EARTHQUAKE RESISTANT DESIGN OF SMALL BUILDINGS

By
HENRY J. DEGENKOLB*

The problems concerning the design of small buildings to resist lateral
forces have been largely neglected in the engineering literature. Most of
the research and the development of mathematical tools for studying earth-
quake response have conecerned themselves with the larger structures or the
structures whose dynamic properties can be rather simply expressed ir
mathematical terms. In addition to this, engineers and architects in most
parts of the United States, at least, even today do not comsider lateral
loading on small structures to be an engineering problem, and many building
codes completely ignore it. From the newspaper accounts of building fail-
ures in wvarious parts of the world, it is probable that this same situation
with regard to lateral loads on small buildings is common in other coumtries.
It is somewhat strange thaet this condition should exist, since in every
country in the world, without exception, the small buildings make up the
vast majority of the total construction. This fact alone should concentrate
research and study on the problems of the small building for two imporiant
reasons. First, the majority of the population live and work in and are
otherwise concerned with the sefety of small buildings. More lives are-
lost in earthquake failures of small buildings than in any other kind.
Secondly, more total construction cost is involved in the construction of
the small buildings than in any other class of construction. As 2 conse-
quence, research into possible economies in the design or construction of
small buildings offer more possibilities of fruitful return than in any
other construction field. .

Let us consider some of the fundamentals upon which any engineering
design is based. In approaching the design of any specific structure there
are two general basic approaches; the first of these is the trial and error
approach - the proof of time. In using this approach if it is necessary to
spen & certain distance with a wood joist floor, a certain size joist is
tried. If it falls down or deflects too much, & larger size is used ard
the process repeated until a satisfactory floor is obtained.

Long before we had our formulae for bending moments, maximum stress,
etc., builders were constructing bridges, buildings, towers, domes end other
structures. If one fell down, that was unfortunate and the next one was
built differently, or heavier, and eventually one was built. that stood up.
Experience was gained and empiricel rules of thumb were developed snd major
structures resulted. Some of the longest timber bridges ever bm.}t were
built under this method. The domes of the old cathedrals were built in
this manner and many are still standing todey after centuries of use. It
is not & method to be dismissed lightly, as it formed the foundation for
our engineering profession.
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The second approach to structural engineering problems consists of deter-
mining the forces that exist, and by applying certein laws of stress and the
ability of a material to resist that stress, determine mathematically what
structure is needed to resist that force with an edequate factor of safety.
Instead of just applying & load to & floor joist in order to see if it wiil
stend up, we now celculate & bending moment, and by using an appropriate
fibre stress in a formule based on Hooke's Law, we determine the proper
size of joist that will safely carry the required load. When all factors,
relationships and data are known, this second method, of necessity, must
agree with the first elementary method. When we do know all the factors,
we can more closely predict the results that can be obteined only expensively
and laboriously by tests.

We engineers are mathematically inclined by nature or we would not have
survived the type of training we were given, and we therefore appreciate
and endeavor to use this second method. While this second method is certainly
valid and appropriate when all factors are known, it can certainly be mis-
leading if certain portions of the data are not known. Yet, from cur basic
inclination, at times we endeavor to apply the second method before all the
data is svailable. '

Fow just how do these basic approaches affect our lateral force design?
At the present time our laterel force design is based on the first method.
Coefficients are based on observation and past experience. The requirements
as to parapets, fasteming of waslls and ornaments, foundation ties and genersl
attitude of design are all based upon observation of structures that either
survived & destructive earthqueke or were demolished by it.

In recent years a large amount of effort has been expended in gathering
data for applying the second method to the art, not science, of seismic
:Fesista.nt design. Several sgencies in various countries have developed,
instelled and maintained instruments to measure basic earthquake motion and
several good records are now available. Various investigators have studied
the application of this data to idealized simple structures of various types.
Studies have been made of how the findings on these idealized structures may
compare with actval prototype structures. The records of earthquaks motion
indicate ground accelerations of the order of magnitude of 30 to 40 percent
of gravity, or even more. By applying the spectrum response of idealized
structures to various earthquake records, Professor Eousner&s has found that
this has been amplified through resonance to accelerstions of the order of
several hundred percent. Studies of internal damping and some foundation
effects have reduced this theoretical maximum sgain to the order of almost
100-percent of gravity. prever, studies to date do not lower these theo-
retical figures apprecisbly and there is increasing pressure, in the United
States, that our building code design values should be increased to°a level
more closely approaching this theoretical figure. In the face of these
measurements and studies, earthquake experience tells us that many well
designed structures have withstood major earthquakes with rather nominsl
percentages of calculg.‘ble sarthquake resistance. We have seen numerous in-—
stances of steel or tnbe.r buildings having negligible resistance to lateral
forces coming through mejor earthquakes with absolutely no damage at all.
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Certainly, to date, the results obtained by the two approaches as related
to earthquake design do net agree. Based only upon observations, & rather
small coefficient is adequate for meny types of structures, and our theoreti-
cal second approach has not yet developed to the point where these small
coefficients can be explained in useable mathematical terms.

Before proceeding further, it should be made clear thst I am not dis-
varaging any research that has gone before or is to be done in the future. If
we are ever to graduate from the first crude approach to design to a true
engineering approach, we will need all research possible in all directioms
that indicate any promise. This does not change the facis, however, as regards
present day knowledge and conditions.

4 fundamental characteristic of small buildings as & class is the
diversity and complexity of their construction, both as regards to material,
shapes, and methods of framing. Large structures are ususlly comstructed
with structural steel or reinforced concrete as the basic structural material.
Small structures, on the other hand, may be built of almost anything. In the
United States, timber is probably the most common construction material. It
is often used a8 the basic structural material but it is also often used in
conjunction with other materials such as masonry wnits in its various forms,
and all of the other basic materials. While timber is basically an elastic
material, when fastened together in assemblies commonly used for lateral
resistance it becomes highly plastic, especially when the commonest connectors,
nails, are tg d. As Jacobsen found in conducting dynamic tests upon timber
shear walls "It was soon found that the action of the nails was such that
the individusl tests could not be repeated on the same model with the same
results; in other words, the elastic characteristics of the models, due to
the loosening of the nails, changed considerably from blow to blow.”

lateral load tests on diagonelly sheathed shear walls end roof dia-
phragms also indicate that a considerable variation in deflection may exist
in repeated static loadings. Many of the other building materials common to
small structures exhibit the same tendencies to & grester or less degree.
The difficulties of determining definite dynamic properties of a single
building composed of several different materials, none or few of them elastic,
are almost insurmountable.

Small buildings come in an infinite variety of shapes and framing
schemes. There is no such thing as a typical small building, but Figures 1
to 3 give some indication of the range of complexity thai is characteristic
of this entire class of structure.

Figure 1 shows a small bank building using a wood roof with concrete
exterior walls. The lower level roof end the mezzanine diaphragms hawfe very
large span depth ratios but by creating shear walls connecting them with the
roof diaphregm and tying together with moment connections, the deflections
could be held within acceptable levels. It would be very diffioult to deter-
mine the dynamic properties. Figure 2 shows & building contai‘.ning -3 boui!.ing
alley with the floor at five different levels, a small mezzanine and various
relative roof elevations. Any dynamic properties determined at ome end of
the building would have little relation to those found at any other location.

Figure 3 shows an all concrete building housing & public utility. The
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complex shape was required by the shape of the lot as well as the peculier
requirements of the equipment and economic factors. The thought of determin-
ing the various periods of this structure for a theoretical dynamic analysis
is eppalling.

T+ can be seen from the above that, since our research and theoretical
anaslysis of earthquake response has not developed to the pointiwhere it is
practical for use in the small buildings, present practice relies almost
entirely on the first, trial and error, method of analysis. Our methods of
providing lateral force resistence in small buildings is empirical, based
upon observation of many buildings that have performed adequately in past
earthquekes as well as those that have failed. It is common to provide for
505: or 100%: G for parapets for example since observation tells us that they
are extremely vulnerable to earthquakes. Moreover, any failure of a parapet
creates an especial hazard on sidewalks and public ways and so extraordinary
precautions are necessary to protect the public. '

The same precaution, 0 a somewhat lesser degree, is observed in the
attachment of walls since past earthquakes have indicated that many walls
have fallen out of buildings, endangering the public.

The coefficients chosen for the design of the building are averages of
the judgments of the engineers who have observed the effects of past earth-
guskes. Undoubtedly, in specific cases such as the flexible buildings
illustrated in Figures 4 and 5, these may be too high, while in other cases
there is quite = possibility they are too low. But the range of the probler
with small structures is so great and the indeterminate faetors so over-
whelming, that it is the best that can be done practically at the present
time. One non-gcientific factor is also of major importance when evaluating
our design methods. Almost without exception, small buildings are restricted
economically. There are few monuments built today and the purpose of creating
the building is to return some benefit to the builder, often monetary, through
rent or other commercial usage. This restriction, through economy, extends
to the design phases of the construction. The engineer or architect must
employ some method in design that will turn out an economical safe structure
with & minimum of analysis consistent with the problem at hand.

Now, in view of the sbove general background, we must evaluate some of
the requirements necessary for adequate design to resist earthquakes. First
and foremost, the whole attitude of the engineer must be changed somewhat.

In vertical load design, the loads are known. The designer can analyze his
loads and how they are to be carried with considerable certainty. From
years of research, development and study as & background, the requirements
of the actual building can be readily estimated and the performance of the
building and its resultent factor of safety can be predicted with a reasonable
degree of precision. To a somewhat lesser extent, the same situation. exists
in designing for wind loads. When considering earthquake effects, however,
the direct opposite is true. The effective loads on the building are not
known and carmot be predicted. In every instance, the designer must bear in
mind that his assumed forces - the forces specified in building codes - may
be considerably exceeded at least in parts of his structure. The solution to
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this problem does not lie in choosing high design coefficients which would
make the small structure economically impossible. It is rather in the
attitude of the designer in providing a tough structural system which can
resist shock well, even though it mey not withstand the high stetic forces
often assumed. One of the most typical and important results of this
approach is the proven necessity for tying the various parts of the structure
together. Probably the commonest immediate cause of structure failure in

an earthquake is the lack of adequate coherence of the structural parts as
illustrated by the disintegration of unreinforced unit masonry, the falling

off of parapets, collapse of walls, and separation of wings from the vody
of the structure.

Second in importance only to the attitude of the designer, are the
materials of construction and the relsted framing scheme chosen. Certain
materials and framing methods have considerable inherent resistance to earth-
quake loadings. Figures 4 and 5 illustrate certain buildings that had no
earthquake demage at all in spite of having negligible calculable lateral
resistance. They went through the same earthquske that caused the failure
of the building shown in Figure 6 which used materials and details proven
to be particularly vulnersble in many earthquakes.

There are two basic method of providing for the horizontal forces
created by the earthquake ground motion. In specific structures, the
designer may choose one method or the other depending upon conditions, bui,
because of specific utilitarian requirements it is probable that combina-
tions of both methods will e reguired in many structures. For simplicity
here, we will consider only each specific method and not the combination.
The first method resists these forces through moment connections or knee
braces as illustrated in Figure 7. This is typical of many types of mill
structures, light sheds and other places where shear walls cznnot be used
for architectural or utilitarian reasons. The forces are carvied to the
ground thi'ou@ bending of the columns and girders. This bending resistance
must be developed at the joints. g

This method has the advantage that large open spaces can be created with-
out interference from permanent bracing walls. It is often forced upon the
engineer in order to achieve the open effect of large glass areas prevalent
in modern architecture. The framing can absorb large amounts of energy and
can probably withstend a larger earthquake with less chance of total collapse
then any other type of framing. It has two major disa.d\;antgges. In general,
it is a more expensive method of framing since the member sizes are often
lerger than those required by vertical loads alone and the c:,onne?tlons are
more complicated and hence more expensive. However, its major dlgat.ivgntage
lies in the fact that it is usually somewhat flexible. This flexibility
denies the proper support of the more expensive finishes common %o many of
our buildings. Plaster, tile, masonry, and veneers of_al..l types are usga.lly
gquite rigid and brittle and must be supported with & minimum of deflection.

The second base method of providing for lateral forces is through shear

. . - . . . 8
walls and diaphragms. The action in this method, illustrated in Flgurg s
resembles the action of a box. In most cases, this is the most economical
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wethod of providing for lateral forces. It is by far the stiffest method
und therefore gives the best protection against property damége especially

o brittle finishes such as plaster. Its economy lies in the fact that it
utilizes building components such as walls, roofs and floors &lready provided
in the building. In the United States, this method of bracing is used in

the vest majority of the small buildings. It is so prevalent, and the
engineering literature is so meager, that it would be well t0 review the
basic design principles here.

(ongider the idealized simple structure shown in Figure 8, where we
have & simple, box-like, one-story structure. The inertia loads of the side
walls (or wind pressure and suction in the case of wind) act on the walls,
The wall framing spens from the foundation to the roof as a beam and must be
designed as such in addition to the columm action due to the vertical loads
in the roof. The top of the wall thereby produces horizontal loads against
the roof framing. The wall must be attached to the roof framing strongly
snough to resist the forces involved. The roof framing now acts as a large
girder taking the horizontal reactions of the walls and the roofts own
inertia horizontal loads end spans to the end walls which must resist these
reactions.

The roof system that carries these loads is called the diaphragm. In
some cases, it is actually framed.with diagonsl rods or angles to form a
bracing truss, which is the only cese generally considered in engineering
literature. From observation, a few tests, and considerable engineering
intuition, the custom has developed of using the sctual oot freming, that
is, the wood or plywood sheathing, concrete or metal deck or other construc-
tion meterirls to serve as the structural element to resist these lateral
loads. How is this done? :

Gongidering this roof disphragm as a girder with the external loads
shown, we see that there are the usual shear and moment forces to resist.
Generally, chords are provided to resist the moment stresses. The roof
material itself resists the sheer stresses. This sounds smple, and in
sme mﬁmals such as wi*bk ooncaseta or plywood, dbdes v

£ 5 In?ime%themoimspemedmthes&mrtdirectienwithroof
f‘/raf%m, while sheets of plywood form the roof ahegﬂgmg mé stress action
mm%ﬂn‘b ofal&rge ﬁe r&ergﬁth the pl
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depending upon the calculated stress. Again, the continuous chords on the
long sides resist the moment forces, while the diagonal sheathing resists
the shear forces. As shown in Figurs 10, the sheathing boards are in tansior
but since lateral loads may come from any direction, the lozding can be
reversed and the boards would be in compression. Although thers may be
considerable bending in the sheathing boards, tests verify (455) thet tne
primary load resistance in an efficient diaphragm ie due to the axial

stress in the sheéathing boards. The nailing is calculated from this axial
stress. As may be seen from Figure 10, thers is a component of stress
perpendicular %o the end posts thet puits it in bending. The end post must
be connécted to the longitudinal chords adequately to resist this stress
component. There are similar bending components perpendicular 4o the long
continuous chords, but as in this example, the effect is usually minor be-
cause of the comperatively small spacing betwsen refters, which resist these
perpendicular components.

Figure 11 illustrates & similar type of freming, wsing & doubls layer
of diagonal sheathz,gf to resist the shear forces. This system has not been
tested since 1935. It will be noted that in this system ons luysr of
sheathing is in tension while the other layer, at right angles to i%, is
in compression. The forces perpendiculer to the end posts cancel each
other and so no bending tendency results. This system can be completely
enalyzed by simple statics and the maximum sirength is limited only by the
nailing room provided at the various contacts and intersections. Structures
at the Golden Gate International Exposition in 1939 successiully r@swted
shears of over 4,000 1lbs. per foot by this method.

Figure 12 shows & most common method of framing & roof which, o dat?
hae not been tested except for one full size test in Los Angsles in 1952 7)
However, by comparison with tests on the diaphregm shown in Figure 10, the
following inferences may be drawn:

The loads from the side wells are delivered to the longitudinal girts
vwhich span to the trusses. The end reactions of the giris are delivered
through the trussag, to the diaphragm, usually through blocking over the
truss chords. The girts are spliced for axial losd to provide chozds %o

, ”tsonthe&ia@hrsmasauhola. The shears on the dla-
' the sheathing boards, again gnmrily by ﬂ;eir uial
ustrated in hgwe“m. b 1%

components ing ma;;ar ben&mg gtreeses in
irts. It can be seen the figure that &8s
axial tensions ss shown here, the giris are
_posts of Figure 10, and must be designed
55 from the sheathing at the end

‘ 'tﬁa's‘pan-»is only bmm
: of the ,
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2t2d in analyzing the diaphragm action. However, it is common
8¢ either bowsiring itrusses or pitched trusses of one type or
cnsequently, the diaphragm is either pitched or curved. Some
been mede indicating the,secondary forces that may be caused
by pitching or curving the diaphra@n.(sf Similar tests have been ru.? gn
“iaphragms of other materials such as metal decks and poured gypsum. 9

it this stage of the discussion, it is appropriate to consider what
properiies are desirable in & diaphragm that will make it most suitable to
resist earthguake forces. Naturally, since it is serving as part of the
structure, it should be adequately strong to resist the normal vertical
loads, it must not deteriorate with time or weather, and it must be reason-
ably economical in its application. The diaphragm must have some reserve
of strength so that it can act after normal deflections have taken place.
For example, in Figure 13 when reasonable foundation settlement takes place
or truss deflection occurs, its value should be relatively unimpaired. The
assembly a8 a whole must be capable of some degree of analysis in order to
predict its strength, and its strength must be proven by test. 4And the
diaphregm must be able to resist deflection.

4As seen in Figore 14, the loads on the disphragm will cause it to
deflect. This deflection gllows the walls, in turn, to deflect. If the
wall is stiff, is shorit, is brittle, or is fixed at the base and the dia-
thragnm deflects too much, the wall can be cracked.

By sssuming the wall to be fixed at the base, it can be shown that
N\ = o=
o

vhere A is the deflection in inches, f is the fibre stress in pounds per
sguare inch and E the bending modulus of elasticity, H is the height of
wall in feet and d is thickness in inches.

In & condition where the wall is fixed as by a loading dock in Figure
15, or by comstruction in a story below, this or a similar formula may be
very useful in determining the limiting deflections. However, no stretch
of the imagination could indicate any validity in the other cases shown
such 28 in & wood stud wall where rotation takes place in the plates and
not bending of the studs, or in & masonry wall where the foundation con-
struction does not fix the base. As a result, larger deflections might
safely be allowed than indicated by the ahove formula.

At present, there are no suitable criteria regarding the desirable
properties in a diaphragm. As can be seen, the designed faces a dilemma
in choosing the proper materisl for diaphragm action. On the one hand,
a8 can be seen from the discussion above, a rigid diaphragm is desirable
and may even be necessary to provide sdequate support for the various walls
and finishes. On the other hend, it appears that a little flexibility aids
& structure to survive a major earthqusake, especially when the damaging
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