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ABSTRACT 

The design of seismic-resistant reinforced concrete, moment-resisting 

frame structures is discussed. After a review of seismic design procedures 

proposed by the Uniform Building Code (UBC) and the Applied Technology Coun

cil (ATC) , an inelastic optimum design procedure is described. This proce

dure is based on the philosophy of comprehensive design and employs a computer 

aided iterative technique in a series of five steps. The five steps are 

divided into preliminary and final phases. In both phases, a weak-girder, 

strong-column design criterion is imposed. The discussion of the proposed 

inelastic design procedure concentrates on the preliminary design phase which 

comprises three steps--preliminary analysis, preliminary design, and analysis 

of the preliminary design. 

The objective of the preliminary analysis is to establish design criteria 

and determine design forces. Seismic design story shears are found by a spec

tral modal analysis technique which includes an approximation to the p-6 effect. 

The objective of the preliminary design step is to find member sizes and 

reinforcement. A nonlinear optimization technique (the cutting-plane method) 

is employed at each story to find the beam design moment capacities which 

minimize a function proportional to the volume of flexural reinforcement. De

sign constraints are imposed to ensure that a safe, serviceable, and practical 

design results. Actual member design is found employing computer design aids. 

In the final step, the preliminary design is analyzed to evaluate its 

acceptability. Acceptability is determined by comparing the results of a 

series of linear elastic and nonlinear analyses with established design cri

teria and assumptions made in formulating the design problem. If the design 

is acceptable, the final design phase is entered, and final member detailing 

(i) ~ 



is carried out. If not, the steps of the preliminary design phase are 

repeated until the design is deemed acceptable. 

The proposed inelastic design procedure has been used to obtain a 

series of deSigns of a ten-story, three-bay frame. The designs differ with 

respect to the design constraints imposed in the formulation of the optimi

zation problem and with respect to beam steel content. Different sets of 

practical design constraints were formulated to study the effect on beam 

moment redistribution of (a) the ratio of the positive and negative moment 

design capacity at a given design section and (b) eliminating bar curtail

ment at interior beam-column joints. In all, four complete designs have 

been obtained. 

Two additional designs were found following UBC seismic design force 

provisions and considering code-allowed negative moment redistribution. 

The proposed inelastic seismic design procedure is shown to be very 

versatile, and it allows realistic consideration of complex design 

excitations such as an earthquake ground motion. Automated features of the 

procedure free the designer from much of the computational effort associated 

with reinforced concrete frame design. Consequently, several alternative 

deSigns can be formulated, analyzed, and evaluated in a relatively short time. 

The design results obtained indicate that, in seismic-resistant design, 

the volume of flexural reinforcement is virtually insensitive to different 

distributions of beam design capacities. In addition, basing the optimum 

design problem on an objective function proportional to the volume of 

flexural reinforcement tends to maximize negative design capacities and 

minimize positive capacities. In seismic-resistant construction, it is 

desirable to have a negative moment redistribution that results in a decrease 

of the negative moment in order to relieve steel congestion at beam-column 

joints. 

(ii) 



A comparison of designs based on spectral seismic design forces and 

those based on the VBC forces indicates that required material volume does 

increase in the case of spectral design forces. However, the resulting 

increase in stiffness and strength improves the overall performance of the 

structure. 
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1. INTRODUCTION 

1.1 General 

Seismic-resistant design confronts the structural designer with a number 

of challenging problems. For any given site, large uncertainties exist in 

predicting the dynamic characteristics and frequency of occurrence of future 

earthquake motions. Although the likelihood is small that a given structure 

located in a region of high seismicity--for example, the West Coast of the 

United States--will experience a severe ground motion, the structure will more 

than likely experience frequent minor earthquake ground shakings during its 

service life. These characteristics of seismic events complicate the de

signer's task of defining design earthquake excitations at each possible de

sign limit state and of selecting the limit state which controls the prelimin

ary design. 

At present, the general philosophy of seismic-resistant design for 

other than essential facilities is based on the philosophy of comprehensive 

design [lJ. Different design limit states are considered for earthquake 

ground motions of different severity and frequency of occurrence. However, 

difficulties are encountered in selecting design excitations. An earthquake 

ground motion may be considered the single realization of a set of random 

parameters (magnitude, focal depth, attenuation characteristics, frequency 

content, duration, etc.) [2]. Real ground motion records are limited in 

number and, because of their random nature, recurrence is unlikely. As a re

sult, basing design on previously recorded real ground motions may be unsatis

factory. For example, Jennings et al [3J have noted that current available 

accelerograms lack definitive data of severe ground shaking in the vicinity 

of the causative fault. 

-1-



The problem of defining design excitations is further complicated by 

the fact that the inertial forces caused by an earthquake ground motion de-

pend on the dynamic characteristics of the whole soil-structure system as 

well as on the characteristics of the ground motion. Consequently, the 

selection of a design earthquake depends on the mass,damping, stiffness, and 

strength of the structure being designed. 

A review of how current seismic-resistant design procedures deal with 

the above problems is presented in the following section. 

1.2 Current Seismic Design Procedures 

In current practice, design earthquakes are typically defined by accel-

eration response spectra from which seismic design base shears are computed. 

Such design spectra typically depend on the seismic activity of the site, soil 

conditions, fundamental period of vibration, and the type of lateral force re-

sisting system. For example, the 1976 Uniform Building Code (UBC) [4] 

seismic-force provisions define the design base shear as 

v ZIKCSW (1.1) 

where 

Z = Numerical coefficient dependent on the seismic zone (seismic 
activity) 

I Occupancy Importance Factor 

K Numerical coefficient dependent on type of lateral force-
resisting system 

C = Numerical coefficient specified as l/(lSIT) < 0.12 

T Structure's fundamental period of vibration 

S = Numerical coefficient for site-structure resonance 

and 

W = Total weight of the structure. 

-2-



Recently, the Applied Technology Council (ATC) [5] has suggested the 

following expression for the design base shear: 

where 

and 

A 
v 

v 
1.2AS A 
_---::,-7:,v_ W < S ~@-- W 

RT2/3 R 

Seismic coefficient representing the Effective Peak Velocity
Related Acceleration 

(1. 2) 

A a Seismic coefficient representing the Effective Peak Acceleration 

R 

S = 

T 

Seismic response modification coefficient which is related to 
the framing system 

Seismic coefficient of the site soil profile characteristics 

The fundamental period of the building 

Coefficient which depends on site soil profile characteristics 

W = Total gravity load of the building. 

The above ATC proposal is recommended only for regular buildings, i.e., 

"Buildings which have an approximately symmetrical geometry con
figuration and which have the building mass and seismic resist
ing system nearly coincident. • . ." 

For irregular buildings, a modal analysis technique is proposed in conjunc-

tion with design response spectra defined by equation (1.2). 

The UBC and ATC design earthquakes will be compared by considering the 

design of the ten-story, three-bay frame illustrated in Fig. 1. The first 

step in the design process is to define the building site. For this example, 

the building is to be constructed in Oakland, California. Based on seismic 

maps, Z in equation (1.1) would be 1.0 (zone 4), and both A and A in equa-
v a 

tion (1.2) would be 0.4 (area 1). 
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Next, it is supposed that an office building consisting of a reinforced 

concrete ductile moment-resisting frame structural system is to be constructed. 

As a result, K in equation (1.1) is 0.67, R in equation (1.2) is 7, and I in 

equation (1.1) is 1. 

Using empirical relationships to define the structure's fundamental period, 

it is found that: T in equation (1,1) is T = O.lN = 1 sec (UBC 12-3B) where 

N is the number of stories; and T in equation (1.2) is T = O.025h 3/4 n 

.91 sec (ATC 4-4) where h is the total height of the structure. 
n 

Finally, it is assumed the soil conditions are such that the site 

effects, as defined by the UBC or ATC, are negligible. Consequently, S in 

both equations (1.1) and (1.2) is set to one. 

Substituting the above values into equation (1.1), we find that 

_ 1 
VUBC - (1.0)(1.0)(0.67) 15 (1.0) W = .046 W; 

and, substituting into (1.2), we find that 

v = 1.2 (0.4)(;.0) W < 2.5 °
7
,4 W = .073 W. 

ATC 7(.91)2 3 

However, V
UBC 

is at service level conditions and must be factored to make it 

equivalent to VATC ' 

u V
UBC 

= 1.4 VUBC = .063 W 

u A comparison of V
ATC 

and V
UBC 

indicates that the UBC design base shear is 

86 percent of that specified by the ATC. 

Once the design base shear has been determined, it must be distributed 

through the height of the structure. UBC suggests 

~- F ) w h 
F 

t x x (1.3) 
x n 

r w.h. 
i=1 

1 1 
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where 

hi,hx = Height abov~ the base to level i or x 

'Wi,wx = That portion of W which is assigned to level i or x 

n = Number of stories 

F = Lateral force at level x 
x 

F
t 

= That portion of V considered at the top of the structure 
in addition to F defined by equation (1.3) 

n 

0.07 TV < .25V for T > 0.7 secs 

o if T < 0.7 sees. 

Part of the base shear is concentrated at the top of the structure in 

order to include higher mode effects on the force distribution. It should 

be noted that, for highly irregular buildings, DBC recommends that the force 

distribution be determined considering the dynamic characteristics of the 

building (Section 23l2[c]3). 

The force distribution recommended by the ATC is 

where 

k = 

= 

= 

A coefficient 

1 if T < 0.5 

2 if T > 0.5 

F = V • 
x 

w h k 
x x 

n 
L: 

i=l 

k 
w.h. 

1. 1. 

related to period 

or 

1 + (T - 0.5)/2 if 0.5 < T < 2.5 

2 if T > 2.5 

The coefficient, k, approximates higher mode effects on seismic force 

distribution. 

-5-
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Both the ATC and the UBC assume that, for other than essential facili-

ties, the ultimate limit state controls design; and they also recognize that 

inelastic response may be significant. The effect of inelastic behavior is 

included in the design base shear definitions by the factors K and C in equa-

tion (1.1) and by the factor R in equation (1.2). The factors Rand K are 

defined on the basis of the inelastic deformation characteristics of the 

various lateral force resisting systems.* In addition, although only elastic 

analysis is required in both seismic design procedures, the resulting deflec-

tions are increased by what can be referred to as a deflection amplification 

factor, Cd' to account for inelastic behavior. For a ductile moment-resisting 

frame system, the UBC defines a Cd value of 1.5 (11K) at service-level loads 

and requires that the lateral story deflection or drift not exceed 0.005 h . x 

In contrast, the ATC recommends a value of 6 for Cd at ultimate-load condi

tions and requires that the story drift be smaller than 0.015 h . x 

The fact that the UBC and the ATC drift limitations are based on differ-

ent design limit states complicates a comparison of the two design requirements. 

Suppose, however, that a valid comparison is possible at the ultimate-load level 

without deflection amplification. If a characteristic structure displacement, 

0, is defined as 

v ° = - (1.5) K 
s 

where V is the base shear level at which deflection is computed and K is a 
s 

characteristic structure stiffness (assumed the same for UBC and ATC). the 

UBC displacement, 0UBC' at ultimate load (at V~BC) is 0.S60ATC (at VATC)' 

,~ 

It should be noted that, while the UBC (1976) permits redistribution of nega-
tive moments, ATC does not. 

-6-



The UBC and ATC drift limitations, R
UBC 

and R
ATC

*, respectively, are 

modified to reflect the limit state chosen for comparison by the expression 

~ = c~ (LF) (1. 6) 

where LF is the design load factor (1.4 for UBC, 1.0 

0.0047 and ~TC = 

for ATC). Based on equa-

tion 
UBC 

(1.6), ~ = .005(1.4)/1.5 = .015(1.0)/6 = 0.0025. 

Accounting for the different force levels (OUBC = 0.86 °ATC) , the ATC 

drift requirement is more than twice as stringent as the UBC requirement. Con-

sequently, either the ATC drift limitation is conservative or the UBC require-

ment is unconservative. It is felt that, for a severe earthquake ground motion, 

the latter is true. 

The increase in deflections associated with the p-~ effect has not been 

included in the above discussion. Consideration of this effect in the ATC de-

sign procedure is equivalent to an increase in Cd' ATC 
Consequently, RM would 

decrease. However. since UBC does not stipulate how to account for the p- ~ 

UBC 
effect, ~ remains the same; and the difference between the UBC and ATC 

drift limitations would increase. 

The fact that structural design is based on a fictitious linear elastic 

limit state is a major shortcoming of the seismic design procedures reviewed 

above. Although special provisions to enhance local inelastic deformation 

capacity are stipulated by ATC and UBC in sections covering member design, 

neither procedure requires an estimation of local inelastic deformation demands. 

*The term. R, has been used previously in equation (1.2) as a seismic-response 
modification factor. However, in previous work [6], R has been used to indi
cate story drift index which is defined as the ratio of interstory displace
ment to interstory height. Subsequent uses of R will indicate drift index. 

-7-



The authors believe that such estimates are required in design for severe 

earthquake ground motion. Known deformation capacities can be compared to 

the estimated deformation demands to determine whether or not they are com

patible. In addition, estimates of required inelastic deformations can be 

used as guidelines for member detailing. 

The authors have recently proposed an inelastic seismic-resistant de

sign procedure for multistory frame buildings expected to experience a severe 

earthquake ground motion during their service lives [6]. The procedure was 

developed specifically for ductile reinforced concrete frame structures. In 

the procedure, seismic design forces are obtained by a modal analysis tech

nique from smooth inelastic design response spectra. The structural design 

is based on an optimum limit state design and expected inelastic defor

mation demands are determined from time history analyses. In the design 

procedure, special emphasis is placed on obtaining a preliminary design which 

is as close as possible to the desired final design. The design procedure is 

currently limited to planar behavior. 

1.3 Objectives 

The main objectives of this report are to present: (1) an evaluation and 

an improvement of the seismic-resistant design procedure proposed in Ref. 6-

in particular, an improvement in the formulation and solution of the optimum 

inelastic design problem; (2) an investigation into the effect of different 

practical design constraints on the optimum design solution and on the seismic 

response of the resulting designs; and (3) a comparison of designs based on 

the proposed procedure with designs based on the UBC design procedure. 

-8-



1. 4 Scope 

The inelastic seismic-resistant design procedure proposed in Ref. 6 is 

reviewed in Chapter 2. The optimization problem is reformulated as a non-

linear programming problem which is solved by the cutting plane method [7, 8]. 

The nonlinear programming technique is discussed in Chapter 3. 

Several different designs of a ten-story, three-bay reinforced concrete 

frame (Fig. 1) have been obtained using the new optimization technique. The 

different designs were formulated to study: 

(a) The effect of varying the lower bound on the positive 
(bottom steel) moment capacity at a given section 
/M+I ~ pIM-I· The values of p considered were 0.50, 
O. 75, and 1. 00. 

(b) The effect of eliminating bar curtailment at interior 
hearn-column joints. 

(c) The effect of varying the maximum flexural reinforcement 
ratio, p ,allowed in beam design. Values of 0.5 P

b max 
* and 0.75 Pb were used. 

In addition, two designs based on the UBC (1976) seismic design provi-

sions [4] are obtained. The twa UBC designs differ in the value of p used 
max 

in the beam design. The different designs are discussed and compared in Chap-

ters 3 and 4. The conclusions drawn from these results, and recommendations 

for future research are presented in Chapter 5. 

*p is the balanced failure reinforcement ratio [ACI Section 10.2 (9)]. 
b 
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2. INELASTIC SEISMIC-RESISTANT DESIGN PROCEDURE 

2.1 General Characteristics of the pesign Procedure 

Recently, the authors have proposed a computer-aided iterative pro

cedure for the seismic-resistant design of multistory reinforced concrete 

frame structures [6]. The procedure was developed for structures which are 

expected to experience a severe earthquake ground motion during their service 

lives. The objectives of this chapter are: (a) to review the essential fea

tures of the design procedure and (b) to point out aspects of the procedure 

which are explored in this report. In the discussion of the design procedure, 

reference is made to the design of the ten-story, three-bay frame defined in 

Fig. l. 

The design procedure consists of five basic steps which are divided into 

preliminary and final design phases (Fig. 2). In both phases, an optimum 

inelastic design which minimizes the volume of flexural reinforcement is 

found for each story. In order to limit column inelastic deformation and 

prevent formation of soft stories (partial sway mechanism), a weak-girder, 

strong-column design philosophy is followed in both design phases. Addition

ally, in order to prevent large concentrated inelastic deformations, transi

tions in strength, stiffness, and mass are made as smooth as possible through 

both the height and the plan area of the structure. 

2.2 Preliminary Design Phase 

Regardless of how sophisticated the analysis techniques employed in deter

mining member design capacities, the final design will be only as good as the 

preliminary design used to define seismic forces and to carry out the analysis. 

In view of this fact, the objective of the preliminary design phase is to 

obtain a preliminary design which is as close as possible to the desired final 

Preceding page blank -11-



design. The preliminary phase entails three steps--preliminary analysis, 

preliminary design, and analysis of the preliminary design. To achieve the 

stated objective, these steps are repeated until the preliminary design is 

deemed acceptable with respect to established design criteria, which reflect 

the desired characteristics of the final design, and with respect to dynamic 

characteristics and ductility factors assumed in evaluating seismic design 

story shears. 

2.2.1 Preliminary Analysis 

The objective of the first step of the design procedure is to establish 

design loads and design criteria. On the basis of structural geometry and 

building function. gravity and wind loads are determined, and story masses 

are estimated. Design earthquakes, which are represented by smooth ground-

motion spectra, are established on the basis of available seismic and geo-

logical data and soil characteristics of the building site. 

Ground-motion spectra are defined by selected values of effective peak 

ground acceleration, velocity, and displacement. Figure 3 illustrates the 

spectrum for a peak ground acceleration of 0.40g, velocity of 486 rom/secs, 

and displacement of 366 rom [10]. 

Although in previous design examples [6, 11] and in the design examples 

presented later in this report, only one design earthquake (corresponding to 

a severe ground motion) has been considered, additional ground-motion spectra 

corresponding to different design limit states (for example, the serviceability 

limit state) are a possibility. 

Once the design earthquakes have been established, dynamic characteris-

tics of the structure--defined by period ratios Tl/T. and mode shapes ¢.--are 
1 -1 

selected. Tl is the fundamental period, and Ti is the period of the ith mode 
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of vibration. The initial selection of Tl/Ti and Ti may be based on previous 

experience with similar structures, tabulated results [12], and/or the results 

of analyses of a starting design. After completing one iteration of the pre-

liminary design phase, TI/T. and ~. may be updated to reflect the characteris-
1 _1 

tics of the latest preliminary design. 

The final task of the preliminary analysis is the determination of 

seismic design story shears. Based on an assumed damping ratio, ~, an 

elastic response spectrum is constructed from the ground-motion spectrum 

using amplification factors suggested by Newmark [lOJ. An inelastic re-

sponse spectrum is then constructed by dividing the elastic response spectrum 

by appropriate functions of the assumed displacement ductility factor, ~, 

(Fig. 3). Assuming a value for Tl , the design story shears are evaluated on 

the basis of the inelastic response spectrum employing a modal analysis tech-

nique. The various modal contributions are combined by taking the square 

root of the sum of the squares of the modal maxima. 

In determining seismic design forces, the final selection of S, ~, and 

T depends on an iterative process in which estimates of response based on a 

given set of ~, ~, and T are compared to the established yielding seismic 

coefficient, C , and the design drift index for ultimate-load conditions, 
y 

R 1 (values of C and R, service-level design criteria, are used for a 
u t l 

service-level earthquake). These design criteria (C, Cy ' Rand Rult ) should 

be established on the basis of their relative effect on initial design cost 

and the cost of expected damage during response to the design excitations. 

The story shears obtained by the modal analysis are modified to account 

for the p-~ effect [6J. 

Although the use of a modal-analysis technique for an inelastic multi-

degree-of-freedom system is correct only in the rare case that all plastic 

hinges associated with the assumed failure mechanism form simultaneously, 
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such a technique is considered a significant improvement over current code 

seismic-force specifications [13J. 

2.2.2 Preliminary Desig~ 

The problem in this step of the design procedure may be stated as 

follows: 

Given: Gravity, wind, and seismic-design loads; critical load 
combinations; and mechanical characteristics of design 
materials. 

Find: Beam and column sizes and flexural reinforcement. 

The solution to this problem is found by solving an optimization problem 

for each story formulated on the basis of the design subassemblage in Fig. 4. 

The optimum design minimizes the volume of flexural reinforcement. The weak-

girder, strong-column design criterion reduces the problem to one of finding 

the beam design moments. 

The design problem may be summarized as follows: 

i 

which minimize the objective function. 

and which satisfy the design constraints 

G. (M.) > 0 
J 1. 

j 

1,N 

1,NG 

(2.1) 

(2.2) 

where N is the number of desired beam design moments and NC is the number 

of design constraints. 

-14-



Design constraints are imposed to ensure that equilibrium is satisfied 

and that a serviceable and practical design results. 

G.CM.) are presented below. 
J 1 

The form of C(M.) and 
1 

were assumed linear, and a linear programming technique was used to solve the 

optimization problem. 

(i) Objective function 

The objective function is based on the following approximate relation-

ship between the beam design capacity at section i, M., and the correspond-
1 

ing steel area A [6J: 
s. 

1-

M. = A f j d 
1 si Y 

(2.3) 

where f is the nominal steel yield stress and jd is the lever arm between 
y 

the resultant internal tensile and compressive forces. Separating the con-

tributions of the beam and column reinforcements, the objective function may 

be written as 

C(M.) = C eM.) + CB(M.) 
1 C 1 1 

(2.4) 

where Cc(M2 accounts for the column reinforcement and CB(Mi ) accounts for 

the beam reinforcement. 

In the authors' previous \vork [6, llJ, both components were considered 

linear functions and C(M.) was expressed as 
1 

where 

Effective length of reinforcement corresponding to the 
ith design moment 

Beam contribution 
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and 

*,,;'(, 
Y

i 
Column contribution. 

The column term was determined on the basis of the weak-girder, strong-

column design criterion. The sum of the column moments at a beam-column 

joint was expressed in terms of the beam moments by considering joint equi-

librium. Assuming that the column reinforcement does not vary through the 

column height defined by the design subassemblage, Y~"( may be expressed as 
1 

where 

and 

y. ,'d( 
1 

~ h. 1/2 + h./2 (Fig. 4) 
1- 1 

f A linear function derived from joint equilibrium which de
pends on joint geometry and a safety factor imposed to 
ensure a weak-girder, strong-column design. Details of 
the form of f may be found in Ref. 6. 

NJ = Total number of joints. 

(2.6) 

The beam term, Y~, was obtained from reinforcement detailing correspond-
1 

ing to design moment envelopes. Effective reinforcement lengths were computed 

by considering code-allowed bar curtailment and specified bar anchorage. In 

* order to construct moment envelopes for evaluation of Yi , an initial solution 

Mo. . d ., 1S requ1re • 
1 

I . k MO. was defined by the results of elastic n prev10us wor. 1 

analysis. The optimum solution of the linear programming problem formulated 

on the basis of y~ (M?), (M~), is strictly correct only if the solution of a 
111 

* 1 2 1 new problem formulated on the basis of Yi (Mi ), Mi' is equal to Ml" In other 
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words, this technique to evaluate Y~ results in a function, CB(Mi ), which 

is nonlinear in the design variables, Mi. 

In a recent study [14J, it has been found that, typically, 

(2.7) 

and the use of a linear programming technique to solve the optimization prob-

1em is questionable. In Chapter 3, a nonlinear programming technique is de-

scribed which enables this nonlinearity in the objective function to be 

handled. 

(ii) Design constraints 

Three sets of linear design constraints are imposed. The constraints 

considered follow. 

1. Equilibrium constraints 

6ji M. > w. j 1,NEQ (2.8) 
1 - J 

where 

8 .. = Coefficient of M. in the jth equilibrium 
J1 constraint 

1 

w. = External load term in the jth equilibrium 
J constraint 

and 

NEQ Number of equilibrium constraints. 

The equilibrium constraints are derived from the kinematic theorem of simple 

plastic theory. A typical e .. corresponds to the virtual plastic-hinge rota
J1 

tion at design section i in the jth subassemblage mechanism, and a typical 

w. corresponds to the virtual work done by the external loads going through 
J 

the displacements associated with the jth mechanism. 
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2. Serviceability constraints 

where 

and 

m. 
1 

A 
o 

M. > m. 
1 - 1 

i 1,N 

A coefficient greater than 1.0 which protects 
against yielding and excessive cracking and 
deformation under service load conditions 

The ordinate of the elastic moment envelope 
under service load conditions at design sec
tion i. 

3. Practical constraints 

M > .25 M 
span - support 

IH:kIM:UEI 

IMi 1~IMpmin I 

1
M: I~ FAC 'IM~ I 

above 

where 

p = A factor (0.5 is stipulated by the UBC) less 
than or equal to 1.0 

FAC 

The ordinate of the ultimate-load elastic 
moment envelope at design section i. 

M~UE/N.-UE 
1 labove 
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and 

-UE M. 
labove 

Mi 
above 

-UE M. for the story above the one being designed 
1 

The moment capacity corresponding to mlnlmum rein
forcement requirements (0 . = 1380/f for f in MPa) mln y y 

The solution at section i for the story above the one 
being designed (the optimum design procedure is 
started at the roof level). 

It should be noted that in the optimum design prohlem all 11. are positive. 
1 

- + The notation Mi and Mi is used to indicate that, at a typical section, 

two design capacities are considered, one corresponding to top steel (M~) 

+ and the other corresponding to bottom steel (M.). 
1 

The last practical constraint defined in equation (2.10) is imposed to 

attain a smooth transition in strength through the frame height and is 

imposed only on the negative design capacity at each support section. The 

constraints imposed on the positive design capacity at a given section in 

terms of the corresponding negative capacity, combined with the smoothness 

constraint imposed on the negative capacity, should ensure sufficient 

smoothness in the variation of positive design capacities. 

The practical design constraints allow a designer to incorporate his/her 

practical experience into the design process. The above set of constraints may 

be modified and/or new constraints added in order to obtain a solution with the 

characteristics desired by the designer. In order to investigate the effect on 

design behavior of (a) the ratio of positive and negative design capacities at 

a given critical section, and (b) eliminating bar curtailment at interior beam-

column joints, several inelastic design problems have been formulated by modi-

fying and/or adding practical design constraints. The various practical design 

constraints considered, and their effects on the optimization solution, are dis-

cussed in Chapter 3. The behavior of the resulting inelastic designs is 

compared in Chapter 4. 
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Since a number of design constraints are based on the results of elastic 

analysis and since beam sizes are required to determine M ,an initial 
p • 
mln 

(starting) design is required to formulate the preliminary design problem. 

Various methods to determine a starting design are presented in Ref. 6. 

Typically, member sizes found on the basis of the optimization solution are 

different than those used in the formulation of the design problem. As a 

result, the preliminary design step is repeated until the member sizes 

before and after optimization are the same (Fig. 5). 

Once the inelastic optimum design problem has been solved for the beam-

design moment capacities, beam and column sizes and flexural reinforcement 

are found with the aid of a digital computer. The beam sizes and flexural 

reinforcement required to resist the optimum beam-design moments, modified 

to account for column-slenderness effects and code capacity-reduction factors, 

are found first. Column design moments are then determined on the basis of 

the weak-girder, strong-column design criterion considering computed moment 

capacities of the designed beams. Column design axial forces are determined 

on the basis of gravity load and gravity load combined with seismic loading. 

Column cross-sections and reinforcement are then found on the basis of the 

critical design force combination. 

Automated member design is considered an attractive feature of the 

design procedure. The computer relieves the designer of a tedious and 

time-consuming computational chore, thus freeing him/her to act creatively 

in the design process. In addition, this computational tool allows the 

designer to generate, in a relatively short period of time, several alterna-

tive designs which can be used as guidelines for the final design. 
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In the member design, the beam size (depth) is determined by the equa-

tion 

In previous 

by VBC [4]. 

and 414 MPa, 

work [6, 

For the 

M 
u 

ll] , Pmax 

values of 

was 

f' 
c 

the minimum of 0.025 or 0.75 P
b 

as 

and f , used in the design examples 
y 

respectively), P was controlled by 0.75 P
b

' max 
However, 

ACI Appendix A [9] concerning seismic design, it is recommended that 

(2.U.) 

required 

(27.8 

in the 

In order to investigate the influence of P on the characteristics of the 
max 

design, as well as on the design's response, two designs based on the same 

design constraints have been obtained. In one, P was equal to 0.5 Pb max 

(1.4 percent) and, in the other, p was equal to 0.75 Pb (2.1 percent). max 

Design results are presented and discussed in Chapters 3 and 4. 

2.2.3 Analysis of the Preliminary Design 

Once a preliminary design has heen obtained, a series of elastic and 

inelastic analyses are carried out in order to determine the acceptability 

of the design. Elastic analyses are carried out to determine dynamic charac-

teristics which are compared to those assumed in evaluating seismic design 

forces. In addition, response under service-load conditions is evaluated. 

Inelastic static analyses are carried out to determine the structure's 

overstrength and to reveal apparent weaknesses in the design which would be 

indicated by large localized inelastic deformations or significant column 

yielding. 
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Finally, a series of nonlinear time-history analyses are carried out to 

evaluate the structure's respo~se to representative earthquake ground motions. 

Response envelopes are examined to determine whether the indicated inelastic 

deformations are acceptable with respect to established story drift limita

tions and with respect to expected member deformation capacities. 

On the basis of the data generated by these analyses, the designer de

termines the. acceptability of the preliminary design. If the design is con

sidered acceptable, the final design phase is entered~ if not, the three 

steps defining the preliminary design phase are repeated. 

2.3 Final Design Phase 

The objective of the final design phase is to arrive at the optimal solu

tion to the seismic design problem. Seismic design forces are determined 

utilizing characteristics of the structure found in the preliminary design 

phase. These forces are then used in conjunction with a more sophisticated 

design subassemblage to formulate the optimization problem from which the 

final design is obtained. Opce a design has been obtained, a series of 

analyses is carried out to check the overall reliability of the design and 

to provide guidelines for detailing to ensure the degree of ductility assumed 

in design or indicated by analysis. 

The subassemblage adopted for the final design phase is shown in 

Fig. 6. In this subassemblage, the column mid-height inflection point assumed 

in the preliminary design (Fig. 4) has been eliminated. In addition, more 

design parameters are involved than in the preliminary design subassemblage. 

which should provide a more uniform distribution of moment capacities. 
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3. SOLUTION OF OPTIMIZATION PROBLEM 

3.1 Introduction 

As discussed in the previous chapter, the preliminary design is found 

by solving an optimization problem formulated for each story on the basis 

of the subassemblage shown in Fig. 4. In summary, the design problem is: 

Find the beam design moments 

i 1,N 

which minimize the objective function 

C(M.) > 0 
1 

and, which satisfy the design constraints, 

G. (M.) > 0 
J 1 -

j = 1,NC. 

(3.1) 

0.2) 

The constraint functions, G.(M.), are linear and may be written as 
J 1 

g .. M. > b. 
J1 1 - J 

(3.2a) 

where g .. is the coefficient of ith design variable in the jth design con
J1 

straint and b. is a constant defining the jth design constraint. The design 
J 

constraints were defined in detail in section 2.2.2 (ii). 

The objective function C(Mi ) is proportional to the volume of flexural 

reinforcement. As discussed previously, if the effective length of rein-

forcement associated with a given design variable is determined on the basis 

of realistic design detailing (considering bar curtailment based on moment 

envelopes) the resulting objective function is nonlinear. As a result, a 

nonlinear programming technique is required to solve the optimization prob-

lem defined by equations (3.1) and (3.2). The technique employed here is the 

"cutting plane" method. 
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3.2 The Cutting Plane Method 

The cutting plane method applies linear programming through a sequence 

of local linearizations to obtain the minimum of a convex function of real 

variables subject to convex constraints. In the method, it is assumed that 

the constraints confine the variables to a bounded set, S. The description 

of the method presented below is based on Ref. 8 and is limited to the case 

of linear constraints. 

3.2.1 Description of the Cutting Plane Method 

The cutting plane method is based on the observation that the optimiza-

tion problem defined by equations (3.1) and (3.2) is equivalent to the prob-

lem of minimizing a new variable, Z, subject to the constraints 

Z > C (M.) 
- 1 

gJ.l. M. > b. 
1 - J 

The nonlinear constraint 

Z > C(M.) 
1 

is linearized by the Taylor series approximation 

where 

and 

A known point belonging to S (how it is obtained will be 
discussed later).* 

VC. = The gradient of CCM.) 
1 1 

( 

dC(M.) dC(M) dC(M.») 
== __ 1 __ --L ____ ~. 

;}M
l 

• ClM
2 

, •••• , Cl~, 

*M,t and M~ indicate the same (M.) point. Both k and i go from 1 to N. 
K 1 1 
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Defining 

we have 

t 
M., 

l 

t 
Z - lie. (M. ) M. > C 

l k l t 

(3.5) 

(3.6) 

The approximation for e(M.) in equation (3.4) defines the DIane tangent to 
l 

t e(M.) at M .. 
l l 

Based on this linearization, the following linear programming problem 

results 

Mimimize Z 

subject to 

g .. M. > b. 
Jl l - J 

(3.7) 

The solution of the original nonlinear problem defined by equations 

(3.1) and (3.2) is now found by solving the sequence of linear problems de-

scribed below. 

1 (1) Select a starting point, M. (t = 1, i = 1,N) 
l 

(2) Form the linear programming problem (equation [3.7]) and solve 

for M. which is denoted M. t+ 1. 
l l 

(3) Add the constraint, Z - lIe i (M~+l) Mi ~ Ct+l' to the constraint 

set defined by equatlon (3.7) and set t = t + 1. 

Steps 2 and 3 are repeated until the solution M: and Mt +l are the same. 
l i 

Numerically, M:+l and Mt are assumed the same when 
l i 

XN < TOL (3.8) 
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where 

XN2 

N (t+l t)2 L: M. - M. 
i=l 1. ~ 

~ (M:+l)2 
i=l 1. . 

TOL = a conver.gence tolerance. 

Figure 7 illustrates the process for a function of one variable. Start

ing with Ml, points M2, M3, and M
4
--with minima Z2' Z3' and Z4--are generated 

by solving the sequence of linear programming problems defined by steps 1-3, 

above. The constraints 

t 1,2, •.. , 

simply require the point (Z, M) to lie above the line tangent to the graph 

of C at the point Mt. A numerical example of the cutting plane algorithm is 

presented in Appendix A. 

In order to implement the above algorithm, it is necessary to define a 

differentiable form for the objective function and to select a starting point 

in the Set S, defined by the design constraints. The form of the objective 

function and the selection of M~ are discussed in the following sections. 
1. 

3.2.2 Formulation of the Objective Function 

The objective function--which is proportional to the volume of flexural 

reinforcement--is based on the following approximate relationship between 

the beam design capacity at section i, M" and the corresponding steel area 
1. 

A s, 
1. 

M, 
1. 

f 'd y J (3.9) 

As discussed in Chapter 2, the objective function may be written as 
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e(M. ) 
l 

where CC(Mi ) accounts for the column reinforcement and 

(3.10) 

C (M.) accounts 
B l 

for the beam reinforcement. 

The column term Ce(Mi ) is determined on the basis of the weak-girder, 

strong-column design criterion and is a linear function of M. [6J. The beam 
l 

term, CB(Mi ), is based on equation (3.9). Since M. is linearly related to 
l 

A , the volume of flexural reinforcement in a given span is proportional to s. 
l 

the area under the design moment envelope (Fig. 8) • For the kth span 

fBI 
Ml (x, H. ) 

l 
dx -fL 

M2 (x, Mi ) dx +/L Ml ex, Hi) dx 

where 

0 

M. > 0 
l 

MI 

M2 = 

M3 = 

W 

XM = 

B2 

i 1,S 

+WL~ + 
(MI + MS)x 

-M I 2 L 

M2 
+ WLx -

(M2 + M4)x 

2 L 

M3 

1.2 D.L.+ 1.0 L.L. 

1/411AX(I M
1 1,IM4 1)* 

B3 

(3.11) 

+ 

\\Tx 
2 

2 

_ \\Tx 
2 

2 

* Based on ACI, A"S.S [9] which requires at least one-fourth of the negative 
moment reinforcement to be continuous throughout the top of the member. 
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Bl 

B2 

B3 

and 
B4 

FA(Mi ) 

x @ M1(x, M
i

) -XM 

x @ M2 (x, M. ) -XM 
1. 

X @ Ml (x, M
i

) = M3 

x @M2 (x, M
i

) = M 
3 

A linear function in M. which accounts for anchorage 
of beam bars in the columns and, therefore, depends on 
the development length and column width. 

The term, C (M.), for the entire design subassemblage is found by summing B 1. 

for each span. 

It should be noted that the negative sign in the first two terms is re

* quired because the indicated integration yields a negative area. 

3.2.3 Starting Point 

In order to begin the cutting plane method, it is necessary to define 

a starting solution, M~, which satisfies the design constraints gji Mi ~. bj . 

In the current application, the starting point, M~, is found by modifying 

the results of an ultimate load elastic analysis to ensure that the prac-

tical design constraints are satisfied. 

3.3 Inelastic Optimum Designs 

Five inelastic optimum design problems were formulated and solved em-

ploying the cutting plane algorithm described above. The required beam de-

sign moment capacities are summarized in Tables 1-3. In order to illustrate 

the degree and nature of moment redistribution obtained by the proposed in-

elastic design technique, the optimum beam moment capacities have been 

normalized with respect to beam moments obtained from elastic analysis for 

*A detailed evaluation of the constraint defined by equation (3.6) is pre
sented in Appendix A. 
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each design. The different formulations of the optimization problem for 

the designs indicated in Tables 1-3 are reviewed below. 

Designs 1-2.1 and 1-1.4 differed by the maximum reinforcement ratio, 

P ,used in beam design. In design 1-2.1, p was equal to 0.75 Pb* max' max 

(approximately 2.1 percent for f' = 27.6 MPa and f 
c y 

414 MPa) and P was 
max 

equal to 0.50 Pb in design 1-1.4 (approximately 1.4 percent). Although the 

same basic design constraints were used to formulate the optimization prob-

lem for both designs 1-1.4 and 1-2.1, the increase in beam size caused by 

reducing P from 2.1 to 1.4 percent had an effect on the optimization solu-max 

tion. Details of this effect are presented below. 

In the formulation of the optimization problem for designs 11-1.4, 

111-1.4, and IV-l.4, practical design constraints were modified or added 

to study: (a) the effect of the ratio of positive (M:) to negative (M~) 
1 1 

moment capacity at a given section and; (b) the effect of eliminating bar 

curtailment at interior beam-column joints. In design 1-1.4, which may 

be considered as the basic design, the absolute value of M: was subjected to 

the following constraint: 

(3.12) 

This reflects a design requirement stipulated in both UBC [4J and ACI [9J. 

In design IV-l.4, this constraint became 

(3.l3) 

and, in design 11-1.4, the absolute values of M1 and M~ were constrained 

to be equal. 

*The value of Pb used in this report is that for a singly reinforced beam. 
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In order to eliminate bar curtailment at interior-beam joints, the 

beam moment capacities on either side of an interior joint in design 111-1.4 

were constrained to be equal. For the design subassemblage in Fig. 4, the 

following constraints result: 

(3.14) 

With the exception of the constraints indicated above, the design constraints 

imposed in designs 11-1.4,111-1.4, and IV-l.4 were identical to those employed 

in design 1-1.4. In designs 11-1.4 and 111-1.4, equality of beam design 

capacities was imposed prior to solution of the optimization problem. 

Negative and positive design capacities for the various designs are 

compared in Tables 1 and 2, respectively. In the following discussion, refer-

ence to a reduction or increase in design capacity is made with respect to 

the results of elastic analysis. In either Table 1 or 2, a reduction is in-

dicated by a value less than one and, conversely, an increase is indicated 

by a value greater than one. 

An examination of the data in Tables 1 and 2 indicates that, in the 

upper stories (roof to level 9), there is a typical reduction in negative 

design capacities M: and a significant increase in positive design capaci-
1 

ties M:. This trend is attributed to the fact that gravity load controls 
1 

design (strength) in the upper stories. As a result, elastic analyses yield 

positive moments at the beam ends which are much smaller than those required 

by the practical design constraints 

I~I~ 1M I Pmin (3.15) 

IMtl ~ plMil* 

* p = 0.75 for design IV-l.4, 1.00 for design 11-1.4, and 0.50 for all other 
designs. 
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In fact, at the roof level, the elastic moments for sections 3 and 4 never 

become positive. 

A comparison of the ratio of the positive-to-negative design capaci-

ties, which is presented in Table 3, indicates that, from the roof level to 

floor level 9, the positive design capacity is controlled by one of the two 

lower bound constraints indicated above. Consequently, it may be concluded 

that the positive design capacities have been minimized. 

Although the positive capacities may be considered minimized, the value 

of the minimum constraint is larger than the moment found from elastic 

analyses. Consequently, the positive design sections are "overdesigned~" 

and a reduction in negative design capacities results. Two exceptions to 

the above general behavior require explanation. 

First, in designs 1-1.4, 111-1.4, and IV-l.4, Ml is equal to the 

elastic moment throughout the height of the frame. This is attributed to 

the interaction of the practical design constraints 

(3.16) 

At the roof level in designs 1-1.4, 111-1.4, and 1V-1.4, IM~UEI is less than 

M . Consequently, IM~I at the roof is equal to M At story level 10, 
Pm in Pmin 

the combined effect of the two constraints in equation (3.16) is the equality 

(3.17) 

This equality remains effective throughout the height of the frame. 
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A second exception occurs in design 111-1.4, in which M3 is typically 

greater or equal to one in the uppe-r stories~ This is a resul t of the 

combined effects of the geometry of the frame (larger central span) and of 

the equality constraint unique to this design [equation (3.14)]. 

As the effect of lateral load becomes more predominant, the nature of 

the inelastic moment redistribution exhibits a different character. Ignor-

ing design 11-1.4 for now, negative moment rediscribution in all designs is 

concentrated at one design section, at M~ in designs 1-1.4, 111-1.4, and 

IV-l.4 and at M~ in design 1-2.1. In addition, the positive design capa-

cities at sections 1 and 4 are typically less than the corresponding elastic 

moments (Tables 1 and 2). In fact, the positive capacities at sections 1 

and 4 tend toward their lower bound (Table 3). 

(3.18) 

Based on these observations, it may be concluded that the optimiza-

tion solution tends to maximize the negative design capacities and mini-

~~ 

mize positive capacities. This conclusion is consistent with the form of 

the beam contribution to the objective function. On examination of Fig. 8, 

it is evident that positive design capacities make relatively larger contri-

butions to flexural steel volume than corresponding negative design capacities. 

The tendency to maximize negative design capacities and minimize positive 

capacities is a major shortcoming of the proposed optimization procedure. To 

avoid congestion of steel at beam-column joints, a practical moment redistri-

bution ~hould reduce negative design capacities at beam ends and, thus, re-

duce the area of negative moment steel which must be passed through or devel-

oped in the beam-column joint. 

* As will be discussed shortly, M- tends to decrease because of the contribu-
tion of exterior column reinfortement (design 1-2.1, Table 1). Consequently, 
in the case of long columns and short-beam spans, the exterior column steel 
may affect this observation. 
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As discussed previously, some negative moment redistribution does 

occur in all inelastic designs. However, it is typically concentrated at 

one design section. For example, negative redistribution occurs at section 

1 in design 1-2.1 and at section 4 in design 1-1. 4. Following is an 

explanation of why negative moment redistribution occurred at different 

sections in these two designs. 

Redistribution at section 1 in design I-2.l is attributed to the 

relative contributions of the exterior and interior column steel to the 

objective function. One factor which is used to evaluate the objective 

function coefficients associated with column reinforcement is the ratio 

hb/hc' where hb is the beam depth at a given floor level and hc is the 

column depth. This factor accounts for the effect of member depth on 

moment capacity (equation [3.9J). 

For the designs obtained in this study, the exterior columns are 

smaller than the interior columns. Consequently, since hb at a given 

floor level is constant, hb/hc was larger for exterior columns than for 

interior columns. For example, in design 1-2.1, hb/hc for the exterior 

column varies from 1.38 at the roof to 1.17 at the second floor level. 

The variation for the interior column was 1.06 to 1.05. As a result, 

the column contribution at negative design section 1 is larger than that 

at negative sections 3 and 4. Consequently, the optimum solution tends 

-
to minimize MI' 

-
The above statements are also true for Ml in design I-l.4. However, 

as discussed previously, 

I M-UE\ < M 
I 1 roof p min, roof 
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This fact, in combination with the interaction of the practical design 

constraints of equation (3.16), imposes the equality 

at the remaining floor levels. Consequently, redistribution could not occur 

- - - -
at MI' It occurs at M4 and not M3 because M

4
, being assuciated with the 

longer interior span, makes a relatively large~ contribution to the volume 

of flexural reinforcement than M3' 

A comment concerning the column contribution to the objective function 

is warranted, As discussed in Ref. 6, the design constraint that IN: 1.21t-1~ I, 
in combination with the condition of symmetric column steel placement, causes 

-
the exterior column steel to be a function primarily of MI' The designs 

described here, however, are not based on this condition. In this study, 

the exterior column steel was assumed a function of both the positive 

and negative capa~ities at section 1*, The current design problems 

were formulated on the basis of this condition (case 1) instead of the 

condition that the exterior column steel is primarily a function of Ml 

(case 2) because it was felt that the characteristics of moment redistri-

bution resulting from case 1 are more desirable than those resulting from 

case 2. This may be illustrated by comparing designs which are identical 

with the exception of how the contribution of the exterior column steel 

is included in the objective function. 

A comparison of design results based on case 2 with the results 

described in this report (case 1) indicates that the general trends are the 

same for both cases. In fact, the results are the same for design 11-1,4. 

+ The basic difference between cases I and 2 is found in design capacity MI' 

* The principal component of the exterior joint equilibrium equation was 
divided equally between Mi and Mi" This technique is employed because of 
its simplicity. 

-34-



Typically, values of M~ obtained in case 2 are larger than those obtained 

in case 1. In fact, IM~I was in many cases equal to IM~I. This character

istic of the solution was expected, however. The influence of M~ in the 

objective functiop for case 2 is relatively small because the contribution 

of column reinforcement is essentially independent of this design capacity. 

Consequently, IM~I tends toward its maximum value, IM~I. 
A difference between the two cases is also evident in the magnitude of 

negative moment redistribution. In all designs, the section at which moment 

redistribution occurred was the same for both case 1 and case 2. However, the 

magnitude of redistribution was typically larger in case 2. For example, in 

design 1-1.4, a redistribution of six percent occurred at floor level 2 in 

case 1 (section 4, Table 1). In case 2, this redistribution was 27 percent. 

This increase in negative moment redistribution is related to the increase in 

+ HI discussed above. The design solution (beam design capacities) is bounded 

by equilibrium, serviceability, and practical design constraints. The increase 

+ - * in Ml reduces the lower bound imposed on another capacity--in this case, M4. 

Consequently, M4 decreases. 

3.4 Concluding Remarks 

Although redistribution obtained by minimizing the volume of flexural 

reinforcement does not, in general, cause significant reduction in negative 

design capacities, the results for design 11-1.4 demonstrate than an inelastic 

optimum design exhibiting significant negative moment redistribution can be 

obtained by imposing proper design constraints. One shortcoming of design 

** 11-1.4, however, is that moment redistribution is concentrated at the interior 

*The increase in Mi. in general, will affect all other variables. Consideration 
of a single variable is to simplify illustration. 

** The magnitude of moment redistribution was typically 30 percent and 35 percent 
at design sections 3 and 4, respectively. while it was only 10 percent at 
design section 1 (Table 1). 
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beam-column joint which, as will be discussed later, leads to large inelastic 

deformation demands. 

The basic problem is to find a redistribution that leads to a balance 

between economy, magnitude of inelastic rotation demands, and ease of con-

struction. As discussed above, a basic feature of an optimum redistribution 

in seismic-resistant reinforced concrete frames is to reduce negative design 

capacities. One possible technique to obtain such a redistribution within 

the context of the proposed inelastic design procedure is to modify the 

practical constraint 

I -I IM-iUEI Mi < (3.19) 

so that, instead, 

(3.20) 

The factor, MR, is the magnitude of the desired negative moment redistribu-

tion. 

Recently, two additional inelastic designs, A and B, have been obtained 

in order to evaluate this technique. Both designs are based on the member 

* sizes found for design 1-1.4. In the formulation of design A, the constraint, 

I.M~ I ..:. FAC IM~ I 
above 

(3.21) 

was not imposed. With this exception, the design problem was identical to 

that for design 1-1.4. 

The formulation of the optimization problem for design B is the same as 

that for design A except that the upper bound constraint defined by equation 

(3.20) was used instead of the constraint in equation (3.19). A value of 0.2 

was used for MR. This is the maximum redistribution allowed by ACI [9]. 

*In the objective function, the exterior column steel was a function of both 
Mi and Hi-
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The required beam design capacities for designs A and B are compared 

in 'fable 4. The results have again been normalized with respect to elastic 

analysis. A comparison of the results for design A with those for design 1-1.4 

(Tables 1 and 2) confirms the observation that negative moment redistribution 

did not occur at section 1 in design 1-1.4 because of the interaction of the 

constraints defined by equations (3.19) and (3.21). 

A comparison of the results for designs A and B presented in Table 4 

indicates the following: 

(a) Negative moment redistribution is concentrated at section 1 in design 

A. In design B, however, the upper bound constraint defined by equation (3.20) 

causes moment redistribution to be the same at all sections. 

(b) Removing the smoothness constraint defined by equation (3.21) causes 

rather sudden changes in negative moment redistribution at section 1 in design 

A. For example, at floor level 4, the redistribution is approximately 13 per-

cent, increasing to 33 percent at level 3 and decreasing to' 4 percent at level L. 

(c) Ignoring the roof and floor level 10 for now, the results for design B 

indicate that the constraint defined by equation (3.20) is effective in ob-

taining a smooth transition in strength through the height of the structure in 

design H. The beam-design capacities for design B have the same smoothness 

characteristics as the results ot elastic analysis. 

Cd) The results for both designs are similar at the roof and floor level 

10. With the exception of roof section 1, significant negative moment redis-

tribution occurs at all sections. This behavior is attributed to the 

importance of gravity load at these floor levels (section 3,3). The design 

IM-'l,UE I ' capacity at roof section 1 is greater than the elastic value 
roof 

greater than IM~UEI " 
roof 

because the lower bound constraint was defined by M (289 KN-m) which was 
Pmin 
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The large moment redistribution in both designs (44 percent) at floor level 

10 is a cause of concern. As discussed previously, the optimization sol.ution tends 

to minim~ze \' M~ I because of the contribution of the exterior column steel. 
10 

Consequently, IM~110 tends toward its lower bound. Since the service lateral 

load (due to wind) considered here is approximately one-fifth the seismic 

design forces, the lower bound on I'M~I is defined by M which is signi-
10 Pmin 

ficantly smaller than IH~UEI . 
10 

Excessive redistribution can be eliminated by imposing a new lower bound 

constraint which would ensure that 

(3.22) 

where MRR is the maximum desired moment redistribution. However, since 

required inelastic deformation demands in the upper stories are typically 

small [section 4.3.3(ii)], it is felt that a 44 percent redistribution in 

these stories .shou1d be acceptable. This conclusion should be confirmed by 

evaluating the nonlinear static and dynamic response of designs A and B. 

On the basis of the above comparison of moment redistribution in designs 

A and B. it may be concluded that design B is preferable to design A. The 

real test of any design. however, is how well it performs in response to 

earthquake ground motion excitations. A comparison of designs A and B, with 

respect to nonlinear seismic response, is planned in a future study. 
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4. DESIGN RESULTS AND ANALYSIS OF PRELIMINARY DESIGNS 

4.1 Member Design 

Once the required optimum beam design moment capacities have been ob-

tained, member design is found employing computer design aids developed by 

the authors [6J. Beam sizes and reinforcement are found first. Actual de-

sign moment capacities are found from the required optimum design capacities 

by considering slenderness amplification and capacity reduction factors. 

Both beam and column design are based on the ACI strength method. Beam 

design is based on the equation 

M 
= Pbd

2
fy(1 

Pf) u .59~. (4.1) 
¢ 

The beam size is assumed constant at a given floor and is found on the 

basis of the largest required negative design capacity at the floor under 

consideration, assuming that P is equal to P . Once the beam size has max 

been determined, the required reinforcement for all critical sections in 

that floor is found by solving equation (4.1) for p. In the beam size se1ec-

tion, a width-to-depth ratio of one half was used. In the design of posi-

tive moment steel areas, the effective compression flange width defined by 

ACI was considered. 

In column design, the capacity-reduction factor of 0.7 for tied columns 

"J': 
was used and specified mimimum eccentricities were checked. Column design 

moments were obtained on the basis of the weak-girder, strong-column design 

criterion by considering beam-column joint equilibrium under all possible 

beam plastic-hinge combinations. The as-designed beam moment capacities 

were amplified by a factor of 1.2 to account for the uncertainties in beam 

capacity computations, in particular, the variation in steel yield stress 

*Design program based on ACI (318-71) [ISJ. 
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and the effect of strain hardening. The design axial forces were determined 

by considering various combinations of gravity loading and gravity plus 

lateral seismic loading. A bound on the axial force due to overturning ef-

fects for an exterior column at story i is easily established by summing the 

maximum beam shears for stories i to NS where NS is the total number of stories 

in the structure. However, such a bound cannot be obtained as easily for an 

interior column. Therefore, overturning moment axial forces obtained in the 

ultimate-load elastic analysis used to formulate the optimum design problem 

were considered in the interior column design. 

One factor which is not accounted for in column design is the effect of 

inelastic beam behavior and/or higher mode dynamic response on the distribu-

tion of beam moments to the columns at a given joint. The benefits of using 

an additional design factor, such as the dynamic magnification factor suggested 

by Paulay [16], to incorporate this aspect of seismic-resistant design in the pro-

cedure should be investigated. 

In addition to the inelastic designs described in Chapter 3, two designs 

based on UBC seismic design story shears were obtained. The designs differed 

in the value of Pmax assumed in beam sizing--values of 0.75Pb and 0.50Pb 

being used. The beam design moment capacities were obtained from the results 

of elastic analysis by considerinz code-allowed moment redistribution. The 

magnitude of moment redistribution, MR, was controlled by the ACI expression 

where 

and 

MR 

P = Tension reinforcement ratio A /bd 
s 

p' = Compress ion reinforcement ratio A I /bd 
s 

Pb = Balanced reinforcement ratio [9]. 
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The moment redistribution defined by equation (4.2) was applied independently 

to each span of the design subassemblage in Fig. 4. Equation (4.2) is 

." 
applicable to the design examples presented here because p - p' ~ O. SPb' . 

Strictly speaking, the redistribution allowed by ACI is intended for 

the case of gravity loading in which negative moment redistribution is 

accompanied by changes in span design moments. Its application to lateral 

load combined with gravity load is considered appropriate, however, for 

seismic-resistant design in which a weak-girder, strong-column design 

criterion is followed. 

The relationship between moment distribution and steel content is 

incorporated to ensure that member critical regions (plastic-hinge zones) 

possess sufficient inelastic rotation capacity to attain the assumed redis-

tributions. In the case of seismic-resistant reinforced concrete frames, 

such a limitation on the magnitude of moment redistribution is believed to 

be conservative. Design in accordance with present seismic code requirements 

results in plastic-hinge zones characterized by relatively low steel per-

centages, by the presence of significant compression reinforcement, and by 

close spacing of transverse reinforcement. As a result, such structures 

should possess sufficient ductility to accommodate the moment redistributions 

necessary to form a mechanism. In seismic-resistant design, however, the 

inelastic deformation capacity must be adequate not only to allow a mechanism 

to form, but also to allow the displacement ductility (as a mechanism) assumed 

in design to be attained. In view of this. an upper bound on the magnitude of 

moment redistribution may be necessary. Paulay has suggested an upper bound 

of 30 percent [16]. 

Member design for UBC designs followed the same procedure outlined 

above for the inelastic designs. The UBC designs, following the convention 
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established in Chapter 3, are designated UBC-1.4 and UBC-2.l, corresponding 

to beam flexural steel percentages of 1.4 and 2.1, respectively. 

4.2 Member Design Results 

Preliminary design results obtained after two iterations of the preli-

minary design phase are summarized in Tables 5 and 6. Member design for in-

elastic design IV-l.4 was not obtained. It was felt that the essential fea

tures of design IV-l.4--in particular, its nonlinear response--would be 

bounded by the features of design 1-1.4, 11-1.4, and 111-1.4. On the basis 

of previous results and, in view of the apparent bound on response, it was 

concluded that the design and analysis of design IV-l.4 would yield little 

additional information. 

4.2.1 Member Sizes 

Beam and column sizes are presented in Table 5. In determining member 

sizes, the following design constraints were imposed: 

(a) Beam and column sizes (except for the first-story columns) 

were constrained to be the same for at least two stories. 

(b) In order to achieve a smooth transition in stiffness through 

the frame height, the increment in beam and column depth was 

set at 40 mm. 

(c) Selection of column size was constrained by the criterion that 

the axial load be less than the balanced ultimate axial load. 

The above set of design constraints, in combination with the fact 

that design gravity loads were essentially the same in all designs, resulted 

in one set of column sizes (Table 5). 

Four sets of beam sizes were obtained. The smaller beams obtained for 

the UBC designs are attributed to the magnitude of seismic design forces. 

Seismic design story shears for the various designs are presented in Fig. 9. 
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A comparison of designs UBC-l.4 and 1-2.1* indicates that inelastic spectral 

design forces based on a displacement ductility of six exceed the UBC seismic 

design forces factored for strength design by more than 50 percent. 

As expected, increasing p from 0.50 to 0.75Pb results in a reduction max -D 

in beam size. A comparison of seismic story shears for designs 1-1.4 and 

1-2.1 indicates that the resulting increase in frame flexibility leads to a 

reduction in seismic design forces (Fig. 9). 

The smaller beam sizes for design 11-1.4 (as compared to design 1-1.4) 

are attributed primarily to the different nature of moment redistribution in 

these two designs. In design 11-1.4, there was a reduction in required nega-

tive design capacities while, in design 1-1.4, redistribution generally occurred 

at positive moment sections (Table 1 and 2). Since beam size was controlled by 

negative design capacities, the smaller negative capacities in design 11-1.4 

caused a reduction in required beam size. 

4.2.2 Material Volume 

Required concrete and flexural (longitudinal) steel volumes for the 

various designs are summarized in Table 6. The steel volumes presented 

were computed on the basis of equation (3.11) and provide only a qualita-

tive measure of the required longitudinal steel. 

A comparison of the material volume data for designs 1-1.4, 11-1.4, and 

111-1.4 indicates that moment redistribution has a minor effect on required 

volumes of concrete and steel--the variation in material volume being less 

than 5 percent. The relatively small variations in required steel volume 

indicates that the volume of flexural reinforcement is not the best choice 

for an optimization objective in reinforced concrete design. This conclusion 

is confirmed by a comparison of the value of the objective function, C(M.), 
l 

corresponding to the optimum solution in designs 1-1.4, 111-1.4, and IV-l.4 

(Table 7). 

* These designs are compared because they have the same member sizes and are 
dynamically equivalent if gross section properties are used. 
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The data presented in Table 7 has been normalized with respect to 

eCM.) for design 1-1.4. Except at story levels 9 and 10 in design IV-l.4, 
1 

the difference in CCM.) among the various designs is less than-4 percent and. 
1 

gradually decreases to less than 1 percent in the lower stories. The rela-

tively large values of C(Mi )/C(Mi )I_l.4 for design IV-l.4 in the upper stories 

is attributed to the design constraint I M:li > pIM~. In design IV-I. 4, p was 0.75 
1 - 1\ 

and, in designs 1-1.4 and 11171.4, p was 0.5. 

Based on the above observations, it is apparent that the volume of 

flexural reinforcement is insensitive to the final distribution of beam design 

capacities. Consequently, if an optimum solution is desired, further study is 

required to formulate a new objective function which is based on a more sensi-

tive design parameter. 

As expected. the increase in the upper bound on the percentage of beam 

flexural reinforcement from 1.4 percent to 2.1 percent causes an increase in 

required steel volume and a corresponding decrease in concrete volume (Table 6). 

In the UBC designs, the increase in steel volume was approximately 10 percent, 

and the decrease in concrete volume was approximately 7 percent. In the in-

elastic design procedure, the increase in steel volume was approximately 3 per-

cent, and the decrease in concrete volume was approximately 12 percent. The 

relatively small increase in steel volume in design 1-2.1 is attributed, in 

part, to minimum reinforcement requirements. The design constraint,JMJ~M . ' 
Pm1n 

controlled design at more locations in design 1-1. 4 than it did in design 1-2.1 

(Tables 1 and 2). In addition, M required more steel in design 1-1.4 than 
Pmin 

in design 1-2.1 because of the larger beam sizes in design 1-1.4. 

A comparison of material requirements for designs I-l.4 and UBC-l.4 indi-

cates that, although seismic design forces determined on the basis of a spec-

tral analysis technique exceed those specified by UBC by more than 80 percent 

(Fig. 9), the increase in steel volume is less than 20 percent and the increase 
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in concrete volume less than 15 percent. The effect of these increases 

in material volume on design performance will be discussed later. 

4.3 Analysis of Pr~liminary_Design 

The final step of the preliminary design phase is to carry out a series 

of elastic and nonlinear structural analyses in order to evaluate the 

acceptability of the latest preliminary design with respect to established 

design criteria and with respect to the assumptions made in formulating 

the design problem. 

Three separate computer programs are used to carry out the complete 

series of analyses, ETABS* [17] for elastic analysis, a modified version 

of ULARC [6] for nonlinear static analysis and SERF [18] for the non-

linear dynamic analysis. All three programs employ the same basic 

analytical model. The floor slab is modeled as a rigid diaphragm which 

constrains all the lateral displacements in a given story to be equal. 

A structural frame is modeled by a series of beam elements which span 

longitudinally between vertical column elements. It is also possible 

to model elements spanning diagonally between stories. 

The axial stiffness of a beam element is assumed infinite to impose 

the rigid diaphragm constraint. However, axial deformations are allowed 

in column elements. In all analyses, gravity loads as well as rigid 

joint areas defined by actual member dimensions are considered. In 

addition, the slab contribution to the frame stiffness is approximated 

following a procedure suggested by Malik and Bertero [19]. 

*ETABS is used because of its eigenvalue analysis capabilities. If only 
static load analyses were required, either ULARC or SERF could have 
been used. 

-45-



Inelastic member behavior is idealized by the two-component model. 

Basically, a flexural element is idealized as a perfectly elastic com

ponent with stiffness !p acting in parallel with an elasto-plastic 

element with stiffness !q' In the elastic range the combined stiffness 

of the two components is identical to that of the actual member. 

(4.3) 

In the inelastic range, yielding is idealized as concentrated plastic 

hinges at the ends of the elasto-plastic component and~p is the desired 

rate of strain hardening. 

In the analysis conducted in this study, strain hardening was taken 

as zero in the nonlinear static analyses (a program limitation) and was 

taken as 3 percent in the nonlinear dynamic analyses. The advantages and 

disadvantages of such an inelastic beam model are discussed in Ref. 20. 

Both nonlinear analysis programs employ a simplified geometric stiff

ness based on axial loads due to gravity effects [18J. In this formula

tion, only the column translational degrees of freedom are affected by 

second-order effects. 

In both programs, the effect of axial force level on reinforced con-

crete yield moments is considered. However, both programs ignore the ef

fect of inelastic behavior on column axial stiffness. In the dynamic 

analysis program, Rayleigh-type damping with a 5 percent damping ratio in 

the first two modes is used. 

The results of the analysis indicated above for the designs defined 

in Table 5 are summarized in the following paragraphs. 

4.3.1 Elastic Analysis 

The effect of the different beam sizes on the dynamic characteristics 

of the various designs is illustrated in Table 8. The first mode period, 

T
l

, varies from 1.39 sec. in design UBC-2.l to 1.08 sec. in design 1-1.4. 
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Although, as noted previously, the increase in frame flexibility (which 

is associated with larger reinforcement ratios) decreases seismic design 

forces, the increased flexibility leads to larger service-level deformations. 

For example, a comparison of story drift indices, R., due to service-level 
1 

wind loads, are presented in Fig. 10. 

where 

and 

R. 
1 

6. 
1 

Lateral displacement at floor level i 

Lateral displacement at floor level i-I 

h. story height 
1 

(4.4) 

The smaller beam sizes associated with larger values of p can increase 
max 

service-level deformations by as much as 40 percent. Although the drift in-

dices indicated in Fig. 10 are well within acceptable values (.002 is gener-

ally considered acceptable), the increased flexibility may be detrimental for 

more severe service conditions such as a minor or moderate, but frequent, 

earthquake ground motion. 

4.3.2 Nonlinear Static Analysis 

The results of the nonlinear static analyses for the various designs is 

summarized in Fig. 11. The behavior of design 111-1.4 has been omitted since 

it is essentially the same as that indicated for design 1-1.4. In the analysis, 

the frame was subjected to design gravity loads and a monotonically increasing 

base shear--which was distributed through the height of the frame according to 

the UBC force distribution in designs UBC-l.4 and UBC-2.1 and according to 

-47-



lateral force pattern obtained from the spectral modal analysis in designs 

1-1.4, 1.2.1, and 11-1.4. 

It is evident from Fig. 11 that all frames have significant overstrength 

ranging from 45 percent for design 1-1.4 to 106 percent for design UBC-2.l. 

The overstrength is attributed in part to the fact that the beams were over-

designed with respect to design capacities required to resist the selected de-

sign loads. As noted previously, optimum beam design capacities were modified 

by slenderness amplification and capacity reduction factors prior to member 

design. In addition, the frame was transformed into a mechanism gradually, 

not instantaneously, as assumed in design. The significantly larger over-

strength in the UBC designs is attributed, in part, to larger slenderness am-

plification factors. In addition. UBC seismic design forces were signifi-

cant1y smaller than spectral design forces (by as much as 55 percent). The 

smaller design base shear combined with the fact that the design gravity load 

moments were essentially the same in all designs caused additional overdesign 

of positive design sections in the UBC designs because of the design require-

ment 

(4.5) 

This was particularly true in the upper stories. 

A comparison of base shear at initial hinge formation for the various 

designs indicates that the design base shear was exceeded prior to initial 

hinge formation in the UBC designs (by 65 percent in design UBC-2.l and 

33 perc~nt in design UBC-l.4). In the optimum inelastic designs, however, 

initiation of inelastic behavior occurred prior to reaching the design base 

shear. For example, in design 1-1.4, the first beam plastic hinge formed at 

a base shear of 34 percent of the design value. 
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The relatively early yielding in the optimum inelastic designs does 

not indicate an unserviceable structure. First, it should be noted that 

the seismic force level considered in these designs corresponds to an ex

treme event. In addition, a serviceable structure is ensured within the 

context of proposed inelastic design procedure by imposing serviceability 

design constraints. Although the service level lateral load considered in 

the examples presented in this report was due to relatively small wind 

forces, a more severe service lateral load (for example. one corresponding 

to a minor earthquake) could easily be considered. 

The relatively early yielding in design 1-1.4 requires additional com

ment. Initial yielding occurred in the interior roof beam at the right end. 

The next hinge to form was at a base shear equal to 55 percent of the design 

value and the third hinge did not form until a base shear equal to 86 percent 

of the design value. The effect of the first two hinge formations on the 

lateral stiffness is small as is evidenced by how closely the base-shear, roof

displacement relationship follows the elastic slope. In addition, the plastic 

rotation at the section of first yielding remains small (less than 0.005 ra

dians) because a plastic hinge never forms on the left side of the roof beam. 

On the basis of the data in Table 1, it would appear that first yielding 

should occur at essentially the same load in designs 1-2.1 and 11-1.4 as it 

does in design 1-1.4 because negative moment redistribution is essentially 

the same in all three designs. Different slenderness amplification fac-

tors and the discrete nature of member design can alter the trends expected 

from examination of this data alone. For example, the as-designed negative 

design capacity for the roof interior beam was 447 kN-m in design 1-1.4 and 

520 kN-m in design 1-2.1. Although the values differ by less than 20 percent, 

gravity load causes a. negative moment of approximately 360 kN-m in both designs, 
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and the flexure strength remaining to resist lateral load in design 1-2.1 is 

approximately twice that in design 1-1.4. 

Another factor which contributes to the larger beam overstrength in 

designs DBC-l.4 and DBC-2.1 is the nature of the inelastic design procedure 

used to obtain the beam design moment capacities. In designs DBC-l.4 and 

DBC-2.l, moment redistribution was based on the ACI recommendations. In 

implementing the code recommendations, elastic moment envelopes are first 

constructed considering the effects of partial and/or pattern loading. The 

redistribution defined by equation (4.2) is then applied to each span 

separately, after which practical code requirements that 

(4.6) 

are imposed. 

This is in contrast to the proposed inelastic design procedure which 

was used to obtain the beam design capacities in designs 1-1.4, 11-1.4, 

111-1.4, and 1-2.1. In this procedure, moment redistribution is based on 

an optimization technique in which the volume of flexural reinforcement 

is minimized. Member flexural strength is based on equilibrium constraints 

which are found by considering all possible failure mechanisms of the 

selected design subassemblage. As a result, all beam design capacities in 

a given story are coupled. 

In addition to equilibrium constraints. the optimum beam-moment capacities 

must satisfy a set of practical constraints, two of which are defined by 

equation (4.6) and a set of serviceability constraints. 

It is felt that because of the coupling of strength and practical design 

requirements, and the interdependence of all design capacities in a given 
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story, the proposed inelastic design procedure yields a more efficient moment 

redistribution than the ACl procedure. In other words, the AC1 inelastic 

design procedure, at least as it was applied in this st~dy, typically results 

ihlarger beam overstrength than the optimum inelastic design procedure 

described in this report. 

A comparison of designs 1-1.4 and 11-1.4 indicates that there is a more 

gradual departure from the elastic loading curve in design 11-1.4 than in 

design 1-1.4. This is attributed to the reduction in negative design 

capacities associated with inelastic moment redistribution which occured 

in design 11-1.4. Although initial yielding occurred much earlier in 

design 1-1.4 than it did in design 11-1.4, the yielding was isolated and 

had little effect on behavior. The reduced negative design capacities 

in design 11-1.4 caused early yielding (as compared to design 1-1.4) 

at negative sections over a relatively large region of the frame. Con

sequently, a gradual reduction in the frame lateral stiffness occurred. 

4.3.3 Time History Analysis 

The nonlinear dynamic response of the designed frames to the El 

Centro N-S (EC) component and the Derived Pacoima Dam (DPD) ground motions 

was assessed using SERF, a program developed by Mahin and Bertero [18]. 

The accelerations of both ground motions were scaled to have a peak value 

of 0.4 g. The behavior of the various designs are discussed and compared 

below. 

(i) Global response 

Examination of story displacement envelopes in response to the EC ground 

motion for designs UBC-2.l, UBC-1.4, 1-1.4, and 1-2.1 (Fig. 12[b]) indicates 
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that response is proportional to the initial frame flexibility. Maximum roof 

displacements increase from 109 rom in design I-l.4--which has an initial 

first-mode period, T
l

, of 1.08 sec.--to 180 mm in design UBC-2.l which has 

an initial Tl of 1.39 sec. 

A comparison of UBC-l.4 and 1-2.1 indicates that frame strength also 

affects global response. Although these t,,,o designs have the same initial 

stiffness characteristics, the maximum roof displacements are 145 rom and 

129 rom in designs UBC-l.4 and 1-2.1, respectively. The smaller displacement 

in design 1-2.1 is attributed to the fact that this design is approximately 

133 percent as strong as design UBC-l.4 (Fig. 11). 

The displacement envelopes for the DPD ground motion indicates that 

response to this particular accelerogram is primarily a function of strength. 

For example, designs UBC-2.l and UBC-l.4--which have essentially the same 

static strength (1851 kN vs. 1931 kN)--have essentially the same displacement 

response in spite of the fact that design UBC-2.1 is 12 percent more flexible 

'/~ 
than design UBC-l.4 . 

Observations similar to those made above concerning the effect of 

initial flexibility and strength on global response may be made by 

analyzing the story drift index envelopes in Fig. 13. 

It should be emphasized that the above discussion is based on initial 

dynamic characteristics. During the response, however, inelastic member 

behavior (plastic-hinge formation at member ends)--which is a function of 

strength and the forces generated by the ground motion--increases the frame 

flexibiltiy which, in turn, affects the magnitude of earthquake-induced 

* As measured by the first-mode period. 
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forces and the level of response. Member inelastic behavior is discussed 

in a subsequent presentation of beam inelastic rotation demands. 

A comparison of the displacement and story drift index envelopes for 

the DPD and EC ground motions indicates a significant difference in response 

in spite of the fact that the maximum acceleration was the same for both 

ground motion records. Story displacements and story drifts for the DPD 

ground motion are approximately three times those for the EC motion. This 

demonstrates the need to consider all possible ground motions at a given 

site and also all characteristics of these ground motions (not just the peak 

ground acceleration) when selecting a design earthquake [21]. 

The magnitude of the story drift indices recorded during the DPD ground 

motion (as high as 0.021) indicates the possibility of significant non

structural damage. A comparison of designs UBC-l.4 and 1-1.4 demonstrates 

one advantage of using spectral design forces in seismic design for severe 

earthquake ground motions. Although spectral design forces were about 

80 percent larger than the UBC forces, the required steel and concrete volume 

increased by less than 20 percent and 15 percent, respectively. These 

increases must be weighed against the resulting reduction in response 

(maximum story drift indices for design 1-1.4 are approximately 25 percent 

smaller than those for design UBC-l.4) which can lead to significant savings 

in repair costs for nonstructura1 damage suffered during moderate and major 

earthquake ground motion. 

A comparison of designs 1-2.1 and 1-1.4 indicates that the increase in 

frame stiffness and also strength associated with smaller steel content 

reduces drift indices and consequently nonstructural damage. 

The story displacement and story drift index envelopes for designs 

-53-



1-1.4,11-1.4, and 111-1.4 are presented in Figs. 14 and 15. A comparison 

of responses for designs 1-1. 4 and III-I. 4, which have the sam'," beam sizes* 

but different beam design capacities at the interior beam-column joint 

(Tables 1 and 2), indicates that local variations in beam design capacities 

have little effect on global response parameters such as story displacement 

and story drift. 

On the basis of the global response for designs 1-1.4 and 11-1.4, 

which have essentially the same static strength (Fig. 11) but different 

initial flexibilities, and in view of the previous discussion of behavior 

of designs UBC-2.l, UBC-l.4, 1-1.4, and 1-2.1, it may be concluded that 

initial frame flexibility (at least within the range considered here) 

has a significant influence on response to ground motions with character-

isitics similar to the EC ground motion and that strength has a significant 

influence on response to ground motions with characteristics similar to 

the DPD ground motion. For example, consider the maximum roof displacement 

recorded for designs 1-1.4 and 11-1.4. In response to the EC ground 

motion, the roof displacement was 109 mm for design 1-1.4 and 129 mm 

for design 11-1.4, an increase of approximately 18 percent. In response to the 

DPD ground motion, the roof displacements were 369 mm for design 1-1.4 

and 379 mm for design 11-1.4, an increase of less than 3 percent. This con-

elusion appears consistent with the different characteristics of the two 

ground motions (Fig. 16), in particular the long duration acceleration 

pulses contained in the initial phase of the DPD motion. The response 

of a structure to this type of ground motion is like the response to 

impulsive loading, at least with respect to maximum response quantities. 

In such a situation, and in case of nonlinear behavior, strength is a 

*TI~e bea~--si~e was -c-o-n-t-r-o-l-le-d by the negative capacity at Section 1, 
which was the same in both designs. 
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more important parameter than flexibility. Furthermore, damping will have 

little effect on maximum response. 

(ii) Local inelastic behavior, beams 

Accumulated beam plastic rotation, e;cc defined by the expression 

(4.7) 

where NIN is the total number of inelastic excursions at the beam end and 

lepl i is the absolute value of the plastic rotation in excursion i, is used 

as a measure of cyclic inelastic deformation demand. Values of e
acc 
p 

for 

the various designs in both the exterior and interior spans are summarized 

in Figs. 17-20. A comparison of response to the two ground motions indi-

cates, as expected from the global response, that inelastic rotation demands 

increase significantly in response to the DPD ground motion. 

A comparison of behavior for designs UBC-l.4, UBC-2.1, 1-1.4, and 

1-2.1 (Figs. 17 and 18) indicates the follo~lng: 

a. Inelastic rotation demands for the UBC designs are typically 

smaller in the upper stories than those corresponding to designs 

1-1.4 and 1-2.1. This is attributed primarily to the larger 

overdesign of positive moment sections in the UBC designs dis-

cussed in Section 4.3.2. 

b. A comparison of inelastic deformation demands for designs 1-1.4 

and I-2.1 indicate that demands in the exterior span are typically 

larger for design 1-2.1 than for design 1-1.4 and that the 

deformation demands reflect the opposite trend in the interior 

spans. This is attributed to the different nature of moment 

redistribution in the two designs. As noted previously 
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(Section 3.3), redistribution caused a reduction in negative 

design capacities in the exterior span in design I-2.l and in 

the interior span in design I-l.4. This concentration of negative 

moment redistribution at a single section tends to amplify the 

inelastic rotation demands at that section. This is particularly 

evident in design I-2.1. In the interior span, where the negative 

design capacity is equal to the elastic value, the maximum ea;c 

was 0.020 radians during the EC ground motion and 0.040 during the 

DPD ground motion. The respective values for the exterior span 

(where the redistribution was concentrated) were 0.030 and 0.055. 

This observation indicates that an optimum moment redistribution 

should attempt to balance the reduc tion in e.lastic design moments 

in order to prevent excessive deformation demands at a particular 

region (critical section). 

c. The maximum inelastic deformation demands in response to the El 

Centro ground motion occurred in designs based on spectral design 

forces. For example, the maximum value of e
acc 

for design I-2.1 
p 

in the exterior span was 0.030 radians while the corresponding 

value for design UBC-1.4 was 0.022 radians. This again reflects 

the effect of concentrating the negative moment redistribution at 

a particular section. 

The inelastic deformation behavior observed for designs I-I. 4, II-I. 4, 

and lIl-l.4 (Figs. 19 and 20) indicate the following: 

a. The moment redistribution associated with elimination of bar cur-

tailment at the interior beam-column joint has only a minor effect 

on inelastic rotation demands except at floor level 7. A peak in 
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acc the e envelope is evident at this level in design 111-1.4 p . 

and is attributed to the reduction of the positive moment capacity 

at section 3 from a value of 581 kN-m in design 1-1. 4 to 401 kN-m 

in design 111-1.4. 

b. Inelastic deformation demands in the exterior span for design 

11-1.4 are significantly larger than those for design 1-1.4. 

Maximum eacc values are more than 70 percent larger in response to 
p 

the EC ground motion and more than 20 percent larger in response to 

the DPD motion. The larger deformation demands in design 11-1.4 

is attributed to the degree of negative moment redistribution 

associated with this design (Table 1). 

c. The relatively larger increase in inelastic deformation demand for 

design 11-1.4 in response to the EC groupd motion corresponds to 

the observed increase in global response parameters discussed 

earlier [Section 4.3.3(i)]. 

An important consideration in evaluating seismic inelastic deformations 

is whether or not the indicated demands are compatible with expected capacities 

of reinforced concrete beams. Based on the experimental results of several 

investigators [22,23], the required inelastic deformations in response to the 

EC ground motion are compatible with expected capacities. However, the 

magnitude of deformations recorded in response to the DPD ground motion may 

lead to severe structural damage and may result in structural failure if high 

nominal shear stresses (V /b d) are also present unless the transverse 
u w 

reinforcement is specifically designed and detailed to develop these deforma-

tions. This is especially true for UBC designs in which maximum plastic 

rotations of 0.02 radians and eacc values larger than 0.06 radians are required. 
p 
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(iii) Local inelastic behavior, columns. 

A final concern in evaluating nonlinear dynamic response is the 

adequacy of the imposed weak girder--strong column design criterion. The 

analytical results indicate that column yielding does not occur during 

response to the EC ground motion. However, the column curvature ductility 

data presented in Figs. 21-24 illustrates that column yielding (indicated 

by a curvature ductility larger than one) does occur at various locations 

through the height of the frame and at the foundation during response to 

the DPD motion. Column yielding is attributed in part to the increase in 

beam capacities due to strain hardening (a post yield slope of 3 percent was 

assumed in the moment-curvature relationship.) In addition, the distri-

but ion of beam moments between the column sections above and below a 

given joint was typically different from that assumed in design. 

In design, the beam moments at a given joint were distributed to 

the columns at the joint on the basis of an elastic stiffness distribu-

tion factor 16]. However, higher mode response and formation of beam 

plastic hinges can alter the moment distribution at a joint to the extent 

that the sum of the beam capacities is resisted by only one of the columns 

at the joint. 

Column ductilities presented in Fig. 21-24 indicate that column 

yielding occurs primarily at the top of interior columns. In most cases, 

d 1 Id . d h . eacc 1 columns experience on y one yie excurS1.on an t e maX1.mum va ues, 
p 

excluding the column sections at the foundation level, varied from 

0.001 radians in design ULC-2.1 to 0.003 radians in design 111-1.4. 

At no time during the response of any design did the same column yield simu1-

taneously at top and bottom. The recorded inelastic deformation demands are 

,veIl within expected deformation capacities of ductile RIC eolumns [24J. 

-58-



Significant inelastic column response does occur in the column 

Values of eacc 
varied 

p sections at the foundation level in all designs. 

from 0.004 radians in design 1-2.1 to 0.017 radians in design UBC-l.4. 

These values reflect one major inelastic excursion and, at most, four 

minor excursions. For example, in design UBC-l.4, the maximum plastic 

rotation due to a positive excursion was 0.013 radians, and the eacc 
p 

value of 0.017 radians was due to two negative.excursions and one additional 

positive excursion. On the basis of recent experimental results [24], the 

indicated inelastic rotation demands may be attained if proper reinforce-

ment details are provided. 

4.4 Concluding Remarks 

The nonlinear dynamic results discussed above do not include the 

effect of cyclic stiffness degradation--a common characteristic of the 

inelastic cyclic behavior of reinforced concrete members. It is hoped 

that the future development of accurate and relatively simple analytical 

models will enable the effect of this phenomenon on inelastic rotation 

demands and global-response parameters to be evaluated. 
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5. CONCLUSIONS AND RECOHMENDATIONS 

In this chapter, conclusions are drawn from results presented in 

the body of the report. Recommendations are made for future investiga

tions designed to clarify some of the questions raised by this study. 

The inelastic seismic design procedure which formed the basis of 

this report enables the designer to consider essential features of the 

comprehensive design philosophy in a consistent manner. The design 

idealizations used to evaluate performance at serviceability, damage

ability, and ultimate limit design states reflect the expected behavior 

at these respective limit states. 

For example, it is generally accepted that design for a severe 

earthquake ground motion is controlled by the ultimate limit state and 

significant inelastic behavior is expected. Current design practice, 

however, is typically based on minimum seismic design forces and the 

results of linear elastic analysis. Consequently, actual behavior 

and the behavior assumed in design are inconsistent. 

In the proposed design procedure, actual and assumed behavior are 

based on the same limit state. Member design forces are determined by an 

inelastic design procedure which includes moment redistribution and which 

consequently takes advantage of the structure's capacity to dissipate 

energy through controlled inelastic deformations. 

Some beam moment redistribution is possible following current ACI [9] 

and UBC [4] stipulations. Code-allowed redistribution is strictly intended 

for gravity load acting alone. It is felt, however, that its use is 

appropriate for seismic-resistant design in which a weak girder-strong 

column philosophy is followed. 

Preceding page blank 
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It is felt that the inelastic design method proposed in this report 

provides a more realistic approach to moment redistribution in seismic

resistant design than the method defined in ACI. The coupling of practical 

and strength design requirements and the fact that all design capacities 

in a given story depend on each other--characteristics of the proposed 

method--typically result in a more efficient moment redistribution than 

that obtained employing the ACI method. 

Previously it was concluded that the ACI limitation on magnitude 

of moment redistribution (MR) is conservative. The intent of this con

clusion requires an explanation. The feature thought conservative is 

the dependency of MR on steel content. The reason for the dependency is 

to ensure sufficient inelastic deformation capacity to attain the expected 

redistribution. However, design of ductile moment resisting frames in 

accordance with present seismic code requirements should result in plastic 

hinge zones with sufficient deformation capacity to obtain most practical 

moment redistributions. Consequently, it is felt that in seismic-resistant 

design, MR need not depend on steel content. 

It should be emphasized, however, that the upper bound of 20 percent 

imposed by ACI may not be conservative. The required deformation capacities 

for design 11-1.4, in which t1R values of 35 percent were typical, were signifi

cantly larger than those for design 1-1.4 in which MR was typically less than 

20 percent (except in the upper stories). A study is required to 

evaluate a practical upper bound on MR. Based on preliminary results 

for design B, it appears that because of the upper bound constraint 
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imposed on the positive capacity at a given section 

M+ < M. 
i 1 

a moment redistribution greater than 20 percent (the maximum allowpd by ACI) 

may result in an impractical design, particularly in the lower stories. 

Although the current automated features of the proposed design 

procedure relieve the designer of a time consuming computational chore, 

further program development is warranted. The central feature of this develop-

ment would be a design/analysis control language which would interface a 

series of design and analysis operations. The overall structure of the 

proposed program would maximize interaction between the designer and 

computer and minimize the data preparation necessary for this interaction. 

The inelastic design results (designs II-l.4 through IV-l.4, and 

I-2.l) clearly demonstrate that consideration of realistic steel detailing 

results in an objective function which tends to maximize negative design 

capacities and minimize positive capacities. The resulting distribution 

of design capacities is contrary to what may be considered an optimum. 

Typically, in seismic-resistant design, it is desirable to reduce negative 

capacities in order to alleviate congestion of reinforcement at beam-

column joints. 

The results for design 1I-l.4 illustrate that by imposing proper 

design constraints a reduction in negative capacities can be achieved 

within the context of the proposed design procedure. Although significant 

negative moment redistribution was achieved in design II-l.4, the fact 

that the redistribution was concentrated at the interior beam-column 

joint resulted in relatively large inelastic deformation demands. This 

is undesirable. 

An important conclusion with respect to the proposed optimum design 

model is that minimizing the volume of flexural reinforcement is not the 
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best criterion for selecting flexural steel distribution in a seismic-

resistant reinforced concrete frame. The results for the various 

designs obtained in this study indicate that the volume of reinforcement 

is insensitive to variations in the distribution of beam design capa-

cities. The design solution (required beam capacities) is bounded by 

equilibrium requirements and serviceability and practical constraints. 

Consequently, if one design capacity changes,an opposing change typically 

occurs at another section. The net result is that the total volume of 

reinforcement remains essentially the same. 

In view of the above conclusions, it is apparent that the optimum 

design problem should be modified. As suggested earlier, one possible 

modification is to force a reduction in negative design capacities by 

decreasing the upper bound constraint on negative capacities to a value 

-UE 
M. • 
~ 

less than Except in the upper stories, such a constraint results 

in a uniform moment redistribution at each floor and throughout the 

height of the structure (Table 4). The consequence of this design 

modification on nonlinear dynamic response--in particular, on inelastic 

deformation demands--should be evaluated in the future. 

Another possible modification is to formulate a new objective 

function. The results obtained in this study indicate that, although 

materia1 quantities are relatively insensitive to beam design moment 

capacities, response parameters such as local inelastic deformation 

are sensitive to these capacities. However, it is difficult to formu-

late a function which relates inelastic rotations to beam design capacities. 

One possibility is to formulate an objective function which would 

assign an equal weight to each beam design capacity. The appropriate 

form of the design solution would be achieved by imposing proper design 

constraints. Such a formulation has two advantages over the current 
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objective function. First, it would result in a linear programming problem. 

Consequently, the computational effort (by the computer) required to obtain 

beam design capacities would be reduced. In addition, the characteristics 

of the resulting design will be those which the designer deems appropriate 

for the given situation. 

Another possible form for a new objective function is to assume that 

the positive and negative steel in a given span is constant. This assumption 

reduces the number of required beam design capacities (for the three-bay 

frame considered here from 8 to 4) and, also, results in a linear objective 

function which is easily evaluated. Consequently, the computational effort 

required to solve the optimization problem is reduced. With respect to prac

ticality, this design assumption simplifies beam construction by eliminating 

bar curtailment. 

One shortcoming of the constant steel assumption is that the required 

volume of flexural reinforcement increases. However, this increase must be 

weighed against the resulting benefits. Elimination of bar curtailment will 

reduce fabrication costs which may offset the increase in volume. In addi

tion, as discussed in Ref. 25, inelastic deformation demands during severe 

earthquake excitations are reduced in a design found by assuming constant 

positive and negative beam steel. 

A future study is required to investigate the relative merits of the 

objective functions described above with respect to required material vol

umes and inelastic behavior during earthquake excitation. 

A comparison of the designs based on different seismic-force levels in

dicated that, although UBC design forces were approximately 50 percent 

smaller than the spectral design forces, the required material volumes 

differ by less than 20 percent. The increased material volumes for designs 
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based on spectral design forces must be weighed against the resulting bene-

fits. Larger seismic design forces increase strength and stiffness. The 

increased stiffness will reduce response under both service and ultimate-

load conditions. The increase in strength will provide greater safety and 

also reduce nonlinear response during extreme events such as severe earth-

quake ground shaking. 

A comparison of global and local behavior in response to the two 

ground motions considered in this study demonstrates the difficult task con-

fronting the structural engineer in selecting design earthquakes. The signi-

ficantly .larger response to the DPD ground motion indicates that all 

characteristics of possible ground motions at a given site must be defined, 

not just the peak ground acceleration. 

A comparison of the behavior of the various designs considered here 

indicates that frame flexibility is an important system parameter affecting 

response to earthquake ground motions with characteristics similar to the EC 

motion. Frame strength, however, has a significant effect on response to 

ground motions with characteristics similar to the DPD (in particular, long-

duration acceleration pulses). On the basis of this observation, it is 

evident that selection of appropriate seismic design criteria depends on 

proper characterization of possible ground motion excitations at the selected 

building site. 

A comparison of designs I-I. 4 and 1-2.1 and designs UBC-l. 4 and UBC-2.1 

indicates that changes in required concrete and steel vo1ume--which occur as 

a result of decreasing p from 2.1 percent to 1.4 percent--offset each 
max 

other. However, the resulting increase in stiffness improves performance 

under service load conditions (by as much as 40 percent) as well as under 

severe seismic excitations with characteristics similar to the EC ground 

-66-



motion. In addition, the larger seismic design forces associated with the 

stiffer frames increase strength and, consequently, improve response to 

ground motions with characteristics similar to the DPD motion. 

The various design criteria imposed during member sizing caused the 

column sizes to be the same in all designs considered in this study. 

Basically, in order to satisfy the criterion that the design axial load be 

less than the balanced failure axial load, relatively large columns were 

required at ground level. In subsequent column sizing, this fact, in 

conjunction with the constraint on the increment in column depth (40 rom) 

and the constraint that the column size be the same for at least two stories, 

resulted in oversized columns.. In other words, the column size was con

trolled by the design constraints enumerated above, and minimum steel 

requirements typically controlled reinforcement selection. Consequently, 

a factor of safety against column yielding (column overstrength factor) is 

built into the design, 

This overstrength is in addition to an imposed factor of 1. 2 and the 

fact that a capacity reduction factor of 0.7 is used in column design. 

Since unfactored beam and column capacities were used in subsequent non

linear analyses, the columns have been overdesigned with respect to the 

beams by a factor of at least 1.7. This factor is typically larger because 

of oversized columns. 

The results of nonlinear dynamic analysis indicate that the column 

overdesign discussed above may be excessive. Column yielding did not occur 

during response to the EC ground motion, and yielding in response to the 

DPD motion was limited. 

It is felt that the current column design operation should be re

evaluated with the intent of optimizing column overstrength. In particular, 
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the current limitation on the level of axial force may be too stringent, 

and the consequences of relaxing this limitation should be explored. 

Park [26J has indicated that significant inelastic deformation can be 

developed in tied columns with axial force levels as high as 0.6 f' A 
c g 

provided that the column transverse reinforcement is sufficient and 

properly detailed. 
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TABLE 4 COMPARISON OF NORMALIZED BEAM DESIGN CAPACITIES FOR 
DESIGNS BASED ON DIFFERENT UPPER BOUND CONSTRAINTS 
ON NEGATIVE DESIGN CAPACITIES 

Floor Negative Section Positive Section 
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TABLE 7 COMPARISON OF OBJECTIVE FUNCTION VALUES 

C(M. ) 
1 Ie (Mi ) 1-1. 4 

Floor Level Design I-I. 4 Design 111-1.4 Design IV-I. 4 

Roof 1.000 1.022 1.000 

10 1.000 1.018 1.080 

9 1.000 1.020 1.092 
- -

8 1.000 1.013 1.033 

7 1.000 1.012 1.039 

6 1.000 1.008 1.021 

5 1.000 1.007 1.020 

4 1.000 1.008 1.015 

3 1.000 1.005 1.015 

2 1.000 1.003 1.007 
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TABLE 8 FRAME PERIODS FOR FIRST FIVE HODES (IN SECONDS) 

Mode 
Design 1 2 3 

UBC-2.1 1. 386 .492 .276 

UBC-1.4* 1.241 .441 .252 

1-2.1* 1. 241 .441 .252 

I 

I-I. 4** 1.076 .385 I .222 

II-L4 1.134 .406 .234 

III-I. 4** 1.076 .385 .222 
, , 

'~These designs have the same beam-column sizes. 
*i:These designs have the same beam-column sizes. 
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APPENDIX A 

A.I Numerical Example of Cutting Plane Algorithm 

In order to illustrate the cutting plane algorithm described in 

Section 3.2, the following problem is solved here in detail. 

which minimize C(Mi ) = 4Ml2 + 3M
2

2 

and which satisfy the constraints 

Ml + 3M2 ~ 5 

2MI + O. 5H2 ~ 2 

In terms of the notation in equation (3.7): 

gl1 1.0 g12 3.0 bl 
5.0 

g21 2.0 g22 0.5 b
2 

2.0 

VCl (~1) = 8M 1 VC2(~ 1) 1 

Assuming an initial solution, M.l [3.0, 4.0] ,* 
1 

the constraint 

can be evaluated. First 

8(3) 24 

and 

Then 

6M 1 
2 

(A.l) 

(A.2) 

4(3)2 + 3(4)2 - 24(3) - 24(4) 

-84 

The constraints for the first iteration (step 1) are: 

1.0 3.0 o 

2.0 0.5 o (A.3) 

-24. -24. 1.0 

* This is an arbitrary choice. However, it does satisfy the. constraints. 

A-I 



By employing a standard simplex algorithm, the solution to this linear 

problem is found to be 

z = 0 

Evaluating a new inequality constraint based on the latest solution, Mi 2 , 

we have 

VCl (Mk2) 8(2.75) 22 

and VC
2

(M
k

2) 6(0.75) = 4.5 

C2 
4(2.75)2 + 3(.75)2 - 22(2.75) - 4.5(.75) 

= -31. 94 

and 

-22Ml - 4.5M
2 

+ Z > -31.94 

This constraint is added to the three constraints defined by equation (A.3) 

and the resulting linear programming problem is solved. The solution is 

M 3 
1 

1.192 M 3 
2 = 1. 269 Z = 0 

The process described above is repeated for the new solution (M.3) and the 
1. 

following constraint is added: 

-9.54Ml - 7.61M2 + Z > -10.52 

The solution of the resulting linear programming problem is 

M 4 
1 

0.636 M 4 
2 1.45 z 6.63 

After forming a new constraint, the solution of the resulting linear pro

gramming problem is the same as in the previous iteration, except that Z 

becomes 7.97, the minimum value of C(M.). Therefore, the optimum solution 
1. 

is: 

Ml 0.636 

M2 1. 45 

A.2 Evaluation of the Gradient of C(M.) 
1.-

The cutting plane method is employed to solve the nonlinear optimization 

problem described in this report. In this method. the original problem of 

finding a vector of beam design capacities, M. (i = 1, N) which minimizes 
1. 

C(K) > 0 
1. 

A-2 

(A.4) 



and which satisfies the linear constraints 

gJ' l' M. > b. (j 
l - J 

1, NC) (A.5) 

is replaced by the equivalent problem of minimizing a new variable, Z, such 

that 

Z > C(M.) 
- l 

g .. M. > b. 
Jl l - J 

(A.6) 

The nonlinear constraint in equation (A.6) is linearized by the Taylor 

series approximation 

CA. 7) 

where M~(~) is the current solution. In order to evaluate this constraint, 

the gradient of the objective function, C(M.) is required. 
l 

The objective function can be separated into two parts: 

e(N.) 
l 

(A.8) 

The term, CC(Mi ), accounts for the column reinforcement. Since it is a linear 

function in M. [6J, a typical VC (K) is a constant equal to the coefficient 
l C.k 

l 

of Ni in CC(Mi ). The term, CB(Mi ) accounts for the beaffi reinforcement. For 

the kth span, CB(Mi ) is given by 

_(1 L L 

[CB(Mi)]k Ml (x, Mi ) dx - t M2 (x, M
i

) dx +J Ml (x, M. ) dx 
l 

0 B3 

(A.9) 

B4 B3 

+r M2 (x, Mi ) dx + J M3 dx + XM • (B2 - BI ) + FA(M
i

) 
J 
0 B4 
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where 

and 

M. > 0 
1 

i 1,5 

M2 = 

M3 

W = 

XM= 

+ WLx 
(M2 + M4)x 2 

M2 
Wx 

2 L - -2-

M3 

1.2 D.L.+ 1.0 L.L. 

1/411AX(I Hl l,IM4 1) 

-XM 

x @ M (x, M.) 
2 1. 

A linear function in M. which depends on the develop-1. 
ment length and column width. 

As noted the function, F (M.), in equation (A.9) is linear in M .. A 1. 1. 

Consequently, as for CC(Mi ), the gradient of FA(Mi ) is a vector of con

stants and is ignored in the subsequent discussion. In addition, the 

function XM is considered a constant in order to prevent possible solution 

'11 . * OSCl at1.on. 

*The function, XH, may be written as 1/4 (IMliolj + !M4 !04j) where 

0ij 1 if i = j, and 

Oifi:/=j. 

If IMll ~ IM4i, j = 1; if not, j = 4. In this form, XM is obviously dis
continuous. 

A-4 



In expressing Bl through B4 in terms of Mi , it is convenient 

to define 

Then 

and 

and WI.. f3 =--
2 2 1 

(A.lO) 

(A.l1) 

To facilitate differentiation of the integral terms of CB(:t\), 

1eibnitz's rule for differentiating a definite integral is employed. If 

then 

dI(M,x) 
- dM-

I(M,x) 

12(M) 
r aF(M,x) 
) ax 
11 (M) 

12 (M) 

f F(M,x)dx (A.12) 

11 (M) 

(A.13) 

For a typical span, five coefficients are required to define the grad i-

ent vector 

i 1,5. (A.14) 
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Applying Leibnitz's rule to the first six terms in equation (A.9), 

the following coefficients result: 

+ 

Since, by definition 
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(A. IS) 

.~t] (Mi~ 
HI dBl 

L 
dB3 dB l aM ( aMI 

17CB r I 
dx + M (Bl ) ---- + --- dx Ml (B3) --+XM-

dM
S ) dMS 

I dMS ) dM5 dM
S 

dMs S 
0 B3 

The differentiation and integration indicated in equation (A. IS) have been 

carried out explicitly prior to coding. For example. 

-1 + -~. 
L 

and 

The value of B1 is that found for the current solution, M~. In evaluating 

dBi/d~ (i = 1, 4;.k = 1,5), the sign of the radical in equation (A.l1) is 

taken to be the same as that used to find the values of BI through B4 corre

sponding to the current solution ~. 
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"Earthquake Engineering Research CIt Berkeley," - 1969 (PB 187 90G) All 

"Nonlinear Seismic Response of Earth :t-ructures,1I by N. Dibai and J. Penzien -1969 (PB 187 ()04)A08 

"Probabilistjc Study of the Behavior of Structures During Earthquakes,1I by R. Ruiz and J. P€)I1zien -1969 
(PB l87 886) AOG 

lINumerical Solution of Boundary Val ue P roh lems in Structural Meehan ics by Reduction to an Ini tial Value 
Formulation," by N. Distefano and .J. Schuiman -1969 (PA 187 942)A02 

"Dynamic Programming and the Solution of tiw Biharmonic Equation," by N. Distefano -1969 (PB 187 94l)A03 

"Stochastic Analysis (,f Offshore Tower Structures," by A. K. ~\alhotra and .}. Penzien - 1 g69 (PB 187 903) AO" 

"Rock ;Iotion Accelerograms for Hiqh ~Iagni tud(' Earthquakes," by H. B. Seed and I.H. Idriss - 1969 (PB 1>17 940) A02 
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J.G. Bouwkamp, R.vl. Clouqh and J. Penzien -1969 (PB 189 lll)A04 

EF.RC 69-9 "Seismic Response of Soil Deposits Underlain by Sloping Rock Boundaries,tI by H. Dezfu1ian and H.B. Seed 

1969 (PB 189 114)A03 

EERC 69-10 "Dynamic Stress Analysis of Axisymmetric Structures under Arbitrary Loadinq," by S. Ghosh and E.L. Wilson 
1969 (PB 189 026)A10 

EERC 69-11 "Seismic Behavior of Multistory Frames Designed by Different Philosophies, II by .J.C. Anderson and 
V. V. Bertero - 1969 (PB 190 662)AIO 

EERC 69-12 "Stiffness Degradation of Reinforcinq Concrete Hembers Subjected to Cyclic Flexural Moments," by 
V. V. Bertero, B. Bresler and H. Hing Liao - 1969 (PB 202 942) A07 

EERC' 69-13 uResponse of Non-Uniform Soil Deposits to Travelling Seismic Waves," by H. Dezfulian and H.B. Seed -1969 
(PB 19l 023)A03 

EERC 69-14 "Damping Capacity of a Hodel Steel Structure," by D. Rea, R.W. Clough and J.G. Bouwkamp -1969 (PB 190 663)A06 

EERC 69-15 11 Influence of Local Soil Conditions on Building Damaqe Potential during Earthquakes, II by H.B. Seed and 
I.H. Idriss - 1969 (PB 191 036)A03 

EERC 69-16 "The Behavior of Sands Under Sdsmic Loading Conditions," by t1.L. Silver and H.B. Seed -1969 (AD 714 982)A07 

EERC 70-1 "Earthquake Response of Gravi ty l)ams," by A.K. Chopra -1970 (AD 709 640)A03 

EERC 70-2 "Relationships between Soil Condl tions and Buildi"g Damage in the Caracas Earthquake of July 29, 1967," by 
H.B. Seed, 1.H. Idriss and H. Dezfulian - 1970 (PB 195 762)A05 

EERC 70-3 "Cyclic Loading of Full Size Steel Connections," by E.t'. Popov and R.H. Stephen -1970 (PB 213 545)A04 

EERC 70-4 "Seismic Analysis of thee C!1araima Building, Caraballeda, Venezue la," by Subcommittee of the 8EAONC Research 
Committee: V.V. Bertero, P.F. Fratessa, S.A. Hahin, J.H. Sexton, A.C. Scordelis, E.L. Wilson, L.A. Wyllie, 
H.B. Seed and J. Penzien, Chairman -1970 (PB 201 455)A06 
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CERC 70-5 "A Computer Program for Earthquake Analysis of Dams," by A.K. Chopra and P. Chakrabarti -1970 (AD 723 994)A05 

CERC 70-6 "The Propaga tion of Love \'aves Across Non-Hori zontally Layered Structures," by J. Lysmer and L.A. Drake 
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EERC 70-7 "Influence of Base Rock Characteristics on Ground Response,lI ty J. Lysmer, H.B. Seed and P.B. Schnabel 
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EERC 70-8 "Applicability of Laboratory Test Procedures for Measuring Soil Liquefaction Characteristics under Cyclic 
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EERC 70-9 "A Simplified Procedure for Evaluating Soil Liquefaction Potential," by I1.S. Seed and LM. Idriss - 1970 
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EERC 70-10 "Soil Moduli and Damping Factors for Dynamic Response Analysis," by H.B. Seed and LM. Idriss -1970 
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EERC 71-7 "Inelastic Behavior of Steel Beam-to-Column Subassemblages," by H. Krawinkler, V.V. Bertero and E.P. Popov 
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EERC 71-8 "Modification of Seismograph Records for Effects of Local Soil Conditions," by P. Schnabel, H. B. Seed and 
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EERC 72-5 "Cyclic Behavior of Three Reinforced Concrete Flexural Members with High Shear," by E.P. Popov, V.V. Bertero 
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EERC 72-6 "Earthquake Response of Gravity Dams Including Reservoir Interaction Effects,1I by P. Chakrabarti and 
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EERC 73-3 "Computer Aided Ultimate l,oad Design of Unbraced Multistory Steel Frames," by M.B. EI-Hafez and G.H. Powell 
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[ERe 73-4 "Experimental InvestiqatJon into tht: Seismic Behavior of Critical Refjions of Reinforced Concrete Components 
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EERC 73-6 "General Purpose Comrutcr Program for Inelastic Dynamic Response of Plane Structures," by A. Kanaan and 
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EERC 73-12 "Analytical Investitwt.ions of tJle Seismic Response of Lonql Multiple Span Highway Bridges," by W.S. Tseng 
and J. f'enzien - 197.\ ipB 227 816) AIO 

EERC 73-13 "Earthquake Analysis of r~ulti-Story Buildings Including Foundat.ion Interaction," by A.K. Chopra and 
J.A. Gutiprrez -1973 (PB 222 97())A03 

EERC 73-14 "ADAP: A C'omputer Proqra.ITI for ~tatic and Dynamir Analysis of Arch Dams)" by R .. W. Clough, J .M. Raphael and 
S. Mojtahedi -1973 (PB 221 7(1)A09 

EERC 73-15 "Cyclic Plastic Analysis of Structural Steel Joints," by R.B. Pinkney and R.W. Clough -1973 (PH 226 843)A08 

EERC 73-16 "QPAD-4: A Computer Proqram for Eval uiltinq the Seismic Response of Soil Structures by Variable Damping 
Finite Element Procedures," by LM. Idriss, J. Lysmer, R. Hwang and H.B. Seed - 1973 (PB 229 424)A05 

EERC 73-17 "Dyr,amic !J' havior of a Mult~:L-Story Pyramid Shaped Bu:Llding," by R.M. Stephen, J.P. Hollinqs and 
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EERC' 73-18 "Effect of Different Types of Heinforcinq on Seismic Behavior of Short Concrete Columns," by V.V. Bertero, 
J. Hollings, O. K~st~. n.~1. Stephen dnd ,J.e;. Bouwkamp -lg73 
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EERC 73-~O "Linear and Nonlinear ,:jc-:.ismic Analysis Computer Programs for Long Multiple-Span Highway Bridges," by 
W.S. Tseng and J. Penzien - 1973 

EERC 73-21 "Constitutive Models for Cye).ic Plastic Deformation of Engineering Materials," by J.M. Kelly and P.P. Gillis 
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and E.P. Popov - 1973 (PH 234 l72)A06 
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(PB 231 172)A06 
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H.B. Seed and R. Hwang - 1974 (PB 236 796)A05 

EERC - 3 



EERC 74-5 "Sensitivity Analysis for Hysteretic Dynamic Systems: Applications to Earthquake Engineering," by D. Ray 
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EERC 74-6 II Soil Structure Interaction Anal ySt~S for Evaluating Seismic Response, II by H. B. Seed, .J. Lysmer and R. Hwang 
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(PB 241 9t 4) AD 
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"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure, Vol. II: Numer.c",d 
Studies and Establishment of Seismic Design Criteria," by F. Baron and S. -H. Pang - 1975 (PB 259 408) All 
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"Analytical Investigations of Seismic Response of Short, Single or Multiple-Span Highway Bridges," by 
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IIAn Evaluation of Some Methods for Predicting Seismic Behavior of Reinforced Concrete Buildings, II by S.i\. 
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"Earthquake Simulator Study of a Steel Frame Structure, Vol. I: Experimental Results," by R.W. Clough and 
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EERC 75-10 "Static and Dynamic Analysis of Nonlinear Structures," by D.P. Mondkar and G.H. Powell -1975 (PB 242 434)AOB 

EERC 75-11 "Hysteretic Behavior of Steel Columns," by E.F. Popov, V.V. Bertero and S. Chandramouli-1975 (PB252 365)All 

EERC 75-12 "Earthquake Engineering Research Center Library Printed Catalog," - 1975 (PB 243 711) A26 

EERC 75-13 "Three Dimensional Analysis of Building Systems (Extended Version)," by E.L. Wilson, J.P. Hollings and 
H.H. Dovey - 1975 (PB 243 989)A07 

EERC 75-14 "Determination of Soil Liquefaction Characteristics by Large-Scale Laboratory Tests," by P. De Alba, 
C.K. Chan and H.B. Seed -1975 (NUREG 0027)A08 

EERC 75-15 "A Literature Survey - Compressive, Tensile, Bond and Shear Strength of Masonry," by R.L. Mayes and R.W. 
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EERC 75-16 "Hysteretic Behavior of Ductile Moment Resisting Reinforced Concrete Frame Components," by V.V. Bertero and 
E.F. Popov-1975 (PB 246 388)A05 
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for Moderately Strong Earthquakes," by H.B. Seed, R. Murarka, J. Lysmer and LM. Idriss-1975 (PB 248 172)A03 
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EERC 75-19 "The Seismic Behavior of Critical Regions of Reinforced Concrete Components as Influenced by Moment, Shear 
and Axial Force," by H.B. Atalay and J. Penzien-1975 (PB 258 842)All 

EERC 75-20 "Dynamic Properties of an Eleven Story Hasonry Building," by R.H. Stephen, J.P. Hollings, J.G. Bouwkamp and 
D. Jurukovski - 1975 (PB 246 945)A04 

EERC 75-21 "State-of-the-Art in Seismic Strength of Hasonry -An Evaluation and Review," by R.L. Hayes and R.W. Clough 
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EERC 75-23 "Hysteretic Behavior of Reinforced Concrete Framed Walls," by T. Y. Wong, V. V. Bertero and E.P. Popov - 1975 
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EERC 75-25 "Influence of Seismic History on the Liquefaction Characteristics of Sands," by H. B. Seed, K. Mori and 
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EERC 75-26 "The Generation and Dissipat.ion of Pore Water Pressures during Soil Liquefaction," by H.B. Seed, P.P. Martin 
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EERC 75-27 11 Identification of Research Needs for Improving Aseismic Design of Building Structures, II by V. V. Bertero 
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EERC 75-30 "FLUSH - A Computer Program for Approximate 3-D Analysis of Soil-Structure Interaction Problems," by 
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E. Berger, J. Lysmer and H.B. Seed -1975 
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EERC 75-36 "Earthquake Simulator Study of a Steel Frame Structure, Volume II -Analytical Results," by D.T. Tang -1975 
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EERC 75-38 "Nonlinear Response Spectra for Probabilistic Seismic Design and Damage Assessment of Reinforced Concrete 
Structures," by i'l, t1urakami and J. Penzien - 1975 (PB 259 530)A05 

EERC 75-39 "Study of a Method of Feasible Directions for Optimal Elastic Design of Frame Structures Subjected to Eart,,-· 
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EERC 75-40 "An Alternative Representation of the Elastic-Viscoelastic Analogy," by G. Dasgupta and J.L. Sackman -1975 
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EERC 76-4 "Earthquake Induced Deformations of Earth Dams," by N. Serff, H.B. Seed, F.I. Makdisi & C.-Y. Chang - 1976 
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F.r~RC 7fi-6 "Time and Frequency Domain Analysis of Three-Dimensional Ground Motions, San Fernando Earthquake," by T. Kubn 
and J. Penzien (PB 260 556)AIl 

EERC 70-7 "Expected Performance of Uniform Building Code Design Masonry Structures," by R.L. Mayes, Y. Ornote, S.W. Chen 
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