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ABSTRACT

Procedures are outlined for conducting static and dynamic tests on full-
scale structures. Buildings which were considered for testing were of steel
or reinforced concrete construction, and were either single-story industrial
structures or in the range of from 3 to 5 stories. The report includes spec-
ifications covering the selection, inspection, and modification of test struc-
tures; discussion of vibration, shock, pulldown, and story shear tests; and
description of methods of loading, instrumentation, and recording. Estimated
costs for the various majof items of required test equipment for the static
and dynamic tests are tabulated in an appendix.
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OBJECTIVES

The objectives of this program are stated in Call No. 2:
"I. General
B. Purpose

The purpose of this Call is to set up procedures and specifications
for determining the collapse loads and dynamic properties of full scale build-
ings.

II. Detailed Requirements
A. Specifications

The specifications will be divided into two major parts and will be
set up for a maximum and minimum desirable program. The first part of the
specifications will establish the requirement for inspection and modifications
of the buildings. Provision for repair, removal or reinforcement of parts of
the building will also be included.

The second portion of the specifications will pertain to the test
procedure, including test descriptions, instrumentation, installation of load-
ing and recording equipment, a system for recording and analyzing data and cost
estimates when possible. In connection with this portion of the specifications,
a literature search will be made in the field of full scale structural tests,
including correlation with earthquake experience, and a summary report prepared.

B. Scope of Work
Structures to be considered in writing the specifications will be:

A three to five story steel frame office building.

A three to five story reinforced concrete frame office building.
A one story steel frame industrial building with trussed roof.
A one story reinforced concrete rigid frame industrial building.
A one story welded steel rigid frame industrial building.

Ul WO

Tests to be considered for inclusion in the specifications will include the
followings



1. Vibration tests, to determine the natural frequencies of vibra-
tion in the important normal modes, and to study the damping in each normal
mode in order to determine the extent to which the assumption of viscous damp-
ing is a satisfactory approximation.

2. Shock tests to determine the actual dynamic response to tran-
sient loads, if feasible means of applying sufficiently large impact or impul-
sive loads can be devised.

3. Story shear tests, to determine the load-deflection character-
istics in each story in the elastic and early plastic ranges.

L, Pulldown tests, to determine the actual collapse loads and the
load-deflection characteristics over the complete range of deformation. No
actual testing of any full scale structure is to be performed as part of this
call."
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INTRODUCTION

In recent years a number of advances have been made toward the development
of procedures suitable for computing the behavior of structures under dynamic
as well as static loading. Many of these advances required that certain ideal-
izing assumptions be made (for example, the assumption that Tee-connected beam-
to-column connections are perfectly rigid). Some of these assumptions can be
justified on the basis of data obtained from static and dynamic laboratory tests
on structural members and structural frames; however, the validity of extending
such assumptions to an actual structure has not been thoroughly checked. It
would be desirable to compare theoretical computations with data obtained from
testing complete full-scale structures under both dynamic and static loading,
if structures could be obtained for this purpose,

During the course of new highway or new building construction, it is some-
times necessary to destroy existing buildings. With cooperation of proper au-
thorities these buildings may become available for the purpose of full-scale
static and dynamic testing. In the event that structures and funds do become
available, it is desirable that a general guide in the form of specifications
and test procedures be avallable to expedite setting up and carrying out the
tests.,

Obviously, not every type of building can be considered for testing. The
material contained herein is pointed toward the testing of structures of the

following types:

1. Office-type tier buildings of reinforced concrete or steel construc-
tion between 3 and 5 stories high.

2. Industrial buildings of the rigid frame type, of either reinforced
concrete or steel construction.

3. Industrial buildings with trussed roofs.
I. TEST STRUCTURES
STRUCTURES IN THE 3- TO 5-STORY RANGE

Within the proposed scope, the most difficult buildings to be tested will
be those in the 3- to 5-story range. A considerable amount of heavy testing



equipment will be required for these structures. Skilled and unskilled labor
and heavy construction equipment will be needed to prepare for the tests. In-
strumentation will be much more extensive than that required for testing the
one-story structures. In the static tests, load and read cycles will be time-
consuming.

The buildings in this class vary considerably both in plan and construc-
tion. They range from the doubly symmetric rectangular office building to the
complicated F-shaped school building. To outline test procedures and specifi-
cations for all possible building forms that might become available for testing
is out of the question.

The present state of analytical knowledge of the dynamic and static be-
havior of multistory structures is largely limited to the case of buildings
which are rectangular in plan and have at least one plane of structural symme-
try. In the experimental field, a considerable number of vibration tests have
been made on full-scale structures of all types,l'4 but most of these tests
have been limited to the determination of natural periods of vibration. A lit-
erature survey failed to turn up any recorded attempt at conducting story shear
or pulldown tests in which an entire multistory structure was involved.*

The lack of previous experimental background in this type of test, togeth-
er with an incomplete knowledge of methods of analysis for complete structures,
makes it desirable to restrict the test program to simple cases so that experi-
mental and analytical results can be compared. This means that at least the
initial tests should be restricted to buildings which are rectangular both in
plan and elevation, and structurally symmetric or nearly so. Most bulldings in
the 3- to 5-story range fall in this class. L-shaped'ﬁuildings might in some
cases be modified by removing part of the structure to leave a rectangular, sym-
metric test structure.

Tests of very irregular structures ("flat iron" buildings, etc.) would be
of questionable general value, and should be undertaken only if special circum-
stances indicate the desirability of such tests. Irregular structures are, of
course, much fewer in number than rectangular structures. Variations in plan
tend to be rather great, since the plan of an irregular structure is usually
dictated by the shape of the lot on which it is built. Since the tests will
involve deformations far beyond the elastic range, the load-deflection curves
will be sufficiently nonlinear to make it impossible to draw any significant
general conclusions from only a few tests.

SINGLE-STORY STRUCTURES

Industrial structures, like tier buildings, are constructed in a variety
of sizes and shapes. Fortunately, most of these structures are rectangular in

*Reference 5 contains a summary report of lateral-load tests made on a wing of
a 3-story dental hospital in Johnnesburg, South Africa.
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plan. If not rectangular, they generally have expansion joints located and con-
structed in such a way that the building can easily be divided into simple sub-
structures which are rectangular in plan and nearly symmetric as to structure.
Practically all industrial structures with trussed roofs will be suitable for
testing in an "as is" condition except in the case of fairly old structures.
These older structures may be in need of repair due to corrosion, overloading

of members, and/or hard usage (eogo, structural members may be damaged from be-
ing struck with heavy materials being carelessly handled). Rigid frame struc-
tures are apt to be of fairly recent construction and should also be suitable
for testing without modification. Three types of rigid frame industrial build-
ings are considered for testing. They are the single-bay gabled bent, the single-
bay shed-type structures, and the portal-type structures 1 or 2 bays wide.

SELECTION, INSPECTION, AND MODIFICATION OF TEST STRUCTURES

It is clear that certain types of structures cannot be considered for test-
ing. It is also clear that structures which are scheduled for testing may be in
need of repair before testing can be started. Certain modifications of the struc-
tures may also be required to maintain the safety of test personnel and equipment.
The decision as to whether any one structure should be tested depends on the de-
sign of that particular structure and the magnitude of repairs and/or modifica-
tions which are necessary, and should be made only after the structure has been
thoroughly inspected.

Appendix A consists of a set of specifications'written to guide the testing
parties in the selection, inspection, and modification of test structures. The
specifications are written in an attempt to insure testing of only the simplest
structures, in a condition as near as possible to the condition existing when in
service. Because the scope of the structures included in this program is so
large, and because there are so many different types of modifications which can
be required, it is neither expected nor desired that the specifications be all-
inclusive. Fach job will require individual specifications.

PRELIMINARY MEASUREMENTS, CALCULATIONS, AND MATERIALS TESTS

The post-test analysis of data and correlation of experimental results with
theoretical calculations requires a knowledge of the important dimensions of the
structure tested and the physical properties of the structural materials. Nom-
inal dimensions, of course, can be obtained from plans of the structure; however,
it is not uncommon for changes to be made in the plans during the construction
process., It is therefore necessary that the dimensions of the structure and of
its component parts be checked and significant changes recorded on the building
plans, which are to be incorporated with test data. This checking operation can
become quite time-consuming for some structures. It is therefore limited to
checking only the dimensions and spacing of structural members which will be
under primary stress during the tests.



The procedures outlined for execution of the static load tests require
that a preliminary analysis of each structure be made to determine the elastic
yield loads for each case of loading. The time required to carry out the cal-
culations, and the degree to which the calculated loads differ from the actual
yield loads, depend on the complexity of the structure and the refinements in-
troduced. Since time may be an important factor, simplifying assumptions and
approximate methods may be used to expedite the calculations. In carrying out
the tests, loads are applied in increments of approximately lO% of the calcu-
lated yield load until actual yield takes place. Loads are applied in this way
to insure well-defined elastic load-deflection curves. Therefore the approxi-
mations and assumptions used in the analyses should be such that the calculated
yield loads will be less than the actual yield loads.

Material constants used in theoretical calculations are to be obtained
from physical tests made on samples taken from the structure. Samples for the
physical tests are to be taken after all tests have been completed. Specimens
are to be taken from undamaged portions of the structure and are to include the
following where applicable:

1. Coupons from flanges and webs of steel columns and beams.

2. Concrete specimens from floor slabs, columns, and beams.

3. Specimens of reinforcing steel are to be taken from the floor slabs,
columns, and beams. At this time both the size and spacing of rein-
forcing bars are to be compared with construction plans and signifi-
cant changes recorded on the plans.

Lk, Samples from masonry walls. These specimens should be a minimum of
four masonry units long by four courses high.

A1l specimens are to be marked to identify the location or member from
which they were taken.

IT. DYNAMIC TESTS

Two types of dynamic tests were to be considered for inclusion in the test
program: (a) vibration tests to determine the natural frequencies and damping
characteristics of the structures, and (b) shock tests to determine the actual
dynamic response of the structures to transient loading, if feasible means of
applying sufficiently large impact loads could be devised.

VIBRATION TESTS

The objective of the vibration test is to determine the natural frequencies
of vibration in the important normal modes, and to study the damping in each
normal mode, to determine the nature of the damping and the extent to which the
assumption of viscous damping is a satisfactory approximation.
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A considerable number of vibration tests have been made on structures of
all typesol'u Summaries of many of these tests may be found in Ref. 1. In most
of these tests the objectives were to determine natural frequencies of vibration
and equivalent damping coefficients, without investigating the extent to which
the assumption of viscous damping is valid. 1In these tests it has been custom-
ary to excite the structures by means of a single vibrator located on the roof
of the building. With proper instrumentation, excitation of this type permits
the determination of the natural frequencies and yields sufficient data to per-
mit the plotting of resonance curves, from which equivalent damping coefficients
can be calculated. This procedure neither verifies nor disproves the validity
of the assumption of viscous damping.

_ To determine the extent to which the assumption of viscous damping is valid,
it is necessary to obtain vibration-amplitude decay curves. The precedure is to
excite the test structure in one normal mode, then cut off the exciting forces
and observe the decay curves at dynamic pickup stations. If damping is small
and truly viscous, the decay record should show:

1. That the decay curves at all stations are exponentially decreasing.
2. That there are no phase shifts between the various output stations.

It becomes increasingly difficult by means of a single shaker to produce
normal mode shapes as the order of the mode increases. This is graphically il-
lustrated in Fig. 9 of Ref. 6. As shown in Ref. 6, pure normal mode shapes can
be produced at all natural frequencies by using several shakers operating simul-
taneously.

The possibility of using a multiple shaker system was considered for use
in the vibration tests on tier buildings. This idea was discussed at length
with Mr. R. T. McGoldrick and other members of the vibrations division at the
David W. Taylor Model Basin. During the course of the discussion it was pointed
out that the coupling of only two vibrators would be very difficult and expen-
sive, and that the use of a multiple shaker system for buildings would be highly
impractical. As a result of these discussions, it was decided that the vibra-
tion tests should be conducted as in the past with a single shaker located on
the roof of the structure. Testing in this way will permit determination of
the natural frequencies of vibration. Also a crude study of the assumption of
viscous damping can be made by determining resonance curves for two (or more,
if possible) different amplitudes of maximum shaker force input over the fre-
quency range. If the damping is truly viscous, then the equivalent damping co-
efficients obtained from the various resonance curves should be the same, since
response is proportional to the input force in the case of viscous damping. It
should be noted that, even if the equivalent damping coefficients corresponding
to two different resonance amplitudes do agree, the assumption of viscous damp-
ing is not necessarily verified. On the other hand, a disagreement in the equiv-
alent damping coefficients will assure us that damping is not constant, and thus
disprove the assumption of pure viscous damping.



VIBRATION-TEST DESCRIPTION

A minimum of four vibration tests is to be run on each structure, two before
and two after the "pulldown" test has been completed.® Excitation for the tier
buildings is accomplished by means of a single mechanical, counter-rotating, ec-
centric weight-type.vibrator mounted on the roof of the structure. The vibrator
is oriented so that vibration takes place in a direction parallel to the strong
direction of the building columns. Dynamic displacements are measured at two lo-
cations at each floor level and the roof of the structure so that both transla-
tional and torsional vibrations can be identified. Output from the various dynam-
ic pickups is simultaneously recorded on a multichannel oscillograph. The driving
force produced by the shaker is sinusoidal and of constant amplitude for any one
frequency. A permanent record, from which the input frequency of the driwing force,
and the driving force, can be calculated, is obtained by keying the shaker into the
oscillograph so that a timing mark, corresponding to each revolution of the input
force vector, is recorded.

The one-story, single-degree-of-freedom structures are set into free vibra-
tion by release from an initially applied displacement or by application of an
initial velocity. As in the case of tier buildings, dynamic displacements are
measured at two locations. However, pickup output is recorded on a two-channel
direct-inking Brush-type recorder.

VIBRATOR

Vibration tests conducted in Californial indicate that the range of the
fundamental period of vibration, for structures in the 3- to 5-story range, is
from 0,14 sec to 0.95 sec, with an average period of about 0.40 sec. The short-
est period of vibration other than the fundamental, 0.03 sec, was for a 5-story
reinforced concrete building having brick walls and tile partitions,*¥ Usually,
however, the lowest periods other than the fundamental were found to be about
0.10 sec. Based on the average of the periods, with a 20% extension at the ex-
tremes, it was concluded that the vibrator should have a working frequency range
of from 2 to 13 cps.

Since the buildings that will become available for testing will be scheduled
for razing, there should be no objections to heavy vibration testing. Depending
on the size and construction of the test structures, shaker force amplitudes of
a thousand pounds or more will be required over the full operating frequency range
to produce large amplitudes of vibration.

F*pctual collapse of a test structure is not produced in the pulldown test.

*%
In these tests all periods other than the fundamental are classified as others,
and are not designated as second, third, etc.



A heavy vibrator is required to satisfy the force and frequency require-
ments. One such machine is located at the David W. Taylor Model Basin and pos-
sibly could be made available on loan for the vibration tests.* This machine
does have the disadvantage of being large and heavy. The machine proper is 53
in. long, 49 in. wide, and 25 in. high, and weighs 5600 1b. The combined welght
of the machine and controls, when boxed for shipping, is 6500 1b.

The United States Coast and Geodetic Survey has shakers which have been
used in building vibration tests and which can possibly be made available on
loan. These machines are compact and can easily be set up by two men. These
shakers have the disadvantage of delivering a very small driving force at low
operating frequencies, as can be seen from the curve in Fig. 1. If a machine
with the characteristics shown in Fig. 1 is used in the tests, the dynamic pick-

up output signal may be very small and necessitate pre-amplification before re-
cording.

The shaker is installed at the approxi-
mate mass center of the roof of the test
1200 structure, Alignment of the shaker is to be
such that the horizontal driving force will
have its line of action parallel to the strong
direction of the building columns. If a large
shaker is used, such as the TMB medium 5000-
1b vibrator, a special foundation base secure-
ly attached to the roof slab is necessary to
prevent sliding of the machine. The light-
welght-type vibrator may be bolted directly
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200k to the roof slab. As a safety precaution,
the shaker is removed after the first series
0 % 3 8 ) of vibration tests has been run, and is re-
ops installed after the static tests have been
Fig. 1. Vibrator force output completed.

(typical for USCGS shakers).

DYNAMIC PICKUPS AND RECORDING

Dynamic pickups for the vibration tests consist of linear accelerometers,
the output of which is integrated twice to give a signal proportional to dis-.
placement. To cover the full range of frequencies expected in the tests, it is
necessary that the pickups have a linear response range from O to 30 cps. Pick-
ups should have either magnetic damping or adjustable fluid damping so that the
linear response range can be maintained over a wide variation in temperature
(30 to 100°F). A number of accelerometers satisfying these requirements are
commercially available. The relative merits and demerits of the various instru-

*This machine is the TMB medium 5000-1b vibration generator. It is capable of
delivering an exciting force of 2000 1b at an operating frequency as low as 2
cps. Reference 7 contains a complete description of this machine.
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ments are not discussed here. Reference 8, however, contains a summary of the
characteristic properties of a great number of dynamic pickups.

Two pickups are installed at each floor level and the roof in tier build-
ings and are placed symmetrically with respect to the vibrator. In the vibra-
tion tests on industrial buildings, accelerometers are attached to the building
columns of the two exterior bents. They are installed at the same elevation and
as high as possible on the columns so that a maximum pickup output is obtained.

The twice integrated output from the accelerometers is recorded on a multi-
channel oscillograph in the case of tier buildings, and on a two-channel direct-
inking recorder in the case of industrial structures. The oscillograph is to
have a minimum of 11 active recording channels to record a possible maximum of
10 deflections, and a timing mark corresponding to each revolution of the shaker.
No special type of accelerometers, recorders, or associated accessory equipment
is specified since this equipment can very likely be made available on a loan
basis. If the equipment must be purchased, the testing parties may have a pref-
erence for equipment of a certain make which has given good results in eimilar
tests,

VIBRATION-TEST PROCEDURE

Various procedures may be used in carrying out the vibration tests. The
particular method to be used depends on the type of recording equipment employ-
ed, the degree of control available on the speed regulation of the vibration
generator, and the spread between the natural frequencies of vibration of the
structure. The recording equipment and range of expected natural frequencies
(2 to 13 cps) are such that all necessary test data can be obtained by recording
the vibrations resulting from a single-speed run with the vibration generator,
The single-speed-run method, however, requires that the vibration generator be
supplied with a speed-control system which will allow for a uniform rate of
change of speed, slow enough to permit development of steady-state vibration of
the structure. The procedures to be used in these tests are based on the as-
sumption that the vibration generator does not have a speed-control system suit-
able for a single-speed-run vibration test. This assumption is made since the
shaker will be obtained from a source as yet unknown.

The two series of vibration tests are carried out in three phases. In the
first phase the approximate natural frequencies of vibration are established
from a speed run. The eccentric weights on the shaker are adjusted so that a
maximum force amplitude will be obtained at the maximum expected frequency of
13 cps. The vibration generator is then run up to this speed and allowed to
coast to a stop. During the coasting period, the roof deflections, as given
by the twice integrated output from one of the accelerometers, and the vibration
generator speed, are recorded on a two-channel direct-inking-type oscillograph.
A plot of the peak deflections against the corresponding shaker speed will give



a resonance curve from which the approximate natural frequencies can be deter-
mined.¥

The second phase of the test consists of obtaining data necessary to plot
accurate resonance curves for the structure. One set of points is obtained by
putting the structure into forced steady-state vibration at some fixed frequen-
cy, and recording this frequency and the output of -all dynamic pickups. The
sets of points necessary to plot all resonance curves are obtained by repeti-
tion of the above process at frequencies of forced vibration both below and
above the natural frequencies as determined in phase one. To insure the estab=-
lishment of a sufficient number of sets of points, the above process should be
started at a frequency 1 cps below, increased in steps of 0.10 cps, and finished
at 1 cps above each of the natural frequencies as determined in phase one. In
this second phase the eccentric weights on the shaker are adjusted so that the
machine will produce the maximum possible force amplitude compatible with safe
operation of the machine in each of the frequency ranges at which it is run.

The obJjective of the third phase is to obtain resonance curves correspond-
ing to amplitudes of vibration approximately one-half as large as those obtain=-
ed in phase two, so that a study can be made of the variation of damping with
the amplitude of vibration. The procedures are identical with those used in
phase two except for reduction to amplitude one-half as large.

SHOCK - TESTS

The objective of the shock test 1s to determine the actual dynamic response
of complete full-scale structures to transient loads. Shock tests were to be
included only if feasible means of applying sufficlently large impact loads
could be devised. Three possible methods of dynamic load application were con-
sidered. Each method could be used successfully; however, each has inherent
disadvantages which make it impractical for use in the test program under con-
sideration., ‘

The methods considered and the reasons for their impracticability are:

1. Loading by releasing the energy stored in a device such as the 60-kip
pneumatic loading unit in use at the University of Illinois. To develop a total
impulse of sufficient magnitude for all structures included in the test program,
it would be necessary to have about 10 such units on hand. Whether such devices
should be used for impulsive loading of structures depends on the overall cost
of manufacturing, testing, maintaining, and installing not only the units but
also all accessory equipment. No cost estimates were obtained for setting up
such a loading system. However, it 1s believed that the cost would be extreme-
1y high and unjustifiable for this test program.

*Only approximate values for the natural frequencies will be obtained from this
curve since it will deviate from the actual resonance curve by an amount which
depends on the rate at which the vibration generator slows down.
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2, Impact loading as the result of a heavy cylindrical weight or weights
rolling down an inclined plane and colliding with the test structure. This me=
thod is not objectionable from the point of view of cost, since the plane could
be of wood construction and the weights borrowed from a steel mill or manufac-
tured if necessary. This type of loading 1s hazardous since there is no way to
control the motion of the weights after they have been released. Also lack of
coordination in contact time may become a serious problem.

3, Dynamic loading as the result of either an air or underground detona-
tion of an explosive charge. The use of explosives is qualitatively ideal from
the point of view of shock loading; however, the method has obvious drawbacks
which restrict its use to isolated structures. Control and instrumentation
would alsc be a problem.

Although the feasibility studies of shock-test procedures were not carried
out in detail, it seemed apparent that much more certain and valuable results
could be obtained by a combination of controlled vibration and static load tests.
Thus the proposed program does not omit a study of dynamic behavior but omits
shock loading as too costly and uncertain to be included.

III, STATIC TESTS

Two types of static tests are to be performed on each test structure, a
"pulldown" test and 2-story shear tests. In all these tests, loads are applied
horizontally and in the weak direction of the building resistance. Loading is
confined to the elastic and early inelastic ranges of deformation in the story
shear tests. In the pulldown tests, loads are applied with increasing inten-

sity until the maximum resistance of the structure has been developed. Actual
collapse will be avoided.

PULLDOWN TEST

The objectives of the pulldown tests are to determine the actual collapse
loads and load-deflection characteristics of the structures over the full or
nearly full range of deformation. Collapse loads for a structure are taken to
be the loads at which the maximum resistance of the structure is developed.

This test is to be conducted under a proportional loading scheme in which sever-
al test loads are applied simultaneously. For this type of loading each indi-
vidual applied load remains a fixed proportion of the total applied load through-
out the test.

The test is carried out in a stepwise manner consisting of a number of load-
read cycles. Successive load-read cycles are executed until the resistance of
the structure reaches a maximum and subsequently decreases to about 20% of the
maximum. Loads are applied by means of hydraulic jacks operated from a remote-
ly placed power supply and control system.

10



During the read cycle, deflections are measured, checked, and recorded.
Individual loads and the total loads are also read, checked, and recorded.
Since this is a static-loading test and is conducted in steps, data are recor-
ded manually by observers positioned at the various instrument stations. Where
possible, the condition of structural members and walls is inspected. Signifi-
cant changes in their condition, due to the increase of locad during the load
cycle, are photographically recorded along with the corresponding total load.
In some cases, for example, at a location where the formation of a plastic
hinge is a certainty, cameras may be used to record automatically conditions
at the end of each load cycle. Slaked lime whitewash is used to indicate yield-
ing and the spread of inelastic deformation in bare steel members.

Collapse of a test structure must be prevented to protect personnel and
equipment, Collapse of a test structure can come about in two ways. First, it
can occur by deforming the structure to the point where effect of dead load is
greater than the resistance of the structure. Secondly, collapse can occur as
the result of the failure of key structural members and/or connections.

The pulldown tests are to be stopped when, as a result of continued loading,
the resistance of the structure has decreased to about 20% of the maximum loads.
With this restriction on loading, dead-load collapse can probably be prevented.
The 20% figure is arbitrary and may be raised or lowered as the structure and
safety requirements warrant.

Collapse due to the failiire of key structural members and/or connections

is possible at almost any stage of loading and can occur with little or no fore-
warning. It is obvious that the loads or deflections at which a structure will
collapse in this way cannot be predicted from theoretical considerations. There-
fore collapse must be prevented by means of a safety device. The device used in
these tests consists of a system of holdback cables which are adjusted to limit
the amount the test structure can deflect at any stage of testing. The holdback
cable system is included as part of the loading apparatus.

TEST LOADS

The test loads are applied at several locations on each structure. The num-
ber of loads and the positions at which they are to be applied will vary accord-
ing to the type and size of the structure. All applied loads have mutually par-
allel horizontal lines of action.

In testing tier buildings, the loads are applied parallel to the lines of
intersection of the planes of the structural bents with the various floor levels
and the roof of the structure. The test load at each location is distributed to
all columns in its line of action to minimize possible local crushing of concrete
floors, tearing of connections, and local crushing of building columns. The rela-
tive magnitude of the various applied loads is such that the sum of the loads at
each floor level is the same and the sum of the loads at the roof level is one-
half of that at the floor levels. The loads at any one level are balanced
about the vertical center plane of the structure. Insofar as possible,
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loads at any one level are arranged to transfer directly to the bents and toavoid
using the floor slabs as load distributing members. Figure 2a shows how the

test loads would be arranged for a structure 3 bays wide and 3 stories high and
having solid shear walls. Figure 2b shows the load arrangement for the same
structure with no shear walls.

Solid shear walls
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Fig. 2. Tier-building loads.
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Equal total test loads are applied to each bent of the single-story indus-
trial-type structure. The number and distribution of the loads to a bent vary
according to the type of construction.

For industrial buildings with trussed roofs, one load is applied to each
bent. The load is applied along a line passing through the bottom chord of the
truss. The test load is distributed to both trusses for bents 2 bays wide.

Loading for portal-type rigid frame buildings 1 and 2 bays wide is the same
as for the trussed roof-type structure, except that the line of action of the ap-
plied load passes through the mid depth line of the horizontal roof beam. Full
line drawings in Figs. 3%a and 3b schematically show the loading situation on one
bent of a single-bay portal-type rigid frame and a trussed roof-type frame. The
position of the second bay, when the frame is 2 bays wide, relative to the point
of load application, is shown with dashed lines in Figs. 3a and 3b.

Several possible types of loading were considered for testing the rigid
frame gabled and shed-type structures. Included were a single horizontal load

12
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at either end or mid span of the sloping roof member and various combinations
of these loads. It was decided that, to produce a collapse mcde which could
possibly occur under blast loading, the test loads should be applied as shown
in Figs. 3¢ and 3d. The loads Py, Ps, and Ps should probably be varied for
structures of different proportions. They are, however, fixed at Py = P, Po =
Ps = P/2, since this will utilize proposed test equipment and eliminate the
necessity of providing equipment which may be used only sparingly or not at all.

LOADING APPARATUS

Two rather severe requirements are imposed on the loading system. The
first requirement is that the system must be such that load application-can be
controlled from remote positions to maintain the safety of test personnel and
equipment.

Secondly, the load system must transfer the loads to the test structure by
means of tension members only. This requirement arises as a result of the fact
that deflections encountered in the tests will be very large, on the order of
from %3 to 6 ft. At deflection of this magnitude, the elevations of the various
floor levels will drop from 6 in. to 1 ft below their original positions., Hori-
zontal motion perpendicular to the direction of testing and some twisting also
may occur. Under these conditions, extreme difficulty would be encountered in
maintaining the alignment of compression members used to transfer loads to the
structure. In addition, bending and possibly buckling of the extended portion
of the jacking devices may occur, unless Jjacks of extremely heavy design are
used.

In initial studies the possibility of loading a structure internally, with
either double or single tension diagonals as shown in Fig. 4, was considered.
Both of these systems have the advantage of simplicity and are easy to set up.
Loading with double diagonals has the additional advantage of giving the test
personnel virtually complete control of the structure at all times so that a
test structure can be deformed into any desired configuration.

However, loading with tension diagonals has certain disadvantages which
cannot be ignored. The foremost disadvantage is that compressive forces are
set up in the exterior columns of the structure, on the side away from which
it is deformed. The magnitude of these forces depends on the tension in the
diagonal and the angle which the diagonal makes with a horizontal line.* 1In
a wide, low, single=-story industrial type of structure, these forces are prob-
ably unimportant as far as column buckling, reduction in stiffness of the
structures, and ultimate strength of the structure are concerned. However,
the same cannot be said for a tier building.

When a tier building is deformed with -tension diagonals, the compressive
force in the exterior column in any story is the vertical component of the

¥Column direct stress due to beam flexure is considered a negligible secondary
stress.
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Fig. 4. Loading by internal jacking.

diagonal force in that story plus the direct force in the column above. In the
lower stories these forces can become large enough to reduce the flexural stiff-
ness of the columns, to cause premature yielding, and to reduce the plastic hinge
moment of these members. Buckling of individual columns and stability of the
structure becomes a problem. A pretest analysis would be required to determine
what influence these factors might have on the overall behavior of a possible
test structure. If the analysis indicates a considerable reduction in the col-
lapse strength, then it would be necessary to eliminate the structure from the
test program. In the analysis of the experimentally determined load-deflection
characteristics and collapse loads of a structure, it would be difficult, if not
impossible, to separate the effects of the horizontal and vertical components

of the applied loads. In view of these undesirable characteristics, it is felt
that loading with diagonals should not be used in the static tests.

The possibility of jacking against another structure was also considered
but was discarded because:

1. A nearby building, suitable for use as a loading frame, may not be

"~ available for that purpose.

2. A building close enough to be used as a loading frame may not be ori-
ented properly or may not be strong enough to develop the required
forces.

The loading system, as finally adopted, is schematically shown in Fig. 5
as it would be set up for a tier building. The system consists of a number of
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Fig. 5. Load system.

independent test rigs set up to transmit horizontal loads parallel to the planes
of the structural bents. Load transmittal is accomplished by means of hydraulic
tension jacks and wire-rope cables. The jacks are operated from a remotely
placed power supply and control system. The vertical reaction necessary to pre-
vent overturning of a rig is provided by earth ballast. The horizontal reaction
necessary to prevent sliding is developed by earth pressure against the side of
the earth-ballast pit. Bracing between test rigs, to maintain them in a verti-
cal position and to prevent lateral buckling, is made up of horizontal wire-rope
cables at the top and mid height of the vertical mast. Overall stability is
maintained by guying the end masts at the top and mid height. Wire rope is used
for bracing to provide flexibility in the spacing of the test rigs (bent spacing
from one structure to the next may vary from 12 to 26 ft),.

The movement of the test structure, during any stage of loading, is restricted
by means of wire-rope holdback cables. Fach cable is adjusted by means of a chain-
fall connected in series with the cable and deadman. One or more cables can be
connected to each deadman as shown in Fig. 5.

The holdback system is provided to prevent collapse of the test structure,
when collapse is due to the disintegration or failure of'key structural members
and/or connections. In this case it is very difficult to calculate the forces
for which the holdback system should be designed, since their magnitude will de-
pend on the type of failures leading to collapse (ecgo, columns buckling, con-
nections tearing, etc.) as well as the dimensions of the structure and its con-
figuration at the onset of collapse. In addition, impact on the cables would
have to be considered since this type of collapse may occur suddenly. No method
has been developed to evaluate these forces; however, it seems that an adequate

system can be obtained as follows.
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1. Determine the collapse mechanism and plastic hinge locations for the
structure under the loading to be applied in the test.

2. Replace all plastic hinges by momentless hinges and compute the total
lateral force required to prevent dead load collapse when the deflection of the
roof of the structure (in moving in this mechanism) is equal to the maximum de-
flection which the loading apparatus can produce., This is readily accomplished
by assuming that the total force is distributed to each floor level in propor-
tion to the weight of the floor and applying the principle of virtual work.

3. Design the cables at a floor level to develop twice its proportion of
the total required force computed in step 2.

Figure 6 shows the layout of a test rig. The main members of the test rigs
were designed for the forces indicated at the various floor levels of the L-
story bent. These loads are approximately twice the maximum resistances the
bent would develop, as calculated by a multidegree-of-freedom blast-load response
analysis. The main parts of the test rig are the vertical mast, tieback, base
beam, and the members used to prevent sliding or overturning of the rig.

The vertical mast consists of two cover-plated wide flange sections which
are pin-connected to the base beam and tieback. The mast flanges nearest the
tieback have holes at L-in, intervals beginning at 6 ft above the pin connection
and ending 2 ft from the top,-permitting jack-height adjustment to accommodate
structures of different story heights. Bolt-connected diaphragms are provided
between the wide flange sections to prevent flange buckling and to maintain the
shape of the mast,

The tieback consists of two wide flange sections laced together and is pin-
connected to the base beam and vertical mast. During erection the tieback
serves as a stabilizing member for the vertical mast.

The horizontal base beam is made up of two wide flange sections resting on
the ground, except directly under the mast where it is supported on timber mats.
The base beam ties the vertical mast and tieback into a complete unit, and sup-
ports the earth fill ballast,

The earth fill ballast rests on a timber platform which is supported by two
wide flange sections. The platform is suspended from the base beam by means of
wire rope.

A vertical timber platform backed up by a pair of frames provides the means
for developing the horizontal reaction necessary to prevent sliding of the test
rig. The frames are made ﬁp of wide flange sections and are pin-connected to
the base bean.

Figure 7 illustrates how the hydraulic jacks are mounted to the test rigs.
The eye and U bolt are used to maintain axial loading in the jacks. The short
14WF sections are welded to the bearing plate and bolted to the mast. Shoulders
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are provided on the U bolt to maintain clearance for the eye and alignment of
the U bolt.

Load cells are connected in series with the hydraulic jacks as shown in
Fig. 8. The ball and socket-type linkage is used to maintain axial load in the
load cells during tests. These couplings and the U and eye connection provide
the freedom of motion required during installation to allow for misaligrment of
the vertical mast.

Connection of the pulling cables to a test structure can be accomplished
in a number of ways. The particular method to be used will depend on the type
of structure being tested and construction details. For portal-type rigid frame
structures, a pulling eye welded to a column is adequate. In testing tier build-
ings, a setup as shown in Fig. 9 can be used.

HYDRAULIC LOADING SYSTEM

No specific design of a hydraulic load and control system has been made
since this is considerably beyond the scope of this report. Requirements have,
however, been set up for the design of the hydraulic jacks and a power and con-
trol system. In setting up the requirements, primary consideration was given
to obtaining a simple and flexible system. The specifications and reasons for
some of them are given below. -

1. Jacks, -

(a) Twenty-eight hydraulic jacks will be required in all. Maximum load
in each jack is to be obtained on the basis of 10,000 psi of fluid pressure.
Fach jack is to have a stroke of 6 ££t-0 in.* Jacks are to be used for horizon-
tal tension loading only. The number and maximum force capacities of the vari-
ous jacks are to be as follows:

12 jacks at 200 kips (effective area = 20.00 sq in.)
11 jacks at 100 kips (effective area = 10.00 sq in.)
2 jacks at 50 kips (effective area = 5.00 sq in.)

The worst case of loading with respect to the number of Jjacks required
would occur in testing a 5-story structure 4 bays long. In this case loads
would be applied simultaneously at 25 different locations. Twenty-five Jjacks
of the maximum capacity stated will take care of this loading situation and
will certainly be sufficient for all other loading conditions.

(b) The frictional force in each jack to be not greater than 2% of the
maximum design force capacity. Variation of friction between jacks of identi-
cal maximum capacity is not to exceed 1%.

*¥A manufacturer, already experienced in heavy-jack production, has stated his
ability and willingness to manufacture tension jacks with a 6-ft stroke and a

200,000-1b force capacity.
20
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(c) Jacks to be designed to allow for the following conditions:

(1) Jack simply supported in a horizontal position with ram fully
extended and no pressure in the hydraulic system.
(2) Jack supported at ends of cylinder with ram fully extended.

These requirements are included to decrease tendencies for the Jjacks to bind in
initial stages of the test.

(d) Jack design is to be such that identical fittings are required to con-
nect hydraulic lines and to mount the jacks.,

(e) Each jack to be provided with plugs and caps, as required, to prevent
damage to exposed threaded parts.

2. Power Unit and Q0il Reservoir.-—A single power unit is to be provided.
This unit is to be capable of delivering 2 gpm at a maximum operating pressure
of 10,000 psi. The oil reservoir is to have a capacity of 135 gal and is to be
supplied with an easily cleaned or disposable oil filter. Reservoir capacity
is 120% of the volume of oil required to operate the entire system of jacks over
a stroke length of 6 ft=0 in.

%. Control System.-——The control system is to dc the followings

() Be such that from 2 to 25 of the hydraulic jacks, in any combination,
can be loaded or unloaded simultaneously.

(b) Allow for increasing fluid pressure from O to 10,000 psi in a step-
wise manner.

(c) Automatically control flow, under increasing or decreasing pressure,
so that the following rates of flow are not exceeded:

1. For each 200-kip Jjack, flow not to exceed 20 inos/min
2. For each 100-kip jack, flow not to exceed 10 in.3/min
3, For each 50-kip jack, flow not to exceed 5 in,S/min

(d) Provide for flow control from O to full flow (0 to 2 gpm) by means
of a hand wheel,

These flow-control requirements are included as a safety measure. The
above flow rates permit a maximum possible displacement rate of 1 ino/min°

(e) Contain an emergency shutdown feature which will permit partial drain-
ing of all jacks to reservoir by releasing stored up pressure.

(f) Contain a large, easy-to-read accurate pressure gage.

(g) Contain a provision to drain all jacks to the reservoir by means of
a power unit.
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The control system should be as compact as possible,

L. Fluid Supply Lines.-—-Flexible high-pressure (10,000 psi) fluid supply
lines are to be provided for simultaneous operations of 25 jacks as follows:

5 Jjacks at 150 ft from power and control units
5 jacks at 125 ft from power and control units
10 jacks at 100 ft from power and control units
5 jacks at 75 ft from power and control units

5. General Design Features of the Entire System.-—The system as a whole,
i.e., Jjacks and power and control units are to be designed to operate under ex-
tremely dirty and dusty conditions. Required auxiliary sleeves, grease, etc.,
are to be specified as required. Since the system is to be used in field tests,
it should be of rugged construction to minimize possible damage during trans-
port and erection. Suitable shock mountings are to be provided for delicate
parts while in transit.

INSTRUMENTATION AND RECORDING

Instrumentation for the pulldown and story shear tests is restricted to
providing for deflection and load measurement only. Consideration was given to
the possibility of providing strain-gage instrumentation. Generally speaking,
the interpretation of such data in a test of this kind would be complex and of
uncertain value. Strain gaging is not recommended but may be added at the op-
tion of the test engineer if special circumstances warrant it.

It is planned that all individual loads and deflections will be read and
recorded manually. Manual recording was chosen because these tests are con-
ducted under static conditions and ample time should be available to read, check,
and accurately record all measurements. Automatic electrical means of measur-
ing and recording the loads and deflections was considered and dropped, since
particular advantages would be realized only if the test were carried to com~
plete collapse. It is not considered practical to carry the test to complete
collapse because few if any additional meaningful data would be obtained and
the cost of protecting equipment and personnel would be greatly increased.

Tier-building deflections are measured at all floor levels and the roof.
One deflection-measuring station is provided at the centerline of each bay run-
ning perpendicular to the direction of testing, at all floor levels. Deflec-
tions are measured at the spandrel beams on the side of the structure furthest
from the loading apparatus, at approximately half the thickness of the floor
slab below the top of the floor.

Deflections of all bents are measured for each type of industrial structure.
One gaging station is provided for all but the rigid frame gabled bent and shed-
type structures. For structures with trussed roofs, the deflection of a bent 1is
measured at the outside flange of the exterior column furthest from the loading
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apparatus, at the approximate elevation of the line of intersection of the col-
umn with the top chord. For rigid frame portal frame structures, the deflection
of a bent is measured at the outside flange of the exterior column furthest from
the loading apparatus, at the elevation of the mid depth line of the roof beam.
The points at which deflections are to be measured for the gabled bent and shed-
type structures are shown in Figs. 3%c and 3d.

DEFLECTION GAGE

The range of the device to be used to measure deflections was fixed at 6 ft-
O in., which is the length of stroke of the hydraulic jacks. Since deflections
will be large, even in the elastic range, it was decided that a minimum instru-
ment reading of 0.0l in. would provide sufficient sensitivity. In many cases a
sensitivity coarser than 0.0l in. would be admissible; however, a sensitivity
of 0.01 in. may often be not only desirable but necessary. As a case in point,
the reader is referred to Ref. 5, p. 307, under the section heading "Horizontal
Loading Tests on Three-Story Frameworks." In addition to the range sensitivity,
and the accuracy requirements, it is desirable that the instrument be direct-
reading. Figure 10 schematically shows the setup for a simple displacement gage
meeting these requirements. This gage is essentially a leveling rod used in a
horizontal position. The gage is maintained in a horizontal position by means
of an adjustable leveling bar. Its position in the vertical plane can easily
be checked with the transit used to set the target. Aligmment of the rod in
the horizontal plane is easily maintained with a plumb bob suspended from a bar
-clamped to the scaffolding as shown in Fig. 10.

6'-0" scale clamped to horizontal
bar. 0.10" least reading
- Fixture mounted

:! ’ F/Section of scaffolding
to structure with

Target with 10 expansion bolts

division vernier Plumb bob
XFloor slab

73 ¥

Rmmr——//’

Ball and socket
connection

Leveling bar
clamped to
Yy scaffold %

Fig. 10. Deflection-gage setup.
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Alignment of the deflection gage in the horizcntal plane with only a plumb
bob should give deflection measurements that are in error, as a result of align-
ment only, by no more than the minimum reading of the gage. Table I contains a
listing of errors due to aligmment only, when the gage is set up as shown in Fig.
10, and assuming that motion of the structure perpendicular to the direction of
testing can be ignored.

TABLE I

ALIGNMENT ERRORS

E, in, e, in,

+ 0,75 + 0.0106
+ 0.50 4+ 0.0058
+ 0.25 + 0,0014

]

error in alignment in horizontal plane.
error in deflection reading when plumb
bob is 3 ft=-0 in. from center of ball
joint and target 4 ft-0 in., from center
of ball joint.

o =
il

The target of the gage is set from one of two transit stations. Two trans-
it stations are set up on a base line running parallel to the long direction of
the structure, approximately L ft from the side of the structure furthest from
the loading apparatus, and approximately 4O ft beyond the two exterior bents
running parallel to the direction of testing. Fach transit is supported on a
circular wiremesh reinforced concrete slab resting on the ground. The slabs
are 4 in. thick and 3 ft-6 in. in diameter. Inserts are provided in the slabs
to receive the tripod legs. Each slab also contains an insert marking the cen-
ter of the slab. As a precautionary measure, the position of each transit is
referenced with respect to 4 points (2 for each transit) marked on nearby per-
manent structures. In addition, each transit is to be protected by means of a
temporary portable shelter.

CREEP DETECTION

In the inelastic range of deformation, a certain amount of creep can be ex-
pected before the structure settles in a stable configuration. The rate at which
creep occurs will be relatively high immediately after an increment of load is
applied. Deflections shculd be measured only after the rate of creep has de=-
creased to a negligible amount. Creep in the static test is detected by means
of a linear variable differential transformer and recorded on a direct-writing
type of recorder. Instrumentation for creep detection is provided at two sta-
tions at the roof level of the structure. The setup is schematically shown in
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Fig. 11. The device is set up to detect only the creep which occurs after each
increment of load is applied. Thus the clamping screw C must be loose during
load application.

Positioning bar clamped A Section of scaffolding
to scaffolding ,///_

Linear variable differential
transformer

Pin connection
Spring return to
neutral position

LJ

Horizontal bar as
l:::::{: il
) ]

used for deflection
9/

I R

Hollow section to
receive horizontal bar

Fig..11l. Creep-detection pickup.

LOAD MEASUREMENT

Measurement of individual loads is accomplished by means of load cells con-
nected in series with the hydraulic Jjacks. Output from the cells is fed into a
null-balance indicator system calibrated in kips of force. The load cells to be
used are special but similar to the Baldwin-Lima-Hamilton type U-1 load cells,
suitable for tension and compression loading. Twelve load cells of 200,000-1b
capacity, eleven cells of 100,000-1b capacity, and two cells of 50,000-1b capac-
ity are required. Load cells are installed during the process of setting up the
test rigs and hydraulic Jjacking system.

The indicator system is to be built in as part of the control system for
the hydraulic jacks. The indicator system contains: '

1. A 3-stage dial to indicate individual loads in ranges from O to 50,
50 to 100, and 100 to 200 kips of force;

2. A provision for picking up the output from 25 load cells;

3. A selector switch and lights to indicate which particular load is being
measured; and

L. A circuit to sum the output of all active load cells, and a 4-stage

' dial gage to indicate the total force. This gage is to be active dur-
ing load and read cycles, Dial stages are to vary in steps of 1000
kips so that a total maximum load of 4000 kips can be recorded.
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TEST PERSCNNEL

To run the pulldown tests efficiently, it will be necessary tc assign spe-=
cific jobs to the various members of the testing party. Assignments are made
by the chief testing engineer who will determine and signal when loading will
start and stop, and when recording is to begin (a public address system or a
buzzer signal system is used for this purpose). The total number of men re-
quired during a test will depend on the quantity of data to be recorded and the
possibility of having one man do two or more jobs. The testing of a small in=
dustrial structure can possibly be handled by as few as four men. On the other
hand, testing a tier building may require a dozen or more men. Below is a title
listing and the work which is to be done by the test personnel.

Chief Testing Engineer,--—Directs and cocrdinates testing and operates load-
ing equipment. In a large test, loading equipment may be operated by an assist-
ant to the chief testing engineer.

Recorders.--Read and record deflections. One recorder may be able to handle
as many as 4 deflection gages depending on their location. Recorders also act
as observers at these stations.

Transit Men.--Align targets on deflection gages and may possibly be able
to serve as observers.

Observers. —Observe and photograph any significant changes in the condition
of walls, connections, etc. Personnel with the exclusive task of observation
would be required only in ftesting the largest of tier builldings.

Computer. —-A continuous plot of the total load versus average roof deflec-
tion is used as an aid to determine the increment in load in going from one load
step to the next. Computation and plotting of this curve is done by the computer
who also reads and records all loads. In a small test this function can be han-
dled by the chief testing engineer.

PULLDOWN TEST PROCEDURES

The pulldown test is conducted in three phases: (1) initializing, (2) load-
ing, and (%) unloading.

Initializing.—The purpose of initializing is to take up the slack in the
loading system and to zero in instrumentation. This is accomplished by applying
an initial load of 1/40 of the predicted yield load. The cutput signal of each
load cell is attenuated to indicate a load reading of zerc kips. Deflection
readings are taken and where necessary the gages are reget to give zerc readings.

Loading. -~The loading phase is carried out in a stepwise manner consisting
of a number of load-read cycles. Successive load-read cycles are executed until
the collapse loads of the structure have been established. Fach increment of
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load may be approximately lO% of the estimated yield load of the structure.
After yielding commences, it may be preferable to change from load increments

to deflection increments, especially in the range where the rate of load in-
crease with deflection is diminishing toward zero. During this phase of the
test, a continuous plot of the total load versus average roof deflection is
kept. The purpose in plotting this curve is two-fold. First, the curve will
give a good indication of the approximate deflection at which the maximum loads
will occur. Secondly, by using the points already established, the curve can
be projected to determine an increment of load which will produce a sufficient-
ly small increment in deflection, which in turn will insure a well-defined load-
deflection curve. The usefulness of such a curve can be illustrated by refer-
ring to Fig. 12, TFigure 12 is a reproduction of an actual load-deflection curve
obtained in testing one bent of a 3-story reinforced concrete building.” From
this curve, it can be seen that each point along the curved portion, up to the
maximum load, could have been fairly well predicted by simple forward projec-
tion with a French curve.
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Roof deflection , inches gineer and is a signal to other test
personnel to prepare for reading and
recording a new set of deflections.

Fig. 12. Load-deflection curve (3-story

reinforced concrete bent), 2. When all preparations have
been made, loading is initiated by
hydraulic control.

3. After the load increment has been applied the creep-detecting devices
are clamped to the leveling bars and their output recorded as a function of time.
During the period of time required for the structure to settle in a stable de-
flection pattern, observers note significant changes in the condition of struc-
tural members and report any changes which may require modification or immediate
stopping of the test.

4. When the rate of creep falls below 0.005 in./min,* the read announce-
ment is given. The read cycle begins with an announcement of the total load fol-
lowed by an instruction to begin reading. At this time the individual loads and
total load are read and recorded. Deflection readings are taken and recorded.
Roof deflections are measured first and reported to the computer, who plots their
average against the total load. After the final deflection has been recorded,
the creep detecting instruments are released and a new load cycle started.

*May be varied depending on rigidity of particular structure.
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Unloading. —-After the collapse loads have been established, the unlcading
ohase begins. The procedures used are the same as in the lcading phase, i.e.,
anloading is carried out in steps, and an unloading load-deflection curve ob-
tained. Unloading increments may be taken as large as 20% of the total applied
load at the time unloading begins. ’

STORY SHEAR TEST

The objective of the story shear test is to determine experimentally the
load~-deflection characteristics in each story of the test structure, up tc the
early range of plastic deformation. These tests prcvide an experimental de-
termination of the lateral stiffness matrix for the test structure.

The stiffness matrix can be found by either a direct or an indirect pro-
cess, The direct method for experimental determination of the stiffness tatrix
corresponds to that used in the analytical procedure. In the analytical pro-
cedure the structure is first given a "unit" lateral deflection at one floor
level, the deflections at all other floor levels being held to zero deflection.
Then the forces necessary to maintain the structure in this configuration are
calculated, thereby determining one column of the stiffness matrix.9 The proc-
ess 1s repeated until the unit deflection has been applied at all floor levels,
and the complete stiffness matrix calculated.

In the experimental method the "unit" deflection is taken to be the maxi-
mum deflection which can be induced at a floor level, within the elastic range
of deformation, while the deflections at all other floor levels are held to
zero deflection. The unit deflection at a floor level is induced in increments
and the corresponding forces at all floor levels are recorded. If the unit de-
flection is applied at the jth floor level, then the stiffness coefficient at
the ith floor, for this case, is the slope of the elastic portion of the load-
deflection curve obtained by plotting the force at the ith floor against the
deflection at the jth floor.

The indirect method is substantially the inverse of the direct method in
that the flexibility matrix is determined and the stiffness matrix calculated
by matrix inversion. In the analytical method for determining the flexibility
matrix, a unit load is applied at one floor level with no load at all other
floors. The deflections of all floor levels are calculated, thereby determin-
ing one column of the flexibility matrix. The process is repeated for all floor
levels until the complete flexibility matrix is determined. In the experimental
method the unit load for any floor level is the maximum force which can be ap-
plied at that floor level without exceeding the elastic range of deformation.
The unit load is applied in increments and the deflection of each floor level
is recorded. If the unit force is applied at the jth floor, then the flexibil-
ity coefficient at the ith floor is the slope of the elastic portion of the de-
flection=-load curve obtained from the plot of the deflection at the jth floor
against the force at the ith floor.



The story shear tests are to be performed so that the flexibility matrix
rather than the stiffness matrix is cbtained. This method is chosen for its
three main advantages. First, less work is involved in determination of the
flexibility matrix since control only over the applied loads is necessary.
Secondly, this procedure requires the same instrumentation and loading appara-
tus, in the same setup, as used in the pulldown test. Finally, large deflec-
tions can be produced in the elastic range by this method so that a small error
in deflection measurement is not as critical as it might be in the experimental
determination of the stiffness matrix.

Two story shear tests are to be run for each structure, one before and one
after the pulldown test has been completed. Data from the seccnd test are used
to compute the change in stiffness as a result of inelastic deformation produced
in the pulldown test.

The test loads for the story shear tests, for any one structure, are set
up exactly as for the pulldown test for the same structure. For example, in the
story shear test of a tier building the Jacks are arranged s¢ that if loading
tock place at all jacks at the same time, then the total lcad at each floor level
would be P and at the roof level P/Eo The same holds true for the gabled bent
and shed-type rigid frame structures. For these twc types of structures, if all
loads were applied at once, the load at the eave would be P, and at the peak and
mid span of the sloping roof member, P/Zn The purpose of setting up for loading
at all locations is to avoid the necessity of interrupting the story shear test to
remove or install loading equipment. Also when the first story chear test is com-
plete, the loading system for conducting the pulldown tests is automatically set up.

STORY ~SHEAR~TEST PROCEDURE

In the experimental work the data necessary to calculate the various columns
of the flexibility matrix are to be obtained by working from the top of the struc-
ture down. For a tier building the first set of data is cbtained by loading at
the roof only. This is accomplished by blocking out all jacks except those at
the roof level. The process of loading is much the same as in the pulldown tests
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