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ABSTRACT 

Response of Shear Wall-Frame Buildings to Skewed Wind Load 
by 

Douglas 6. Ashcraft 

Results of an analysis performed on two 40-story shear 

wall and frame buildings are studied to determine the 

response of the buildings to wind load from any one of 

several directions. The two buildings, one of square plan 

and the other of rectangular plan, are designed to represent 

typical shear wall-frame buildings. The interaction 

between the wall and frame under lateral load is discussed 

to lay the groundwork for the interpretation of results 

found from the analysis. By modifying analytical techniques 

derived by others, a model is obtained suitable for analysis 

by computer with loads representing those which would exist 

under wind from any one of several directions. The analysis 

performed is static, elastic, and linear with internal 

member forces and deflections as the output data. Data from 

the model analysis are then used to determine member forces 

and stresses of the actual buildings as well as to study 

their deformation characteristics. 

Results show that maximum stresses due to lateral load 

in several different portions of the shear cores of both 

buildings are due to wind from different directions 

depending on which section of wall is considered. In the 

square building, the maximum stress caused by wind from an 



angle of 45 degrees to the major axes of the building is 

25 per cent greater than the maximum stress caused by wind 

perpendicular to a building face, but the 45-degree stress 

governs the design of only 14 per cent of the shear core* 

Design of other sections of the square shear core are 

controlled by stresses caused by wind from other directions. 

Similar results are seen in the shear core of the 

rectangular building. Differences in the manner in which 

two different perpendicular frames interact with the shear 

core in the rectangular building is found to cause the 

deformation of the building under skewed wind load to 

exhibit a non-planar characteristic of small magnitude. 

The gravity load sizes of the beams and columns in the 

frames of both buildings are adequate to resist all skewed 

wind loads. Recommendations for areas of additional study 

are made 
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CHAPTER 1 INTRODUCTION 

1.1 Object of Study 

The purpose in undertaking this study is to determine 

analytically the response of typical shear wall-frame 

high-rise buildings to lateral load acting about both 

major axes of the structure simultaneously. The dual 

nature of this structural system, with the frame and shear 

wall interacting to resist lateral load, pose some special 

problems in dealing with a biaxial analysis of this type 

of structure. Response of the structural elements to wind 

blowing from an angle other than perpendicular to a building 

face cause conditions that have an effect on the design 

and detailing of shear wall-frame buildings. The study 

detailed herein examines these conditions and corresponding 

effects. 

1.2 Scope of Study 

Two 40-story, concrete office buildings, one of 

rectangular plan, the other of square plan, are designed 

to represent typical shear wall-frame buildings. Dead 

load plus gravity live load are used to design beams and 

columns in the frame, while the dimensions of the shear 

core are chosen so that its share of the wind load is large 

enough to cause the frame stresses due to wind to be less 

than one-third the stresses caused by gravity loads. By 

modifying analytical models used by others in the study of 

shear wall-frame interaction, a computer model of the above 
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mentioned structures for a three-dimensional analysis is 

formulated. Wind blowing on the building from seven 

different directions provide the lateral load necessary to 

study the biaxial response of the prototypical buildings. 

The results of wind tunnel tests done by others on appro¬ 

priately shaped prisms provide the values of the pressure 

coefficients required to determine the lateral load for 

each angle of wind attack. With the aid of a computer, a 

static, elastic, and linear analysis of the model yields 

member forces and joint deflections which are used either 

directly or indirectly in application to the real structure. 

Not considered in this study are the dynamic character of 

wind loading and the effect openings in the shear core 

would have on the analysis. A detailed parametric study 

with several different plan aspect ratios is not taken into 

consideration. 

1.3 Review of Literature 

A large amount of research has been done on the problem 

of shear wall-frame buildings. These studies, involving 

analytical techniques and design aids, are beneficial in 

the research described in this thesis. 

Derecho (5) reviews several concrete structural systems 

and their behavior under lateral load with particular 

emphasis on frame-shear wall systems. Considerations in 

planning to satisfy both structural and architectural 

requirements are presented. Various assumptions used in 



simplifying the analysis of these structural systems are 

discussed as to the situations when these assumptions are 

valid. 
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Smith and Coull (12) classify various types of 

buildings according to variations in plan symmetry in order 

to lead to the most efficient method of analysis for each 

type. Two types of analysis for frame-shear wall buildings 

are described. One is a discrete method of analysis which 

forces compatibility of deformations between the two 

systems by using connecting links and the other is a 

continuous method of analysis which involves the solution 

of a governing differential equation. 

Rossman (11), Heidebrecht and Smith (6), and Stamato 

and Mancini (13) use the continuous connection concept to 

achieve different goals in the analysis of shear wall-frame 

systems. Rossman presents a simple method of analysis 

useful for buildings of symmetric plan under symmetric load. 

Heidebrecht and Smith use the continuous method of analysis 

for frame-shear wall systems which can be used in static, 

dynamic, and non-uniform analysis. The system is modeled 

as a single one-bay frame connected to the core and 

therefore does not include analysis for torsional load. 

Stamato and Mancini present a method for three-dimensional 

analysis which requires the solution of three simultaneous 

differential equations. This method is limited to 

structures that are uniform in their height. 
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Khan (8, 9) uses the discrete method with a forced 

iteration procedure to analyze various situations that 

occur in shear wall buildings. These problems include 

changes in the stiffness of walls with height, openings 

in shear walls, interacting frames perpendicular to walls, 

and interacting frames parallel to walls. Shear wall 

interaction with frames is modeled by a single one-bay 

frame connected to the shear core with connecting links 

at each floor and this system is cycled until static 

equilibrium and compatibility of deformations is satisfied. 

Several charts are presented to aid in the preliminary 

design of such buildings. 

The report of ACI Committee 442 (1) is a capsule 

summary of various types of lateral load resisting 

structural elements with a discussion of analysis and 

design considerations. Various assumptions used in 

analysis of each structural element are discussed and 

different methods of analysis are compared with recommen¬ 

dations made as to the proper use of each. 
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CHAPTER 2 METHOD OF ANALYSIS 

2.1 Design Approach to Shear Wall-Frame Buildings 

The primary objective of structural design is to devise 

a system that will most efficiently resist all loads that 

are expected to be applied to it and thereby obtain an 

economical design for the structure. In the design of high 

rise buildings an economical system is one in which stresses 

in structural elements due to wind load are no more than 

one-third those caused by gravity loads alone. Allowable 

stresses in all building material may be increased by 

one-third when they are designed for stresses caused by wind 

loads, so if a structural system to resist lateral wind load 

can be devised which will keep additional stresses caused 

by wind to less than this one-third increase, the design of 

all members is controlled by gravity loads alone. Such a 

building in which no premium is paid for wind load is known 

as a premium-free structure. 

One system for tall buildings which is virtually 

premium-free in a certain height range is the shear wall- 

frame system. Moment resistant frames that are above about 

20 stories in height acting alone to resist wind load will 

usually have internal stresses much higher than the one- 

third allowable increase. By placing shear walls or a 

shear core with the proper stiffness integrally with the 

frames a majority of the wind load will be carried by the 

shear core allowing the members of the frame to be designed 
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for gravity load alone. For the most economical design the 

shear walls should carry as much gravity load as possible 

so that wind stresses will be within the one-third allowable 

increase. In practice, however, the stresses in the shear 

core are quite large and often control design. Shear wall- 

frame buildings then are not entirely premium free, but a 

large majority of the structural elements can be designed 

for gravity load alone. 

Because of the different manner in which shear cores 

deflect under lateral load as compared to the deflection of 

frames under the same load there arises a peculiar 

redistribution of the applied shear between the core and 

frame. The shear core deflects as a cantilever beam because 

of its large moment of inertia and continuous construction. 

The frame, on the other hand, deflects as a shear beam due 

to the relatively small stiffness of the columns and dis¬ 

crete nature of the multi-story frame. When the two 

systems are joined together in resisting lateral load the 

frame has a tendency to push on the shear core at the 

bottom while restricting the motion of the wall near the 

top. Lateral shear is distributed between the two systems 

to maintain static equilibrium and compatibility of 

deformation. Depending on the relative stiffness of the 

two elements the shear in the frame at the top may 

actually be larger than the applied shear because of the 

interactive forces between the wall and frame. By taking 

into account the interaction between frame and shear wall. 
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the design stresses in the shear wall due to lateral load 

may be reduced, thereby allowing a smaller wall or less 

reinforcing (8). The additional stresses induced in the 

frame by the interaction must be kept within the one-third 

allowable increase to maintain a premium-free structure. 

Finding the proper ratio between the stiffness of the wall 

and frame for an economical wall design and a premium-free 

frame constitutes the major design problem in a shear 

wall-frame building. 

The design question addressed in this study is whether 

components of lateral load in two directions caused by wind 

blowing at an angle to the building is a worse case for 

design than wind blowing perpendicular to a building face. 

Since the design of the shear core is controlled by wind 

load this is a significant question. As regards stresses 

in the frame, it must be found whether skewed wind loads 

produce stresses that would be large enough to control 

design, thereby requiring a premium for lateral load. 

2.2 Analytical Technique 

To analyze a large complex structure economically by 

hand calculations or by computer, the structure must be 

modeled by making various assumptions regarding the 

behavior of the structure in order to reduce the size of the 

problem and the amount of time and money needed to do the 

necessary calculations. The shear wall-frame structure 

lends itself easily to this technique by first modeling the 



frame independently and then modeling the interaction 

between the shear core and the frame (8). 
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In modeling the frame portion of the building two 

assumptions regarding its behavior under lateral load are 

made to reduce the size of the problem. The first assump¬ 

tion is that the floor system acts as a rigid diaphragm to 

maintain equal deflection at all points on a floor. Because 

of this assumption the number of frames in the model may be 

reduced to one with the member properties of each element 

of the modeled frame being equal to the sum of the member 

properties of the corresponding elements in each of the 

original frames. Since the ends of all columns in a single 

level move the same amount the shear in each column is 

proportional to its individual moment of inertia and the 

same total amount of shear will be carried in the model 

column whose stiffness is the sum of all the columns' 

stiffnesses. 

The second assumption made in reducing the size of the 

frame for analysis is the neglecting of axial deformation 

in the overall lateral stiffness of the frame. By assuming 

the frame deflects primarily as a shear beam and neglecting 

any small flexural beam deformation, the number of bays of 

the frame may be reduced to one with the axial stiffness of 

each column equal to one-half the stiffness of the columns 

in the frame (1). Axial deformation may be neglected for 

multi-column frames such as those in this study (8). By 

utilizing these two assumptions several multi-bay frames 
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have been represented by one frame of one bay. Bach member 

of this model has section properties equal to the sum of 

the properties of the corresponding elements combined to 

form this model. 

A further reduction in the number of members in the 

model of the frame can be done by reducing the number of 

floors from 40 in the actual building to 10 in the model 

while keeping the height the same (1). This can be done 

if the shearing stiffness of the model is the same as the 

real frame. The deflection of each story in the model 

must match the deflection of the real structure at that 

same height. The shearing stiffness of a fixed-end 

flexural member of length L is given by V « -j-;— . The 

length of the column between floors is four times the 

original story height when the number of floors is reduced 

from 40 to 10. Since the slope 0 => is the physical 

property that must remain constant between the model and 

the real structure, the moment of inertia of the columns 

in the model is increased by 16 to maintain the shearing 

stiffness. The same lateral load on the two structures 

will produce deflections that agree at a minimum of 10 

places along the height. 

Section properties of the beams in the fewer storied 

model are found simply by summing the section properties 

of all the beams in the four floors that were combined to 

create one floor in the model. Notice that in reducing the 
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number of stories there has been no change in the ratio of 

El 
bending stiffness, given as ——, between beam and column. 

This ratio in the 40 story structure is In the 
l*b *ic 

4EIh 
10 story model the beam bending stiffness is —r—— assuming 

that the beams in each of the four stories are the same. 

16EI 
The column stiffness is ■■■■;-. "*■ which means that the ratio of 

these values is the same in the 10 story model as in the 

40 story structure. 

The modeling of the shear wall-frame interaction is 

accomplished by connecting the one-bay, 10-story frame to 

the shear core which is modeled as a flexural beam. The 

moment of inertia, shear areas, cross-sectional areas and 

torsional rigidity of the shear core are designated exactly 

as they are in the real structure. The core and the frame 

model are joined together by connecting links at each 

story so as to maintain equal deflections between the two 

(8). These connecting links may either be fictitious 

pin-ended links which transmit only axial forces or for a 

more accurate analysis they may represent the actual beams 

that are joined to the shear core in the real structure. In 

the latter case, the member properties of the beams in the 

frame model must not include the section properties of 

these connecting beams. 

The shear core is modeled as a single cantilever beam 

neglecting any effect openings in the wall might have on 

this assumption. Depending on the size of an opening, the 

shear wall may be analyzed as two independent walls, two 
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coupled walls, or one single wall. Much work on the degree 

of coupling in shear walls and how to analyze coupled walls 

has been done (3). A parameter designated <*, which appears 

in the governing differential equation of this problem, is 

useful in determining the degree of coupling in shear 

walls. When <xH is greater than 13 the shear core may be 

analyzed as a single cantilever beam (1). A 15 foot wide 

by 9 foot high opening at each floor level in both sides 

of the shear cores in either building may be considered 

typical. With this opening in the 60 foot by 60 foot core 

of the square building «*.H * 14.9, clearly indicating that 

the effect of openings may be neglected. The same opening 

in the rectangular building's 90 feet by 60 feet core 

produced «-H » 10.5 which is slightly below the arbitrary 

limit of 13. The difference in behavior is still small, 

however, and may be neglected for preliminary design 

purposes. 

Member forces and deflections found from an analysis 

of this model of a shear wall-frame building are 

approximate and are used in the preliminary design phase 

of such a structure. Final design would, of course, 

require that fewer assumptions be made and that a more 

accurate representation of the true case be found. The 

purpose of this study, however, is best fulfilled by just 

such a preliminary analysis as trends and results found by 

use of this model can be applied in the final design phase 

of a shear wall-frame building. 
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2.3 Adapting Planar Model for Biaxial Loading 

In order to analyze the prototypical structures under 

biaxial load by a computer, it is desirable to add some 

additional features to the model described above. The 

proposed additions make it possible to obtain results from 

the two perpendicular directions with the use of only one 

computer run. Although it would be possible to analyze the 

two directions separately and obtain desired results by 

superposition, the savings in setup and computer time 

justify the use of the more complex model. 

The rigid floor diaphragm requires story shears in 

each of the two orthogonal directions to be shared among 

all the frames in those two directions in proportion to 

the stiffness of each frame. This fact allows two per¬ 

pendicular frames to be modeled as described above using 

the respective columns and beams for each and then 

connecting both to the shear core placed at the inter¬ 

section of the two frames. An analysis of this three- 

dimensional model immediately gives the lateral load 

carried in the shear wall and frame in both directions as 

well as moment in the shear core about both axes and 

deflections in both directions. 

In this model all the columns of the real structure 

are represented twice, once in each frame. Shear in any 

one direction must be carried by columns in the frames and 

the shear wall in that direction only. To prevent shear 

applied to the model in one direction being transferred 
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through the connecting beams to the frame in the perpen¬ 

dicular direction, the connecting beams in each frame in 

the model are not allowed to transmit shear in the 

direction perpendicular to the frame of which they are a 

part* An accurate distribution of shear between the frame 

and the core in each direction is obtained in this manner. 

2.4 Computer Program 

An elastic linear stiffness analysis of the proposed 

model is done by the matrix method program developed at 

MIT known as ICES - STRUDL (7). From structure geometry, 

member properties, and loading prescribed by the user, 

STRUDL derives the stiffness matrix of the complete 

structure and solves for the unknown joint deflections. 

These deflections are then backsubstituted to find member 

forces of each member and support reactions. Special 

features of STRUDL that are used in this study are the 

member release statement used to release the transverse 

shear of the connecting beams and the member joint size 

statement used to model internally the shear core as a 

member of finite width rather than a line member. 
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CHAPTER 3 INPUT DATA ON SPECIFIC PROBLEMS 

3.1 Prototypical Buildings 

The two buildings considered in this study are 

designed to represent typical shear wall-frame buildings. 

Buildings that are realistic in terms of their overall 

size and architecture but yet general enough to obtain 

meaningful results is of primary concern in the design of 

the prototype. Architectural decisions affecting the plan 

size and core area of the prototype are made on the basis 

of similar aspects of actual structures. The height of the 

building, bay size, loads, and other structural aspects are 

also based on typical shear core and frame buildings. The 

structural design of all elements is done using the 

ultimate strength design procedure of the ACI Building Code. 

Figures 1 and 2 show structural framing plans for a 

typical floor of the rectangular and square building, 

respectively. The rectangular plan is 210 feet by 120 feet 

with a 90-foot by 60-foot core area. The square plan is 

120 feet by 120 feet with a 60-foot square core. The bay 

size of each building is 30 feet square. The framing 

pattern is chosen to provide the most economical design 

and to obtain the most efficient lateral load resisting 

system. The height of both buildings is 40 stories which 

translates to 527 feet. 

The size of the core area is of great importance to 

all design disciplines involved in the design of high rise 
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buildings. Besides the structural aspect of lateral load 

resistance, the shear core is used to house the elevators, 

stairs, mechanical and electrical equipment, and other 

service areas necessary to the proper functioning of the 

building. The typical value of the ratio of rentable floor 
♦ 

space to the total floor area for buildings about 500 feet 

high appears to be from 70 per cent to 80 per cent. This 

ratio for the rectangular building is 78.5 per cent and for 

the square building is 75 per cent. Both prototypical 

buildings devote a typical and reasonable amount of floor 

area to leasable space. 

Another important criterion in the determination of 

core size and overall plan dimensions is the distance from 

the core to the exterior wall. Many fire codes specify a 

maximum distance that a certain percentage of the 

occupants of a building may be to a stairway which translates 

to distance from the core area since stairways are usually 

placed in this area. Additionally, the distance that an 

office is from an exterior view has an impact on the 

desirability of that office space. For these reasons the 

distance from the service area to the window should be 

kept within reasonable limits. The configuration of both 

buildings used in this study maintains an average distance 

from the core to the outside wall that is well within 

prescribed limitations. 

The height of the prototypes is chosen to represent 

typical shear wall-frame buildings. All types of high 



16 

rise construction have theorectical limits placed on their 

heights in terms of economy and feasibility. Most shear 

wall-frame buildings are in the 20 to 40 story range, 

although they can be built as high as 70 stories (5). 

Forty stories is chosen for the prototypes because this 

height represents the tallest shear wall-frame structure 

still within the range of typical and practical heights. 

The effect of wind is greater on taller structures. Also, 

40 stories as a multiple of ten makes conversion to an 

equivalent ten-story building for analytical purposes a 

simple procedure. 

In keeping with the concept of a premium-free structure, 

member design of the structural elements within the frame 

portion of the structure is controlled by gravity loads 

alone. Superimposed live and dead loads are realistic 

values used in the design of high rise office buildings. 

Ultimate strength design is used to size all concrete 

members using concrete strengths of 5000 psi for columns 

and 4000 psi for floor framing members and a steel yield 

strength of 60 ksi for all members. Detailed design notes 

are presented in the Appendix. 

The floor system of both buildings consists of one-way 

joists spanning between girders which carry load to the 

columns. One exception to this is the corner bays of the 

square building where a waffle slab is used. The floor 

system is two feet in depth leaving two feet for mechanical 

equipment and a nine foot ceiling out of the 13 foot total 
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story height. Live load is 50 psf and the dead load 

includes 20 psf for partitions, five psf for ceiling and 

ten psf for mechanical equipment, in addition to the weight 

of the concrete structure. Using these loads the floor 

joists are designed to be 16 inches deep with a 4 1/2 inch 

top slab for a total depth of 20 1/2 inches. These joists 

are 6 inches wide and are spaced at 36 inch centers. The 

dead weight of this joist system is 97 psf and the moment 
4 

of inertia of the gross section 1^ *= .445 ft . The girders 

are 24 inches deep by 19 inches wide. The moment of inertia 
4 

for the gross section I » .759 ft . The spandrel girders 
? 

are four feet deep by 12 inches wide. The depth of four 

feet is required to cover the space between the ceiling and 

the floor level above. The moment of inertia of the gross 
4 

section for the spandrel beam is 4.39 ft . For simplicity 

all floor levels are assumed to be identical. 

Column size changes four times in the height of the 

building, the changes occurring at the 13th, 25th and 33rd 

floors. The steel reinforcing varies in each individual 

column size with changing loading conditions. Although 

moments induced in the columns by the floor system are 

taken into account, the minimum eccentricity of one-tenth 

the depth of the column generally controls the design. 

Live loads are reduced by 40 per cent as allowed by 

building codes in determining ultimate axial loads. The 

dimensions of the exterior columns from bottom to top are 

36 by 42 inches, 36 by 30 inches, 36 by 20 inches, and 



18 

36 by 12 inches. The 36-inch dimension is always exposed to 

the outside in each size. Interior columns remain square 

throughout, with their sizes being 48 by 48 inches, 40 by 

40 inches, 30 by 30 inches, and 22 by 22 inches. Corner 

columns are L-shaped in the upper elevations so as to 

maintain the 36 inch exposure on each face of the building. 

The moments of inertia of the columns and beams used in the 

preliminary analysis done for this study are based on the 

gross section so that variations in reinforcing do not 

affect the stiffness of the columns as a preliminary 

estimate. 

The size of the shear cores in the two buildings are 

determined not only by the architectural considerations 

mentioned earlier, but also by two structural engineering 

criteria as well. First, the shear core should be stiff 

enough to take enough of the lateral shear from the frame 

so that wind load does not control the design of frame 

members. Using a comparison of stiffnesses between the 

columns of the frame and the shear core as described by 

Khan (9) and with the aid of his "influence curves", a 

preliminary analysis of the shear wall-frame interaction 

can be made so that the proper size of the core may be 

selected. The second criterion in selecting the dimensions 

of the core involves the stresses induced in the shear wall 

under combined dead load and lateral load. It is 

undesirable for any portion of the shear core to develop 
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tensile stresses under this combination of loading* By 

estimating the base moment, again with the use of computer 

generated design aids, this is avoided by designing a shear 

core of proper stiffness. 

3.2 Wind Load 

Wind pressure on a surface is a function of wind 

velocity, air density and a proportionality factor called 

the pressure coefficient. For the type of buildings 

considered in this study the pressure coefficient on each 

building face depends on the shape of the building and 

more importantly the direction from which the wind strikes 

the building. The variation in wind pressure on a 

building as the wind changes direction is the primary 

consideration in observing the response of shear wall-frame 

buildings to biaxial load. 

The published results of several studies (4, 10, 14, 

15) concerning the problem of wind from various directions 

relative to a high rise building provide the data necessary 

to formulate the wind loading required in this study. Most 

results are from tests on models in wind tunnels although 

some buildings have been instrumented to provide first hand 

data on wind loading (4). Although the comparison of data 

from different studies shows some inconsistency, enough 

data is available to make an accurate estimate of the 

pressure coefficients for wind from seven directions in a 

quarter circle of the compass. These coefficients for the 
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rectangular and square buildings are shown in Figures 3 and 

4. In these drawings the angle «-designates the angle from 

which the wind blows. The angle / designates the angle the 

resultant wind force forms with the short axis of the 

building. It is noted that because of the value of the 

pressure coefficients on each building face and because 

of the shape of the building in the rectangular case the 

angle / is generally less than . 

Although the pressure coefficients shown in these two 

figures cause it to appear as if the center of pressure on 

all faces is in the middle of the surface, thus not 

producing any torsional load, this is not the case. The 

center of pressure for the two leeward sides of the 

building is indeed in the middle of the face but the 

center of pressure for the windward faces can be offset 

from the center by as much as one-fourth of the length of 

the face. The largest pressure occurs near the windward 

corner of the two affected building faces so that the 

pressure center is shifted in that direction. This 

eccentricity produces a torque that must be carried by 

the shear core and the frames. The core carries this 

torque according to its torsional stiffness and the frames 

carry torsion by shear in the columns according to the 

stiffness of each frame and its distance from the centroid 

of the building. These torsional loads are neglected in 

this study, however, for two reasons. First, the path by 
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which torsion is carried to the base does not affect the 

distribution of lateral shear between the core and the 

frame. The effect of torsion on the structure may be 

determined separately and superimposed on the shear 

distribution found from the simpler analysis (9). As this 

study concerns itself with how lateral shear in two 

directions is distributed between the frame and core and 

the stresses induced by that, the torsion caused by 

eccentric wind load is neglected. Secondly, the stresses 

induced by the torque on the building are rather small. 

Since the shear core is a closed tube, its torsional 

rigidity is large and can be assumed to carry the majority 

of the torsional load. For instance, when wind blows 

from 45 degrees on the rectangular building the torque at 

the base is 63578 kip-feet. If this is applied to the 

shear tube, the shear stress induced is only 27.3 psi. For 

these reasons the torsion included with skewed wind load 

is not considered. 

Wind pressure is also a function of wind velocity 

which is dependent on height and surrounding topography. 

Wind speed increases with increasing elevation and is 

usually less in urban areas due to interference from 

adjacent structures than in suburban or open areas. ANSI 

(American National Standards Institute) recommendations 

for wind pressure as a function of height, topography, 

and the fastest wind speed expected for various recurrence 

levels are used in this study (2). The 100 year recurrence 
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basic wind speed of 100 miles per hour for suburban areas 

surrounding Houston, Texas, gives wind velosity pressures 

ranging from 16 psf below 30 feet in elevation to 51 psf 

at 500 feet of elevation. These wind pressures when 

multiplied by the appropriate pressure coefficients and 

areas yield the loads used in this study. 
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CHAPTER 4 COMPUTATION, INTERPRETATION, PRESENTATION OF DATA 

4.1 Computation of Data 

Data from a stiffness analysis of the model described 

in Chapter 2 is used to determine the response of the 

prototypical building to lateral load in two directions 

simultaneously. Member forces and deflections found from 

such an analysis are used to analyze the problem of shear 

wall-frame interaction in two directions and to answer the 

design question of which angle of wind attack is critical 

for structural design. 

Significant information obtained from the computer 

analyses of the models is shown in Figures 5, 6 and 7. The 

first two figures show the model representation of the two 

perpendicular frame-wall systems in the building of 

rectangular plan with oc= 0° being the short axis of the 

building and oc= 90° the long axis. One of the two 

identical frame-wall systems of the square building is 

shown in the third figure. Applied loads, member forces, 

and deflections shown in each case are for wind blowing in 

the direction indicated. Corresponding values for wind 

from other directions are found by multiplying the numbers 

shown by appropriate proportions as determined from 

pressure coefficient values. 

The path through which applied lateral shear is 

carried to the foundation by the combination of the shear 

wall and the frame is graphically shown in these diagrams 
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as well as the deflection of the shear core and the bending 

moments induced in the core. It is obvious that the core 

is much stiffer than the frame in these instances as, except 

in the top floor, the core carries a substantial majority 

of the total applied shear. If the core were less stiff 

relative to the frame then it is possible the shear in the 

top levels of the core would be in the same direction as the 

applied shear, thereby causing the opposing shear in the 

frame columns to be larger than the applied shear at that 

level. In the case at hand, however, the ratio of stiffness 

between the frame and wall causes the shear in the core to 

be less than, but still in the same direction as that in 

the frame in the top level. The interaction between the 

frame and wall is indicated by the compressive forces in 

the connecting beams that transfer shear to the core. At 

some levels this compressive force is larger than the wind 

force applied at that level indicating a transfer of shear 

out of the frame above that floor to the shear wall. 

Member forces in the real building can be obtained 

from forces found in an analysis of the model if it is 

remembered how the model is constructed from the actual 

structure. The most accurate comparison between the model 

and the real building is in the deflection of both. Based 

on the assumption that the frame portion of the building 

deflects as a shear beam and that axial deformation in the 

columns are insignificant, the model is formulated 

maintaining the shear stiffness as the number of floors 
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and the number of bays are reduced. Forces in the members 

of the real structure's frame can be determined indirectly 

by finding, through some method, the forces required to 

deflect the frame in the shape given by the analysis of 

the model (9). Although the most complicated, this method 

yields the most accurate results in interpreting the model 

to the real structure inasmuch as the values for the 

deflection of the model most closely reflect the true values. 

A slightly less accurate but simpler alternative method 

of assigning member forces to the actual building from the 

forces derived from the analysis of the model is by working 

back through the assumptions made in the modeling process 

and utilizing hand frame analysis methods such as the 

cantilever or portal method to determine member forces. 

Forces obtained in this simple manner are still approximate 

because of the assumptions inherent in the hand method 

utilized but they can still be used in the preliminary 

design of members to be checked by more accurate means. The 

basic assumption made in framing the model is that the 

rigid diaphragm of the floor system forces the ends of all 

columns in a single level into the same deflection pattern. 

Because of this assumption, the shear in a single level can 

be apportioned to each column in that floor according to its 

proportion of the total moment of inertia. Each frame then 

can be separated from the model's single frame with the 

proper share of the total frame shear applied to each. 

Depending on what information is desired, one of the 
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approximate hand methods of analysis may be used to obtain 

beam and column member forces in each frame, or, if desired, 

a more accurate analysis may be done of the individual 

frame. The difference in accuracy of this method as 

opposed to the method of forcing the frame in the proper 

deflection pattern as discussed in the previous paragraph 

lies in the localized variation of beam to column stiffness 

ratios which may be encountered. Differences in this ratio 

among the various frames might cause the shear in the 

columns to be slightly different from what is obtained by 

assuming each column to share in shearing force in 

proportion to its individual stiffness. As a first order 

approximation, these differences may be neglected, however, 

for the sake of simplicity. The Appendix of this report 

shows this simpler method used to approximate the axial 

load and bending moments induced in the frame columns by 

lateral load. 

Another assumption that is made regarding actual member 

forces has to do with conversion of 10-story model forces to 

forces in a 40-story building. In the 10-story model, one 

column level represents four floors in the actual structure. 

The load applied at the floor level of the model is the sum 

of the load at that particular elevation plus the three 

levels below it. For these reasons, the shear in the 

10-story model most closely represents the value of the 

story shear in the lowest of the four floors that is 

modeled as the single level in consideration. The shear in 
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all four floors may be assumed to be the same or an 

interpolation procedure may be employed between values of 

shear in adjacent floors of the 10-story model to determine 

the proper amount of shear in each of the other three 

stories. 

Although the shear wall is modeled directly without 

dimensional change, there is still some difference between 

the forces in the core connected to the frame at ten points 

compared to the prototype building in which the wall is 

joined to the frame at 40 floors. The shear at a particular 

level in the ten-level shear wall denotes the value of shear 

found in the lower elevation of each ten piece section of 

the actual wall as was the case with the column shears. 

Forces build up in the real shear wall to these levels as 

each of four separate floors interact with the core and add 

shear to it. In the 10-story model all the load from the 

four floors is added to the core at one time at a higher 

elevation rather than through a gradual buildup over four 

floors. For this reason, the bending moment in the core 

found from the 10-story analysis is somewhat larger than is 

actually the case. Design based on the moments found in 

the model analysis then would be slightly conservative. 

Forces and deflections found from analyzing the 10-story 

model are the raw data used in interpreting the response 

of the prototypical 40-story structure to lateral load. 

Particularly interesting is the interaction between the 

shear wall and frame when the lateral load is skewed from 
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the major axes. The design question of which angle of wind 

attack is critical for structural design is also an 

interesting aspect of this problem. 

4.2 Interpretation of Data 

A dimensionless, graphic representation of the distri¬ 

bution of applied shear between the frame and shear core for 

the three different frame-wall combinations studied is 

displayed in Figures 8, 9, and 10. This type of chart is 

used by Khan (9) and is referred to as an "influence curve" 

denoting the influence of a particular load on a particular 

structural system. The graph displays the response of 

three parameters, each appropriately non-dimensionalized, 

with height. Four plots instead of only three are shown 

because the value of shear in the wall at any height h, 

Vw(h) is divided both by the base shear, V^, and the total 

applied shear at any height h, Vt(h). The other two 

parameters are the shear in the frame at any height h, V^(h), 

and the total applied shear at any height h, Vt(h). Both 

are divided by the base shear to non-dimensionalize them. 

Each of the three diagrams shows very well that the 

shear core is much stiffer than the frame for each of these 

particular wall-frame systems. Although the amount of shear 

carried by the columns of the frame remains fairly constant 

through the height, its contribution in carrying the total 

shear becomes very small as the amount of applied shear 

increases from top to bottom. On two of the systems the 
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shear in the top level of the frame is greater than the 

shear in the core at that level although the absolute value 

of shear is still small in relation to the base shear. 

This fact results from the tendency of the frame to resist 

the large lateral deflection of the shear core at the top, 

pulling back on it and thus increasing the frame's internal 

shear. The value of shear in the core becomes much larger 

relative to the frame shear in the lower levels. 

Another evidence of the interaction between the frame 

and the core is in the plot of deflection versus height 

shown in Figures 11 and 12. The solid line in these charts 

indicates the actual static deflection of the shear wall- 

frame system for the specified wind direction. The response 

of the free-standing shear core, acting as a cantilever 

beam, to the total lateral load is shown with the dashed 

curve. The two curves show by the difference in their 

shapes the expected influence the frame has on the deflec¬ 

tion pattern of the cantilever beam shear core. In the 

bottom two-tenths of the structure the actual lateral 

deflection of the wall-frame system is greater than the wall 

acting by itself, indicating graphically the tendency of 

the frame to push against the wall in the lower portion of 

the building. The deflection of the single shear wall in 

the upper section is larger than the combined system's 

deflection for two reasons. First, the same amount of load 

is applied to each system but because the overall stiffness 

of the wall and frame together is obviously greater than 
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the wall alone the deflection of the latter is greater. 

Secondly, the deflection shape of a shear beam, in this case 

represented by the frame, is one which opposes the deflec¬ 

tion of a flexural beam at the top, thus causing the frame 

to pull against the shear core resulting in a lesser 

deflection. The very slight reverse curvature or flattening 

out of the actual deflection curve at the very top is also 

evidence of this phenomena although not prominent in these 

three cases. 

Figures 13 through 20 depict the response of the 

rectangular building in terms of lateral shear distribution, 

deflection, and core bending moment plotted as a function of 

height for each of five different skewed wind directions. 

Information on all of these plots is displayed in the same 

manner. The particular response parameter of each plot, 

such as deflection, represents the square root of the sum 

of the squares of the two components of the parameter in 

each of the two perpendicular directions. The angle © in 

each plot is the angle the particular response makes with 

the short axis or z-direction of the building. Using 

deflection,A , as a numerical example, consider that x and 

z are the deflections of the structure along the long and Jo o 
. X + z 

and © * arctan Each of the other parameters is handled 

in this manner. What these plots show is the response of 

two perpendicular frame systems interacting with a common 
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shear core when load is applied in two directions simul¬ 

taneously. 

Figures 13 and 14 show the plot of the deflection,A , 

of the vertical centroidal axis versus height for each of 

the five wind directions. The shape of these plots is 

naturally similar to the shape of the two deflection curves 

shown in Figure 11 as it is a combination of these two 

curves. The angle e indicates the angle made with the short 

axis of the building by the resultant deflection. If Ô were 

constant with height, the deflection of the vertical 

centroidal axis under a skewed wind load would lie in a 

single plane. The variation in this angle with height, as 

seen in all five plots, indicates non-planar deformation of 

the rectangular shear wall-frame building. Specifically, 

an increase in © with height as seen in these graphs means 

the direction of deformation is drifting toward the long or 

x-direction axis. 

The slight increase in Q is explained by noticing the 

difference in the two deflection curves shown in Figure 11 

which show the lateral drift of the rectangular building 

under wind from oc s 0 degrees and oc = 90 degrees. First, an 

examination of exactly what physical phenomena occur when © 

increases is in order. Since © is a measurement of the 

ratio of the two components of deflection x and z, an 

increase in this ratio, resulting in © increasing, means 

that the percentage increase in x from one level to the 

next higher level is greater than the percentage increase in 
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z. When comparing each of the two deflection curves of the 

perpendicular wall-frame systems in Figure 11 to their 

respective free wall deformations, it can be seen that the 

oc* 90 degrees or x-component deflection is much more 

nearly like that of a free cantilever beam deflection 

pattern than the <*. » 0 degrees or z-component deflection. 

This is due to the fact that the ratio of the wall moment 

of inertia at the base to column moment of inertia at the 

base in the short (z) direction is 46.4 while the same ratio 

in the long (x) direction is 90.7. This ratio is one 

indication of the amount of influence the frame has on the 

shear wall with the higher number meaning that the wall, 

which acts as a cantilever beam, dominates the frame in 

terms of deflection characteristics and share of the lateral 

shear. Remembering that one effect a frame has on the 

deflection of a wall-frame system is to restrain its 

deformation at the top, and noticing that the x-direction 

frame has less influence on the deflection component in 

that direction than the z-direction frame, it can be 

reasoned that the percentage increase in the x-deflection 

should be greater than the percentage increase in the 

y-component and that should increase with height. Having 

said all of this, it should be pointed out that this 

phenomena is so slight, only a two per cent deviation in 

527 feet, that its effect on structural design is negligible. 

Another interesting point concerning the value of © is 

that it is less than the value of /, the angle of the 
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resultant load, in all cases. For instance, when wind 

strikes the building from an angle of 30 degrees the angle 

/, which designates the angle the resultant load makes with 

the short axis, is actually 10.8 degrees. The angle the 

deflection makes with the z axis is only 7 1/2 degrees. 

This is because the z-direction shear wall-frame system is 

more flexible than the x-direction wall-frame system and 

the overall deflection tends toward the more flexible 

direction. Dividing the base shear of each system by the 

deflection, found in Figures 5 and 6, gives one measure of 

stiffness. The <*- - 0 degree direction has a stiffness of 

8^76"inches ® ®13 kips/inch and the oc= 90 degree direction 

has a stiffness of zfë^i'nches “ 865 *iPs/inch* 

Figures 15 through 18 show the amount of shear in the 

frame and in the core plotted against height. Again the 

value of 0 represents the ratio of the two components of 

shear. As was the case with the deflection graphs, 

variation in 0 from one level to the next represents 

differences in the percentage changes of the two components 

from level to level. These differences in the percentage 

variation of shear from level to level between the two 

frame-wall systems are an indication of the different 

manner in which the two different frames interact with 

different stiffnesses of shear core. The large variation 

in frame shears with height can possibly be explained by 

viewing the shear wall-frame interaction problem as a 

modified version of a beam on elastic foundations. The 
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discrete frame, which behaves as a shear beam, is the 

elastic beam in this model while the yielding foundation 

is represented by the shear core behaving as a cantilever 

beam. A shear diagram of the beam on elastic foundation 

problem with end conditions similar to those involved here 

exhibits a wavy pattern similar to the zig-zag shape of 

the frame shear diagram exhibited here. 

Figures 19 and 20 show the bending moment in the shear 

core in the same manner as the other responses discussed 

previously. The values of bending moment used for plotting 

this graph are those found at the base of each of the ten 

levels shown. The graph of Ô for shear core bending moment 

shows that the percentage decrease in bending moment with 

height in the x-direction is less than the percentage 

decrease in moment in the z-direction, resulting in an 

increase in & with height. This effect is to be expected 

considering that the shear core in the x-direction is 

influenced less by the frame in that direction than the 

core in the z-direction is influenced by its interacting 

frame. This has the tendency to reduce the moment in the 

top of the core in the z-direction more quickly than the 

moment in the x-direction is reduced. An additional factor 

in the bending moment response, however, is the effect of 

the flexurally stiff connecting beams which causes the 

moment in the shear core to deviate from what would be 

expected in a laterally loaded cantilever beam. This 

effect is most pronounced near the top of the core where 
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the bending moment introduced from the connecting beams 

overshadows the small moment due to lateral shear. These 

graphs show this effect both in the plot of bending moment 

and in the plot of 0. Note that the bending moment is 

very close to zero at 0.8 of height and then increases 

slightly at 0.9 of the height because of beam moment, at 

least in the lower angle wind directions when the z-direction 

is the dominant component. The connecting beams are 

stiffer in this direction than the other and, therefore, 

influence more the value of bending moment. The graph of 0 

changes rapidly in these levels, going from a large value 

to a small value in only 52 feet. This is due to the effect 

of the connecting beams as well. 

Each of the Figures 13 through 20, concerning the angle 

of the resultants of various responses due to biaxial load, 

are prepared using data from the rectangular prototype. 

The square building is not considered in these studies 

simply because the results are predictable and uninter¬ 

esting. The square building is symmetrical about the 

diagonal which means that the two frame-shear wall systems 

are identical. Since there is no difference in the amount 

of wall-frame interaction between the two systems, the 

angle G of any of the responses considered is constant 

with height and is numerically equal to the angle at which 

the resultant load is applied to the building from any of 

the five wind directions, which is called/ . 
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Both the square and rectangular prototype buildings, 

however, are used to study the question of which wind angle 

is critical for design. Partially to answer this question, 

in which the plan aspect ratio appears to be a significant 

parameter, the maximum bending stress in the shear core is 

plotted as a function of wind direction for various heights 

(see Figures 21 through 23). Data from the elevations at 

which the thickness of the shear core changes in each 

building generally provide the stress values which are used 

in these graphs and which represent the worst case of stress 

for each different thickness of wall. The values of stress 

plotted are the sums of the bending stresses due to moments 

about both axes given by the equation •=*- + -s-^. M„ and M„ 
ùx û* X Z 

are the moments about the x and z-axis, respectively, while 

S and S are the section moduli about the same axes. As 
X z 

the angle of wind direction is the independent variable, 

these graphs are polar in nature with the radial direction 

representing the value of stress. 

Results for the rectangular building at five different 

elevations are shown in Figures 21, 22 and the top graph of 

Figure 23. The highest overall level of stress is found at 

the base level as the value of stress decreases by one-third 

at h m HI feet and by another 50 per cent at the next 

higher level. At h = 0 feet, h ** 111 feet and h « 475 feet 

the maximum bending stress occurs when wind blows from 

otss 0 degrees, which is wind on the long face of the 

building. The data from the other two levels show that the 
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maximum bending stress in the core occurs when the wind 

blows from = 45 degrees but this value is, at the most, 

only ten per cent greater than the oc*= 0 degrees value. 

The reason for this difference in the different levels is 

the same as the reason for the increase in 0, as seen in 

Figures 19 and 20. As 0 increases with height, it indicates 

that the moment in the oc = 90 degree direction is becoming 

increasingly more important as a component of the total 

moment which means that the levels of stress for * 0 

degrees and oC= 90 degrees are closer together on a per¬ 

centage basis at the higher levels than in the lower levels. 

Notice the dashed line in the graph of base level stress 

which indicates the values of stress increasing linearly 

from oi. s 90 degrees to <=<** 0 degrees. Although the value 

of stress for intermediate angles is above this line, the 

value of stress at <x ** 45 degrees is still less than the 

value for «.» 0 degrees because of the large percentage 

difference between the two perpendicular direction stresses 

of 126 per cent of the lesser amount. At h = 319 feet this 

same percentage increase is only 65 per cent of the «*90 

degrees stress level and, as is seen, the value of stress at 

«* 45 degrees is the maximum stress. At a height of 475 

feet the opposite is again the case because the difference 

in the two perpendicular direction stresses is 414 per cent. 

This fact coincides with the extremely low value of 0 seen 

at 0.9 of the height in Figures 19 and 20. 



38 

The bottom graph of Figure 23 shows the bending stress 

in the shear core of the square building at two different 

heights for the full quadrant of wind direction. There is 

no variation in the shape of these two plots as there was 

with the rectangular building because of the symmetry of the 

square building. Also due to the symmetry of the building 

the stress levels are the same for ©c «= 0 degrees and O(B 90 

degrees. The value for ©c» 45 degrees is 25 per cent 

greater than the stress for wind blowing at 0 degrees 

and is the maximum bending stress in the square building. 

The fact that the maximum bending stress occurs when 

the wind blows from a particular direction does not mean 

the design of all portions of the shear core is controlled 

by stresses induced by wind from that direction. These 

maximum stresses for all wind angles except = 0 degrees 

and 90 degrees occur only in the corner portion of the core. 

The stress values for any one wind direction are less in the 

middle sections of the core where the distance from the 

centroidal axis is zero in one of the orthogonal directions. 

Figure 24 shows the controlling design stresses for the 

base level of the shear core of both buildings and also the 

wind directions which caused those stresses. For the square 

building the stress caused by perpendicular wind controls 

the design of the first 11.25 feet of each face of the core 

moving from the middle towards the edge. The next 14.45 

feet is controlled by <X » 15 degree stresses while the 

corner 4.3 feet is governed by cC * 45 degree stresses. In 
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the rectangular building, although the maximum bending 

stress does not occur with wind from «*.= 45 degrees, the 

stresses caused by wind from that direction control the 

design of 66 per cent of the short face of the rectangular 

shaped core. The maximum stress caused by wind from ot « 0 

degrees controls the design of all of the long face and the 

corner 3.2 feet of the short face. Stresses from the other 

perpendicular direction control the remaining 14 feet in 

the middle of the short face. 

Another interesting aspect of the shape of these graphs 

concerns the dip in the stress value for o(.a 30 degrees on 

both the rectangular and the square plan. The aerodynamic 

properties of these buildings are what controls the shape 

of these graphs and it is necessary to understand what 

occurs in the values of the pressure coefficients when the 

wind blows on these structures at 15 and 30 degrees in order 

to properly interpret this deviation at 30 degrees. Calling 

the long face of the building North and measuring all wind 

angles from North to East, it is seen from Figures 3 and 4 

that wind from 15 degrees Northeast causes a very large 

negative pressure on the East face of the building which 

more than offsets the negative pressure on the West face. 

The building is actually pulled East when it might be 

expected to deflect West because of the westerly flow of 

the wind. Negative pressure is still present on the East 

face when wind blows from 30 degrees Northeast but now is 

smaller than the pressure on the West face causing the 
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building to move in the expected westerly direction. The 

magnitude of these pressure coefficients is such that more 

total wind load from both directions combined affects the 

building at 15 degrees than at 30 degrees, hence, the 

decrease in the stress level at 30 degrees. When the wind 

shifts to 45 degrees, positive pressure prevails on both 

windward faces and negative pressure on both leeward faces 

causing the total load to increase again. 

The final question that is considered in this study of 

skewed wind loads on shear wall-frame buildings is whether 

stresses in the frame caused by wind from any direction are 

sufficiently high to cause the members of the frame to be 

designed for wind load, hence yielding a non-premium free 

structure. Using forces obtained in the analysis described 

in this report and apportioning them to each individual 

frame column described earlier, a check of certain key 

members is made to ascertain whether their design on the 

basis of gravity load is suitable to allow for stresses 

Induced by lateral load. The calculations involved in 

this check are shown in the Appendix. Of those members 

checked in both buildings, none proves to be overstressed 

because of wind from any direction. The axial loads 

induced by lateral load are so small compared to the 

gravity loads that, even with biaxial moments and the one- 

third allowable increase in stresses, the reinforcing is 

adequate. 
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The charts and graphs described and discussed in this 

chapter aid in the investigation of the response to skewed 

wind load of shear wall-frame high rise buildings. Results 

found from interpreting these data are used in making the 

conclusions and recommendations in the following chapter. 
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDY 

5.1 Conclusions 

Based on data gathered in this study and the discussion 

of the data in the preceding chapter, the following 

conclusions are drawn: 

1. Depending on which height is considered, the 

maximum bending stress in the shear core of the rectangular 

building occurs when the wind blows parallel to the short 

axis of the building or when the wind comes from a 45-degree 

angle to the principal axes of the structure. In the lower 

floors and the top levels wind from 0 degrees (measured from 

the short axis) causes the largest stresses in the core 

while in the intermediate floors the maximum bending stress 

is caused by wind from 45 degrees and is, at least in one 

level, as much as ten per cent greater than the stress 

caused by the perpendicular wind. Design of different areas 

of the shear core is controlled by stresses due to wind from 

different directions. At the base level of the rectangular 

shear core design of the entire long face and 3.2 feet of 

the edge of the short face is governed by the stresses 

caused by a wind from a direction of 0 degrees. The middle 

14 feet of the short face has design stresses caused by 

wind from the other perpendicular direction and the 

remaining portion of the base of the core is controlled by 

stresses produced by a wind from 45 degrees. 
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2. The maximum bending stress in the core of the 

square building occurs when wind blows from a 45-degree 

angle to the structure. This is true for all levels and 

the percentage increase of the 45-degree stress over the 

stress caused by wind from 0 degrees is the same for all 

levels and is numerically equal to 25 per cent for this 

particular building. In spite of this fact, the stresses 

caused by wind from a direction perpendicular to a 

building face govern the design of 37.5 per cent of the 

shear core located in the middle of each face while 

stresses from wind from 45 degrees are the maximum design 

stresses only in the corner 14 per cent of the core. 

Design of the remaining area is controlled by wind from 

15 degrees. 

3. The stresses in the frames of these two buildings 

caused by lateral wind load from any direction are not 

sufficient to require design of frame members to be based 

upon wind load stresses. Both buildings maintain the 

premium free nature of their beams and columns even under 

skewed wind load. 

4. The deflection of the vertical centroidal axis of 

the rectangular building under wind loads from directions 

other than perpendicular to a building face lies in three- 

dimensional space or, in other words, is non-planar. This 

is caused by a variation in the column to wall stiffness 

ratio between the two perpendicular wall-frame systems 

involved causing the deflection pattern of one system to 
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behave more like a cantilever flexure beam than the other 

system which is influenced more by the shear beam behavior 

of the frame. 

5. The angle © indicating the angle of the resultant 

deflection of both buildings due to wind from various 

angles <*- is not always equal to for two reasons. Because 

of the values of the pressure coefficients which dictate 

wind load on each building face and the shape of the 

building in the rectangular case, the angle of the resul¬ 

tant load J does not equal , the angle of wind direction. 

Also, in the rectangular building, the stiffnesses of the 

short and long directions are not equal, with the long 

direction being the stiffest. The angle 0 tends toward the 

more flexible direction resulting in a value lower than 

and, in fact, lower than <f, the angle of the resultant load. 

6. The proportions of shear carried by the frame in 

all three wall-frame systems considered is very nearly 

constant with height when its variation is compared to the 

total applied shear or base shear as it is otherwise called. 

The top story carries a majority of the applied shear at 

that level and then continues to carry approximately this 

same amount down to the ground level. When viewed in 

absolute terms, however, the variation in frame shear with 

elevation is quite large, sometimes as much as a 370 per 

cent variation in the shear of adjacent floors in one of 

these wall-frame systems. The plot of frame shear with 

height is of a very discontinuous nature and creates a 
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zig-zag pattern. This phenomena might be explained by 

viewing the shear wall-frame interaction problem as a 

modified version of a beam on an elastic foundation. 

The large variation in the angle © representing the 

ratio of the two perpendicular components of frame shear 

between the top, middle, and lower levels of the rectangular 

building indicate the difference in the way in which the two 

different frames of the rectangular building interact with 

the shear core. The large angle © at the top and bottom 

floors compared to the other levels indicates that the ratio 

between the frame shear in the long direction and that in 

the short direction is larger in these two levels than in 

adjacent floors. This suggests there is a larger percentage 

variation in the absolute value of shear in different levels 

of the long direction frame than in the short direction 

frame. For instance, the shear in the second level of the 

long axis frame is only 27 per cent of the first level shear 

while in the short direction frame this percentage dif¬ 

ference is 57 per cent. This larger variation in the frame 

shear of the long direction frame might be related to the 

beam on elastic foundation explanation in that the dif¬ 

ference in frame versus wall stiffness in that direction is 

larger than the same ratio in the short direction. 

7. The value of the core shear in all three wall- 

frame systems shows an almost linear increase from top to 

bottom roughly following the increase in total applied shear. 
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In the case of the rectangular building the exception to the 

general statement is in the bottom story where the shear is 

the same as in the floor above. The shear value in the core 

of the square building, however, continues to increase in a 

linear fashion at the bottom level. The difference between 

the cores in the two buildings which would explain this 

difference in response is the fact that the rectangular core 

changes thickness at the second level and again three other 

times in the height of the building while the square core 

changes size only once at mid-height. 

8. By considering interaction between the wall and 

frame in the design of a structure of the type the calculated 

total deflection of the structure and the calculated stresses 

in the core are reduced. This study verifies the work of 

others in this regard and shows the exact effect the frame- 

wall interaction has on the shear distribution between the 

two and the influence the frame has on the free deflection 

of the shear core. Because of the interaction of frame and 

wall the premium paid for wind design in the tube is 

reduced. 

5.2 Recommendations for Future Study 

Further studies of this subject should include the 

following items of interests 

1. A parametric study considering several plan aspect 

ratios both of the building and of the shear core itself 
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would be beneficial in determining which shape of building 

is most influenced by skewed wind loads. 

2. A parametric study with varying frame to wall 

stiffnesses in each direction could establish trends in the 

problems of distribution of shear and deflection about both 

major axes that would be useful in design. 

3. Further wind tunnel testing is needed to verify 

the pressure coefficients on the faces of buildings 

subjected to skewed wind load. 

4. The modeling of a shear wall-frame building as a 

beam on elastic foundation would be worthy of additional 

study. 
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4 BAYS @ 30'-(? = 120'“ 0" 

FFGURE I - TYPICAL FLOOR FRAMING 
PLAN - RECTANGULAR BUILDING 
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4 BAYS (2 30'-0"= l20'-0" 

O 

FIGURE 2 - TYPICAL FLOOR FRAMING 

PLAN - SQUARE BUILDING 
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FIGURE 4 PRESSURE COEFFICIENTS 

SQUARE BUILDING 
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CONNECTING 

FRAME BEAMS SHEAR CORE, 

FIGURE 5 - ANALYSIS OF SHORT DIRECTION WALL- 

FRAME SYSTEM - RECTANGULAR 

BUILDING 
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CONNECTING 

FIGURE 6- ANALYSIS OF LONG DIRECTION WALL- 

FRAME SYSTEM - SQUARE 

BUILDING 
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CONNECTING 

FIGURE 7 ANALYSIS OF WALL-FRAME SYSTEM - 

SQUARE BUILDING 
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FIGURE 8 - INFLUENCE CURVE OF SHORT 

DIRECTION WALL-FRAME SYSTEM 

RECTANGULAR BUILDING 
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FIGURE 9 - INFLUENCE CURVE OF LONG 

DIRECTION WALL-FRAME SYSTEM- 

RECTANGULAR BUILDING 
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0 .1 .2 .3 .4 .5 .6 .7 .8 ,9 1.0 

FIGURE 10- INFLUENCE CURVE - WALL-FRAME 

SYSTEM- SQUARE BUILDING 



60 

e> 
Z 
O 
_J 

3 
m 

a: 
< 
_J 

3 
O 
Z 
< 
H 
O 
ÜJ 
CC 



I.
Or

1 

61 

\ 

Q 
< 
O 

Q 

£ 

cr 
LU 
Q 

z 
3 

I— 
li_ 

Od 
Q 

_J 
< 
Od 
UJ 
I— 
< 
_l 

ÇVJ 

LU 
Qd 
3 
CD 

LH 

CD 

Q 
_l 

3 
CD 

UJ 

od 
< 
3 
o 
CO 



h/H 

h/H 

h/H 

62 

FIGURE 13 DEFLECTION AND RESULTANT 

ANGLE - RECTANGULAR BUILDING 
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h/H 

A 
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FIGURE 14 DEFLECTION AND RESULTANT 

ANGLE - RECTANGULAR BUILDING 
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FIGURE 15 - FRAME SHEAR AND RESULTANT 

ANGLE “ RECTANGULAR BUILDING 
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h/H 

h/H 

FIGURE 16 - FRAME SHEAR AND RESULTANT 

ANGLE - RECTANGULAR BUILDING 
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FIGURE 17 - CORE SHEAR AND RESULTANT 

ANGLE - RECTANGULAR BUILDING 
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h/H 

h/H 

FIGURE 18 - CORE SHEAR AND RESULTANT 

ANGLE r RECTANGULAR BUILDING 



0 

8 

6 

4 

2 

0 

I 

0 

8 

6 

4 

2 

0 

I 

,0 

,8 

,6 

,4 

.2 

0 

2 

R 

300,000Lk 600,000'-k 900,000'-k 

j I  

° 15* 

<X= 30° 
CORE MOMENT 

20* 

0.6° 
55.9° 

300,000'-k 600,000'-k 900,000‘-k 

-L 

I5C 
20* 

300,000'-k 600,000'*k 900,000'-k 

_L X 

>* 30* 35* 40* 45* 

M 

0 

M 

e 

M 

0 

68 

19 - CORE MOMENT AND RESULTANT 

ANGLE - RECTANGULAR BUILDING 
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FIGURE 20 - CORE MOMENT AND RESULTANT 

ANGLE - RECTANGULAR BUILDING 
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1000 psi 

800 psi 

600 psi 

400 psi 

200 psi 

FIGURE 21 MAXIMUM BENDING STRESS IN 

CORE versus WIND DIRECTION 
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FIGURE 22- MAXIMUM BENDING STRESS IN 

CORE- versus WIND DIRECTION 



90° 72 

60 psi 
— 

/ /\ RECTANGULAR 

40 psi 
/ / ^^5° BUILDING 

7^/ / \h= 475ft. 
/ /\ ^V45.9 \ 

20 psi 1/zçX / \x^4J \ 
Tx/ \J,i5° 
/JJ/S^ l^NçTe \ 

1^ i _ . 1 56.6\ 1 QO 

1300 psi 
1200 psi 

[90° 

  

—~^W>^§oo 

SQUARE 

1^6.9 \ /"OVtô0 BUILDING 

800 psi 
/ \/ 
/ 945.5^   / J\ \ 

//^C^ / W30° 
400 psi / / / \ \ 

ynV26^fL/^\, H92^ÿr-Al5° 

200 psi / \ \ 
1 /986.91 1 QO 

FIGURE 23- MAXIMUM BENDING STRESS IN 

CORE versus WIND DIRECTION 
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901.4 psi 

901.4 Psi 

FIGURE 24 - CONTROLLING BENDING STRESSES IN 
BASE LEVEL OF CORES 
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APPENDIX 

A. DESIGN NOTES 

Floor Loads: 

Dead Load - 

Partitions 20 psf 
Ceiling 5 
Mech. & Elec. JU) psf 

35 psf 

Live Load j>0 psf 
85 psf - Total Load 

Floor Design: 

Concrete Strength = 4000 psi reinforcing steel 
strength * 60,000 psi 

Joist design from CRSI Design Handbook 

Use 30“ forms + 6” rib « 36" c/c 

Use 16" deep pans + 4 1/2" top slab 

Dead weight = 97 psf 

Ultimate superimposed load * 1.4(35 + 1.7(50) 
= 134 psf 

Exterior Span 

Top steel 

Interior support - #4 @ 8" 

Exterior support - #4 @ 18" 

Bottom steel - l-#5, l-#6 

Interior Span 

Top steel - #4 @ 9" 

Bottom steel - l-#4, l-#5 
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Single Span Joist 

Top steel - #4 d» 12" 

Bottom steel - l-#7, l-#8 

lg = 9238 in.4 

Girder Design 

L.L. = 50 psf 

DL. = 35 + 97 = 132 psf 

qu - 1.4(132) + 1.7(50) * 270 psf 

w u 270 psf x 28.5 ft + 
19 x 24 

144 
8.43 klf 

x 150 psf 

1.4(35) + 1.7(50) (1.5) + 

Span = 30'-2* = 28 ft 

Size: h = 24" b = 19" d » 21.5" 

Use ACI coefficients for moment 

End Span: 

-Mu - yjj(8.43) (28)2 * 661 ft-k = 7930 in-k 

From design aids - let p - .021 

A * .021(19)(21.5) - 8.58 in2 s 

4-#9, 3-#ll - 8.68 in2, = .0212 

Check M = .9(21.5)2(19)(.0212)(60)(1-0.59( .0212) 

(|^)) 
= 681 ft-k OK 
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-Mu<exterior) = j^(8.43)(28)
2 - 413 ft-k 

- 4960 in-k 

From design aids - /> = .0118 

A « .0118(19)(21.5) = 4.82 in2 
s 

8-#7 = 4.81 in2, p = .0118 

Check M = .9(21.5)2(19)(.0118)(60)(l-.59(.0118) 

(f£>> 

* 418 ft-k 

+Mu " -Î4(8»43H28>2 - 472 ft-k = 5665 in-k 

From design aids - p ■* .0138 

A - .0138(19)(21.5) = 5.64 in2 
s 

2-#9, 3-#10 - 5.79 in2, - .0142 

Check M - .9(21.5)2(19)(.0142)(60)(l-.59(.0142) 

<f£)> 

« 491 ft-k 

Shear at first interior support 

Vu - 1.15(8.43) (28)^- = 136 k 

Vu @ distance d from support * 136k - (8.43) 

- 121 k 

vu = 121k/.85(19)(21.5) « 348 ksi 

v = 2 fc = 126 ksi 
c 

vu - vc = 222 ksi Use 40 ksi stirrups 

Use #4 stirrups 

s - .40(40,000)/222(19) - 3.79 - SAY 3" 

#4 - 21 9 3", 5 ® 6", 6 @ 11", rest @ 24" 

Interior Span: 

-Mu = 1I(8.43)(28)2 = 600 ft-k = 7210 in-k 

From design aids - p = .0182 

OK 
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A « .0182(19)(21.5) * 7.44 in2 
s 

6-#10 A =7.59 in2 
s 

Check M = .9(21.5)2(19)(.0182)(60)(l-.59(.0182) 

(f£)) 

=603 ft-k 

+M„ = TTT(8.43) (28)2 = 413 ft-k = 4960 in-k 
U 16 

From design aids - /> = .0118 

A = .0118(19)(21.5) = 4.82 in2 s 

8-#7 =4.81 in2 

Check M = .9(21.5)2(19)(.0118)(60)(l-.59(.0118) 

<f£>> 

= 418 ft-k 

Shear at support 

Vu = (8.43)(28)^ = 118 k 

21 5 
Vu @ distance d from support = 118 k - ^ (8.43) 

= 103 k 

vu = 103/.85(19)(21.5) = 296 psi 

v - v = 170 psi 
u c 

Use #4 stirrups 

s = .4(40000/170(19) = 4.95” - SAY 5" 

13 @ 5”, 7 @ 11”, rest @ 24” 

CM 

19 
II 

OK 
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Spandrel Girder 

Span = 28 ft 

Size: h = 48 in b » 12 in d « 45 in 

w = 270 psf x 14 ft + 1.4(35) + 1.7(50) (1) + 
4 x 150 

- 4.5 klf 

End Span: 

-Mu « YJJ(4.5) (28)2( 12) - 4234 in-k 

Try pmin « .00333 

A = .00333(45)(12) - 1.8 in2 
S 

6-#5 =1.84 in2 

Check M = .9(12)(45)2(.00333)(60)(1-.59I.00333) 

(|£) 
= 424 in-k 

Use 6-#5 top, 6-#5 bot 

On all spans 

Shear 

Vu = 1.15(4.5)(28)i = 73 k 

@ distance d from support = 73 k - (-^~) (4.5) 

= 56 k 

s = 22 in max 

Space #4 stirrups @ 22 in across span 

Column Design 

OK 

Concrete Strength = 5000 psi 

Steel strength = 60,000 psi 

Live load reduction factor = 60% 
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Exterior Columns: 

Floor Pu Size 

1 6242k 36x42 
12 4365k 36x42 
13 4201k 36x30 
24 2487k 36x30 
25 2331k 36x20 
32 1330k 36x20 
33 1178k 36x12 

Interior Columns: 

Floor P 
u Size 

1 9967k 48x48 
12 7039k 48x48 
13 6773k 40x40 
24 4001k 40x40 
25 3749k 30x30 
32 2077k 30x30 
33 1838k 22x22 

Preliminary Design of 

e/h A s 

.1 .056 84.7 in 

.1 .015 22.7 in 

.1 .051 55.1 in: 

.1 .01 10.8 in: 

.1 .031 22.3 in: 

.1 .01 7.2 in: 

.18 .035 15.1 in 

e/h P A 
s 

.1 .063 145 in 

.1 .021 48.4 in 

.1 .06 96 in 
a .01 16 in 
.1 .06 54 in 
.1 .01 9 in: 
.1 .05 24.2 in 

Shear Wall 

1) Assume wind load = 30 psf over entire height of 
building 

2) Assume all wind load on shear wall 

MB = 30 psf x 210 ft x (527 ft)
2 x = 8.75 x 105 ft-k 

VB * 30 psf x 210 ft x 527 ft * 3320 k 

P(Dead Load) = (8 bay x 900 ft2/bay - 345 ft2) x 
(196 psf)(40 floors + 345 ftz 

(150 pcf)(527 ft) 
= 81015k 

Wall at base = 18" thick 

A - (60 x 90) - (57 x 87) = 441 ft2 

I = (90 x 603) - (87 x 573) = 277351 ft
4 

f « 81015 k/441 ft2 = 183 ksf « 1275 psi 
a 

f. « 8.75 x 105 ft-k (30/277351 = 94.6 ksf 
=657 psi 

f = 3320k/441 =7.5 ksf =52.3 psi 
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Core does not go into tension 

Check of Moments in Columns 

1) Assume shear shared equally by all columns 

2) Assume point of inflection at mid-height of 
column 

3) Assume shear * 500k 

500k shared among 15 columns 

500/15 * 33.3k/column 

Moment arm = 6.5» 

Moment * 216 ft-k = 2600 in-k 

Mu - 1.7(2600) x .75 = 3315 in-k 

@ 24th floor Pu » 2487k on 40 x 40 column 

e = 3315/2487 = 1.33" 

e/h - 1.33/40 = .033 <.1 OK 

Column design governed by e/h * .1 

So that wind does not control design 

Wind Pressure 

For Houston, Texas 

Basic Wind Speed » 90 mph for 100 year 

Recurrence, Suburban Exposure 

Height Pressure (psf) 

Less than 30* 16 
30* 
50* 

100* 
150* 
200» 
250» 
300» 
350* 
400» 
450* 
500* 

20 
24 
30 
34 
38 
41 
43 
45 
48 
50 
51 
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B. APPROXIMATE FRAME ANALYSIS 

To obtain column forces due to wind load 

Assumptions Made: 

1. Axial stress in each column of a story is 
proportional to the horizontal distance of 
that column from the center of gravity of 
all the columns in that story. 

2. Share of the story shear in each column of 
a story is proportional to the moment of 
inertia of that column. 

V,o- 

V9- 

V, 8- 

V5 

V4- 

V3- 

V2- 

V.. 

Rectangular Bldg. 
Short Direction 

f 1 

► J- 

( m 

2 <r or 

\ F, =A,cr J F2 =A2CT 

a * Axial Stress 
Force - cr x Area of Column 



1 
2 
3 
4 
5 
6 
7 
8 
9 
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Rect» Bldq.t Short Direction, Exterior Frame 

Proportion of frame shear shared by exterior frame 

(4 levels of column size changes) 

Note : I * sum of moments of inertia of column 
ex€. frame 

1. - 595.2 I* (Total) = 5972 10% 

2. 2lc " 470.4 I2 (Total) = 3008 16% 

3. 
«2- 338.4 Iç (Total) = 1314 26% 

4. II
4 = 
c 223.8 I4 (Total) * 616 36% 

V(k) M(ft-k) A^ft2) A2(ft
2) (ksf) F1(k) p

2(k) 

+29.3 55408 9.0 10.5 19.9 357 209 
-33.0 52341 9.0 10.5 18.8 337 197 
-23.0 49418 9.0 10.5 17.7 319 186 
- 8.6 45040 8.75 7.5 17.7 309 132 
-11.7 39840 8.75 7.5 15.6 273 117 
-18.0 34112 8.75 7.5 13.4 234 100 
-22.0 27612 7.2 5.0 13.6 196 68 
+22.0 20072 7.2 5.0 9.9 142 49 
- 4.0 12532 5.0 3.0 9.1 91 27.2 
+17.4 4524 5.0 3.0 3.3 33 9.9 

Rect. Bldcr.: Short Direction, 1st Interior Frame 

Proportion of total frame shear shared by this frame 

1. - 1365 (Total) = 5972 23% 

2. 211 - 619.2 

CM 
Ü
 

M
 (Total) * 3008 21% 

3. 211 - 192.8 (Total) - 1314 15% 

4. - 53.1 (Total) - 616 9% 
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Level V(k) M(ft-k) (ft2) A2(ft
2) (ksf ) F^k) F2(k) 

1 +67.4 52268 10.5 16.0 15.0 315 240 
2 -75.9 47562 10.5 16.0 13.7 287 219 
3 +41.8 38524 10.5 16.0 11.1 232 177 
4 -11.3 30932 7.5 11.1 12.5 188 139 
5 +15.3 24133 7.5 11.1 9.8 147 109 
6 +74.4 15507 7.5 11.1 6.3 94 70 
7 -12.5 10689 5.0 6.25 6.8 68 42 
8 +56.3 6344 5.0 6.25 4.0 40 25 
9 -10.1 3138 3.0 3.36 3.4 20 11 

10 +43.6 1134 3.0 3.36 1.2 7.4 4.1 

Rectangular Bldg 
Long Direction 
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Rect. Bldq.t Long Direction. Exterior Frame 

Proportion of total frame shear shared by exterior 
frame 

1. - 974.4 (Total) ■ 5702 11% 

2. ll 2 = 739.2 I2 c c 
(Total) - 3172 23% 

3. 2l2 = 518.4 11 c c 
(Total) = 1564 33% 

4. ll4 m 331.8 I4 c c 
(Total) * 808 41% 

Level V(k) M(ft-k) A^ft2) A2(ft
2) (ksf) 

1 +44.7 11671 9.0 10.5 .48 
2 - 7.5 10667 9.0 10.5 .44 
3 - 3.3 10083 9.0 10.5 .42 
4 - 0.5 9217 8.75 7.5 .44 
5 - 2.1 8252 8.75 7.5 .40 
6 - 5.5 7220 8.75 7.5 .35 
7 - 3.0 5991 7.22 5.0 .38 
8 + 1.5 4540 7.22 5.0 .29 
9 -16.8 3050 5.0 3.0 .29 

10 +44.7 1162 5.0 3.0 .11 

Level F^k) F2(k) F3<k) F4(k) 

1 30.3 25.3 15.2 5.1 
2 27.7 23.1 13.9 4.6 
3 26.2 21.8 13.1 4.4 
4 27.2 16.7 10.0 3.3 
5 24.4 14.9 9.0 3.0 
6 21.3 13.1 7.8 2.6 
7 19.1 9.4 5.7 1.9 
8 14.5 7.2 4.3 1.4 
9 10.2 4.4 2.6 .87 

10 3.9 1.7 1.0 .33 
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Square Bldg.. Exterior Frame 

Proportion of total frame shear carried by exterior 
frame 

llj; = 595.2 xc 
(Total) « 2558 23% 

• 470.4 xc 
(Total) = 1480 32% 

XI* = 338.4 (Total) = 839 40% 

Xlj = 225.8 c 

H
 

O
 
^
 

(Total) - 487 46% 
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Level V(k) M(ft-k) A^ft2) A2(ft
2 ) (ksf) F^k) F2(k) 

1 - + 7.1 62315 9.0 10.5 22.3 402 235 
2 - 33.1 54189 9.0 10.5 19.4 350 204 
3 -21.5 49751 9.0 10.5 17.8 321 187 
4 - 1.9 43894 8.75 7.5 17.2 301 129 
5 - 15.4 37427 8.75 7.5 14.7 257 110 
6 + 11.8 30511 8.75 7.5 12.0 209 90 
7 - 12.0 23501 7.22 5.0 11.6 167 58 
8 + 32.3 16486 7.22 5.0 8.1 117 41 
9 - 29.4 10000 5.0 3.0 7.2 72 22 

10 +138.0 3588 5.0 3.0 2.6 26 7.8 

Square Bldq. . 1st Interior Frame 
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Proportion of total frame shear carried by 1st 
interior frame 

342.4 I1 c 

2. SI2 * c 124.8 

CM 
Ü
 

H
 

3. Sl| - 36.8 

4. 5l* - 8.0 i* c C 

Level V(k) M(ft-k) 

1 + 4.0 13590 
2 -18.7 11312 
3 +25.2 8803 
4 - 0.5 6744 
5 - 4.0 4765 
6 +22.7 2951 
7 - 1.3 1623 
8 +11.7 850 
9 - 1.0 348 

10 + 4.8 125 

(Total) » 2558 13 % 

(Total) = 1480 8,4% 

(Total) * 839.2 4,4% 

(Total) - 486.8 1.656 

F(k) 

113 
94 
73 
56 
40 
25 
14 
7 
2.9 
1.0 

C. CHECK OF VARIOUS COLUMNS WITH STRESSES INDUCED BY LATERAL 
LOAD 

Rectangular Bldcf. 

1) Corner Column, Base Level 

Gravity load: P * 3574 M - 2120"-k 
Designed for e/h = 0.1, 36x3b 

a) Wind in short direction, «*=0° 
P = 357k P = .75(3574 + 1.7(357)) « 3135k 
Vw= .018 V =u.018(686) - 12.4k 
M = V(h/27 - 1488”-k, 
MW = .75(2120 + 1.7(1488)) = 3487"-k 
eU« Mu/Pu « 1.02 3.6 OK 

b) oc = 45°, .688(<*=0°) + .63(e*=90°) 
P » .688(357) + .63(30.3) « 265k 
PW = .75(3574 + 1.7(265)) - 3018k 
VU « .688(12.4) - 8.5k V- =.019(162)(.63) 
s * 1.9k * 

M - 8.5 x 120" - 1020”-k 
Mwf - 1.9k x 120* > 228"-k OK wl 
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2) Exterior Column, 1st Interior Frame - Short 
Direction, Base Level 

Gravity Load: P « 6242k M = 2500"-k 
Designed for e/hu= 0.1, 36x42 

a) oc= 0° 
P » 315k P » .75(6242 + 1.7(315)) 
w u 5083k 

V = .029(686) * 19.9k 
M = V(h/2) = 19.9 x 120" - 2388k 
M'; = .75(2500 + 1.7(2388)) - 4920 
e - .97" 

b) «.= 45° 
P = .688(315) + .63(25.3) « 233k 

P„ - .75(6242 + 1.7(233)) - 4978k 
V“ - .688(19.9) « 13.7k V. - 2.3k 
Ms = 1644"-k M7 « 276"-k 

M® = 397l"-k M,- « 359"-k US U1 

Check OK for biaxial bending 

1 1  1 1 
t>' = n ' D “ r»' 

P* = 7787 P* * 7560 P' = 7700 
o xo yo 

p' = 7480k 
u 

3) Same Column, 21st Level 

Gravity Load: P » 3060k Mu * 2500"-k 
Designed for e/n= 0.1 about weak axis 
36x30 

OK 

OK 

ex ! 

P „W 
M 
M ,w 
u 

0° 
s 94k P = .75(3060 + 1.7(94)) = 2415k 
.021(72^) = 15k 

. 15k x 6.5ft x 12 = 1168"-k 

. .75(2500 + 1.7(1168)) « 3364"-k 
1.1" OK 

4) Same Column, 29th Level 

Gravity Load: P = 1830k Mu - 2500"-k 
Designed for e/h = 0.1 about weak axis 
36x20 
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a) <x= 0° 
Pw * 40k P - .75(1830 + 1.7(40)) » 1424k 
Vw= .007(597) - 4.2k 
M = 4.2 x 6.5 x 72 = 327"-k 
Mr « .75(2500 + 1.7(327)) = 2292"-k 
e= 1.6" OK 

b) «3= 45° 
P = .688(40) + .63(7.2) = 32k 
P„ = 1413k 

= 2.9k V. = 2.2k 
M® « 226"-k = 172"-k 
M® =2163"-k M,,. = 224"-k us ul 

Check biaxial bending by formula above OK 

5) Interior Column, Exterior Frame - Short 
Direction, Base Level 

Gravity Load: P * 6242k M = 2500"-k 
Designed for e/habout strong axis 
36x42 

ocas 0° (biaxial bending) 
P * 209k P = 4950k 
Vw= .021(6861 - 14.4k 
M » 14.4 x 120" a= 1728"-k 
MW * 1.3 x 1728 = 2247 M * 2500"-k OK 
^ y 

Check for biaxial bending, Py = 7490k QK 

6) Same Column, 21st Level 

Gravity Load: P ** 3060k M as 2500"-k 
Designed for e/h= 0.1 about weak axis 
36x30 

oc= 0° (biaxial bending) 
P - 100k P - 2422k 
Vw= .03(722) = 21.7k 
M * 21.7 x 6.5 x 12 = 1643"-k 
w 

Mx = 2200"-k My = 1875"-k 
u u 

Check biaxial bending, Pu = 4348k 
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7) Same Column, 36th Level 

Gravity Load: P « 590k M = 2500"-k 
Designed for e/h * .35, 36xr2 

a) «.= o° 
P « 10k P « 456k 
V = 28.2k Mu = 2201"-k 

w 

Mx = 2862"-k My « 1875"-k 

Check biaxial bending Py » 612k OK 

b) oc= 45° 
P = 10k P = 456k 
V* * 19.4k u V = .34k 
Mx = 1513"-k My = 26.5"-k 
w w 

Mx = 1967"-k My - 1909"-k 

Check biaxial bending Py = 519k OK 

Square Building 

1) Corner Column, Base Level 

Gravity Load: P = 3574 M « 2200"-k 
Designed for e/h = 0.1 
36x36 

a ) = 0° 
P = 402k P « .75(3574 + 1.7(402) * 3193k 
VW= ,042(329Y * 13.8k 
M « 13.8k(10) (12) ** 1658"-k w 

MX » .75(2200 + 1.7(1658)) - 3764''-k u 

My = .75(2200) = 1650"-k 

Check biaxial bending OK 

b) <*« 45° 
P = 2(.625)(402) * 503k P - 3322k 
w u 

vx = vy = .625(13.8) = 8.6 
M * 1035"~k w 

MX = My = 2970"-k 

Check biaxial bending OK 
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2) Same Column, 9th Level 

Gravity Load: P » 2283k M = 2200"-k 
Designed for e/h* 0.1, L-shape 

a) «=0° 
P * 321k P = 2121k 
Vw= .042(4431 - 18.6k 
M « 1451k 
w 

Mx = 3500"-k My * 1650"-k 

Check biaxial bending OK 

b) cx= 45° 
P,.T = 401k P * 2224 
Vw= 11.6k u 

M = 907"-k 
w 

Mu = Mu * 2806"-k 

Check biaxial bending OK 

3) Exterior Column, Next to Corner, 12th Level 

Gravity Load: P = 4365k M = 2500"-k 
Designed for e/h= 0.1 about strong axis 
36x42 

a) «B 0° (biaxial bending), weak axis 
P » 144 P « 3457k 
V= 19.8k M = 1542"-k w 

MX - 2004"-k My = 1875"-k 

Check biaxial bending P^ = 5054k OK 

b) c*= 45° 
P * 127k P = 3436k 
Vw = 12.4k UV * 16.7k 
x y 

Mx - 967"-k My - 1305"-k w w 

Mx = 1257"-k My = 3538"-k 
* 

Check biaxial bending Pu = 5026k OK 
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4) Same Column, 36th Level 

Gravity Load: P = 590k M = 2500"-k 
Designed for e/h** .35 
36x12 

a) « = 0° 
P = 8k P « 453k 
VW= 22.2k UM = 1730"-k w 

MX = 2250"-k My = 1875"-k u u 

Check biaxial bending Pu * 521k OK 

b) <* = 45° 
P » 5.6k P = 450k 
VW - 13.9k UVy » 1.5k 
X 

Mx = 1082"-k My = 117"-k w w 

MX = 1407"-k My « 2024"-k 

Check biaxial bending Pu = 522k OK 

c) <*= 90° 
P = 1.0k P * 444k 
VW= 2.5k M= 192"-k 
M = 2120"-k 
u 

p' - 518k 
u 

OK 


