the effect of gravity loads and seismic forces be 
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combined in accordance with the factored load combinations as presented in the 

American Society of Civil Engineers Minimum Design Loads for Buildings and Other 

Strucmres (ASCE 7-95), except that the effect of seismic loads, E, shall be defined as 

E = Qe 0.5 C^D 1.0 consider the effect of both the horizontal and vertical components 

of an earthquake. In this formula Qg is the effect of horizontal seismic forces, Q is die 

seismic coefficient based upon the soil profile type and the value of A^ as determined 

from Sec. 1.4.2.3 or Table 1.4.2.4a of the NEHRP Provisions, and D is the effect of the 

dead load. The commentary further adds that "0.5 Cj was placed on the dead load to 

account for the effects of vertical acceleration. The 0.5 factor on dead load is not 

intended to represent the total vertical response. The concurrent maximum response of 

vertical acceleration and horizontal accelerations, direct and orthogonal, is unlikely and, 

therefore, the direct addition of responses was not considered appropriate." 

6.3 The Mexico City Seismic Code 

In the Mexico City Seismic Code, the effect of the vertical component is 

considered to be a fraction of the effect of the horizontal component. It states that "for 

the buildings located in seismic zones C and D the effect of the vertical component 

should be considered. This effect shall be taken as 2/3 of that of the largest horizontal 

component. This effect while combined with gravity and horizontal component effects 

should be taken as 0.3 of the above equivalent vertical effect." Effectively, the code 

recommends that the effect of the vertical component should be estimated as 20 percent 

(the product of 2/3 and 0.3) of the effect of the largest horizontal component. This 
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criterion can be interpreted another way. If the horizonal maximum response is H, then 

the vertical maximum response will be 2/3 H. Assuming that both maximums occurs at 

the same time and using the square roor of the sum of squares (SRSS) rule, the total 

response considering both components can be calculated as + (2/3 H)-^ = 1.2 

H. Obviously, the requirements in the Mexico City Seismic Code appear to be much 

more conservative than those of the NEHRP Provisions because of this assumption. 

In light of the extensive damage suffered by steel strucmres during the Northridge 

earthquake and the significant amount of information collected during the earthquake 

enabling detailed analytical studies, it is very desirable to compare the accuracy of the 

two codes in estimating the effect of the vertical component. 

6.4. Structural Models 

The verified computer program described in chapter 3 is used to evaluate the 

nonlinear seismic response of strucmres. Three steel frame strucmres representing 

different dynamic characteristics are considered in this smdy; a three story, an eight 

story, and a fifteen story steel frame. These firames are the same frames used in chapter 

5. Therefore, their geometry is shown in Fig. 5.1 and their member sizes in Table 5.1. 

The only difference is that for this smdy, all the frames are assumed to have FR 

connections. They will be also denoted hereafter as Frame 4, 5, and 6. As discussed 

earlier, they represent short, intermediate and tall buildings, respectively. These three 

frames with different dynamic characteristics are subjected to the thirteen strong motion 

earthquakes identified in Table 3.1 and plotted m Figs 3.1 through 3.13. As mentioned 
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earlier, the R values for these earthquakes vary between 0.27 and 1.11 and they are 

presented in increasing order for the ratio R. At least 5 of them have an R value greater 

than 2/3. 

6.5 Results and Observations 

In order to analytically evaluate the effect of the vertical component on the 

seismic responses of the frames, the following two cases are considered. 

Case 1 - The frames are excited by the horizontal component containing the 

maximum PGA only. 

Case 2 - The frames are jointly excited by the horizontal component containing the 

maximum PGA and the vertical component. 

Using the algorithm discussed earlier, the nonlinear response of the frames is 

estimated for 2% and 5% of die critical damping (|), m terms of the maximum lateral 

displacement at the top of the frame DMAX, the maximum axial loads, and the 

maximum bending moments at the ground level for the interior and exterior columns. 

All the frames are also subjected to static applications of the dead load as suggested in 

the NEHRP Provisions, and the corresponding responses are evaluated. For comparison 

purposes, die error term is defined as: 

^ _ Code Specified Value - Analytical Result 

Code Specified Value 

Considering the dead load, earthquake load, and load combination suggested in ASCE 

7-95, Eq. 6.1 can be rewritten for the NEHRP Provisions as: 
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(1.2 D ^ H * 0.5 D) - (1.2 D ^ HV) 

(1.2 D + H + 0.5 D) 
(6.2) 

where the term 1.2 D + H + 0.5 Cj D represents the combined effect of dead load, 

horizontal seismic load and vertical seismic load according to the NERHP Provisions, 

the term 1.2 D + HV represents the combined effect of dead load, horizontal and 

vertical seismic loads according to analytical results obtained by the algorithm discussed 

in chapter 3, H is the effect of the horizontal component containing the maximum PGA 

acting alone (Case 1), 0.5 D represents the effect of the vertical component, and HV 

represents the effect of both the horizontal and vertical components acting 

simultaneously. 

Similarly, for the Mexican Code, Eq. 6.1 can be expressed as: 

where the term 1.2 D + H + 0.2 H represents the combined effect of dead load, 

horizontal seismic load and the vertical seismic load according to the Mexican Code, and 

0.2 H represents the effect of the vertical component. All other terms in Eq. 6.3 were 

defined earlier. 

A positive error in Eqs. 6.2 and 6.3 implies that the codes overestimate the load 

effect due to the vertical component; in other words, the codes' recommendations are 

conservative. A negative error indicates that the codes underestimate the load effect, and 

thus are unconservative. 

The responses of the three frames can be compared in light of the error terms just 

(1.2 D + H + 0.1 H) - (1-2 D + HV) 

(1.2 D + H +0.2 H) 
(6.3) 
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discussed. 

6.5.1 Effect of the Vertical Component on DMAX 

Frame 4 is considered first. The DMAX values for the two damping ratios and 

all thirteen earthquakes are shown in Table 6.1. Column 3 contains analytical DMAX 

values for excitation by the horizontal component only. Column 4 contains the same 

information when the fiame is subjected to 1.2 D plus both the horizontal and vertical 

components. Columns 5 and 6 contain the combined effect for the DMAX values 

according to the NEHRP Provisions and the Mexican Code, respectively. Using Eqs. 

6.2 and 6.3, the corresponding error terms are calculated and are shown in Columns 7 

and 8, respectively. As stated earlier, the frame is designed so that it did not develop 

any plastic hinges when excited by any of the thirteen earthquakes. 

From the results given in Table 6.1, several important observations can be made. 

The maximum analytical horizontal deflections of the frame are observed to be almost 

the same for excitation by the horizontal component alone or by both the horizontal and 

vertical components. This is expected. Since the frame is symmetric and did not 

develop any plastic hinges, the effect of the vertical component in the estimation of the 

horizontal deflection is expected to be small. The DMAX values estimated according to 

the NEHRP Provisions (Column 5) are very similar to the analytical results. This is also 

expected, since the effect of the dead load on the DMAX calculation is negligible. The 

corresponding error according to Eq. 6.2 is also negligible (Column 7). However, the 

situation is quite different for the Mexican Code. The results in Colimrn 6 indicate that 



TABLE 6.L Maximum top displacements (DMAX) for Frame 4 

EAR 

(1) (2) 

H (cm) 

(3) 

1.2D+HV(cm) 

(4) 

NEHRP(cm) 

(5) 

MEX(cm) 

(6) 

^NEHRP (^) 
Eq. 6.2 

(7) 

^MEX (^) 
Eq. 6.3 

(8) 

2 2.88 2.86 2.88 3.46 1 17 
1 

5 2.05 2.06 2.05 2.46 -0 16 

2 6.92 6.92 6.92 8.30 0 17 
2 

5 5.38 5.37 5.38 6.46 0 17 

2 1.82 1.82 1.82 2.18 0 17 
3 

5 1.71 1.72 1.71 2.05 -1 16 

2 6.39 6.40 6.39 7.67 -0 17 
4 

5 4.54 4.54 4.54 5.45 0 17 

2 1.79 1.79 1.79 2.15 0 17 
b 

5 1.49 1.48 1.49 1.79 I 17 

2 3.79 3.78 3.79 4.55 0 17 
6 

5 3.08 3.08 3.08 3.70 0 17 

2 1.08 1.08 1.08 1.30 0 17 
7 

5 0.81 0.82 0.81 0.97 -1 15 

2 4.26 4.26 4.26 5.11 0 17 
8 

5 2.65 2.66 2.65 3.18 -0 16 

2 7.44 7.46 7.44 8.93 -0 16 
9 

5 4.74 4.74 4.74 5.69 0 17 

10 2 2.32 2.32 2.32 2.78 0 17 

5 1.78 1.78 1.78 2.14 0 17 

2 1.96 1.96 1.96 2.35 0 17 
11 

5 1.52 1.52 1.52 1.82 0 16 

12 
2 4.47 4.48 4.47 5.36 -0 16 

12 
3.59 3.59 3.59 4.31 0 17 

2.74 2.74 2.74 3.29 0 17 
13 

5 2.29 2.28 2.29 2.75, 0 17 
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the Mexican Code overestimates the DMAX values, and this overestimation is about 17 % 

(Column 8). Thus, for Frame 4, the NEHRP Provisions estimate DMAX very 

accurately, but the Mexican Code overestimates it by about 17%. 

In order to study the behavior of the same frame subjected to stronger 

earthquakes, all the earthquake time histories are scaled up so that 6 to 8 plastic hinges 

develop in the frame. The frame is reanalyzed, and the results in term of DMAX are 

given in Table 6.2. For 2% damping, the frame developed 6 to 8 plastic hinges, but 

remained elastic for 5% damping. For 2% damping, when the structure lost its 

symmetry due to the development of the plastic hinges in the frame, the NEHRP 

Provisions underestimated DMAX by about -11% in some cases, and overestimated by 

about 13 % in other cases. This underestimation or overestimation can not be correlated 

with the R parameter. It appears to be problem-specific. As before, the Mexican Code 

overestimates the DMAX values in this case too; however, the amount of overestimation 

is, in some cases, different than that of Table 6.1, and could be as small as 7% in some 

cases and as large as 28 % in some other cases. For 5% damping when the frame 

remains elastic, the effect of the vertical component on the DMAX calculation remains 

negligible for the NEHRP Provisions, but the Mexican Code overestimates it by about 

17%, as before. 

In smmnary, whether the frame remains elastic or develops plastic hinges, the 

Mexican Code always overestimates the DMAX values; however, the NEHRP Provisions 

could unconservatively underestimate DMAX if plastic hinges develop in the frame. 

The beneficial effect of damping can also be noted from Tables 6.1 and 6.2. It 
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TABLE 6.2. Maximum top displacements (DMAX) for Frame 4, plastic case 

EAR 

(1) 

1 

(2) 

CASE 1 (cm) 

(3) 

1.2D+HV(cm) 

(4) 

NEHRP(cni) 

(5) 

MEX(cm) 

(6) 

^NEHRP 
Eq. 6.2 

(7) 

^MEX 
Eq. 6.3 

(8) 

2 12.59 13.73 12.59 15.11 -9 9 
1 

5 8.20 8.2 8.20 9.84 0 17 

2 12.26 12.45 12.26 14.71 -2 15 
2 

5 8.08 8.08 8.08 9.70 0 17 

2 9.09 9.10 9.09 10.91 -0 17 
3 

5 8.54 8.54 8.54 10.25 0 17 

2 13.75 13.77 13.75 16.50 -0 17 
4 

5 11.72 11.72 11.72 14.06 0 17 

2 8.94 8.94 8.94 10.73 0 17 
3 

5 7.44 7.44 7.44 8.93 0 17 

2 13.08 11.35 13.08 15.70 13 
6 

5 9.25 9.25 9.25 11.10 0 17 

2 8.66 8.66 8.66 10.39 0 17 
7 

5 6.51 6.51 6.51 7.81 0 17 

2 11.32 11.31 11.32 13.58 0 17 
8 

5 6.62 6.62 6.62 7.94 0 17 

2 14.40 14.23 14.40 17.28 1 18 
9 

5 7.12 7.12 7.12 8.54 0 17 

10 2 10.26 10.24 10.26 12.31 0 17 

5 7.10 7.10 7.10 8.52 0 17 

2 9.83 9.79 9.83 11.80 0 17 
11 

5 7.63 7.61 7.63 9.16 0 17 

12 
2 12.67 14.11 12.67 15.20 -11 7 

12 
5 12.38 12.36 12.38 14.86 0 17 

2 10.66 10.66 10.66 12.79 0 17 
13 

5 8.03 8.07 8.03 9.64 -I 16 
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is observed that DMAX is reduced as the damping ratio increases from 2% to 5%. 

However, the amount of reduction varies from earthquake to earthquake and depends on 

the degree of yielding occurring in the structure. If no plastic hinge develops in the 

structure, the reduction could be around 20 percent (Table 6.1), and if plastic hinges 

develop, the reductions could be larger than 40 percent (Table 6.2). 

Frame 5 is considered next. Results similar to Tables 6.1 and 6.2 for Frame 4 

were estimated for Frame 5. They are shown in Tables 6.3 and 6.4. The major 

conclusions made for Frame 4 are also valid for this frame. If Frames 5 remain elastic, 

the error according to the NEHRP Provisions is zero, but according to the Mexican 

Code, the conservative error is 17%. If plastic hinges develop, the error according to 

the NEHRP Provisions could be on the unconservative side by about -13% and according 

to Mexican code the conservative error is sometimes smaller (7 %) and sometimes larger 

(19 %) than the corresponding error for the elastic case (17 %). 

The results for Frame 6 are discussed last. These results are shown in Tables 6.5 and 

6.6. Again, as for Frame 5, the major observations made for Frame 4 also apply to 

Frame 6. The error according to the NEHRP Provisions is practically zero if no plastic 

hinges develop in the structure, but it could be on the unconservative side by about -10 

% if some plastic hinges develop. The error according to Mexican Code, weather the 

structure remain elastic or develops some plastic hinges, is always on the conservative 

side. Thus, the trends are very similar for all three frames. It is important to observe 

that the heights of the frames can not be correlated with the corresponding errors, 

particularly when the errors are negative or unconservative. 



TABLE 6.3. Maximum top displacements (DMAX) for Frame 5 

EAR 

(1) (2) 

H (cm) 

(3) 

1.2D+HV(cm) 

(4) 

NEHRP(cm) 

(5) 

MEX(cm) 

(6) 

^NEHRP 
Eq. 6.2 

(7) 

^MEX (^) 
Eq. 6.3 

(8) 

1 
2 12.52 12.53 12.53 15 0 17 

1 
5 8.95 8.96 8.96 11 0 17 

2 
2 14.21 14.23 14.22 17 0 17 

2 
5 14.11 14.12 14.12 17 0 17 

3 
2 10.16 10.17 10.17 12 0 17 

3 
5 7.29 7.30 7.30 9 0 17 

4 
2 16.34 16.35 16.35 20 0 17 

4 
5 13.75 13.76 13.76 17 0 17 

5 
2 10.98 10.99 10.99 13 0 17 

5 
5 8.33 8.35 8.34 10 0 17 

6 
2 20.19 20.21 20.20 24 0 17 

6 
5 14.02 14.03 14.03 17 0 17 

7 
2 6.57 6.58 6.58 8 0 17 

7 
5 4.68 4.67 4.69 6 0 17 

8 
2 6.40 6.42 6.41 8 0 17 

8 
5 5.18 5.19 5.19 6 0 17 

9 
2 22.37 22.39 22.38 27 0 17 

9 
5 18.43 18.44 18.44 22 0 17 

10 2 6.23 6.24 6.24 7 0 17 10 

5 5.66 5.67 5.67 7 0 17 

11 
2 13.58 13.59 13.59 16 0 17 

11 
5 9.25 9.26 9.26 11 0 17 

12 
2 19.31 19.32 19.32 23 0 17 

12 
5 18.18 18.19 18.19 22 0 17 

13 
2 19.07 19.13 19.08 23 0 16 

13 
5 13.44 13.45 13.45 16 0 17 
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TABLE 6.4. Maximum top displacements (DMAX) for Frame 5, plastic case 

EAR 

(1) 

? 

(2) 

H (cm) 

(3) 

I.2D+HV(cm) 

(4) 

NEHRP(cm) 

(5) 

MEX(cin) 

(6) 

^EHRP 
Eq. 6.2 

(7) 

^MEX (^) 
Eq. 6.3 

(8) 

2 24.96 24.90 24.97 29.96 0 17 
1 

5 18.43 18.84 18.44 22.13 -2 15 

2 25.58 25.60 25.59 30.71 -0 17 
2 

5 22.45 22.46 22.46 26.95 0 17 

2 21.18 23.19 21.19 25.43 -9 
i 

5 17.65 17.66 17.66 21.19 0 17 

2 22.87 22.97 22.88 27.46 -0 16 
4 

5 19.79 19.80 19.80 23.76 0 17 

2 24.90 24.92 24.91 29.89 -0 17 
5 

5 22.29 22.30 22.30 26.76 0 17 

2 24.28 24.31 24.29 29.15 -0 17 
6 

5 17.43 17.44 17.44 20.93 0 17 

2 24.85 28.15 24.86 29.83 -13 
7 

5 23.21 23.23 23.22 27.86 -0 17 

2 25.84 25.86 25.85 31.02 -0 17 
8 

5 23.98 23.99 23.99 28.79 0 17 

2 26.99 27.01 27.00 32.40 -0 17 
9 

5 18.43 18.44 18.44 22.13 0 17 

10 2 24.92 24.94 24.93 29.92 -0 17 

5 21.52 21.53 21.53 25.84 0 17 

2 27.02 27.79 27.03 32.44 -3 14 
11 

5 21.98 21.99 21.99 26.39 0 17 

12 
2 26.78 25.92 26.79 32.15 3 19 

12 
5 25.34 25.35 25.35 30.42 0 17 

2 29.03 29.24 29.04 34.85 -1 16 
13 

5 19.32 19.33 19.33 23.20 0 17 



TABLE 6.5. Maximum top displacements (DMAX) for Frame 6 

EAR 

(1) 9
 

II 
H (cm) 

(3) 

l.D+HV(cin) 

(4) 

NEHRP(cni) 

(5) 

MEX(cin) 

(6) 

ENEHRP 
Eq. 6.2 

(7) 

^MEX 
Eq. 6.3 

(8) 

2 15.07 15.08 15.08 18.10 0 17 
1 

5 11.31 11.32 11.32 13.58 0 17 

2 16.91 16.91 16.92 20.30 0 17 
2 

5 15.02 15.03 15.03 18.04 0 17 

2 10.56 10.60 10.57 12.68 -0 16 
3 

5 7.21 7.22 7.22 8.66 0 17 

2 13.88 13.89 13.89 16.67 0 17 
4 

5 12.51 12.50 12.52 15.02 0 17 

2 14.46 14.44 14.47 17.36 0 17 
5 

5 11.66 11.67 11.67 14.00 0 17 

2 27.19 27.20 27.20 32.64 0 17 
6 

5 23.04 23.05 23.05 27.66 0 17 

2 9.79 9.80 9.80 11.76 0 17 
7 

5 6.18 6.19 6.19 7.43 0 17 

2 6.39 6.38 6.40 7.68 0 17 
8 

5 4.64 4.65 4.65 5.58 0 17 

2 33.16 33.17 33.17 39.80 0 17 
9 

5 23.17 23.18 23.18 27.82 0 17 

10 2 11.42 11.43 11.43 13.72 0 17 

5 10.75 10.76 10.76 12.91 0 17 

2 15.66 15.67 15.67 18.80 0 17 
11 

5 12.17 12.18 12.18 14.62 0 17 

12 
2 28.75 28.76 28.76 34.51 0 17 

12 
5 23.55 23.54 23.56 28.27 0 17 

2 34.59 34.57 34.60 41.52 0 17 
13 

5 25.98 25.98 25.99 31.19 0 17 
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TABLE 6.6. Maximum top displacements (DMAX) for Frame 6, plastic case 

EAR 

(I) 

e 

(2) 

H (cm) 

(3) 

1.2D+HV(cm) 

(4) 

NEHRP(cm) 

(5) 

MEX(cin) 

(6) 

^NEHRP (^) 
Eq. 6.2 

(7) 

^MEX (^) 
Eq. 6.3 

(8) 

1 
2 37.67 37.76 37.71 45.24 -0 17 

1 
5 28.28 28.33 28.32 33.97 -0 17 

2 
2 48.84 48.87 48.88 58.64 0 17 

2 
5 38.10 38.15 38.14 45.76 -0 17 

3 
2 32.59 32.18 32.63 39.14 1 18 

3 
5 27.62 27.67 27.66 33.18 -0 17 

4 
2 37.78 37.81 37.82 45.37 0 17 

4 
5 31.67 31.73 31.71 38.04 -0 17 

5 
2 35.74 35.80 35.78 42.92 -0 17 

5 
5 29.15 29.20 29.19 35.02 -0 17 

6 
2 35.49 35.53 35.53 42.62 0 17 

6 
5 34.55 34.60 34.59 41.50 -0 17 

7 
2 40.81 37.00 40.85 49.01 9 25 

7 
5 30.93 30.07 30.97 37.15 3 19 

8 
2 30.42 33.33 30.46 36.54 -9 9 

8 
5 23.21 23.28 23.25 27.89 -0 17 

9 
2 41.33 38.74 41.37 49.63 6 22 

9 
5 34.76 34.77 34.80 41.75 0 17 

10 2 37.68 37.73 37.72 45.25 -0 17 10 

5 32.26 32.31 32.30 38.75 -0 17 

11 
2 36.02 36.06 36.06 43.26 0 17 

11 
5 28.01 28.08 28.05 33.65 •0 17 

12 
2 45.70 50.16 45.74 54.88 -10 9 

12 
5 38.42 38.62 38.46 46.14 -0 16 

13 
2 44.68 44.81 44.72 53.65 -0 16 

13 
5 39.83 39.86 39.87 47.83 0 17 
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6.5.2 E^ect of the Vertical Component on Bending Moments in Columns 

The effect of the vertical component on the evaluation of the bending moments 

for the interior and exterior columns at the ground level of Frame 4 is considered next. 

Results for recorded time histories and scaled up time histories, similar to Tables 6.1 and 

6.2, are shown in Tables 6.7 and 6.8, respectively. The major observations made for 

the DMAX calculations are also valid for the estimation of moments at the ground level 

columns. If the frame remains elastic, the errors in the bending moment calculations 

according to the NEHRP Provisions are almost zero for both interior and exterior 

columns. However, when plastic hinges develop, the underestimation could be about -

5%. The Mexican Code always overestimates the bending moments; the corresponding 

overestimation errors are about 17% when the frame remains elastic, and as low as 12% 

when plastic hinges develop. 

Results similar to Tables 6.7 and 6.8 for Frame 4, are also calculated for Frame 

5. They are shown in Tables 6.9 and 6.10. It is observed that the corresponding errors 

are almost identical to those of Frame 4. As before, according to NEHRP Provisions 

the error is practically zero if the frame remains elastic, but it could be on the 

unconservative side by about -6, if some plastic hinges develop. The Mexican Code is 

conservative in the estimation of bending moments by about 17 % if no plastic hinges 

develop. If some plastic hinges form on the structure, the overestimation could be as low 

as 13 %. 

Frame 6 is similarly analyzed. The corresponding results are shown in Tables 

6.11 and 6.12. It is observed from this tables that the errors for this frame are 
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TABLE 6.7. Maximum moments at ground level columns for Frame 4 

EAR H (kN.m) 1.2D+HV(kN.m) NEHRPOcN.m) MEX (kN.m) ^NEHRP (^1 
Eq. 6.2 

^MEX (^) 
Eq. 6.3 

(1) (2) INT 
(3) 

EXT 
(4) 

INT 
(5) 

EXT 
(6) 

INT 
(7) 

EXT 
(8) 

INT 
(9) 

EXT 
(10) 

INT 
(11) 

EXT 
(12) 

INT 
(13) 

EXT 
(14) 

2 767 496 769 513 769 516 922 612 0 1 17 16 
1 

5 545 353 547 369 547 373 656 440 0 1 17 16 

2 1766 1141 1,769 1,158 1,768 1,161 2,121 1,386 -0 0 17 16 
2 

5 1360 879 1,362 895 1,362 899 1,634 1,072 0 0 17 17 

2 486 315 488 332 488 335 585 395 0 1 17 16 
3 

5 452 293 454 310 454 313 544 368 0 1 17 16 

2 1526 985 1,528 1,002 1,528 1,005 1,833 1,199 0 0 17 16 
4 

5 1083 700 1,086 717 1,085 720 1,301 857 -0 0 17 16 

2 461 298 463 315 463 318 555 374 0 1 17 16 
b 

5 383 248 385 265 385 268 461 314 0 1 16 16 

2 989 640 991 656 991 660 1,188 785 0 1 17 16 
6 

5 801 518 803 534 803 538 963 638 0 1 17 16 

2 261 167 264 184 263 187 315 217 -0 2 16 15 
7 

5 196 125 198 142 198 145 237 167 0 2 16 15 

2 1004 648 1,006 666 1,006 668 1,206 794 0 0 17 16 
8 

5 625 403 626 420 627 423 752 500 0 1 17 16 

2 1860 1202 1,863 1,218 1,862 1,222 2,234 1,459 -0 0 17 17 
9 

5 1190 769 1,193 786 1,192 789 1,430 940 -0 0 17 16 

2 571 369 572 386 573 389 687 460 0 1 17 16 
10 

5 440 284 441 301 442 304 530 358 0 1 17 16 

2 480 313 486 332 482 333 578 392 -1 0 16 15 
11 

5 372 243 377 261 374 263 448 308 -1 1 16 15 

2 1195 773 1,197 790 1,197 793 1,436 944 0 0 17 16 
12 

5 960 621 961 637 962 641 1,154 762 0 1 17 16 

2 700 453 703 470 702 473 842 560 -0 1 17 16 
13 

5 585 378 587 395 587 398 704 470 0 1 17 16 
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TABLE 6.8. Maximum moments at columns for Frame 4, plastic case 

EAR 1 H (kN.m) 1.2D+HV(kN.m) NEHRPGcN.m) MEXdcN.m) ENEHRP (^) 
Eq. 6.2 

^MEX (^) 
Eq. 6.3 

(1) (2) INT 
(3) 

EXT 
(4) 

INT 
(5) 

EXT 
(6) 

INT 
(7) 

EXT 
(8) 

INT 
(9) 

EXT 
(10) 

INT 
(11) 

EXT 
(12) 

INT 
(13) 

EXT 
(14) 

2 3293 2109 3,394 2,098 3,295 2,129 3,953 2,548 -3 1 14 18 
I 

5 2178 1409 2,180 1,425 2,180 1,429 2,615 1,708 0 0 17 17 

2 2834 1902 2,833 1,917 2,836 1,922 3,402 2,299 0 0 17 17 
2 

5 2040 1318 2.043 1,335 2,042 1,338 2,450 1,598 -0 0 17 16 

2 2437 1575 2,441 1,593 2,439 1,595 2,926 1,907 -0 0 17 16 
3 

5 2259 1464 2,263 1,481 2,261 1,484 2,712 1,774 -0 0 17 17 

2 3128 2166 3,139 2,124 3,130 2,186 3,755 2,616 -0 3 16 19 
4 

5 1950 1259 1,952 1,275 1,952 1,279 2,342 1,528 0 0 17 17 

2 2305 1492 2,298 1,507 2,307 1,512 2,768 1,807 0 0 17 17 
b 

5 1914 1238 1,916 1,255 1,916 1,258 2,298 1,502 0 0 17 16 

2 3180 1996 2,929 1,948 3,182 2,016 3,818 2,412 8 3 23 19 
6 

5 2043 1321 2,045 1,337 2,045 1,341 2,453 1,602 0 0 17 17 

2 2072 1338 2,075 1,356 2,074 1,358 2,488 1,622 -0 0 17 16 
7 

5 1566 1004 1,572 1,020 1,568 1,024 1,881 1,222 -0 0 16 17 

8 
2 2605 1694 2,618 1,719 2,607 1,714 3,128 2,050 -0 -0 16 16 

8 
5 1561 1008 1,563 1,025 1,563 1,028 1,875 1,226 0 0 17 16 

2 3097 2046 3,263 2,148 3,099 2,066 3,718 2,472 -5 -4 12 13 
y 

5 1785 1154 1,789 1,171 1,787 1,174 2,144 1,402 -0 0 17 16 

2 2431 1577 2,428 1,591 2,433 1,597 2,919 1,909 0 0 17 17 
10 

5 1758 1136 1,759 1,152 1,760 1,156 2,111 1,380 0 0 17 17 

2 2523 1634 2,545 1,661 2,525 1,654 3,029 1,978 -1 -0 16 16 
11 

5 1858 1214 1,879 1,236 1,860 1,234 2,231 1,474 -1 -0 16 16 

2 3305 2017 3,467 2,078 3,307 2,037 3,968 2,437 -5 -2 13 15 
12 

5 2303 1490 2,304 1,507 2,305 1,510 2,765 1,805 0 0 17 17 

2 2535 1637 2,547 1.658 2,537 1,657 3,044 1,981 -0 -0 16 16 
Vi 

5 2046 1323 2,051 1,341 2,048 1,343 2,457 1,604 -0 0 17 16 



TABLE 6.9. Maximum moments at ground level columns of Frame 5 

EAR H (kN.m) 1.2D+HV(kN.m) NEHRP (kN.m) MEX (kN.m) ̂NEHRP (̂ ) 
Eq. 6.2 

^MEX (̂ ) 
Eq. 6.3 

(1) (2) INT 
(3) 

EXT 
(4) 

INT 
(5) 

EXT 
(6) 

INT 
(7) 

EXT 
(8) 

INT 
(9) 

EXT 
(10) 

INT 
(11) 

EXT 
(12) 

INT 
(13) 

EXT 
(14) 

2 2740 1530 2,740 1,543 2,742 1,550 3,290 1,853 0 0 17 17 
1 

5 1971 1101 1,972 1,114 1,973 1,121 2,367 1,338 0 1 17 17 

2 2709 1513 2,710 1,528 2,711 1,533 3,252 1,832 0 0 17 17 
2 

5 2580 1441 2,581 1,456 2,582 1,461 3,098 1,746 0 0 17 17 

2 2259 1247 2,261 1,260 2,261 1,267 2.712 1,513 0 1 17 17 
3 

5 1625 897 1,627 911 1,627 917 1,952 1,093 0 1 17 17 

2 4323 2413 4,327 2,429 4,325 2,433 5,189 2,912 -0 0 17 17 
4 

5 3633 2027 3,637 2,043 3,635 2,047 4,361 2,449 -0 0 17 17 

2 2061 1149 2,061 1,163 2,063 1,169 2,475 1,396 0 1 17 17 

5 1561 870 1,562 884 1,563 890 1,875 1,061 0 1 17 17 

2 4026 2245 4,032 2,263 4,028 2,265 4,833 2,711 -0 0 17 17 
6 

5 2836 1581 2,840 1,598 2,838 1,601 3,405 1,914 -0 0 17 17 

2 1544 909 1,543 923 1,546 929 1,854 1,108 0 1 17 17 
7 

5 1103 649 1,103 663 1,105 669 1,325 796 0 1 17 17 

2 1290 720 1,291 734 1,292 740 1,550 881 0 I 17 17 
8 

5 1040 581 1,042 595 1,042 601 1,250 714 0 1 17 17 

2 3935 2195 3,937 2,206 3,937 2,215 4,724 2,651 0 0 17 17 
9 

5 3253 1814 3,254 1,826 3,255 1,834 3,905 2,194 0 0 17 17 

2 1318 737 1,320 750 1,320 757 1,583 901 0 1 17 17 
10 

5 1199 670 1,200 683 1,201 690 1,440 821 0 1 17 17 

2 2626 1321 2,628 1,336 2,628 1,341 3,153 1,602 0 0 17 17 
11 

5 1786 898 1,788 913 1,788 918 2,145 1,094 0 1 17 17 

2 4085 2273 4,084 2,291 4,087 2,293 4,904 2,744 0 0 17 17 
12 

5 3714 2066 3,712 2,084 3,716 2,086 4,458 2,496 0 0 17 17 

2 3519 1962 3,523 1,977 3,521 1,982 4,224 2,371 -0 0 17 17 
13 

5 2478 1382 2,482 1,397 2,480 1,402 2,975 1,675 -0 0 17 17 



TABLE 6.10. Maximum moments at colimms of Frame 5, plastic case 

EAR 1 HOcN.m) 1.2D+HV(kN.m) NEHRP (kN.m) MEX (kN.m) ̂NEHRP (^) 
Eq. 6.2 

^MEX (^) 
Eq. 6.3 

(1) (2) INT 
(3) 

EXT 
(4) 

INT 
(5) 

EXT 
(6) 

INT 
(7) 

EXT 
(8) 

INT 
(9) 

EXT 
(10) 

INT 
(11) 

EXT 
(12) 

INT 
(13) 

EXT 
(14) 

2 5484 3063 5,472 3,069 5,486 3,083 6,582 3,692 0 0 17 17 
I 

5 3942 2201 3,943 2,214 3,944 2,221 4,732 2,658 0 0 17 17 

2 4074 2273 4,070 2,284 4,076 2,293 4,890 2,744 0 0 17 17 
2 

5 4644 2594 4,645 2,610 4,646 2,614 5,574 3,130 0 0 17 17 

2 4944 2762 4,948 2,776 4,946 2,782 5,934 3,331 -0 0 17 17 
3 

5 3738 2063 3,741 2,076 3,740 2,083 4,487 2,492 -0 0 17 17 

2 4222 2355 4,221 2,373 4,224 2,375 5,068 2,843 0 0 17 17 
4 

5 4360 2433 4,364 2,449 4,362 2,453 5,234 2,936 -0 0 17 17 

2 4716 2621 4,716 2,748 4,718 2,641 5,661 3,162 0 -4 17 13 
b 

5 3591 2001 3,591 2,015 3,593 2,021 4,311 2,418 0 0 17 17 

2 4895 2731 4,900 2,748 4,897 2,751 5,876 3,294 -0 0 17 17 
6 

5 3686 2056 3,691 2,073 3,688 2,076 4,425 2,484 -0 0 17 17 

2 5603 3125 5,926 3,311 5,605 3,145 6,725 3,767 -6 -5 12 12 
7 

5 4411 2597 4,407 2,611 4,413 2,617 5,295 3,133 0 0 17 17 

2 5308 2967 4,985 2,798 5,310 2,987 6,371 3,577 6 6 
8 

5 4163 2324 4,163 2,337 4,165 2,344 4,997 2,806 0 0 17 17 

2 4741 2644 4,742 2,658 4,743 2,664 5,691 3,190 0 0 17 17 
y 

5 3903 2177 3,905 2,188 3,905 2,197 4,685 2,629 0 0 17 17 

2 5236 2925 5,236 2,939 5,238 2,945 6,285 3,527 0 0 17 17 
10 

5 4794 2679 4,796 2,692 4,796 2,699 5,754 .3,232 0 0 17 17 

2 5543 3096 5,615 3,148 5,545 3,116 6,653 3,732 -1 -1 16 16 
11 

5 3573 1797 3,576 1,812 3,575 1,817 4,289 2,173 -0 0 17 17 

2 5699 3185 5,689 3,185 5,701 3,205 6,840 3,839 0 1 17 17 
12 

5 4828 2686 4,826 2,705 4,830 2,706 5,795 3,240 0 0 17 17 

2 5379 3000 5,494 3,077 5,381 3,020 6,456 3,617 -2 -2 15 15 
13 

5 3717 2073 3,722 2,088 3,719 2,093 4,462 2,504 -0 0 17 17 



141 

TABLE 6.11. Maximum moments at ground level columns of Frame 6 

EAR H (kN.m) 1.2D+HV(kN.m) NEHRPOcN.m) MEX (kN.m) ̂NEHRP (^) 
Eq.6.2 

^MEX (^) 
Eq. 6.3 

(I) (2) INT 
(3) 

EXT 
(4) 

INT 
(5) 

EXT 
(6) 

INT 
(7) 

EXT 
(8) 

INT 
(9) 

EXT 
(10) 

INT 
(11) 

EXT 
(12) 

INT 
(13) 

EXT 
(14) 

2 2,636 2,037 2,639 1,983 2,638 2,057 3,165 2,461 -0 4 17 19 
I 

5 1,982 1,529 1,985 1,495 1,984 1,549 2,380 1,852 -0 3 17 19 

2 3,194 2,469 3,197 2,485 3.196 2,489 3.834 2.980 -0 0 17 17 
2 

5 2,827 2,185 2,829 2,201 2,829 2,205 3,394 2.639 0 0 17 17 

2 2,382 1,734 2,383 1,750 2,384 1,754 2,860 2,098 0 0 17 17 
3 

5 1,631 1,188 1,633 1,204 1,633 1,208 1,959 1,442 0 0 17 17 

2 2,291 1,764 2,293 1,779 2,293 1,784 2,751 2,134 0 0 17 17 
4 

5 2,064 1,589 2,066 1,604 2,066 1,609 2,478 1,924 0 0 17 17 

2 2,423 1,734 2,424 1,750 2,425 1,754 2,909 2,098 0 0 17 17 
b 

5 1,954 1,398 1,955 1,414 1,956 1,418 2,346 1,694 0 0 17 17 

2 4,403 3,401 4,396 3,409 4.405 3,421 5,285 4,098 0 0 17 17 
6 

5 3,763 2,907 3,761 2,916 3,765 2,927 4,517 3,505 0 0 17 17 

2 2,277 1,539 2,282 1,555 2,279 1,559 2,734 1,864 -0 0 17 17 
7 

5 1,441 974 1,444 990 1,443 994 1,731 1,186 -0 0 17 17 

2 1,288 998 1,290 1,013 1,290 1,018 1,547 1,214 0 0 17 17 
8 

5 933 723 935 739 935 743 1,121 884 0 1 17 16 

2 5,457 4,213 5,459 4,230 5,459 4,233 6,550 5,072 0 0 17 17 
9 

5 3,816 2,946 3,818 2,963 3,818 2,966 4,581 3,552 0 0 17 17 

2 2,494 1,928 2,496 1,944 2,496 1,948 2,994 2,330 0 0 17 17 
10 

5 2,267 1,752 2,269 1,769 2,269 1,772 2,722 2,119 0 0 17 17 

2 2,793 2,153 2,794 2,169 2,795 2,173 3,353 2,600 0 0 17 17 
11 

5 2,164 1,670 2,166 1,685 2,166 1,690 2,598 2,021 0 0 17 17 

2 5,402 4,168 5,399 4,173 5,404 4,188 6,484 5,018 0 0 17 17 
12 

5 4,428 3,416 4,426 3,424 4,430 3,436 5,315 4,116 0 0 17 17 

2 5,948 3,784 5,957 3.796 5,950 3,804 7,139 4,558 -0 0 17 17 
13 

5 4,469 2,845 4,479 2,873 4,471 2,865 5,364 3,431 -0 -0 17 16 
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TABLE 6.12. Maximum moments at columns of Frame 6, plastic case 

EAR H (kN.m) 1.2D+HV (kN.m) NEHRP (kN.m) MEX (kN.m) ̂NEHRP (̂ ) 
Eq. 6.2 

EMEX (^) 
Eq. 6.3 

(1) (2) INT 
(3) 

EXT 
(4) 

INT 
(5) 

EXT 
(6) 

INT 
(7) 

EXT 
(8) 

INT 
(9) 

EXT 
(10) 

INT 
(11) 

EXT 
(12) 

INT 
(13) 

EXT 
(14) 

2 6,594 5,088 6,525 5,051 6,596 5,108 7,914 6,122 I 1 18 17 
1 

5 4,955 3,823 4,960 3,714 4,957 3,843 5,948 4,604 -0 3 17 19 

2 8,107 6,022 8,024 6,220 8,109 6,042 9,730 7,243 I -3 18 14 
2 

5 7,065 5,463 7,071 5,479 7,067 5,483 8,480 6,572 -0 0 17 17 

2 6,839 5,088 6,856 5,124 6,841 5,108 8,208 6,122 -0 -0 16 16 
i 

5 4,895 3,563 4,894 3,579 4,897 3,583 5,876 4,292 0 0 17 17 

2 6,560 5,056 5,809 4,487 6,562 5,076 7,874 6,084 11 12 26 26 
4 

5 5,161 3,972 5,161 3,986 5,163 3,992 6,195 4,783 0 0 17 17 

2 6,853 5,283 6,871 5,311 6,855 5,303 8,225 6,356 -0 -0 16 16 
b 

5 4,885 3,496 4,885 3,512 4,887 3,516 5,864 4,212 0 0 17 17 

2 5,743 4,436 5,724 4,436 5,745 4,456 6,893 5,340 0 0 17 17 
6 

5 4,891 3,779 4,885 3,786 4,893 3,799 5,871 4,552 0 0 17 17 

2 5,910 3,780 5,985 3,838 5,912 3,800 7,094 4,553 -1 -1 16 16 
7 

5 6,484 4,382 6,490 4,399 6,486 4,402 7,782 5,275 -0 0 17 17 

2 6,670 5,169 6,596 5,124 6,672 5,189 8,006 6,220 1 1 18 18 
8 

5 4,666 3,615 4,667 3,629 4,668 3,635 5,601 4,355 0 0 17 17 

2 8,342 5,378 8,083 5,458 8,344 5,398 10,012 6,470 3 -1 19 16 
9 

5 5,724 4,419 5,727 4,436 5,726 4,439 6,870 5,320 -0 0 17 17 

2 6,497 4,990 6,396 4,996 6,499 5,010 7,798 6,005 2 0 18 17 
lU 

5 6,802 5,257 6,803 5,274 6,804 5,277 8,164 6,325 0 0 17 17 

2 6,347 4,834 6,499 4,958 6,349 4,854 7,618 5,818 -2 -2 15 15 
il 

5 4,979 3,839 4,980 3,855 4,981 3,859 5,976 4,624 0 0 17 17 

2 7,272 5,257 7,743 5,474 7,274 5,277 8,728 6,325 -6 -4 11 13 
12 

5 6,643 5,124 6,638 5,127 6,645 5,144 7,973 6,166 0 0 17 17 

2 8,199 5,421 8,343 5,486 8,201 5,441 9,840 6,522 -2 -1 15 16 
13 

5 5,195 3,414 5,375 3.444 5,197 3,434 6,236 4,114 -3 -0 14 16 
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practically the same than those of Frames 4 and 5. Therefore, all major observations 

made for Frames 4 and 5 also apply to this frame and are not repeated here. The only 

additional observation that can be made is that, as for the DMAX evaluation, these errors 

have no correlation with the R parameter or with the height of the frames. 

6.5.3. Effect of the Vertical Component on Axial Loads in Columns 

The effect of the vertical component on the evaluation of the maximum axial loads 

at interior and exterior groxmd level columns for all the frames is considered next. The 

estimation errors according to both codes are calculated using Eqs. 6.2 and 6.3 for both 

interior and exterior columns. For ease of discussion, the errors versus R are plotted. 

The errors for Frame 4 are shown in Figs. 6.1 and 6.2 for the interior and exterior 

column, respectively, when the structure remain elastic. Unlike the DMAX and the 

bending moment evaluation cases, the effect of the vertical component on the axial load 

estimation is observed to be significant, even when the frame remains elastic. For the 

interior colimin the underestimation error could be very large, on the order of - 50% for 

according to the NEHRP Provisions, and about - 70% according to the Mexican Code. 

Unlike the interior column case, in general, both codes overestimate the axial forces 

evaluation for the exterior column. The conservative error can be 13 % for the Mexican 

code and 15 % for the NEHRP Provisions. 

Results for Frame 4 are shown in Figs. 6.3 and 6.4 for the interior and exterior 

columns, respectively, when plastic hinges develop in the frame. If inelastic behavior 

is considered for the interior column, the corresponding errors increase to about - 150% 
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for both codes. In the same manner, the conservative errors increase for the exterior 

colimm to about 25 % for both codes. For the interior column, it is also observed that 

for a given code, the error is always larger for 2% damping than for 5% damping if the 

firame remain elastic and that the unconservative error is larger for the Mexican code 

than for NEHRP Provisions. However, these observations are not valid if the structure 

develops plastic hinges. It is interesting to note that the magnimde of the unconservative 

error for the interior column increases as the R value increases while the corresponding 

conservative error for the exterior column decrease as die R value increases, for both 

elastic and plastic situations. 

In summary, for the interior column, both codes underestimate the effect of the 

vertical component. The imconservative error according to the Mexican code is larger 

than the corresponding error associated with the NEHRP Provisions and the error is 

larger for damping 1% than for 5%. This is not true if the inelastic behavior is 

considered. However, the error increases if the structure develops some plastic hinges. 

Both codes overestimate the effect of the vertical component for the exterior column. 

The conservative error increases if the structure develop some plastic hinges. The 

magnimde of the conservative error increases as the R value increases, but the 

conservative error tends to decrease with R. 

Frame 5 is considered next. For the elastic case, the errors for the interior and 

exterior columns are plotted in Figs. 6.5 and 6.6, respectively. The major observations 

made for Frame 4 apply to Frame 5. If the frame remain elastic the unconservative error 

associated with the Mexican Code is greater than diat of the NERHP Provisions for the 
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interior column. This observation is not valid if plastic hinges develop. Although the 

NEHRP Provisions are better than the Mexican Code for the elastic case and the interior 

column of the frame, the unconservative error associated with it may not be acceptable. 

It is also observed from Figs. 6.5 that the magnimde of the unconservative error 

increases as the R value increases as before. As for Frame 4, the estimation of the axial 

forces according to both codes are on the conservative side for the exterior column. 

However, the overestimation errors for this frame, decrease for NEHRP Provision but 

increase for the Mexican code, with respect to those of Frame 4. Results for Frame 5 

are shown in Figs. 6.7 and 6.8, for the interior and exterior columns respectively for the 

plastic case. For this frame also, if inelastic behavior is considered, the 

underconservative errors for the interior column as well as the conservative errors for 

the exterior column increase with respect to those of the elastic case. 

Frame 6 is similarly analyzed. The results for the interior and exterior columns 

are shown in Fig. 6.9 and 6.10, respectively, for the elastic case. Similar results are 

plotted in Figs. 6.11 and 6.12 when plastic hinges develop in the structure. The major 

observations made for the interior columns of Frames 4 and 5 are also valid for this 

frame too. If the frame remain elastic, the unconservative errors associated with the 

interior column is larger for the Mexican code than for the NEHRP Provisions. Also the 

errors are larger for the plastic case than for the elastic case. It is observed from Figs 

6.1, 6.5 and 6.9 (interior column, elastic case) and from Figs. 6.3, 6.7 and 6.11 (interior 

column, plastic case) that the underconservative error is not a function of the height of 

the frames; however it increases as the R value increases. 
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Fig. 6.7. Error for the interior column of Frame 5, plastic case 
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Fig. 6.8. Error for the exterior column of Frame 5, plastic case 
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All major observations made for the exterior colimms of Frames 4 and 5 also 

apply to the exterior colunm of Frame 6. The only additional observation is that die 

estimation error according to NEHRP Provisions could be on the unconservative side. 

From a direct comparison of Figs. 6.2, 6.6 and 6.8 (exterior column, elastic case) and 

Figs. 6.4, 6.8 and 6.12 (exterior column, plastic case), it is observed that the 

conservative errors according to Mexican code tends to increase with the height of the 

frames, while the corresponding errors according to the NEHRP Provisions tends to 

decrease with this parameter and may even be, as commented earlier, on the 

uncorservative side for the tallest building. 

The effect of the vertical component on the axial load evaluation is significant for 

all three frames considered in this study. All these members are expected to be designed 

as a beam-column, and according to the AISC LRFD code, the following interaction 

equations are to be used: 

(6.4) 

-^+-5^^1.0; if-^<02 (6.5) 

where is the required axial strength, P^ the nominal axial strength, Mu, and are 

the required flexural and the nominal flexural strength with respect to the major axis, 

respectively, (f> is the resistance factor for compression (or tension) and 0^ is the 

resistance factor for flexure. 

Although the effect of the vertical component on the moment calculation is 



159 

negligible, it may increase the axial load significantly. Since both the axial load and 

moment are considered in the interaction equations, the increase in the axial load will 

have very a detrimental effect on the performance of the columns. This observation 

indicates the need for modification of the way the effect of the vertical component is 

considered in design codes, or at least indicates the need for fiirther study. If the R 

values are greater than the value usually considered to be normal, say 2/3, the 

underestimation for interior columns increases as the R value increases. The 

underestimation error is observed to be more for interior columns than for exterior 

columns, indicating that the location of the columns may also be important. The 

underestimation error also depends on the elastic or plastic state of the frames. But no 

correlation is observed between the underestimation error and the height of the frames. 

Because the number of bays of the structural models used in this study were constant, 

the number of interior columns in the frames was also constant. Thus, before 

establishing definitive conclusions for the term error discussed earlier, more research 

needs to be done regarding the variation of the number of interior colimms. 



160 

7. SUMMARY CONCLUSIONS AND RECOMMENDATIONS 

7.1 Summary 

The damage suffered by steel structures during recent strong earthquakes forced 

the profession to reevaluate issues related to the seismic design of steel structures. The 

evaluation of the maximimi inelastic deformation of a structure subjected to a strong 

motion earthquake is a critical part of this process. To calculate the maximum inelastic 

deflection, design guidelines usually suggest simplified versions of complicated analysis 

procedures. A ductility parameter can also be used to calculate the maximum inelastic 

deformation of a structure. This is particularly important for steel strucmres since the 

considerable beneficial effect of ductility can be utilized to mitigate the seismic hazard. 

In this research several definitions of story ductility for MDOF systems were smdied and 

the most appropriate one was identified. Definitions for local and global ductility were 

proposed. Relationship among these three parameters were also smdied. 

The presence of PR and composite connections on the structural response is also 

considered in this smdy. Conventional analysis and design of steel frames structures is 

based on the assumptions that beam-to-colunm connections are either fully restrained 

(FR) or perfectly pinned (PP) connections. Design and analysis methods have been 

developed under these simplified assumptions. Despite these classifications, almost all 

steel connections used in practice are in fact essentially partially restrained (PR) 

connections with different rigidities. The FR or PP connection consideration is an 

assimiption made to simplify calculations, and is a major weakness in current analytical 
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procedures. These simplifications result, in many cases, in erroneous values for resultant 

stresses and deformations because in reality FR connections possess some flexibility and 

PP connections possess some rigidity. Thus for nonlinear seismic analysis of steel 

frames, proper consideration of the rigidity is essential, no matter how difficult the 

analysis procedure becomes. The implication is that classical frame analysis procedures 

may not be applicable to the seismic analysis of steel firames with PR connections and 

composite connections. 

It needs to be emphasized that from a practical point of view, PR coimections 

with a T ratio, i.e., the relative stiffness of the connection with respect to that of the 

beam, of at least 0.9, are essentially FR-type connections. Thus, it is important to 

compare the maximum inelastic responses of steel frames with PR and composite 

connections with those of frames with FR connections. In this study, the effect of PR 

and composite coimections on the nonlinear seismic response of steel frames is evaluated. 

For this purpose, first the structural responses in terms of maximum interstory 

displacements and maximum top lateral displacements of three steel frames are calculated 

considering all the frames to be of FR-type connections. Then the strucmral responses 

are evaluated for the firames with PR connections and finally for the frames with 

composite coimections. Responses are compared for the three different cases, i.e., the 

frames with FR, PR and composite connections. 

The effect of the vertical ground motion on the overall seismic response of steel 

strucmres is also addressed in this smdy. This issue has long been of considerable 

interest to the profession. Several design codes tried to address the issue in very 
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conservative ways. However, many steel strucmres during recent strong earthquakes 

suffered a considerable amount of damage. Researchers generally attribute these 

damages to defects in welding and material, and to design related causes. Several 

recorded groimd motions during the Northridge earthquake indicated that the vertical 

component was much larger than ±at generally considered in the design. This 

observation has prompted the discussion that the excessive vertical acceleration may have 

caused the damage since, in the past, similar steel structures behaved well when the 

vertical component of the earthquakes was not so strong. Although extensive smdies are 

now being conducted on the welding procedures and the design of connections, it is 

important for the profession to reconsider the adequacy of the design provisions outlined 

in the model building codes to consider the effect of the vertical component of 

earthquakes. 

In this chapter the reconmienciations to consider the effect of the vertical 

component on the structural response of two major seismic design guidelines for 

buildings are reevaluated. The first one is the National Earthquake Hazard Reduction 

Program (NEHRP) Recommended Provisions for Seismic Regulations for New Building 

(1994) and the second one is the Mexico City Seismic Code. The design requirements 

in other codes are expected to be similar. Specifically, in this study the effect of the 

vertical component is evaluated analytically for several recorded earthquakes for several 

steel frames in terms of their maximum top lateral displacements and the maximum axial 

loads and bending moments at the ground level columns. Then, the effect of the vertical 

component is evaluated according to the NEHRP Provisions and the Mexican Code. 
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Finally, the analytical results are compared with the codes'recommendations in order to 

evaluate the adequacy of current design practices. 

7.2 Conclusions 

On the basis of the results of the present smdy, several important conclusions can 

be made on the ductility parameter, the presence of PR and composite connections on the 

overall seismic responses of steel frames and the consideration of the vertical component 

as outlined in some major design codes. 

Some of the major important conclusions on the ductility parameter are: 

1. At present, there is no acceptable definition of ductility, particularly for MDOF 

systems. However, it is constantly used in the profession. 

2. Defining ductility in terms of interstory displacements, is more appropriate than 

the absolute lateral displacements. Definition 5, i.e. the ratio of the maximum interstory 

displacement of the story (Dna*) to the maximum of the lateral displacements when the 

first plastic hinge is developed (Dy), is found to be the most appropriate one. 

3. Values of story ductility depends on the definition of ductility and the 

earthquake considered. Some definitions of ductility for MDOF systems, particularly in 

terms of absolute lateral displacements, may not be appropriate, even though they are 

being used in the profession. 

4. A relationship between the global and local ductility is proposed. It is defined 

in terms of Q, the ratio of global and local ductility, according to Definition 5. It is 

observed that the coefficient of variation of Q tends to increase with height of the frames. 
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However, this trend is not significant indicating that ±e proposed relationship can be 

used to characterize global ductility in terms of local ductility. 

Some of the major conclusions on the nonlinear responses of steel frames in the 

presence of FR, PR and composite connections are: 

5. Steel frames with PR and composite coimections with a T ratio of at least 0.9 

may not behave as frames with FR connections. Thus, the common assumption that a 

connection with a T ratio of 0.9 can be considered as a FR-type is not valid. Several 

frames with a T ratio of 0.95 developed very large displacements causing instability, 

although they behaved properly when the ratio was assumed to be 1.0. Thus, at least for 

the seismic analysis, PR or composite connections should be designed for a T ratio as 

close to 1 as possible to represent a FR-type connection. 

6. Several frames with PR and composite coimections failed by developing very 

large lateral displacements when subjected to one of the stronger earthquakes used in this 

study. However, under the action of a weaker earthquake, they behaved very similar to 

frames with FR coimections. Thus, in this simation, it may be more economical and 

more efficient to use frames with PR or composite connections than using frames with 

FR connections. 

7. For composite connections, slab steel has a tremendous beneficial effect on the 

overall strucmral response when considered in the moment-relative rotation (M-0) 

relationship. It increases the T ratio of the M-0 curves making it closer to the FR-type 

connection. It is observed that the instable behavior of a given frame subjected to a 

particular earthquake can be changed to a stable behavior, if composite connections are 
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considered. 

The following conclusions can be made for the effect of the vertical ground 

motion evaluation: 

8. The procedures suggested in the NEHRP Provisions and Mexican code to 

consider the effect of the vertical component may be underconservative, particularly for 

the axial force evaluation. Although the effect of vertical component in the moment 

calculation of colunms is negligible or conservative in most case, it may increase the 

axial load significantly. Since they are designed as beam-columns, the increase in the 

axial load will have a very detrimental effect on the performance of the columns. In 

light of the results obtained in this smdy, the design requirements for the vertical 

component, as outlined in the NEHRP Provisions and the Mexican Code, need to be 

reevaluated. 

9. If the frames remain elastic, the NEHRP Provisions estimate the maximum top 

lateral displacement (DMAX) and the maximum moments at ground level columns, very 

accurately; however, the Mexican code overestimates them. If the frames develop some 

plastic hinges, the Mexican code still conservatively overestimates them, but the NEHRP 

Provisions underestimate them in some cases. 

10. Both codes significantly underestimate the axial load in interior columns. The 

underestimation increases as the frame develop some plastic hinges. If the ratio of the 

vertical peak ground acceleration (PGAv) to the horizontal peak ground acceleration 

(PGAH), R, is more than considered normal, namely, 2/3, the underestimation increases 

as R increases. The underestimation can not be correlated with the height of the frames. 
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11. Both codes overestimate the axial loads in exterior columns for low-rise 

buildings for the cases considered in this study. In general this overestimation is larger 

for the NEHRP Provisions than for the Mexican code. If the height of the buildings 

increases, however, the overestimation error according to the Mexican code tends to 

increase as the R value increases, while the overestimation error according to the 

NEHRP Provisions tends to decrease and, for some cases can be on the 

underconservative side. 

7.3 Suggestions for further study 

The following recommendation for further research are suggested: 

1. The conclusions made for the evaluation of the ductility parameter for MDOF 

systems were bcised on a parametric smdy using three moment resisting frames described 

in Section 4.4. More research is needed to smdy the appropriateness of the proposed 

definitions for braced and three-dimensional frames. 

2. The evaluation of the effects of PR and composite connections on the maximum 

structural response was for particular T ratios, for a fixed amount of slab steel considered 

in the cormections and for the two-dimensional moment resisting frames, defined in 

Section 5.2. More research is needed regarding the variation of the T ratio, amount of 

slab steel considered in generating the M-0 curve, and the types of frames. 

3. In the evaluation of the vertical component effect, it was observed that the 

underestimation error is observed to be more for interior columns than for exterior 

columns, indicating that the location of the column is important. However, only three 
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frames with the same bay width and bay number were used in this smdy. Thus, a variety 

of different frames with different bay sizes and bay number need to be smdied to make 

definitive conclusions. 
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APPENDIX A. NOTATION 

a, y =propoitional constants for damping. 

Ca =seismic coefficient based upon the soil profiles. 

Dy =yield displacement. 

=maximum inelastic displacement. 

D =effect of dead load. 

»• 

=ground acceleration vector. 

D, D, D =acceleration, velocity and displacement vectors. 

DMAX =maximum absolute top displacement. 

17. /3 =Nemark /S method parameters. 

=percent of critical damping. 

EMEX =error according to Mexican code. 

Enehrp =error according to NEHRP Provisions. 

E =effect of seismic load according to NEHRP Provisions 

4> =the resistance factor for compression (or tension) 

0b =the resistance factor for flexiire. 

=cefficients which depend on 17, jS, a and 7. 

F =external dynamic force vector. 

FR =fully restrained. 

H =effect of the horizontal component. 

M-0 =moment relative rotation relationship. 
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MDOF =multi degree of freedom. 

HV =effect of both horizontal and vertical component. 

M, C, K =mass, damping and stiffness matrices. 

=the required and nominal flexural strengths. 

Pu. Pn =the required and nominal axial strengths. 

PR =partially restrained. 

PP =perfectly pinned. 

PGA =peak ground acceleration. 

PGAH =horizontal peak ground acceleration. 

PGAv =vertical peak ground acceleration. 

Q =the ratio global ductility to local ductility 

QE =effect of horizontal seismic forces according to NEHRP Provisions. 

R =the ratio of PGAy to PGAH-

SDOF =single degree of freedom. 

T =the ratio of the connection moment (M) and the fixed end moment (MfJ 

0 =relative rotation of connections. 

COj, Ojj =the natural frequencies of the /th and Jth mode. 
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