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DESIGN OF FRAME-WALL STRUCTURES 

by 

Arnaldo T. Oerecho 
Manager, Structural Analytical Services 

Portland Cement Associ3tion, SkoKie, Illinois 

ABSTRACT 

A brief discussion of the general considerations involved in the 
earthquake-resistant design of reinforced concrete structures consisting of 
frames stiffened by structural walls is presented. Particular attention is 
given to the desirabiiity of having most of the inelastic action occur in 
elements ~ihich are not critical to the overall stability of the structure. 

Basic requirements fJf the development of a practical and reliable 
design procedure usable by the average practising engineer are noted. The 
need for a comprehensive combined analyticdl and experimental program to 
lay the basis for such a development is stressed. A proposed design 
methodology applicable to isclated structural walls is presented briefly. 
With appropriate mJdifications, the same approach can be used for 
developing a design procedure for frame-wall structures. 



General 

DES Ir,N OF FRAME-WALL STRUCTURES 

by 

Arnaldo T. Derecho 
Manager, StructlJral Analytical Servicr.s 

Portland Cement Associ~tion, Skokie, Illinois 

I NTROOUCT ION 

Observations of the performance of buildings subjected to earthquakes 
during the last decade have focused attention on the need to minimize damage 
in addition to ensuring the general safety of buildings during strong earth
quakes U-3). The need to control damage to-both structur!1 and nonstructural 
components during earthquakes becomes particularly import~nt in buildings such 
as hospitals and other faci lities which must continue oper~tion following a 
major disaster. Damage (,lntrol, in addition to life safety, is also economic
ally desirable in tall buildings designed for residenti,}l ,'lnd commercial occu
pancy, since the nonstructural components in such buildings usually account 
for from 60 to 80 percent of the tot~l cost. For the purpose of this discus
sion, a strong earthquake is that which can reasonably be expected to occur 
several times during the life of a structure. 

While reinforced concrete rigid frame structures have performed reason
ably well in earthquakes, particularly with respect to the primary performance 
criterion of' life safety (i.e., no collapse), their inherent flexibility usu
ally results in lateral displacements th~t cause significant damage to non
structural components in a building. Reinforced concrete structural walls (or 
shear wal1s) have long been used to stiffen tall buildings against wind. When 
properly designed, walls offer one of the most logical and economical means of 
minimizing damage in bJildings subjected to strong ground motion. 

There is little doubt that structural walls offer an efficient way to 
stiffen a b'Jilding against lateral loads. When proportioned so that they 
possess adequate lateral stiffness to limit interstory distortions to accept
able levels and designed to maintain their strength under the earthquake
induced motions, walls effectively reduce the likelihood of damage to the 
nonstructural elements in a building. Whe~ used with rigid frames, walls form 
a structural system that combines the gravity-load- carrying efficiency of the 
rigid frame with the lateral-load-resisting efficiency of the structural wall. 

, In its simplest form, the frame-wall structure consists of an unperfor-
"ated wall linked to a rigid frame. ~he linkage may consist of beams rigidly 
connected to the wall or just the floor slabs. Often, the 'wall' in a frame
wall system takes the form of coupled walls, i.e., walls in the same plane 
connected by beams. Thi sis typi ca 1 in the corewa 11 s of so-called 'hu ll-core' 
or 'tube-in-tube' systems. As mentioned, the structural walls in frame-wall 
systems, wnether conSisting of Single unperforated walls or of coupled walls, 
are generally used in multistory buildings when the stiffness of the frame 
alone (as designed for gravity loads) is not sufficient to limit the lateral 
displacements due to wind or earthquake motions to tolerable levels. It is 
mainly this application of walls in multistory structures which will be 
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discussed here. The behavior of short walls, i.e., walls with a height-to
depth ratio of less than about 2, is governed by slightly different considera
tions [4] than those applying to tall, relatively slender. walls and will not 
be discussed here. 

Distinguishing Feature 

A major distinction between the typical frame-wall system and the rlglo 
frame structure is the interaction that takes place between the frame and the 
wall under lateral loading (Fig. 1). This interaction, which results from the 
tendency of the basic elements to deflect in different modes under lateral 
load, often gives rise to horizontal story shears acting on the frame columns 
at the top stories which are greater than the corresponding total applied 
story shears. In the presence of major discontinuities in stiffness, particu
larly in the wall, this same interactive behavior can result in horizontal 
story shears acting on the wall and the frame which, separately, can be appre
ciably greater than the corresponding total applied story shears. This is 
illustrated in Fig. 2, which shows the horizontal story shears resisted by the 
wall and the frame columns in a statically loaded frame-wall structure where 
the wall is discontinued at the first story [5]. The story shear shown as 
corresponding to the wall at the first story level is actually resisted by the 
columns supporting the wall. Under strong ground motion, high ductility or 
deformation requirements tend to be associated with such discontinuities. 

Note that horizontal interactive forces due to lateral loads can also 
occur between coupled walls which have different stiffness distributions along 
their height, as shown in Fig. 3. 

BASIC PLANNING AND DESIGN CONCEPTS 

Typical Plan Configurations 

The general objective in the design' of frame-wall structures for strong 
ground motions is the provision of sufficient stiffness, strength and deforma
tion capacity to withstand the induced forces and deformations while limiting 
the overall displacements to acceptable levels. In planning multistory frame
wall structures to meet this objective, certain general features are desir
able. Among the more important of these are plan symmetry, the avoidance of 
significant discontinuities in mass, stiffness or geometry and the iocation of 
stiffening elements where they are most effective in reSisting displacenlents 
parallel to the plan axes as well as torsional motions. This third consider
ation requires that structural walls be located close to the plan periphery. 
Because torsion (whether due to the non-coincidence of the centers of mass and 
resistance or to phase differences in the excitation of various points at the 
base of a structure by seismic waves propagating at finite speed [6]) can 
fn~uce significant forces in corner vertical elements, an effort should be 
made early in the deSign stage to minimize its effects. The above three basic 
desirable features are intended to minimize torsional effects and the force 
concentrations and associated deformation requirements that occur at regions 
of major discontinuity in a structure. An .example of a plan for a rectangu
lar building illustrating the above plan features is shown in Fig. 4. 

A frame-wall plan configuration that is commonly used in tall office 
buildings is the so-called 'hull-core' or 'tube-in-tube' system, consisting of 
a centrally located service core and a closely spaced grid of frame elements 

-2-



... ... -... 
--------- .. --- .. 
-.. 

(0) UIGID FRAME 
$H[AP w00E 
DEFORMATION 

(b) STRU( rUU:'l WALL 
til NOINI. "'Oll~ 
OOUHMAllON 

(

Interaction 
forces 

l 
{e I INT! Hr(\~., .. r C1 (0 rR/,V( 

ANO ',lHt, I\JHM WI.! I 
i.U,JUf\l r;\ f U rTlQt6 AT 
[ACH Sh))'Y LE.vll) 

Fig. 1 Structural Wall-Frame Interaction Under Lateral Loading 

STORY 
LEVEL 

8 

OL-__ ~~ ____ L-____ L-__ ~L-__ ~ 

-50 0 50 100 150 200 

HORIZONTAL SHEAR (KIPS) 

Fig. 2 Distribution of Horizontal Story Shears 
Between Wall and Frame 

Under Statically Applied Lateral Load 

-3-

Fig. 3 Linked Structural Walls 
with Different Stiffness 

Distribution Along Height 

Reproduced from 
best available copy_ 



I A
 I 

• 
• 

;1 

• 

_
_

 .
-.

 
==

=-
==

--
=-

::
11

..:
-=

-:
-:

-_
:1

1 

· ·
 J 

_ .
. ,.

..
 "

._:
:--

.. :.:
::a

 
_7

_"
_.

_ 

F
ig

. 
4 

E
x

am
p

le
 o

f 
a 

F
ra

m
e
-W

a
ll

 P
la

n
 

f 
GI:

l 
I 

tit:
., 

L
'
,
 

I 
I. 

1
5

'
-

F
ig

.,
 6

 
B

an
co

 d
e 

A
m

er
ic

a.
 N

ic
ar

ag
u

a 
'" 

J 
• 

• 
• 

• 
I 

• 
• 

• 
~
 

• 
• 

• 
• 

• 
• 

• 
, 
~
 

p • 

nu
rn 

" 
..

..
..

..
..

..
..

..
. ,

. 

F
ig

. 
5 

T
y

p
ic

a
l 

T
u

b
e
-I

n
-T

u
b

e
 P

la
n

 

F
R

A
M

E
 -

W
A

LL
 

F
ig

. 
7 

CO
U

PL
ED

 
W

A
LL

S 

"B
el

te
d

" 
S

y
st

eI
ll

s 



(Fig. 5). In this system the corewalls are usually perforated for elevator 
doorways and other openings and thus function as coupled walls in one or both 
directions. 

A more effective disposition of the stiffening walls, particularly with 
respect to torsional resistance, would have narrower walls located closer to 
the plan periphery. The walls can then be coupled by beams to increase the 
overall stiffness of the system and provide the desirable energy-dissipating 
mechanism in the event of a strong earthquake. The Banco de America building 
in Managua is a good example of this arrangement (Fig. 6). For certain plan 
proportions and building uses, however, this type of layout may not be too 
welcome from the architectural point of view nor too efficient from the mech
anical/electrical services standpoint. 

Belt Courses 

A device used to enhance the coupling between the different vertical ele
ments, and hence increase the overall lateral stiffness, of relatively tall 
structures is the so-called 'belt course'. This is a one- or two-story-deep 
beam extending across the width of the structure (Fig. 7). The principal pur
pose of such heavy beams is to allow the resulting structure to resist the 
overturning moment due to lateral loads more by cantilever action, that is, by 
mobilizing to a greater degree the axial resistance of the. connected vertical 
elements. Belt courses are usually located at the top of the structure and at 
one or more intermediate floors where mechanical equipment and other services 
can be placed. Studies on the optimal location of belt courses are reported 
in References 7 and 8.\ 

The use of reinforced concrete belt courses has proved quite effective in 
systems subjected primarily to wind loading. Their use in earthquake-resis
tant frame-wall systems, however, may require special attention. The fact 
that they represent regions of discontinuity along the height of the structure 
with accompanying high shears, and their appreciably greater stiffness and 
strength relative to the connected frame columns will almost ensure signifi
~ant yielding in the columns. Also, the tensile· forces that may be developed 
in the connected vertical elements will tend to reduce their shear (and defor
mation) capa:ity; Because of these considerations, the increase in overall 
lateral stiffness obtained by greater coupling may be outweighed by the nega
tive effects that the use of belt courses may have on the behavior of frame 
elements attached to it. 

Earthguake~Resistant Design Concepts 

In addition to the general layout of the building in plan and elevation, 
there are considerations relating to the manner in which each structural ele
ment making up the system is to function under progressively increasing ampli
tudes of deformation associated with response to strong ground motion. 

A major advantage of frame-wall systems, as compared to isolated walls, 
i.e., parallel walls not in the same plane and connected by floor slabs, is 
their structural redundancy. This redundancy allows the engineer the option 
of designini into a structure a hierarchy of elements such that inelastic 
action occurs first in secondary elements and progresses up the scale to pri
marY'elements as the overall deformation of the structure increases. The term 
secondary is used here to denote elements which are not critical to the over-
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all stability of the structure, i.e., elements in which distress caused by 
excessive inelastic action cannot seriously undermine the overall gravity
load-carrying capacity of the structure. Secondary elements will generally 
take the form of beams but may llso be vertical walls specifically designed 
for this purpose. The desirable condition would be to have most of the 
inelastic action and energy disSipation occur in secondary elements. 

Thus, coupled wall systems can be so proportioned that significant yield
ing under strong ground motion occurs in the coupling beams before inelastic 
action takes place at the bases of the walls. The so-called "strong column
weak beam" concept used in proportioning moment-resisting frames also serves 
the same purpose of forcing most of the inelastic action to take place in ele
ments that are less critical to the overall stability of the system. The same 
general concept applies to frame-wall structures where the wall is designed to 
be the principal lateral-load-resisting element while the frame carries most 
of the gravity loads. Figure 8 shows an example of a plan where the walls 
need not be relied on to carry the gravity loads. 

Structural Wall and Frame -- In a frame-wall system consisting of a 
single (i.e., not coupled) wall connected to a frame, yielding under strong 
ground motion is most likely to occur first at the base of the wall (unTess 
the beams connecting the wall to the frame are very stiff, i.e., deep or have 
short spans). In many cases, the wall serves not only as the major lateral
load-resisting element but also carries a significant portion of the gravity 
loads. The axial compressive forces produced by gravity loads on the wall 
t~nd to increase the shear capacity of the wall and help reduce tensile 
stresses at the foundation level. However, because yielding can occur early at 
the base of the wall, it is important to deSign the wall so that its vertical
load-carrying capacity is not impaired as a result of hinging at the base. 

cou~led Walls and Frame -- A preferable configuration, and one that 
occurs 0 ten in practice, is a system consisting of coupled walls connected to 
a frame. In such a system, most of the inelastic action (energy dissipation) 
can be made to occur in the coupling beams before yielding occurs at the bases 
of the walls [9,101. The strength (i.e., yield level) of the coupling beams 
can be varied along the height of the structure to permit most of these to 
yield at a predetermined deflection, if desired. Because of the feasibility 
of controlling the hinging sequence and the relative ease and economy with 
which the coupling beams in a coupled wall system can be repaired, this type 
of structure stands out as a most appropriate subsystem for earthquake-resis
tant reinforced concrete structures. Its superior behavior is such that, even 
when a solid wall is called for, it may be desirable to deliberately design 
and detail the wall as a coupled wall system, with nonstructural filler panels 

. used to cover the spaces between coupling beams. This may require compensat
ing for the stiffness lost by introducing coupling beams in place of the solid 
web of the wall. However, it is believed that this is a reasonahle price to 
pay for an improved performance which allows most of the inelastic action to 
take place in secondary, easily repairable, elements (i.e., coupling beams) 
rather than at the critical section near the base of the wall. 

In all of the above schemes, it is assumed that the individual structural 
elements making up the frame-wall system will be designed to provide the 
necessary strength and deformation capacity. The results of recent tests con
ducted in various laboratories on large-size coupled wall [4, Iij, and iso
lated wall specimens [12-141, as well as coupling beams [15-18], beam- and 
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slab-column connections [20-30], and columns [31-33], subjected to slowly 
reversing loads indicate that it is economically feasib1e to design frame-wall 
structures with capacities equal to or greater than the expected demands asso
ciated with response to strong ground motions. 

Special Details -- In planning a structure for earthquake resistance, 
certain features (e.g., symmetry, avoidance of major discontinuities, etc.) 
have been pointed out as being desirable in order to reduce the forces induced 
in the structure. This objective of reducing the forces induced by ground 
motions can logically be pursued further by introducing special devices or 
mechanisms into the structure. 

Among a number of proposals advanced to improve the response characteris
tics of a structure through the use of special devices or mechanisms are: (a) 
isolation devices to limit the magnitude of the earthquake forces transmitted 
to the superstructure. These may take the form of ball-bearing or Teflon pads 
combined with dampers (34, 35] or columns at the base designed .to yield at a 
predeterm i ned defl ect i on, i. e., soft s tory concept [36, 37]; rock i ng ball 
mechanisms [38] and similar devices, and (b) mechanisms designed to provide 
additional energy dissipation through yielding, either in bending 09] or 
direct tension ~O] of specially mounted steel rods. A method of increaSing 
the lateral deformation capacity of walls by introducing slits into it (i.e., 
the "slitted wall"), thereby converting it essentially into a series of 
closely spaced columns has also been used [41J. . . 

While these special devices, if reliably designed and properly main
tained, can provide some attenuation in response and in a sense increase the 
margin of safety in design, the basic problem should still be recognized as 
that of determining reliable estimates of the demands, corresponding to any 
particular configuration, and the correlation of these with available capa
cities. Obviously, where conventional systems can be shown to provide the 
necessary capacity economically, these would be preferred. 

THE DESfGN PROBLEM 

Basic Requirements 

As in all structures to be designed for earthquake resistance, the basic 
design requirem~~ts for frame-wall structures consist of:. 

(1) Est imates of the force and deformation demandsincdtJca 1 regions 
of structures corresponding to different combinations .of the. signifi'cant 
structural and ground motion parameters. These data on demands deal pri
marily with the requirement of life safety. i.e., the· prevention of col-
lapse under the design earthquake. . 

An auxil iary considerat ion is the combination of stiffness and 
strength needed to minimize damage to both structural and nonstructural 
components by limiting the overall structural displacements. 

(2) Estimates of the strength and deformation capacitf of typica1 
structural elements corresponding to different values 0 the significant 
design parameters, i.e., element cross-section. reinforcement details. 
axial load, level of shear, etc. 
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The compilation of comprehensive data on force and deformation demands 
which can serve as bases for a de~ign procedure will require extensive dynamic 
inelastic analyses of realistic models of the basic structure. The desired 
information should show' the variation of demand with the significant struc
tural and ground motion parameters. In a similar manner, design data which 
can be used for proportioning members must be obtained through a systematic 
test program using large-Size specimens subjected to realistic loading condi
tions. 

At present, there is a lack of design information relating to frame-wall 
systems reflecting a correlation between force and deformation demands with 
corresponding capacities. There has been no systematic compilation and corre
lation of data aimed specifically at developing design information for use in 
everyday practice. 

Typical DeSign Approach 

Apart from a straightforward adherence to standard code requirements, the 
usu~l approach to the design of multistory buildings which justify a more
than-usual investigation, i.e., beyond that normally reqllired by codes, con
sists in carrying out elastic time-history analyses of appropriate models 
using a few input accelerograms [42,431. Engineering judgment is then used 
to arrive at design values by allowing for inelastiCity developing in criti
cally stressed members on the basis of the calculated elastic forces and dis
placements. 

In other cases, estimates of the maximum overall displacements and the 
associated forces are obtained by modal superposition using smoothed or aver
aged response spectra. The most common practice is to t~ke the square root of 
the sum of the squares [44-461 of the response corresponding to the first few 
significant modes (assuming the modal frequencies to be spaced far enough from 
each other). Where the calculated elastic moment is greater than the known 
yield moment of a member, the ductility requirement is sometimes estimated on 
the basis of the overstress ratio, i.e., the ratio of the maximum elastic 
moment to the yield moment. 

Comparisons [9, 471 of the results of linear and nonlinear dynamic 
analyses, however, have shown that while an elastic analysis may provide fair 
estimates of the maximum overall structural displacements, it can grossly 
underestimate the magnitude of the inelastic deformations in critical regions 
of structures. In order to obtain reliable data on deformation demands, 
inelastic time-history analyses of realistic models are required. 

A design procedure proposed by Shibata and Sozen [48J replaces the planar 
model of a structure by a "substitute (elastic) structure" with reduced stiff
ness and an equivalent viscous damping based on 3ssumed tolerable damage 
levels. The design forces are then obtained by a modal superposition analysis 
of the substitute structure using linear response spectra. The procedure 
allows, in an approximate and indirect way, for the local concentration of 
inelastic deformations in critical members. 

A more elaborate analysis and design procedure employing both linear and 
nonlinear time history response analyses was discussed by Bertero and Kamil in 
Reference 49. The approach includes a logical progression from linear dynamic 
analysis for preliminary proportioning of elements to a verification of the 
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final design by inelastic dynamic analysis, a procedure clearly desirable for 
major projects. The method allQws an examination of the deformations in crit
ical regions of structures. However, because the procedure requires the use 
of dynamic analysis progl'ams, its use on moderate-sized projects by the aver
age engineer - who may not have access to the necessary computing facility or 
even the time to familiarize himself with the programs - may be limited. 

The Need for a Simple Rational Design Procedure -- From the point of view 
of broad application, it wouldbe desirable toli"dV"eat the disposal of the 
average engineer relatively simple and practical design information which pro
vides reliable estimates of the force and deformation demands in critical 
regions of structures as well as guides on the proper proportioning of ele
ments to provide the required capacity. Such information should cover the 
practical range of variation of the significant design parameters, The devel
opment of this design information will obviously require a comprehensive and 
integrated analytical and experimental program of investigation. 

PROPOSED PROCEDURE FOR DEVELOPMENT OF DESIGN INFORMATION 

Generation of Data on Demand Through Dynamic Inelastic Analysis 

It has often been noted that although our structural analytical capabil
ities have advanced considerably during the last two decades - mainly as a 
result of the electronic digital computer - this advance has not been matched 
by a corresponding improvement in the overall bases for the design of struc
tures, particularly with respect to strong ground motions. While this condi
tion may be typical of scientific progress in general, that is, of theoretical 
analysis spearheading the development of ratfonal design procedures, it would 
seem desirable at this point to seek to narrow this gap by taking full advan
tage of our vastly improved analytical capability to further the aims of 
structural design. 

It is worth noting that except for the investigation of individual struc
tures, most analytical studies on dynamic earthquake response have been con
cerned mainly with either examining the validity of certain proposed mathemat
ical models of structures or with parametric studies of response, Relatively 
little effort has been spent in a systematic compilation of force and defor
mation demands corresponding to different combinations of the significant 
deSign variables, 

There is no doubt that the development of adequate mathematical models 
. constitutes the first step in the preparation of the necessary tools for 
dynamic analysis. In assessing the validity of a proposed model - developed 
to account for an action or mechanism judged to be significant in a structure 
- the results of dynamic analyses using the model are usually compared with 
data obtained from shaking table tests of specimens deSigned sp~cifically for 
th is purpose flO, 50-521, or with observed damage of actual structures sub
jected to earthquake motions [9,47,531. The accuracy of the analytical 
prediction (and hence the validity of the proposed mathematical model) with 
respect to the observed expel' imenta 1 behavi or is generally determi ned by a 
comparison of time-history response curves for nodal displacements. In the 
caSe of structures damaged by earthquakes, the damage which may be inferred 
from calculated deformations is compared with the extent of observed damage. 
In this connection, the importance of using the proper criteria in establish
ing the equivalence between analytical and experimental results should not be 
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overlooked. For instance, from the design standpoint, it is mort~ important to 
have reliable estimates of the critical -force and deformation demands in local 
regions of primary elements than of overall or gross structural ~isplacements, 
which are generally not as sensitive to parameter vdriations. Thus, agreement 
between analytical and experimental results in termS of rotational ductilities 
in critical regions, rather than in terms of overall or top disp:acements, may 
be the more significant criterion in such comparisons. 

In developing information for use in design practice, a slightly differ
ent approach must be taken to utilize our dynamic inelilstic analysis capabili
ties. In contrast to the basic use of analysis to ilssess the validity of cer
tain mathematical models or modelling techniques, the estimation of critical 
force and deformation demands in primary elements of typical structural con
figurations requires the systematic compilation of response data for practical 
ranges of values of the significant parameters. It is in the gerieration of 
comprehensive data on demand to serve a~ bases for a design procedure that 
dynamic analysis can find one of its most useful applications. This, of 
course, assumes the use of an adequate mathematical model as a basic analyt
ical tool. While there will always be room for imprOving our models, particu
larly as our knowledge of structural behavior improves, it is believed that we 
at present have the necessary tools to determine reasonably good estimates of 
earthquake demands in structures. 

Because of the need for simplicity in the design procedure, only the most 
Significant parameters can be considered in the formulation of the design 
methodology. Therefore, a parametric study to determine the relative impor
tance of the different variables affecting dynamic structural response is 
necessary. 

For the particular case of fr2me-wall structures, the relative influence 
of the following basic structural parameters on the force and deformation 
requirements in critical regions may have to be examined: 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
B. 

fundamental period of structure (as affectt~d primarily by stiffness) 
yield level in flexure of walls 
yield level in shear of walls 
coupling beam-to-wall stiffness ratio } 
coupling beam-to-wall strength ratio 
frame-to-wall stiffness ratio } 
frame-to-wall strength ratio 

'wa II' 

foundation rocking 

where coupled 
walls are used 

may be single wall(s) or 
coup led wa 11 s 

Once the significant variables have been isolated, a comprehensive series 
of ana lyses can be undertak en to comp i 1 e da ta on est im3 ted demands correspond
ing to measures of available capacity obtainable from exper-iments. The gener
ation of design data will involve analyses using several input accelerograms 
of reasonable duration and having frequency characteristics designed to excite 
a structure critically [54]. Furthermore, analyses using input motions of 
varying intenSity will have to be carried out to obtain data corresponding to 
varying ranges of expected ground motion intensity. In order for the dynamic 
response data to fulfill the requirements implied in this application, the 
analyses must obviously be quite comprehensive. 
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Development of Experimental Data on Capacity 

It is clear that any advance in design capability will have to rely 
heavily on experimental data concerning behavior of elements and structures, 
in addition to analytical results. Until relatively recently, little in the 
way of experimental data has been generated relating to the behavior of typ
ical structural configurations, and particularly of structural walls and wall 
systems, subjected to earthquake or earthquake-type loading. Whether this is 
a reflection of funding priorities - given the generally greater cost of 
experimental programs - or an indication of the preference on the part of many 
researchers to undertake analytical studies rather than experiments, is not 
clear. However, it is clear that if a significant advance is to be accom
plished in the area of design, a systematic app~oach combining both analysis 

. and experiment must be considered. Such an effort must be specifically aimed 
toward the development of design procedures covering the more important struc
tural types. 

The development of design data to guide the proportioning and detailing 
of structural elements and systems for a specified strength and deformation 
capacity will require the systematic determination of the effects of different 
structural and loading variables through testing of large-size specimens under 
representative loading conditions. Such tests, designed to isolate, to the 
extent possible, the effect of each major variable, would obviously have to be 
fairly extensive. 

Experimental investigation of the effects of the following variables on 
the strength and deformation capacity of structural walls and wall systems is 
needed: 

1. wall cross-section 
2. concrete strength 
3. confinement reinforcement 
4. shear reinforcement 
5. level of applied shear 
6. moment-to-shear ratio 
7. axial load. 

In the prbcess of obtaining experimental information on capacity for 
different element types, the feasibility of utilizing special reinforcement 
details not normally used in conventional reinforced concrete construction 
should be explored [4,11,15,16,19,27J . The effectiveness of alternative 
details designed to enhance the resistance of elements to cyclic inelastic 
deformations under high shears should be examined. For instance, the effec

·tiveness of diagonal web reinforcement at the base of structural walls 
deserves consideration (Fig. 9). It is believed that with proper detailing of 
the anchorage of the diagonal bars and confinement of the region in the web 
near the corners of the base, such a detail would prove more effective than 
horizontal bars. Construction of such a detail need not cause undue diffi
culties if it is prefabricated and used only in potential hinging regions, 
especially at the bases of walls. 

Correlation of Data on Demand and Capacity 

The response data from dynamic inelastic analyses should provide esti
mates of the stiffness requirements to limit distortions in structures to 
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tolerable levels as well as force and deformation demands corresponding to 
particular combinations of the significant structural and ground motion para
meters. The force and deformation demands in regions of el<:>ments which become 
inelastic are of particular interest, since design attention will have to be 
focused o~ these inelastic regions. Such analytically derived data on demand, 
when correlated with experimental data on capacity, can serve as bases for 
determining appropriate force levels to be used in design. 

The development of practical design information based on a correlation of 
analytically determined demands and experimentally derived capacities can be 
tedious but otherwise fairly straightforward. However, relatively little has 
been done to generate the necessary information and carry out the correlation 
to the point where results useful to the design engineer can be formulated. 
An effort along the lines suggested here has been initiated and is now in 
progress at the Portland Cement Association, for the particular case of iso
lated structural walls (55}. The project is sponsored in major part by the 
National Science Foundation. An indication of what can be done for the case 
of frame-wall structures may be obtained by considering a few of t~e results 
of this particular study. 

Determination of Desiqn Force Levels (for Isolated Struct~ra1 Walls) 

Figures 12 to 16 illustrate the results of the dynamic analyses of 20-
story isolated structural walls (Fig. 10) subjected to input motions having a 
spectrum intensity* equal to 1.5 times the spectrum intensity of the N-S com
ponent of the 1940 E1 Centro record ( = 5I f)' The graphs shown in these 
figures represent the maximum response to ~~x'different input motions. Simi
lar graphs have been prepared for walls of different heights and input motion 
intensities equal to 0.75 and 1.0 (51 f)' The intent in determining the 
critical dynamic response quantities ¥Sr'different input motion intensities 
was to have such values available in anticipation of the development of seis
mic regionalization maps defining zones in terms of the maximum spectrum 
intensities of the expected motions - or some quanitity related to these - and 
their corresponding return periods or recurrence intervals. 

The structural models used in obtaining Figs. 12 to 16 had the following 
common characteristics: viscous damping coefficient for first and second 
modes = 0.05; yield stiffness ratio, i.e., the ratio of the slope of the 
second, post-yield branch to the slope of the initial 'elastic' branch of the 
bilinear M_8 curve, = 0.05; parameters characterizing the 'decreaSing stiff
ness' hysteretiC loop (Fig. 11): unloading parameter, a = 0.10, reloading 
parameter, ~ = 0; stiffness of wall uniform throughout height; strength. 
i.e., Mv' uniform throughout height except for adjustments to reflect effect 
ofaxia1 load; a~d, wall fully fixed at base, with the input motion applied 
directly to base. 

Figures 12 and 13 show the variation of the maximum top displacement and 
interstory displacement, respectively, with th~ initial fundamental period for 
different values of the a.ai1able ductility, ~. The essentially identical 
maximum displacements of structures having different available ductilities 
(for the same period), a behavior observed earlier with respect to single-

*defined as the area under the 5%-damped velocity response spectrum corres-
ponding to 10 seconds of the ground motion, between periods 0.1 sec to 3.0 
sec. 
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degre<e-of -freedom systems [56) as we 11 as frames [47) , wi 11 be noted in these 
figures. The variation of the minimum yield level, M , required at the base 

> of the wall with the fundamental period, for differen~ values of the available 
ductility, is shown in Fig. 14. As might be expected, the figure shows that 
for a given fundamental period, a higher available ductility implies a lower 
minimum required strength (yield level) at the base. 

In determining ductility requirements for use in design, a study was con
ducted [55] to assess the relative magnitudes of the different measures of 
deformation in the hinging region that have been used in the literature. The 
measures of deformation considered are shown in Fig. 18. These include three 
measures of rotation and one of rotational energy. The study involved the 
calculation of all four measures for both dynamic analysis results and test 
specimens. A comparison of these different measures of deformation indicated 
that, at least for the samples considered, the satisfaction,of the deformation 
requirement in terms of rotational ductility, ~r • generally ensures the sat
isfaction of the other measures of deformation. 

Figures 15 and 16, based on dynamic analysis results, show examples of 
charts that can be used in actual design work. These charts, together with 
Fig. 17, which summarizes the essential results of tests of isolated struc
tural walls of varying cross-section >and detai 1 [14], form the basis for 
establishing the deSign force levels to be used in proportioning the struc
>ture. The use of the charts is best explained by describing the steps in the 
deSign procedure. A similar general procedure can be applied to frame-wall 
systems, with appropriate modifications to cover the additional considerations 
involved in the more complex systems. 

(1) Preliminary DesiJl..Q. -- A logical first step is a design satisfy
ing grav ity and wi nd load i ng requ i rements. Here the proper d i spos it ion 
of stiffening elements in plan, with particular regard to symmetry and 
torsional resistance, cannot be over-emphasized. 

From the preliminary design an initial effective stiffness can be 
assumed and the corresponding initial fundamental period, Tl , 
determined. 

(2) Stiffness Design for Damage Control -- As far as stiffness and 
the associated displacements due to ground motion are concerned, the 
major design considerations are (a) the stability of the structure, and 
(b) damage control. Generally, the considerations related to damage con
trol govern, i.e., the damage control criteria are more stringent than 
those related to stability. 

The maximum tolerable deformation, whether expressed in terms of 
the ratio of the maximum top displacement to the total height or of the 
maximum interstory displacement to the story height, which can be con
sidered acceptable in order to limit damage to nonstructural components 
of buildings has not been clearly defined. Obviously, this will depend 
on the material of which the critical component is made and the mounting 
or attachment deta ils used. 

Figures 12 and 13, or similar ones for other structure heights and 
earthquake intensities can be used as guides in selecting the appropriate 
fundamental period, and hence stiffness, once the tolerable maximum dis
placement has been selected or assumed. 
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(3) Design for Strength and D~formation Capacity: Base of Wall 

(a)aAssume an available rotational ductility at the base of the 
wall, ~r' A trial value may be obtained from a chart such as shown in 
Fig. 17 (based on experimental data) showing available rotational duc
tility as a function of the maximum nominal shear stress, by entering the 
chart with an assumed value of the maximum shear stress. 

(b) Determine the minimum yield level require~~ the base, MTI~n 
using a chart such as is shown in Fig. 16, giving M'''as a functionYof 
the funda~~~al period, T , and the available ducti~ity, ~~. This 
value of M can be used t6 determine the required flexural' reinforce
ment at th~ base of the wall, if the value of the nominal shear stress 
assumed in (a) is verified as correct or acceptable. 

Also determine the flexural design factor, k, from chart ~uch as is 
shown in Fig. 15, giving this factor as a function of T] and ~r' Then 
calculate the total horizontal design force, VT = kW, wnere W 1S the 
total effective weight of the structure. 

(c) Determine the shear design factor, a, fr~m a chart such as Fig. 
18, showing this factor as a function of T and ~r' Then calculate 
the effective static design she~( for prQP6rtioning the shear reinforce
ment at the base, Vd . = r akW = r avT, where r is an 
appropriate reduction f~~~Br inlended t~ account forVthe over-conserva
tism inherent in the critical dynamic shears shown in Fig. 16 when com
pared to the shear capacity obtained from the experimental program.* 

. (d) Using the experimentally derived chart shgwn in Fig. 17, or a 
similar chart, check if the available ductility, ~r' assumed in Step (a) 
can be developed under the design shear stress determined in Step (c). 

If the assumed ductility can be developed, then determine the 
required shear reinforcement - using design and detailing recommendations 
developed on the basis of the experimental investigation. If the assumed 
ductility cannot be developed under the calcula£ed design shear stress, 
adjust the assumed available ductility value, ~r' and/or modify the wall 
section dimensions to reduce the shear stress (a recalculation of the 
period, T , may be required in the latter case), and repeat Steps (a) 
through (6) until a reasonable agreement between assumed and developable 
ductility is obtained. 

The above comparison between assumed and developable values can 
alternatively be carried out in terms of the shear stress instead of duc
tility, which can then be assumed as fixed. 

(4) Design of Upper Portions of Wall -- Determine flexural and 
shear reinforcement required in upper portions of wall on the basis of 
the distribution of VI ( = kW). (The appropriate distribution of VT is still being studieQ.) 

A check on the ductility requirements in upper portions of the wall, 
in a manner similar to that used for the base of the wall, may have to be 
considered. 

*The reasons for this over-conservatism are given in Reference 55. 
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A major distinction between the above-described procedure and current 
simplified design procedures is the explicit relationship established between 
the principal structural parameters, i.e., the fundamental period and yield 
level, and the force and deformation requirements in the critical regions of 

'walls as well as the manner in which these have been correlated with experi
mental data to yield design forces. A design procedure for frame-wall systems 
can be developed along similar lines, with appropriate modifications to re
flect the effect of other structural parameters characterizing the more com
plex systems. 

S~e Questions Concerning Loading 

In ~orrelating capacity values obtained from experiments with demands 
estimated from dynamic inelastic analyses, it is essential that the capacity 
values be derived under conditions closely approximating those prevailing 
under dynamic conditions. This is particularly important for those conditions 
or factors which have significant influence on the behavior of reinforced con
crete elements. The validity of any correlation between demand and capacity 
will depend on how representative the loading conditions used in the labora
tory are of actual dynamic response. While there are many aspects to this 
problem [57], only two factors will be discussed here. 

Representative Loadinil History; Effect of Sequence of Deformation --
For the purpose of obtaining detailed data on specimen behavior for design 
applications, the most common loading program used in quasi-static tests of 
large-size specimens under cyclic reversed loads consists of imposing deforma
tion cycles of progressively increasing amplitudes until failure occurs 
[11-331 (Fig. 19(a) and (b)). The maximum forces and deformations sustained 
are then noted as indicating capacity. It has been suggested by Bertero [571 
that such a loading program may not be as conservative as a program in which 
the peak deformation is imposed early in the test. 

The development of a 'representative' loading history for critical 
regions in structures which can be used in testing large-size specimens under 
slowly applied reversing loads is one of the more important results that can 
be obtained from dynamic inelastic analyses. Such a loading program would 
have to be defined in terms of the maximum amplitude of deformation, the 
number of cycles of large amplitude and the sequence in which the large-ampli
tude cycles occur, with particular-reference to the first large-amplitude 
cycle. The deformation of interest in most cases will be the total rotation 
that occurs in the hinging region of elements. In addition, the intensity of 
the accompanying shear and axial load and the variation of these relative to 
the deformation will have to be noted. 

In application, laboratory tests USing a loading history developed on the 
basis of dynamic analyses will have the character of proof tests. A specimen 
that sustains such a loading program without significant loss of strength can 
be said to be adequate with respect to design and details for the particular 
combination or range of values of the Significant design variables represented 
by the loading program. 

A study of loading history for isolated structural walls now underway at 
peA, for example, indicates that the maximum number of large-amplitude (i.e., 
0.75-1.0 of the maximum) cycles of deformation at the critical section near 
the base rarely exceeds six for a 20-second duration input motion [581. The 
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input accelerograms used w~re synthesized by repeating the first ten seconds 
of strong motion to give a total of twenty seconds. Samples of the composite 
20-second accelerograms used in the study are shown in Fig. 20. 

Figure 21 shows histograms indicating the number of "fully reversed 
cycles" and the number of inelastic cycles of rotational deformation calcu
lated at the base of the wall. For the purpose of Fig. 21(a), a "fully 
reversed" cycle was defined as a cycle with at least one peak value between 
0.75 and 1.0 of the calculated maximum amplitude and the other - on reversal -
between 0.50 and 1.0 of the maximum. A total of 170 cases are represented in 
Fig. 21, covering wall heights from 10 to 40 stories, fundamental period val
ues from 0.8 to 3.0 seconds, yield level values ranging from 33,890 to 338,940 
kN.m (300,000 to 3,000,000 in-kips) and spectrum intenSity values for the in
put motions from 0.75 to 1.5 times that corresponding to the first 10 seconds 
of the N-S component of the 1940 El Centro record (Imperial Valley earth
quake). A total of 10 different input motions were used, including one arti
ficially generated accelerogram. Further details of the study are reported in 
Reference 58. 

The inelastic cycles plotted in Fig. 21(b) include "large" and "small" 
amplitude inelastic cycles, a large amplitude being defined as an inelastic 
rotation between 0.75 and 1.0 of the corresponding maximum. The amplitude of 
a wave in all cases was measured from the initial (zero) position. Thus, in a 
rotation-vs.-time plot such as is shown in Fig. 22, a rotation cycle that 
exceeds the horizontal line representing the initial yield value was consid
ered inelastic. 

Of particular interest insofar as sequence of loading is ~oncerned is the 
fact that in many cases, a deformation equal or close to the maximum occurs 
quite early in the response, with hardly any inelastic cycle preceding it. 
This is indicated, for example, in Fig. 22 which shows the history of rota
tional response of the node at the first floor level (representing the total 
rotation occurring in the segment between the fixed base and the first floor 
level) of 20-story walls subjected to the first 10 seconds of the E-W compo
nent of the 1940 El Centro record. A plot summarizing the informat<ion on this 
particular aspect of response for the 170 cases studied is shown in Fig. 23. 
This figure clearly demonstrates that for the particular type of structure 
considered, it is reasonable to expect a deformation amplitude equal or close 
to the maximum occurring early in the response, with no inelastic cycle pre
ceding it. 

Preliminary results of tests on isolated structural walls conducted at 
PCA and designed to verify the effect of sequence of loading indicate that a 
loading program in which the design maximum deformation is imposed early in 
the test, with only an elastic cycle preceding it, as shown in Fig. 19(c) and 
(d), can be much more severe than a program consisting of reversed cycles of 
loading with amplitudes progressively increasing to the maximum (Fig. 19(a)). 

Effect of Character of Shear Loading -- In addition to deformation hiS
tory. it is important, in Simulating earthquake response through quasi-static 
tests, to impose on specimens the forces that analyses indicate may reasonably 
accompany the maximum deformations. This is particularly important in the 
case of shear because of its significant influence on behavior. 
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As far as the shear force used in tests is concerned, two aspects have to 
be considered. First is the magnitude of the maximum shedr force. The second 
is its variation with time, and particularly in relation to the accompanying 
moment and deformation. Most of the quasi-static tests that have been con
ducted to date have been concerned rna in ly with the magn ibde 0 f the expec ted 
shear force·s. The loading imposed on test specimens 111-331 has been charac
terized by the moment, shear and the deformation in the critical region being 
a 11 in phase. 

The response studies of isolated structural walls undertaken at peA[5?], 
however indicate that the shear in the critical region at the base is more 
sensitive to higher mode resp0nse and thus fluctuates more rapidly with time 
than either the moment or the rotation. This is illustr-ated in Fig. 24(a) and 
(b) which show time-history plots of the shear, rotation and moment in the 
first story of an isolated wall subjected to two different input motions. 

The behavior of the shears shown in Fig. 24 may be partly due to the fact 
that the hinging region in the model used allowed yielding in flexure only, 
while remaining linearly inelastic with respect to shear throughout the 
response. Experimental studies [12,14J have shown that this is generally not 
the case. Whatever the effect of this modelling assumption may be*, it is 
important in correlating experimental data on capacity with analytical data on 
demand to allow for possible differences in the manner in which shear is in
duced under dynamic response conditions and in the typical quasi-static test. 
It is believed that a shear force that fluctuates rapidly and reaches its peak 
value only for very short durations relative to the associated moment and 
rotation does not represent as severe a loading condition as one in which the 
shear, moment and deformation are all in phase. 

SUMMARY 

The introduction of reinforced concrete structural walls or coupled walls 
into frames to form frame-wall structures comines the gravity-load-carrying 
efficiency of the rigid (open) frame with the lateral-load-resisting 
efficiency of the structural wall. In planning such stru~tures, a conscious 
effort can be made to take full advantage of the redundancy in such systems by 
allowing wDst of the inelastic action under strong ground motion to take place 
in elements that are not too critical to the overall stability of the system. 
By providing sufficient stiffness, stre~gth and deformation capacity in a 
hierarchy of elements such that a logical sequence of inelastic action occurs 
under progressively increasing deformations, a reliable energy-dissipative 
mechanism can be provided while at the same time ensuring the overall integ
rity of the structure. In this respect, the coupled wall-frame system offers 
the most effective configuration. The performance of frame-wall structures 
during recent eai'thquakes has shown that such a system, when proper ly con
ceived and designed, provides an efficient solution to the twin requirements 
of life safety (i.e., no collapse) and damage control in earthquake-resistant 
build i ngs. 

*a moaer-wh~~allow yield in shear, based on uncoupled behavior relative 
to moment, has been developed to study this and related questions concerning 
shear yielding. 
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The q1lf!st ion of sufficiency of design, however, depends prilliari ly 0'; the 
availab,ility of reliable estimates of demand as well as capacity. At present, 
there is a lack of information concerning both the force and deformation 
demands in critical regions of frame-wall structures and the capacity of typ
ical elements (particularly walls) subjected to reversed cycles of loading. A 
systematic compilation of data on both demand and capacity in frame-wall 
systems will be required before a practical and reliable design procedure can 
be developed. Such information should cover a reasonably wide range of values 
of the major design variables. 

A design procedure for earthquake-resistant isolated structural walls has 
been discussed briefly. It is suggested that a similar approach can be 
adopted, with appropriate modifications, for the case of frame-wall systems. 
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DESIGN OF FRAME WALL STRUCTURES 

by 

Arnaldo T. Derecho, 
Manager, Structural Analytical Services 

Portland Cement Association, Skokie, Illinois 

DRAFT RECOMMENDATION 

1. IF A PRACTICAL AND RELIABLE DESIGN PROCEDURE FOR FRAME-WALL STRUCTURES IS 

TO BE DEVELOPED, A SYSTEMATIC COMPILATION OF DATA ON FORCE AND DEFORMA
TION DEMANDS IN POTENTIALLY CRITICAL ~EGIONS OF TYPICAL STRUCTURAL CON
FIGURATIONS AS WELL AS ON THE CAPACITY OF TYPICAL ELEMENTS UNDER REALIS
TIC LOADING CONDITIONS MUST BE UNDERTAKEN. THE DATA SHOULD COVER A 
FAIRLY BROAD RANGE OF VALUES OF THE MAJOR VARIABLES. 

There is at present a definite lack of both analytical and 
experimental data upon which to base a correlation leading to a 

practical and reliable design procedure. Comprehensive data on 
.demand can at present be obtained only through dynamic inelastic 

analyses of realistic models of structures, while information on 

capacity, to be convincing, must be derived from experimental tests 
of large-size specimens subjected to realistic loading conditions. 

In regard to the latter, questions relating to the sequence of 
large-amplitude loading cycles and the variation of the applied 
shear force relative to the moment and rotation need further study 
befOl"e addit i ana 1 tests c:.re undertaken, 

.: 


