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ABSTRACT

This project developed criteria and procedures for the seismic design of in-

dustrial steel storage racks.

Four types of full-scale storage racks were subjected to simulated earth-
quake motions using a 20-ft-square shaking table. |In addition, full-scale
static-cyclic tests were performed on two types of racks, and cantilever and
portal tests were conducted on several rack subassemblies to obtain detailed
information on load deformation characteristics, particularly for the semi-
rigid beam-column joints. Finally, shaking table tests were performed on a
full-scale rack to evaluate the seismic response effects of different types of

typical merchandise.

The responses measured during the shaking table tests were then compared
with results predicted using linear and nonlinear mathematical models. Re-
sponse spectrum and time-history analyses were performed, and simplified

static code methods were also studied and compared.

In general, the racks performed well and predictably during the shaking table
tests. The ductility and energy-dissipation capacity of the racks are much
larger in longitudinal (moment-resisting frame) direction than in the trans-
verse (braced frame) direction. The responses predicted theoretically were
in good agreement with the experimental results. Seismic design criteria con-

sistent with the philosophy of the Uniform Building Code are recommended.
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EXECUTIVE SUMMARY

Objective

The objective of this study was to perform the investigations necessary to
develop realistic criteria and procedures for the seismic design of indus-
trial steel storage racks. Specifically, the work was directed toward the
development of mathematical models useful for predicting earthquake response
of racks and toward obtaining experimental data to quantify limit behavior

of racks under earthquake conditions.

Background

The use of industrial steel racks is involved in some part of the production-
distribution-sales-consumption cycle of nearly 40% of all goods consumed in
the United States. |Industrial racks are used in all parts of the U.S., in-
cluding areas subject to moderate and major seismic ground motions. The cri-
teria for design and construction of industrial racks have been developed by
the manufacturer and traditionally have been directed primarily at gravity

loading, with little attention given to earthquake loading.

The need for considering seismic lateral force effects was recognized by the
Rack Manufacturers Institute (RMI) in the 1972 edition of Interim Specifica-
tion for the Design, Testing, and Utilization of Industrial Steel Storage
Racks (the most recent edition of the RMI specification is dated 1979). These
criteria specify lateral forces based on a formulation similar to that speci-

fied for the seismic design of buildings.

At about the same time, the International Conference of Building Officials
(1CB0) included seismic design requirements for storage racks in the 1973
Uniform Building Code (UJBC) based on a formulation similar to that commonly
used for seismic design of building components. The approach adopted by
ICBO generally imposed much more severe constraints on design than the pro-
cedure adopted by RMI. Because of the lack of definitive experimental and
engineering evidence to establish precise dynamic response characteristics
and lateral force failure mechanisms, it has been impossible to determine

the appropriateness of either of the two sets of criteria.
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In 1973 and 1974, URS/John A. Blume & Associates, Engineers, conducted ini-
tial studies for RMI to determine the earthquake response behavior of typical
steel storage racks, These studies included measurements of the dynamic re-
sponse characteristics of representative rack installations, dynamic analyses
of the Eacks, correlation of the measured and analytical data, and determina-
tion of seismic design criteria consistent with the UBC philosophy for build-
ings. On the basis of the initial findings, recommendations for seismic de-
sign criteria for industrial steel storage racks were inciuded in the 1976
edition of the UBC. However, further studies were needed toc obtain experi-

mental data to quantify the limit behavior of racks under earthquake conditions.

Scope
The following principal tasks were performed in connection with this project:

e Static-cyclic tests of rack subassemblies

Static-cyclic tests of full-scale racks

Structural performance full-scale shaking table tests
® Merchandise shaking table tests

e Engineering analysis reconciliations

Subassembly tests of four types of racks were conducted as part of this proj-
ect; in addition, the results of 20 subassembly tests conducted by 3 differ-
ent manufacturers and by Cornell Unjversity are also reported here. To verify
the applicability of these subassembly tests, full-scale static-cyclic tests
-of two different types of standard pallet racks were conducted. Finally,
structural performance shaking table tests were conducted to verify actual
earthquake performance of full-scale standard pallet racks, drive-in racks,
and stacker racks. All full-scaie racks tested in this study were anchored

to the table (or floor for static-cyclic tests), except that one rack

was left unanchored in order to evaluate the difference in seismic perfor-

mance between the anchored and unanchored conditions,

Postearthquake investigations have revealed that stored merchandise is likely
to shift or fall during strong ground motion. Recognizing this, but also rec-
ognizing that it would be impractical to establish the effective masses of
loose merchandise during full-scale shaking table testing, it was concluded

that rigid concrete weights tied to the racks would be used as live loads for
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the structural performance shaking table testing. To verify the validity of
this practice, a separate series of tests was conducted to determine the

effects of loose merchandise on rack response to shaking.

Engineering analysis reconciliations included development of mathematical
models; comparison of rigorous linear and nonlinear time-history analyses with
experimental results; and comparison of results from the response spectrum me-
thod and two simplified equivalent static analysis methods, the UBC and Applied
Technology Council (ATC-3) methods. These analyses, with the test results, were

then used to evaluate the applicability of the UBC seismic criteria to racks.

Major Findings

Subassembly Tests. Results from the cantilever and portal tests conducted

at Stanford University and Cornell University and by severai manufacturers
were reported in this study. |In all, tests of 24 types of rack components
from 7 different manufacturers were correlated and compared. The following

conclusions can be drawn:

° In most test cases, the moment-rotation (M-8) rela-
tionships are very nonlinear. It is sometimes diffi-
cult to define a suitable linear range for elastic
design and analysis.

® In general, the -6 relationships for both test
methods (portal and cantilever) are similar in shape
and moment capacity. However, the stiffness from
the cantilever tests is lower than that from the por-
tal tests. The difference in the values of the joint
rotational spring constant (X.) estimated for elastic
analysis and design is on the order of 2.

e The cantilever test is sufficient for practical engi-
neering purposes. The test is simple and requires
only lateral load and displacement measurements, which
are easy to carry out. However, the test should be
conducted for loading in both the positive and the
negative directions.

Merchandise Tests. Both shaking table and pull-release free-vibration tests

were conducted to study the seismic response characteristics of the various
types of merchandise, both tied to the rack with metal straps and not tied
to the rack. Single-degree-of-freedom tests were performed: the rack was
anchored to the shaking table, loaded with merchandise, and tested in both

the longitudinal and transverse directions. The conclusions that can be
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drawn from this study, for the specific types of merchandise tested and for

horizontal excitation only, are as follows:

® Substantial horizontal diaphragm action can be de-
veloped through the combination of stored material
and paliets or metal decking, regardless of the type
of material or whether it is tied to the rack.

e For all tests, little difference in global and local
responses was found between the cases in which mer-
chandise was tied to the rack and those in which mer-
chandise was not tied to the rack. This finding jus-
tifies the use of tied live loads for the analytical
response predictions.

. in all tests of merchandise that was not tied, all
merchandise tested was very stable, and no movement
of stored material was observed except for some of
the uppermost cartons of paper products. The maximum
floor (pallet) accelerations measured in the longi-
tudinal test direction ranged from approximately 0.2g
for the cases of canned goods (2,300 lb/beam) to 0.7g
for lightweight paper products (500 1b/beam).

Because the merchandise tests did not include vertical acceleration, the
project report was augmented in this area by citing merchandise and rack per-

formance during recent earthguakes (presented in Appendix C).

Full-Scale Rack Tests., Four types of typical full-scale storage racks were

subjected to simulated earthquake motions using the 20-ft-square shaking
table facility at the Richmond field station of the University of California,
Berkeley. The types of storage racks tested were: single standard pallet
rack, back-to-back pallet rack, drive~in rack, and stacker rack. Three

racks were anchored to the table and tested under live loads simulated by
concrete blocks (1,000 1b/block) in each of the two principal directions.

One rack {the back-~to-back pallet rack) was tested without anchors to the
table. The standard pallet racks tested were three stories high and two

bays wide. The drive-in rack was three stories high, two bays wide, and
three bays deep. The stacker rack was five stories high, four bays wide,

and two bays deep. The ground motion was simulated by accelerograms recorded
during the 1940 E} Centro N-S earthquake and the 1966 Parkfield earthquake.
For each rack tested, the amplitudes of the table motions were increased
progressively from very slight motions causing only elastic response to
severe earthquakes causing material yielding and structural damage. The

racks tested were designed for use in areas of minor to moderate seismicity.
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of full-scale standard pallet racks provided by two different manufacturers

were subjected to static-cyclic tests in each of the two principal direc-

tions.

The findings from these two testing programs are summarized as follows:

In general, the racks performed well during the
shaking table tests, with the exception of the drive-
in and stacker racks in the transverse direction.
Considerable buckling was observed in first-story
diagonal members of these two rack configurations
when the racks were excited at very low levels (1/4
and 1/2 the Parkfield record, respectively).

The global and local response amplitudes measured
from the shaking table tests for the pallet rack
that was not anchored to the table are higher than
those for the anchored rack under the same input
signal.

The base plates for all racks that were anchored to
the table (or the floor for the static-cyclic tests)
provide a significant fixity against rotation, which,
in turn, reduces the moment at the first-level col-
umns.

The fundamental periods of vibration range from 2
sec to 3 sec for the standard pallet and drive-in
racks in the longitudinal direction and 0.5 sec to
1.0 sec for the standard pallet, drive-in, and
stacker racks in the transverse direction.

The first-mode damping values are much larger in the
longitudinal direction (ranging from 3% to 9% of
critical) than in the transverse direction (ranging
from 0.5% to 3% of critical).

The contribution to story shear of the p-§ effect is
very significant in the moment-resisting frame direc-
tion and should be considered in response prediction
and design.

During the shaking table tests, the maximum drifts
observed for the standard pallet and the drive-in
racks in the longitudinal direction were 0.07 and
0.03 times the story height (H), respectively. This
indicates that the racks can tolerate much greater
drift than that allowed in the UBC method (0.005H x
3/K) or the ATC method (0.0154).

For the racks tested on the shaking table, strong
localized deformations were observed at the connec-
tions between the open-section diagonal bracing mem-
bers and the open-section columns. This type of de-
formation should be considered in making detailed re-
sponse predictions in the braced-frame rack configu-
ration.
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Theoretical Prediction of the Response of Rack Structures. One of the pri-

mary objectives of the structural performance shaking table tests was to ob-
tain experimental data on the actual performance of various types of full-
scale rack structures in order to test the adequacy and effectiveness of the

various analytical procedures and assumed mathematical models.

Frequency analyses of linear mathematical models were carried out to compare
calculated periods of vibration and mode shapes with those observed during
the low-amplitude shaking table tests and the pull-release free-vibration
tests. The best-fit linear model developed for each rack configuration was
used as a basis for performing linear and nonlinear time-history analysis,
and the calculated pericds and mode shapes were used to perform the response
spectrum analysis. The caiculated fundamental periods of vibration for each
structure were used to determine the base shear coefficients for use in the
UBC and the ATC-3 methods. The conclusions that can be drawn from these

studies are as follows:

] In general, the responses predicted theoretically
for all racks studied in this report were in good
agreement with the experimental results.

e To develop appropriate mathematical models, rack
storage levels are assumed to be sufficiently rigid,
and two-dimensional models are considered to be ade-
quate for practical purposes. Fictitious restraining
floor beams can be added to simulate the actual col-
umn base fixity condition. Minimum net section prop-
erties and centerline dimensions are used.

. Modeling parameters such as Ky (semirigid joints),
If {semifixed column bases}, and k¥ (localized defor-
mation at connections between the open-section col-
umn and open-section bracing members) should be con-
sidered in theoretical prediction of rack response.

° in the longitudinal direction, the lateral forces
determined by the UBC method (assuming the best site
condition, i.e., S = minimum) are roughly equivalent
to those using the response spectrum method with in-
tensity levels of slightly more than 1/2 the El Centro
or the Parkfield record. However, in the transverse
direction, the UBC lateral forces are approximately
equivaient to 1/4 to 1/2 the El Centro and Parkfield
records.

. For the braced-frame systems, the lateral forces de-
termined by the UBC method are higher than those by
the ATC method. However, for the moment-resisting
frame system, the results from the ATC method are
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slightly higher than those from the UBC method. For
this comparison, the base shears for the UBC method

were multiplied by a factor of 1.6 for the braced-

frame system and 1.28 for the moment-resisting frame
system, to equate working stress design to ultimate
strength design; the base shears from the ATC method
were modified by a capacity-reduction factor of 0.9.

Seismic Design Criteria and Procedures. The following conclusions and recom-

mendations can be drawn from this study. Seismic design procedures according

to the 1976 UBC and 1979 RMI specification are illustrated in Appendices D

through H of this report.

The lateral force provisions recommended in the 1976
UBC (Standard No. 27-11) appear generally to provide
adequate seismic resistance in racks similar to those
studied in this report except that the load factor
(modifier) of 1.25 recommended in the UBC for all
members in braced frames may not be adequate. A
larger load factor or some modifications to the rack
fabrication are needed to preclude early nonductile
damage during strong earthquake shaking.

The UBC formulas for determining the fundamental
periods of vibration, such as T = 0.05 hn//ﬁ and T =
0.1, are not applicable to rack structures. The
Rayleigh method (Equation 12-3 in the UBC) or a fre-
quency analysis using an appropriate mathematical
model (computer-analysis method) are more desirable.

The use of more detailed dynamic analysis procedures
should not be ruled out, particularly in the design
of an unusual rack structure. The response spectrum
approach is a simple method of dynamic analysis that
takes into account the true dynamic response nature
of the racks to a greater extent than does the UBC
procedure.

Further Studies

The following further studies (in order of importance) are recommended:

This study shows that the UBC method generally pro-
vides adequate earthquake resistance except that a
larger load factor or some design modifications to
braced-frame systems are needed to preclude early
nonductile damage during a strong earthquake. |f
eccentric bracing is proposed as a means of improv-
ing the seismic performance of braced frames as
described in Appendix |, dynamic analyses and static-
cyclic tests similar to those conducted at the Uni-
versity of California, Berkeley, in connection with
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the development of eccentrically braced frames for build-
ings are needed to justify the applicability of this
system to rack structures. Experiments on a shaking table
are also very desirable.

Although it was deemed necessary for this study to con-
duct the full-scale rack tests independently in each of

the two principal directions, this test method does not
realistically represent actual earthquake shaking. Shaking
table tests should therefore be conducted to investigate
the response characteristics of storage racks at differ-
ent orientations.

Although this study recommends the Rayleigh method
(Equation 12-3 in the UBC) or a frequency analysis using
an appropriate mathematical model for determining periods
of vibration, it will be beneficial to the rack industry
to develop empirical period formulas for static code use
and a limit value on the design period, such as are used in
the ATC-3 method.

Although this study recommends seismic design criteria
consistent with the philosophy of the UBC for rack design,
the ATC method could be widely used in the near future.
Because of this, 1t will be beneficial to determine appro-
priate values for the response modification factor, R.

Results from the shaking table and static-cyclic tests
revealed that the column bases should not be considered
either fixed or hinged but rather as partially fixed.
Quantitative experimental data are needed to appropriately
incorporate this parameter into mathematical models to
account for actual column base conditicons. |In addition,
experimental investigations are needed to define the param-
eter k for braced-frame systems as subassembly tests are
needed to define Kq for semirigid-frame systems.
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1. INTRODUCTION

1.1 Project Objective

The objective of this study was to perform the investigations necessary to
develop realistic criteria and procedures for the seismic design of indus-
trial steel storage racks. Specifically, the work was directed toward the
development of mathematical models useful for predicting earthquake response
of racks and toward obtaining experimental data to quantify limit behavior

of racks under earthquake conditions.

1.2 Background

The use of industrial steel racks is involved in some part of the production-
distribution-sales-consumption cycle of nearly 40% of all goods consumed in
the United States. Industrial racks are used in all parts of the U.S., in-
cluding areas subject to moderate and major seismic ground motions. The cri-
teria for design and construction of industrial racks have been developed by
the manufacturer and traditionally have been directed primarily at gravity

loading, with little attention given to earthquake loading.

Currently more than 30 companies in the United States manufacture and market
industrial steel storage racks. |In general, each of the companies produces
racks that are of a distinct design. In addition, several specific types of
racks are produced; the most common are: standard pallet racks, drive-in
racks, drive-through racks, stacker racks, and cantilever racks. The stan-
dard pallet rack is most commonly used, but the stacker rack is becoming in-

creasingly popular because of its automated merchandise-handling features.

The Rack Manufacturers Institute (RMI) and Automated Storage and Retrieval
Systems, sister organizations that are affiliates of the Material Handling In-
stitute, have actively pursued development and establishment of specifications
for the design, testinq; and utilization of industrial steel storage racks.

In 1964, RMI first issued a standard, Minimum Engineering Standards for Indus-
trial Steel Storage Racks, but seismic design requirements were not included.
The need for considering seismic lateral force effects was recognized by RMI

in the 1972 edition of Interim Specification for the Design, Testing, and



Utilization of Industrial Steel Storage Racksl {the most recent edition.of
the RMI specifications is dated 1979). These criteria specify lateral forces
based on a formulation similar to that specified for the seismic design of

buiidings.

At about the same time, the International Conference of Building Officials
(1CBO)Y included seismic design requirements for storage racks in the 1973
Uniform Building Code (UBC)? based on a formulation similar to that commonly
used for seismic design of building components. The approach adopted by
ICBO generally imposed much more severe constraints on design than the pro-
cedure adopted by RMI, Because of the lack of definitive experimental and
engineering evidence to establish precise dynamic response characteristics
and lateral force failure mechanisms, it has been impossible to determine

the appropriateness of either of the two criteria.

In 1973 and 1974, URS/John A. Blume & Associates, Engineers (URS/Blume),
conducted initial studies for RMI to determine the earthquake response behav-
ior of typical steel storage racks. These studies included measurements of
the dynamic response characteristics of representative rack installations,
dynamic analyses of the racks, correlation of the measured and analytical
data, and determination of seismic design criteria consistent with the UBC
philosophy for buildings. The results of these studies were summarized in
three URS/Blume reports: a November 1973 report® on the seismic investiga-
tion of steel storage racks, a December 1973 supplementary report” that
provided practical guidelines for the application of the findings of the
November report, and a March 1974 report® providing design examples. A sup-

plement to the March 1974 report® was issued in July 1975.

On the basis of these initial findings, reduced recommendations for seismic
design criteria for industrial steel storage racks were included in the 1976
edition of the UBC.7 However, further studies were needed to obtain experimen-

tal data to quantify the limit behavior of racks under earthquake conditions.

1.3 Project Scope

This project considered standard pallet racks, drive-in racks, and stacker

racks. Despite the variety of racks available, the basic structural framing



systems in use are limited. A moderate testing program that would have
industry-wide applicability was thus considered feasible. The structural
system of many racks installed today consists of braced frames in the trans-
verse direction (perpendicular to the aisle) and moment-resisting space
frames in the longitudinal direction (parallel to the aisle). Another impor-
tant characterization of these racks is that, in the space frame, the beam-
to-column connections are semirigid. This aspect requires specific consider-
ation because of the high degree of joint nonlinearity and because of the
substantial variations in the beam-to-column connections produced by the var-

ious manufacturers.

A convenient means for evaluating joint looseness is conducting static-

cyclic subassembly tests of either beam-column configurations or portal con-
figurations. Because of the simplicity of these types of tests, various man-
ufacturers could conduct tests of their particular beam-column connection
configurations and thereby vastly extend the applicability of the limited
amount of testing that was feasible in this project. Subassembly tests of four
types of rack components were conducted as part of this project; in addition,
the results of 20 subassembly tests conducted by 3 different manufacturers

and by Cornell University are also reported here.

To verify the applicability of these subassembly tests, full-scale static-
cyclic tests of two different types of standard pallet racks were conducted.
Finally, structural performance shaking table tests were conducted to verify
actual earthquake performance of full-scale standard pallet racks, drive-in

racks, and stacker racks.

Another important factor in evaluating the seismic performance of racks is
column base fixity. Arguments can be made for and against anchoring rack
columns at their base. Tests involving both lagged and unlagged (anchored
and unanchored) racks were conducted as part of this project because no expe-

riment has heretofore been available to address this matter.

Postearthquake investigations have revealed that stored merchandise is
likely to shift or fall during strong ground motion. Recognizing this, but
also recognizing that it would be impractical to establish the effective

masses of loose merchandise during full-scale shaking table testing, it was

...3_



concluded that rigid concrete weights tied to the racks would be used as
Tive loads for the structural performance shaking table testing. A separate
series of tests was conducted to determine the effects of loose merchandise

on rack response to shaking.

Details regarding the specific types of racks tested and the analysis of
the response data in connection with these various tests are presented in

Chapters 2 through 5.

Chapter 6 gives a general description of various theoretical methods that
can be used to perform seismic design/analysis evaluation for structures,
including rigorous linear and nonlinear response analysis and simplified
equivalent static analysis methods, such as the UBC and Applied Technology
Council (ATC-3)® methods. Chapters 7 through 12 apply these various design/
analysis methods to each of the racks tested on the shaking table and com-

pare the results to those obtained experimentally.

Following is a list of the principal tasks that were performed in connection

with this project:

e Static-cyclic subassembly tests
e Static-cyclic fuil-scale tests

® Structural performance full-scale shaking table
tests

e Merchandise shaking table tests

e Engineering analysis reconciliations

A commentary on the adequacy of various rigorous and simplified seismic
analysis/design procedures is given in Chapter 13, and an overall summary of

the study, with conclusions and recommendations, is presented in Chapter 14.



2. SUBASSEMBLY TESTS

2.1 Introduction

To achieve the objective of establishing realistic seismic design criteria
for steel storage racks, subassembly tests were needed to provide mathemati-
cal modeling guidelines regarding joint looseness and joint capacity for the
various types of racks being manufactured and marketed. As part of this
study, subassembly tests of four types of rack components were conducted at

Stanford University.?

Because the Stanford testing was limited to these four types, results of
subassembly tests conducted by various RMI member companies as well as test

results obtained at Cornell University10 are also summarized in this report.

In all, tests of 24 types of rack components from 7 different manufacturers
were correlated and compared. The test procedures were generally in accor-
dance with those described in References 11 and 12, but, to account for varia-
tion in lateral force and to facilitate more general use, the test results

required special evaluation, as described in Sections 2.3 and 2.4,

2.2 Types of Rack Components

Table 2.1 shows types of connection and shapes and moments of inertia of
beams and columns. The pallet beams of all 24 types of racks were welded to
connector angles or plates, which, in turn, permitted connection to the col-
umns through hook-type grips (Types A and C), stud-type grips (Type B), or
bolts (Types D, E, and G). In a Type F connection, additional bars were used
to join the connectors to the columns. The components of all racks were made
of cold-formed steel, except Type D (columns and beams) and Types E-1 and E-2
(beams), which were made of hot-rolled structural steel. |t can be seen from
Table 2.1 that the shapes of the rack components are common in the storage
rack industry and the results can be considered representative of industry

practice.

2.3 Cantilever Tests

An inherent part of the typical design is the semirigid beam-to-column con-

nection. For lateral (earthquake) response purposes, this type of connection
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imposes beam-column joint looseness and raises questions regarding joint ca-
pacity. To predict the earthgquake response and capacity of such structures
analytically, it is essential that information concerning joint looseness and

joint capacity be obtained.

Results of the cantilever tests are specifically intended to provide a quan-
titative measure of the relative rotations between beams and columns. The
moment-rotation (¥-8) relationships thus determined can be used as joint ro-
tational springs for analytical modeling purposes. In addition, the results
of the cantilever tests are intended to provide information concerning the

ultimate capacity of a joint.

Procedures. Twenty rack types from seven different manufacturers underwent
cantilever testing. Figure 2.1 shows the test setup. The columns were
rigidly connected to fixed supports at both ends to prevent translation and
rotation at these points. The load was applied by means of a hydraulic jack,
and its magnitude was measured by means of a linear potentiometer or a dial
gage. In some tests, two tests each for positive and negative moment applica-
tion were conducted. The moment was considered positive when causing tension
at the bottom fiber of the pallet beam in a realistic rack configuration (as
indicated in Figure 2.1). Two rotational gages were used in some of the
tests to measure the rotations of the beams (eb) close to the connector and
the rotation of the column (68) at the column centerline., However, as will
be explained next, these rotational measurements were not considered neces-

sary.

Evaluation of the Moment-Rotation Re]ationshiﬁ. The applied moment, ¥, for

the test is:

M o= P(L, + =) | (2.1)

9 can be obtained from the measured value of the tip deflection, §, and com-

putations of the elastic beam deflections, Gb’ and the column rotation, ee,

i.e.:

g = _ _c__ec (2.2)



where:

dc 3
P(Lb + 7?0
8, = g (2.2a)
b
dc
P(L, + —)I
_ b 2°"h
% = —Vemr — (2.2b)
e

The dimensions used in these equations are shown in Figure 2.1. Ib and Ic
are moments of inertia of beam and column, respectively; E is the modulus of

elasticity; and P is the applied load.

Alternatively, 6 can be obtained as the difference between the rotation mea-
surements (Bb - 80). Tests conducted at Stanford University showed reasonably
good agreement (within about 10%) between the experimentally measured rota-
tions and those computed analytically from Equation (2.2). This indicates
that the analytical estimate for computing rotations is adequate and that
rotation measurements may not be necessary for the cantilever tests. Thus,
the cantilever test results presented in this report were all based on beam

tip deflection measurements and the use of Equation (2.2).

Results. Table 2.2 shows the member properties, the estimated joint spring
constants Ke for elastic analysis and design, the failure moments, and the
modes of failure for the 20 rack types tested, Types A through G. Most of
the Ke values were in the range of 200 to 1,000 kip-in./rad. Types D-5 and

D-6, which were made of hot-rolled structural steel, were the exceptions.

In all tests, the strength of the rack assembly was governed by the connec-
tion instead of by the beam itself. Deformations in the connectors, tearing
of the column perforations, and fracture of the beam-connector welds were
commonly observed. The estimated failure moments were based on the final

test loading, when severe damage was observed and the tests were terminated.
Again, the failure moments of Types D-5 and D-6 were much higher than those
for racks made of cold-formed steel. Figures 2.2 through 2.21 show the
moment-rotation curves for each of the rack types tested. Figures 2.2, 2.3,
2.12, and 2.20 present the moment-rotation relationships in the two directions

of applied load for Types A-1, B-1, C-1, and F-1, respectively. A comparison
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of these figures indicates a significant difference in strength and stiffness
between positive and negative moments. The curves presented in Figures 2.2

to 2.21 show that, except for a few cases, early nonlinear behavior was ob-
served. This nonlinearity made it difficult to define a linear range suitable

for elastic analysis and design.

A comparison of the M-06 curves shown in Figures 2.2 and 2.4 for rack types
B-1 and B-2, respectively, reveals the influence of the connector plates.
For each test case, the columns were identical; however, Type B-1 used the
8-in. connector plate, and Type B-2 used the 6-in. connector. The strength
and stiffness properties were significantly different for these two cases.
The modes of failure were also different, as indicated in Table 2.2, in the
case of Type B-1, the beam-to-connector weld fractured; in the case of Type
B-2, the stud was broken, and distortions of the connector and of the column

at the perforations were detected.

As might be expected, the strength and stiffness of the rack subassembly in-
creased with an increase of the values of I, and Ib. This is cleariy shown
in the test results from the Type B racks shown in Figures 2.22 to 2.25. The
values of I, and Ib are also indicated in these figures. The results show
consistently higher strength and stiffness for stiffer rack components, ex-
cept that the moment strength of Type B-4 was slightly smaller than that of

Type B-9.

In contrast to these results are the results shown in Figure 2.26 comparing
Type D-5 with Type D-6. The stiffness of the Type D-5 rack, with smaller beam
members, was almost twice as large as that of the Type D-6 assembly up to a
moment of 20 kip-in. Beyond this limit, the D-6 rack showed much greater

stiffness than the D-5 rack.

2.4 Portal Tests

An alternative to the cantilever test is the portal test illustrated in
Figure 2.27. Results of portal tests are intended to be used to study the
interaction between pallet beams and upright frames in a realistic situation
and to obtain information concerning joint rotational springs for analytical
medeling purposes. The results are also intended to be compared with those

obtained from the cantilever tests.



Procedures. Eight types of racks from five manufacturers underwent portal
tests. Figure 2.27 shows the test setup. The rack consisted of two upright
frames mounted on hinges created on four half-round bars (or equivalent).

The bases of the columns provided restraint against lateral translation but
not against rotation. A plate bolted to the two frames was used to distribute
the lateral loads equally to the two frames. Deflections due to the lateral
loading were measured at the level of the centerline of the beams. The por-
tal test setup shown was tested under simultaneous vertical-service live load
and lateral load applications. One test (Type B-1) was carried out under
cyclic loading to obtain information on the hysteretic behavior of the load-

deflection (moment-rotation) response of beam-to-column connections.

Strain and rotation gages were installed in some cases to measure the moment
at the centers of posts and the relative rotation between beams and columns
close to the joints, respectively. However, tests conducted at Stanford
University showed that the accuracy of the M-6 relationships for individual
joints obtained from portal tests depended strongly on precise measurement
of beam moment. Such precision is difficult to achieve. The study further
indicated that the analytical estimates of average moment and rotation eval-
uated from the lateral displacement measurements were reliable average values
compared with the joint moments and rotations actually measured. Thus, the
results from the portal tests presented in this report are based on the
average moment-rotation relations determined analytically from the displace-

ment measurements, as described in the next section.

Evaluation of the Moment-Rotation Relationship. The average moment at each

of the joints can be expressed as:

M = gh-H/es (2.3)
where:
§ = the side sway deflection corresponding to a lateral

load H applied to one portal frame
V¥ = the axial force in a column due to vertical loads

The average joint rotation, assuming that the moments due to a lateral load

are equal at each joint, is given by:



8 Mh M

B = - - . {2.4)
% 3ET, 6E’Ib

where:

Ib = moment of inertia of beam

I& = moment of inertia of column

E = the modulus of elasticity

L = the length of beam plus dc

Results. Table 2.3 presents the member properties (Ib and IG), the estimated
Ke for elastic analysis and design, the failure moments, and the modes of
failure for the five rack types tested, Types A, B, C, D, and F. The member
sizes used in Types A-1, B-1, C-1, and F-1 were identical for both cantilever
and portal tests. Thus, as expected, the modes of failure for each rack type
were very similar to their counterparts observed in the cantilever tests. All
portal tests were conducted monotonically. On the Type B-1 rack, a cyclic-

loading test was also conducted.

Figure 2.28 shows a comparison of average M-8 relationships for Type A-i
tested with different simulated vertical live loads (half and full design
live loads). In spite of the large difference in simulated vertical loads
between the two cases, the M-8 curves were quite similar. This is because
the end moments induced from the vertical loads were very small {flexible

beam-column connections) compared to moments due to lateral loads.

The results from all portal tests using monotonic loading are shown in
Figures 2.28 and 2.29 and 2.31 through 2.36. The M-8 curves shown in these
figures indicate earty nonlinear behavior, and, in most cases, the Ke values

for elastic analysis and design were difficult to define.

Figure 2.30 presents the ¥-0 relationships of the cyclic-loading test per-

formed on Type B-1., Loading histories were applied with symmetric cycles of
stepwise increasing displacement amplitude, and three cycies of equal ampli-
tude were conducted in each step. As observed by Krawinkler et al. of Stan-

ford University, during the cyclic loading test, cracking occurred at the
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welds between the beams and connectors at a displacement amplitude of 1.5
in., which was smaller than the displacement at which cracking occurred in
the monotonic test of Type B-1. The cyclic-loading test further indicated
that the strength and ductility obtained from monotonic loading tests might
not be sufficient to determine the behavior of a rack assembly under seismic

excitation.

Figures 2.37 to 2.39 present comparisons of the M-6 curves from the canti-
lever and portal tests for Types A-1, B-1, and F-1, respectively. It can be
seen that the diagrams for both test methods are similar in shape and moment
capacity. However, the results from the portal tests show a significantly
higher initial stiffness. This indicates that the stiffness depends on the
shear-to-moment ratio, which is substantially higher in the portal tests be-
cause of the presence of vertical loads. The figures also clearly show the
early nonlinear behavior found in both test methods. The difference in ini-
tial Ke value estimated for elastic analysis and design from both test methods
was on the order of 2, as shown in Figures 2.37 to 2.39 (also compare Figures
2.2 and 2.28, 2.3 and 2.29, and 2.20 and 2.36).

2.5 The Influence of the Joint Spring Constant on Seismic Analysis and Design

As stated previously, the objective of the subassembly tests was to provide
mathematical modeling guidelines regarding joint looseness and joint capac-
ity. This section presents a brief summary of results from a seismic anal-
ysis of the standard pallet rack using two different values of Ke. It is in-
tended to study the influence of Ke values on the selection of member sizes
on the basis of the 1976 UBC seismic requirements. The detailed procedures

of seismic analysis will be discussed in Chapter 7.

The standard pallet rack (using the Type B-1 components) used in the shaking
table tests (see Chapter 4) was used for this analysis. Two values of Ke

were selected for study: 500 kip-in./rad. and 1,000 kip-in./rad. The follow-
ing assumptions were used: (1) the centerline dimensions were used; (2) the
section properties were assumed to be those supplied by the manufacturer;

(3) the column base was assumed to be pinned; (4) the base shear was assumed
to be V = CW where C = T%7-’ and W = total weight; (5) the p-& effect was

considered.



As might be expected, the story diSplacehents were quite sensitive to the
joint springs assigned. However, the difference in calculated base shears
and member forces was not very significant. |In this case study, the 50% de-

crease in the value of X, used resulted in about a 5% to 6% increase in

8
critical member forces,

2.6 Summary and Conclusions

Although the subassembly testing reported here was limited to 24 types from

7 manufacturers, it is expected that much of what has been learned can be ap-
plied to other rack assemblies from different manufacturers. That is, the
validity of these tests has been demonstrated in this study, and, if moment-
rotation flexibility information is needed for other types of rack assemblies,
these same simple and economical test procedures can be used. The summary of
this report is rather brief; readers are urged to refer to the original reports

for more detailed information.

Cantilever Tests:

e In all tests, the strength of the rack assembly was
governed by the connection rather than by the beam
Itself, Deformation in the connectors, tearing of
the column perforations, and fracturing of the beam-
connector weld were commonly observed.

@ In most test cases, the moment-rotation relation-
ships are very nonlinear. |t is sometimes difficult
to define a suitable linear range for elastic design
and analysis.

o The stiffness and strength properties are signifi-
cantly different for positive and negative moments.

¢ The stiffness and strength properties differ with
the connectors used, Increasing with the connector
length (Type B-1 versus Type B-2). The modes of
failure are also different for both cases.

e The stiffness and strength properties differ for
each combination of beam and column; in general,
they increase with the moments of inertia of beam
and column (Type B-5 versus Type B-6; Type B-7
versus Type B-8; Type B-2 versus Type B-3; Type
B-4 versus Type B-5§.

® The values of K3 estimated for elastic analysis and
design are in the range of 300 to 1,000 kip-in./rad
from various combinations of rack components, with
the exception of very high X, values for Type D
racks made of hot-rolled structural steel.
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Portal Tests:

Tests at Stanford University show very good agree-
ment (within 10%) between the measured rotations and
those computed analytically from Equation (2.2).
These results indicate that rotational measurements
may not be necessary in the cantilever tests, which
greatly simplifies the test procedures.

The results of tests of Type A-1 racks show no
significant difference in the stiffness and strength
properties when the moment-to-shear ratio is varied
(i.e., ha'f and full vertical load cases).

The modes of failure in the portal tests are similar
to those observed in the cantilever tests. The por-
tal test is essential to give an overall picture
(e.g., joint capacity versus stiffness). However,

to construct a complete M-8 curve up to failure, the
applied lateral load has to be increased to as high
as 100% of the vertical load, which is not realistic.

In all portal test cases, high initial stiffness and
early nonlinear behavior were observed.

Tests conducted at Stanford University show that the
analytical estimates of average moment and rotation
estimated from the lateral displacement measurements
compared favorably with the actual measured joint
moments and rotations.

Cantilever versus Portal Tests:

The cantilever test is simple and economical; the
portal test is costly and complex for industry to
perform.

The portal test is essential to give an overall pic-
ture (e.g., joint capacity versus stiffness). How-
ever, to construct a complete -0 curve up to failure,
the applied lateral load has to be increased to as
high as 100% of the vertical load, which is not
realistic.

In general, the /-6 relationships for both test
methods are rather similar in shape and moment ca-
pacity. However, the stiffness from the cantilever
test is smaller than that from the portal tests.
The difference in K, values estimated for elastic
analysis and design is on the order of 2.

The study of the influence of different values of X
(500 versus 1,000 kip-in./rad), used in accordance
with the 1976 UBC seismic design requirements, shows
that the member forces are approximately 5% to 6%
larger when KB = 500 kip-in./rad.
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The cantilever test is sufficient for practical en-
gineering purposes. The test is simple and requires
only lateral-load and displacement measurements, which
are easy to carry out. However, the test should be
conducted for loading in both the positive and the
negative directions.

To predict the seismic responses and capacity of full-
scale rack structures analytically, the behavior of
beam-to-column connections can be modeled by linear

or nonlinear rotational springs obtained experimen-
tally for positive and negative moments.
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TABLE 2.1
CONNECTIONS AND SECTION PROPERTIES OF RACK COMPONENTS

Moment of Inertia

Shape i & Connector
.’F;;: (in.*) Length Connections | Remarks
Column | Beam Column | Beam (in.)
cold-
A-1 «E‘E: & 1.037 | 2.664 7 ponatYPe | formed
steel
g o stud-type i
B-1 E ‘E} 1.144 3.265 8 it
1
B-2 +-— %, 1.144 2.081 6 L "
S
P Tl
B-3 | --— % 0.857 2.081 6 " !
=1
| o
B-4 | +-— % 3.316 7.228 6 L L
| —
|
Bl f = -EEL 1.316 | 7.228 6 . .
—
]
B-6 -+-— E 1.316 0.739 6 " L
S
B-7 E— E 0.611 0.739 6 " L
B-8 -E— B 0.611 1.948 6 L o
B-9 -E JE_'} 3.316 1.947 6 B .
r hook-t
¥ e | s s ook-type "
c-1 —L, 2.206 | 1175 | s-4 | hO%K
c-2 ~E— {h_ 0.691 5.549 6 " "




TABLE 2.1 (Continued)

Moment of Inertia

Shape oy Connector
%‘;;g - (in.*) Lquth Connections Remarks
Column Beam Column Beam (in.)
P— _ hot-rolled
D-1 —E ‘E 1.660 1.660 7 bolts steel
D-2 *E'— 'E—‘ 3.850 3.850 7 " "
D-3 —I-— -E —_ 1.380 1.660 & " "
D-4 —I— {f 2.520 1.660 6 " "
D-5 {} ‘E—- 3.320 1.660 7 u "
D-6 ‘E‘} E — 3.320 3.850 7 " "
beam:
I " hot-rolled;
E-1 @ E 0.916 | 1.660 6 hot-rol
cold-formed
E-2 ‘@“ ‘E— 0.916 7.500 6 " "
- " cold-formed
£-3 6- ~B» 0.916 | 1.220 6 cold
™1
| . L hook-type "
F-1 -+ - 4 0.671 2,319 6-1/2 grips
G-1 | T ‘Eﬂ‘ 1.855 2.516 bolts "
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TABLE 2.2
SUMMARY OF CANTILEVER TEST RESULTS

Momenf ofhinertia X i
Rack in, o i .
Type (kip-in./rad) | (kip-in. Mode of Failure
Column Beam
36.0- The hooks pulled out of the
A-1 1.037 2.664 600 41.0+ column perforations.
29.0- Fracture of the connector
B-1 1.144 3.265 1,000 33.0+ weld.
Distortions of the connec-
- 2.0 tor and at the column per-
B~2 1.144 Bl 470 19.2 forations. The upper stud
broke.
Tearing of the column per-
B-3 0.857 2.081 350 19.2 farations.
B-4 3.316 7.228 1,000 19.7 The upper stud pulled out.
The stud pulled out. Tear-
B-5 1.316 1:228 800 19.7 ing of the column perfora-
tions.
B-6 1.316 0.739 450 16.0 "
Tearing of the column per-
B-7 0.611 0.739 300 13.3 v .
B-8 0.611 1.948 400 18.0 ¢
B-9 3.316 1.948 750 21.0 The stud pulled out.
5.0- Fracture of the connector
c-1 2.206 1.175 200 18.0+ sl
c-2 0.691 5.549 750 223 The hooks pulled out.
1 The connector deformed and
D-5 3.320 1.660 4,500 38.2 cracked through.
0-6 3.320 3.850 2,500 65.0 The connector deformed.
E-1 0.916 1.660 300 31.6 5
£-2 0.916 7.500 750 24.5 o
E-3 0.916 1.220 750 24.6 *
£-4 0.916 4.780 600 24.9 !
18.0- Distortions of the connec-
F-1 0.671 2.319 750 3 tor and at the colunn per-
23.0+ f :
orations.
G-1 1.855 2.516 350 20.4 The bolt pulled through.

1

estimated joint spring for elastic analysis and design

failure moment, defined as the final test loading when severe damage was

observed
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TABLE 2.3
SUMMARY OF PORTAL TEST RESULTS

Moment of Inertia

Rack {in.*}) X Mf ,
Type (kip-in./rad) | (kip-in.) Mode of Failure
Co lumn Beam
A-1 1.037 2.664 1,000 35.0 The connectors deformed.
30.0 Fracture of the connector
B-1 1.144 3.265 2,000 28. 0 weld.
c-1 2.206 1.175 200 10.0 *
The connectors deformed
D-1 1.660 1.660 500 57.9 and cracked.
p-2 3.850 3.850 - 36.7 The connectors deformed.
The connectors deformed
D-3 1.380 1.660 600 33.0 and the connector finger
pulled out from the slot.
D-4 2.520 1.660 - 32.0 "
Distortions of the con-
F-1 0.671 2.319 1,250 20,0 nector and at the coltumn

perforations.

1]

estimated joint spring for elastic analysis and design
failure moment, defined as the final test loading when severe damage was

observed
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3. STATIC-CYCLIC TESTS

3.1 Introduction

This chapter summarizes the results from the static-cyclic tests conducted
at Stanford University on full-scale three-level standard pallet racks.

The complete results were published by Krawinkler, et al.? The primary
objective of this test program was to study the interaction between pallet
beams, columns, and connections under gravity loads and seismic effects sim-
ulated by quasi-static cyclic load application at the level of the pallet
beams on the third story. Four rack assemblies were tested, two in the lon-
gitudinal direction and two in the transverse direction. In the longitudi-
nal direction, the assemblies act as moment-resisting frames with semirigid
connections; in the transverse direction, the lateral-load-resisting units

are braced frames.

3.2 Test Structures

Table 3.1 summarizes the types of rack tests conducted. The typical rack
configuration tested in the longitudinal direction is shown in Figure 3.1.
The rack consists of three upright frames, with columns spaced approximately
LO in. apart and connected by horizontal beams spaced 5 ft vertically.

The 99-in. horizontal beams are connected to the columns by connector plates,
which, in turn, permit two types of connection to the columns: racks using
hook-type grips are referred to as Type A; racks using stud-type grips are
referred to as Type B. The Type A connector plates are 7 in. long, and the
Type B plates are 8 in. long. In the transverse test direction, a rack con-
sisting of only two upright frames was tested in order to assure an equal

distribution of lateral load to the frames.

Figure 3.2 shows the shapes of the rack components; Table 3.2 lists their
section properties. The Type A and Type B rack components used in the

static-cyclic tests correspond to the Type A-1 and B-1 components in the
subassembly tests presented in Chapter 2. The configuration and section
properties of Rack Type B are the same as those used in the shaking table

tests described in Chapter L4 (standard pallet rack).

Preceding page blank
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3.3 Leongitudinal Tests

Experimental Setup. The experimental setup for the longitudinal tests is

shown in Figure 3.3, The base plates_welded to the ends of the columns were
provided with single holes ‘through which the racks were bolted to the floor.
Each rack has two frames, labeled as L1 and L2 in Figure 3.3. These frames
are parallel to each other and are essentially identical. Frame L1 was
fully instrumented, while frame L2 was only partially instrumented, primar-

ily to verify the degree of symmetry attained in the response,

Strain gages similar to those used in the cantilever and portal tests re-
ported in Chapter 2 were mounted on the beams of the first level to measure
the strains in the beams close to the connections. The positions of the
strain gages in the beams relative to the adjacent joints, which were the
same as In the cantilever tests, permitted a direct measurement of beam
moments. Strain gages were alsoc mounted on the center columns and on one
of the exterior columns of frame L1 to obtain qualitative measurements of

the flexural strains in the columns.

The lateral displacement measurements for frames L1 and L2 were made at all
three levels by a combination of LVDTs and linear potentiometers attached to
the exterior column faces at the centeriine of the beams. Continuous read-
ings were obtained for the lateral load~defiection curves for the third level
and first level, and intermittent readings were obtained for the deflection

at the second level.

The gravity loads were simulated with 1,000-1b concrete blocks resting on
woocden pallets, one pallet per frame, per level, per bay. For test A-R-1,
the rack was loaded with 1/2 live load (1,500/1b pallet), while, for test
B~R-1, it was loaded with full live load (3,000/1b pallet). The lateral
load was applied to the rack assembly at the third level by means of a hy~
draulic jack connected at one end to a rigid wide-flange section and at the
other end to a distribution plate bolted to the two frames at the third

level.

Loading Histories. After the application of the vertical loads, all the

strain gages, LVDTs, and potentiometer readings were zerced. The lateral
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load was applied quasi-statically to permit accurate force and displacement
control and recording of visual observations. The racks were subjected to
cyclic loading with increasing displacement amplitudes up to 6 in. Three
symmetric cycles were carried out at each displacement amplitude. The load-
ing arrangement did not permit cyclic loading beyond a displacement of 6 in.,
but loading was continued monotonically until either failure was imminent or

the displacement limit of the loading arrangement was reached.

The deflection histories at the third level for tests A-R-1 and B-R-1 are

presented in Figure 3.4.

Test Results. Both rack assemblies during tests A-R-1 and B-R-1 exhibited

only a rather small linear range. At low levels of loading, the beam-to-
column connections behaved nonlinearly; at a much later state, nonlinearity

was caused by inelastic response in the center columns.

In test A-R-1, no sign of imminent failure was evident at the maximum dis-
placement of 17.3 in., although failure of the center column was expected at
at a much smaller displacement amplitude due to the combined action of axial
load and bending moment. However, the axial load was too small to affect
the capacity of the column significantly. Consequently, flexural plastic
hinges developed in the center column above and below the beam-to-column
connection, leading to a very ductile response of the rack assembly. Some
distress was observed at the exterior beam-to-column connection, which

attracted the highest bending moment in the pallet beams.

In test B-R-1, buckling of the center columns was imminent at a lateral
displacement of 9.0 in., at which point the test was terminated. In this
assembly, the axial load on the center columns was too high to permit the
development of flexural plastic hinges and consequent redistribution of
moments. All beam-to-column connections exhibited little distress and

would have been capable of resisting higher moments.

The maximum interstory drifts in tests A-R-1 and B-R-1 were found to be

approximately 0.12H and 0.07H, respectively (H = story height). This



result clearly shows that the racks can tolerate much greater drift limits
than are specified by the UBC {(0.005% x 3/K) and ATC-3 (0.015H).

The maximum amplification ratios of story shear due to the p-§ effect were
estimated to be approximately 1.8 and 2.2 for tests A-R-1 and B-R-1, respec-
tively. Thus, the p-§ effect will greatly affect the response of the racks

in the longitudinail direction.

It was observed from the column strain-gage measurements that the moment at
the center column base was always a significant portion of the column moment
at the'first—f]oor level near the top. Thus, the column bases provide a sig-
nificant restraint against rotation, which, in turn, reduces the column

moments at the first-floor level.

3.4 Transverse Tests

Experimental Setup. A plan view of the experimental setup for the transverse

tests is shown in 3.5a. Only single-bay assembiies were tested to assure an
equal distribution of lateral load to the two upright frames. Gravity loads
between the upright frames were simulated with four 1,000-1b concrete blocks
per level, which corresponds to 2/3 live load. Because it was intended to test
the behavior of interior bays with zero moments in the columns in the longitu-
dinal direction, 1,000-1b concrete blocks were suspended from cantilever beams
as shown in Figure 3.5b, to equilibrate the beam moments at the jJoints. In
this manner, the loading condition of interior bays with 2/3 live-load was
simulated. Knee braces were added to prevent displacement in the more flex-
ible longitudinal direction. The lateral load was applied by a hydraulic
jack attached to the middle of a distribution beam at the third level so

that the load would be distributed equally between the two frames.

The instrumentation consisted of LVDTs and linear potentiometers to measure
the horizontal deflection at the three levels of the two frames, designated
T1 and T2Z. Strain gages were attached to the columns below the first lTevel
and also to the braces that join the columns below the first level. Strain
gages were applied in pairs to obtain average readings of axial strains in

columns and braces.
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Loading Histories. The lateral load was again applied quasi-statically.

Load control was used for most of the test to control the loading history
except at amplitudes causing severe strength and stiffness degradation
where displacement control was applied. The racks were subjected to cyclic
loadings with increasing amplitude of load or displacement. Again, three
cycles were carried out at each amplitude. The history of lateral deflec-

tion at the third level for tests A-R-2 and B-R-2 is shown in Figure 3.6.

Test Results. Both rack assemblies exhibited nonlinear response char-
acteristics at relatively low lateral loads. Because the diagonal braces
were connected eccentrically to the columns, significant weak axis bending in
the columns occurred. This bending, in combination with high axial forces,
accounted for some of the inelastic behavior; however, most of the inelas-
tic action must be attributed to other sources, which differ for the two

rack types.

In test A-R-2, the nonlinear behavior was caused primarily by local bending
of the 1/4-in.-thick base plates at the column-to-floor connections. Because
of the large height-to-width ratio of the upright frames, the uplift forces
developed in one of the columns caused a brittle fracturing at the weld
connecting the column to the base plate before the buckling loads in columns
or braces were attained. The magnitude of the uplift force at which weld

fracture occurred was approximately 7,000 1b.

In test B-R-2, no welds fractured at the base plates; however, early non-
linear behavior was observed at the connections between the open-section
bracing elements and the open-section columns. Localized plastic bending

in the lips of the columns was evident at low loads, followed at higher

loads by local buckling of the open-section bracing elements. Distinct local
buckling was also visible between perforations in the columns. The strong
local buckling in the bracing elements and the plastic bending in the lips

of the columns limited the strength of the upright frames and were the

cause of significant stiffness deterioration.

The measured deflected shapes of the rack assemblies clearly illustrate

the difference in the behavior of the rack assemblies in tests A-R-2
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and B-R-2. In test A-R-2, the rack responded primarily in a flexural can-
tilever mode (the rate of deflection increased with height); in test B-R-2,
the rack responded in a shear-type mode (the largest relative deflection

was in the first story) once inelastic deformations at the brace-to-column

connections dominated the response.
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TABLE 3.1

SUMMARY OF STATIC-CYCLIC RACK TESTS

Test

Rack

Vertical Load

i%rection Type Designation Configuration Per(?g}]et
A A-R-1 3 stories high 1,500
Longitudinal 2 bays wide
B B-R-1 1 bay deep 3,000
A A-R-2 3 stories high 2,000
Transverse 1 bay wide
B B-R-2 1 bay deep 2,000




TABLE 3.2
SECTION PROPERTIES OF RACK ELEMENTS

A I I S 5 r r F

Type | Element | (oo oy | iininy | Ginsy [ (in3) [(ind) | Giney | Gin) | (kip/in.2)
Beam 1.010 2.664 1,104 1.109 0.7486 1.624 1.045 50
A Column 0.672 | 1.037 | 0.318| 0.89]1 0.277 1.228 | 0.688 50
Brace 0.370 30
Beam 1.288 | 3.265 | 1.195 | 1.496 | 0.760 | 1.630 | 0.986 | 45
B Column 0.688 | 1.144 0.879 1 0.756 | 0.586 1.288 | 1.130 45
Brace 0.318 | 0.125 | 0.075{ D.131 | 0.100 | O.628 | 0.4087 45
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of the Type B rack assembly.
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4. STRUCTURAL PERFORMANCE SHAKING TABLE TESTS

L.1 Description of Test Structures

Four types of typical full-scale storage racks were subjected to simulated
earthquake motions using the 20-ft-square shaking table facility at the
Richmond field station of the University of California, Berkeley. The
types of storage racks tested were: standard pallet rack, back-to-back
pallet rack, drive-in rack, and stacker rack. Three racks were anchored to
the table and tested under live loads simulated by concrete blocks (1,000
Ib/block) in each of the two principal directions. One rack (the back-to-
back pallet rack) was tested without anchors to the table. The rack con-
figurations selected for investigation are summarized in Table 4.1. Basic
section properties as supplied by the manufacturers for beams, columns,

braces, and other elements are listed in Table 4.2.

The racks to be tested were supplied by various manufacturers. The selection
of these racks was based on the manufacturers' brochures (or standard load-
ing tables) in accordance with industry practice. The test structures were
not modified or reinforced for this study. The maximum simulated storage
weights were 3,000 1b/pallet for the standard pallet and drive-in racks and
2,000 1b/pallet for the stacker rack.

Brief descriptions of different types of storage racks investigated in this

study are presented next.

Standard Pallet Rack. The standard pallet rack is probably the most common

type of rack used for industrial storage. Figure 4.1 shows photographs of
standard pallet rack assembly on the shaking table. The standard pallet
rack modular assembly consists of prefabricated uprights in the rack trans-
verse direction and horizontal beams spanning between successive uprights

in the longitudinal direction.
The uprights have two posts 43 in. apart (outside dimensions) that are con-

nected by horizontal members spaced 5 ft vertically. The uprights are braced

in their plane with single-diagonal bracing between the vertical post and
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horizontal member panel points. Upright posts have bearing plates at the bot-
tom that have a single hole for installation of a floor anchor. Connections
of upright frame members are button welded. The beam end connections (shelf
connectors) are of the clip-in type, and the upright posts are slotted along

their full height to allow variations in beam vertical spacings.
Figure 4.2 shows the rack configuration and detailed connections.

Back-to-Back Pallet Rack. Figure 4.3 shows the back-to-back pallet rack

assembly. This rack assembly is essentially the same as the standard
pallet rack except that rigid row spacers are provided to tie two identical
pallet racks together. This assembly was not anchored to the shaking table.

The rigid row spacers are shown later in Figure 4.9.

Drive-1n Rack. In the drive-in storage rack, storage pallets are supported

by rail members spanning between support arms that cantilever from the col-
umns rather than by beams spanning the bay width as in the standard pallet
rack. The drive-in rack is accessible from one side, but forklifts cannot
pass all the way through it. The drive-in storage rack tested is shown in

Figure h.4.

Upright frame (and anchor frame) assemblies are similar in construction to
those described for the standard pallet racks. The frames are connected by
a continuous rail that supports the pallets. [In the longitudinal direction,
the upright frames are connected at the top by continuous tie members
(overhead tie beams). For the anchor frames, ties (anchor beams} are pro-
vided at each story level. Horizontal-load-carrying systems for the drive-
in rack typically consist of bracing in the transverse direction and frame

action in the longitudinal direction of the racks.

Figure 4.5 shows the configuration and dimensions of the drive-in rack

assembly. The connection details are illustrated in Figure 4.6,

Stacker Racks. Stacker racks are part of an industrial storage system that

generally uses floor-running stacker cranes for storage and retrieval of goods
in large distribution centers. Stacker cranes are usually remote-controlled

and can operate in narrow aisles so that material storage density can be
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maximized. With computerized controls, stacker racks can provide an efficient,
inventory-controlled material-handling system. A recent survey of the rack
industry, published as ''Don't Make Racks an Afterthought''!® in Handling &
Shipping, shows an increase in the use of stacker racks from 6% of the total

rack market in 1971 to 20% in 1975, with a prediction of 35% in 1981,

Stacker rack frame assemblies resemble the drive-in rack configuration pre-
viously described but are usually more complex structures because they are
larger. Horizontal-load-carrying systems generally consist of bracing in
the transverse direction and frame action combined with supplemental bracing

in the longitudinal direction.

Figure 4.7 shows the stacker rack assembly on the shaking table. The dimen-
sions and connection details are illustrated in Figures 4.8 and 4.9, respec-

tively.

4.2 The Test Facility

The Shaking Table. The U.C. Berkeley earthquake simulator facility, shown in

Figure 4.10, is described in detail by Rea and Penzien.!* The facility con-
sists of a 20 ft by 20 ft posttensioned concrete slab shaking table that can
move simultaneously in one horizontal direction and in the vertical direction,
its associated electrohydraulic drive, its electronic control, and its data-

acquisition and -processing system.

Figure 4.11 indicates the limiting ranges of the dynamic performance of the
shaking table. The maximum displacement and velocity that can be achieved

by the shaking table in the horizontal motion are 5 in. and 25 in./sec,
respectively. When loaded with its upper limit of 100 kips, the shaking
table can move in the horizontal direction a maximum of 0.67g and, simul-
taneously, about 0.5g in the vertical direction. The shaking table was de-
signed to have a natural frequency greater than 20 Hz so that it would behave
essentially as a rigid body in the typical operating frequency range of

0-10 Hz.

Data-Acquisition System. Associated with the shaking table is a data-

acquisition and -processing system that is based on a NOVA 1200 minicomputer

in conjunction with a moving-head magnetic disc unit, The system is capable
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of data acquisition up to 128 transducer channels at a usual rate of around
50 samples/sec/channel. The data can convert to digital form through a 9-
track Wang digital magnetic tépe recorder for data reduction on the CDC com-
puter system. A Versate printer/plotter was also used to perform preliminary

data processing.

4.3 Instrumentation

The instrumentation served to define the table and individual story accelera-
tions and displacements and the local member deformations during each test.
Story accelerations and displacements were measured by accelerometers and
poteﬁtiometers, respectively. Electrical resistance strain gages and dis-
placement transducers (DCDTs) were installed at critically stressed locations
in members to measure local deformation quantities at any time during each
test. Table 4.3 summarizes all transducer channels used for global and lo-

cal response measurements.

Kistler Model 305T nonpendulous, force balance servo accelerometers, with a
Kistler model 515T servo amplifier attached were installed to measure accel-
erations of both the test structure and the shaking table, The accelerometers
have a range of #50g at a sensitivity of 100 mV/g. Accelerations can be
measured to an accuracy of up to 0.0001g at the highest gain set for the

amplifier,

To measure the absolute horizontal displacements, Series 1800-30A Houston
Scientific potentiometers were adopted. This transducer has a travel range
of #15 in. Figure 4.12(b) shows the potentiometer attached to an independent
reference frame, located outside the shaking table. Light nylon radio dial
cables were utilized to connect the clip pins of the potentiometers to their

targets on the structure.

Sanborn model 7 DCDT-500 displacement transducers with a stroke of *1/2 in.
were used in opposing pairs to measure average end rotations {or curvatures)
of members. The transducers were mounted in aluminum frames set at a dis-
tance of 3 in. between two target frames. Figure 4.13 illustrates typical
setups of these DCDT gages to measure the average rotation at the top and

bottom ends of the first-level column.
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Electrical resistance strain gages manufactured by Micro-Measurements, model

EA-06-250 BG 120, were used in the tests.

L.4 1nput Table Motions

The input signals from actual strong-motion accelerograms chosen for this
study were the 1940 E1 Centro north-south and the 1966 Parkfield records.
The E1 Centro signal was used for most of the tests. The Parkfield signal,
having significantly different frequency content from the E1 Centro record,
was chosen to determine how the structures would behave and how well the
mathematical models would work when an input signal other than the E1 Centro
earthquake motion was used. The acceleration time histories, the displace-
ment records, and the response spectra of the different test intensities are
shown in Figures 4.14 through 4.19. The El Centro earthquake motions are
designated EC, and the Parkfield earthquake inputs are assigned PF. The
number preceding these designations is the fraction of the maximum intensity
recorded. The designations 1/4 EC and 1/2 EC, respectively, represent tests
performed using the E1 Centro signal with the maximum intensities about 1/4
and 1/2 that of the actual El Centro record. No time scaling of the input
signal was performed because the testing was not intended to be a model test

of any prototype structure.

4.5 Test Procedures and Test Runs

Test Procedures. For the entire test program, except for the types of table

motions used, the same test procedures were used in conducting the tests.

For each test day, all transducer channels were calibrated by means of the

voltage change at a known deflection of a gage. After satisfactory calibra-
tion factors for all channels have been obtained, the final calibration was
transferred to magnetic tape for permanent storage. However, before a test,

this information was called into the disc to prepare for data acquisition.

The table motion was calibrated to obtain the functional relationship between
the peak responses of the table and the control span setting. By means of
this relationship, the desired table intensity in each test could be pre-
scribed by selecting an appropriate span setting value for the signal to be

used.
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During each test run, transducer calibrations, zeroc readings, and test read-
ings for the entire time history were collected for each channel and stored
by the computer on a magnetic disc. These temporary data were transferred to
magnetic tapz for permanent storage if the test run was determined to be sat-
isfactory. In addition, a log record was maintained during each test to de-

scribe all of the test conditions to which the structure was subjected.

Each dynamic test was begun by taking zero readings of all transducers a few
minutes before the test. During the actual test, the data-acquisition system
was turned on a few seconds before the table motion was initiated. After the
significant part of the earthquake record had been used to excite the struc-
ture, the table was stopped, but the data-acquisition system continued to
operate for about 10 to 20 sec longer so that the final free vibration could
be recorded. The test results were then examined by using the minicomputer
of the data-acquisition system, which printed out the maximum and minimum
values for each data channel and their corresponding times. |If the results
were satisfactory, the test data were then transferred to magnetic tape for

storage and data reduction,

Free vibrations were applied to some of the test structures to obtain their
small-amplitude dynamic properties. The test structures were mounted on the
shaking table, and the vibration was generated by imposing a static horizon-
tal deflection on the structure and then releasing this force suddenly. The
recorded acceleration signal for each top story level was then filtered
through a band-pass filter, with the bandwidth selected to cover the expected
frequencies. The data were then displayed on visicorder paper for frequency

and damping evaluation.

Dynamic Test Runs. Tables 4.4 through 4.11 present all dynamic test runs con-

ducted for the structural performance shaking table test program. In these
tables, the test identification (Test 1.D.) consist of the date and the test
number for that date. |In addition, live load cases, table motions, signals,
and remarks on tests are included in the tables. For convenience, these

tests are divided into three phases:
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Phase I - Standard Pallet Rack Tests

Total Test Selected Runs

Runs for Analysis
I-1: Longitudinal Test 11 8
I-2: Transverse Test 11 5
I-3: Longitudinal Test
(Back-To-Back) 7 5
I-4: Transverse Test
(Back-To-Back) 8 -
37 18
Phase II - Drive-In Rack Tests
II-1: Longitudinal Test 9 7
I11-2: Transverse Test b o
13 10
Phase III - Stacker Rack Tests
ITI-1: Longitudinal Test 10 8
III-2: Transverse Test 8 6
18 15

From the above summary it can be seen that 68 dynamic test runs were conducted
and 42 runs were selected for detailed data evaluation. Results of these se-

lected test runs will be presented briefly in Sections 4.8-4.14,

L.6 Data Reduction

Raw Data. For each test run, the table control signals, the table motions,
and the global and local responses of the structure were sampled at a rate of
approximately 50 points/sec and recorded in digital form on a magnetic disc.
This information was then transferred to a 9-track magnetic tape, where it
was treated as a single record stored on a logic file. Since the 9-track
tapes were not compatible with the 7-track tape system of the CDC 6600/7600
computers at the University of California Lawrence Berkeley Laboratory Com-
puting Center, a compatible program was written to convert the original data

tapes to the 7-track tapes for data reduction.
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All data were expressed as five-digit floating numbers in units of g for
acceleration, inches for displacement, mils per inch for strain, and kips

for the table actuator force.

The total records for the El Centro and Parkfield signals are about 43 sec
and 24 sec, respectively. These records include the final free-vibration
data after the table was stopped and a few seconds of initial zero values

before the table was started.

Reduction Processes. The data are generally presented in the form of time-

history plots of the response parameters, with some response spectrum and
Fourier amplitude curves. The computer program SMIS!5 was used extensively,
with some modifications for Fourier spectrum calculation and response spec-
trum plotting. A brief description of the table and response parameters and

their processing sequences follows.

The table motions are essential information for analytical predictions of the
structure responses. The basic table motions are presented in the form of
time-history plots of acceleration and displacement. The table velocities
were not recorded directly, but they could be calculated by integration of

accelerations.

Another significant way of describing the table motions is by means of re-
sponse spectra. The response spectra are essential for dynamic analysis
using the response spectrum method. Thus, the absolute accelerations, rel-
ative velocities, and relative displacements were computed and plotted on

log-log graphs, considering damping ratios of 1%, 3%, 5%, and 8% of critical.

The global response of the complete structural system can be obtained by
accelerometer and potentiometer measurements made at each story level.
The absolute story accelerations were measured directly from the accelerom-

eters and required no reduction process,

Fourier spectra were computed from the story acceleration time histories us-
ing the fast Fourier transform algorithm, using 1,024 (or 2,048) discrete
values to make a time record of about 20.17 sec (or 40.3%4% sec) duration.

Sufficient trailing zerces were added to the time histories to achieve this

]
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duration, if needed. These transforms were then smoothed by a running average
technique, replacing the central point with the weighted average of five con-
secutive points. From these spectra, the natural frequencies of the struc-

ture can be identified.

The story displacements relative to the table were obtained by subtracting
the table displacements from the absolute story displacements. The inter-
story drifts were determined in a similar manner. The story shear was ob-
tained by summing the story inertia forces (story mass times story accelera-
tion) from the top to the story level in question. Likewise, the story over-
turning moments were found by summing the moments of the story inertia forces

about the level under consideration.

The numerous strain gages installed at the various structure members made it
possible to evaluate internal deformations of the members at any time during
each test. Unfortunately, no calibration tests were performed to establish
the relationships of flexural strains versus moments (or axial strains versus
axial forces). Therefore, in this report, member strains (mil/in.) were used

instead of member forces.

The DCDT gages (Figure 4.13) were used to measure the average end rotations

of critical column members. The average end rotation 6 can be expressed as

| &y | + | a2 |
h

where A; and Ay are the extensions of contractions of two parallel chords and
h is the gage length (see Table 4.3 for the gage lengths corresponding to
various test runs). |f the calibration data between moment and rotation are

available, the average moment M can be determined as

M = EI 9
where:
E' = modulus of elasticity
I = moment of inertia of the column section about the

axis in question

I, = distance between two aluminum frames (3 in.)

= B =



The above relationship assumes that the relative rotations between two sec~

tions are small and that plane sections remain plane after deformation.

b,7 Test Results - Introduction

The results obtained from the selected test runs are eorganized into separate
sections for each rack tested, Each presents the instrumentation plan, a
brief discussion of global and local responses, and a summary of the seismic

behavior observed for each rack assembly.

Tests are identified by rack type, test direction, live load, and intensity

and signal used. Abbreviations for these are as follows:

Rack Type: SP - Standard pallet rack
DI - Drive-in rack
ST - Stacker rack

Test Direction: L - Longitudinal
T - Transverse

Live Load: 1 - Full live load

2/3 ~ 2/3 live load
1/2 - 1/2 live load

Intensity/Signal: 1/4 EC - 1/b4 the actual El Centro
signal

1/4 PF - 1/h4 the actual Parkfield
signal

etc,

The method of applying live load for the shaking table tests was to make up
concrete blocks that were bolted to the wooden pallets, which, in turn, were
bolted to the racks (or banded with metal straps for the drive-in and stacker
racks). While this method is not realistic in industry practice, it was

deemed essential for obtaining experimental data on the performance of the
racks and testing the adequacy and effectiveness of the various analytical
procedures and assumed mathematical models. It would be impossible to model
the rack structures with unknown effective mass mounted on the racks. However,
this unrealistic method of applying live load is justified by the merchandise

shaking table test results (Chapter 5).

4.8 Test Results - Standard Pallet Rack, Longitudinal

Eleven test runs were conducted in this series. Eight test runs were selected

for detailed data evaluation. A summary of selected extreme quantities and
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dynamic response properties for these runs is presented in Table 4.12. In-
strumentation channels used for data analysis are shown in Figure 4.20. Four
test runs were selected for presentation here. One test was conducted with
2/3 live load (i.e., 2,000 1b/pallet), and the others were conducted with
full live load (i.e., 3,000 1b/pallet).

Global Responses. Figures 4.21a through 4.21d show the absolute story ac-

celerations for the four test runs. The responses are seen to contain not
only the first mode but also the higher modes of vibration. The vibration
periods of the three modes, as experimentally determined by a fast Fourier
transform analysis of the third-level acceleration, are shown in Table 4.12,
The story displacements, relative to the table, shown in Figures 4.22a through
4.22d indicate in general the predominant first-mode vibration with varying
amplitude. For the SP-L-1-1/2 EC test case, only 10 sec of response are in-
cluded in this presentation because of the failure of the data-acquisition

system at about 12 sec.

Figures 4.23a through 4.23d illustrate the time-history plots of the base
shears and overturning moments determined by inertia forces for the four test
runs. These results, along with the interstory drift plots (first floor
relative to table), can be used to determine the contribution of the p-§ ef-
fect to the column moment. The equivalent total story shear can be approx-

imately expressed as

V = V_+V

i I P
where:
VI = story shear determined by inertia forces
.8
p = &

= lateral force induced due to the p-§ effect

LW = the summation of all weights supported above
§ = interstory drift
H = story height
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From the above expression, the ratio VT/VI (the amplification of story shear
due to the p-8§ effect) can be determined as shown in Table 4.13, This clearly
shows that the contribution of story shear due to the p-8 effect is signifi-

cant and should be considered in response prediction and design.

Local Responses. The time-history plots of the column end rotations measured

with the DCDT gages are shown in Figures 4.24a through 4.24d. 1t can be seen
that the rotations (or bending moments if the calibration curve of rotations
versus known moments is available) at both ends of the center first-lievel
column are almost in the same order of magnitude. Thus, the base plates pro-
vide a significant fixity against rotation, which, in turn, reduces the moment
at the first-level columns. The calculated rotations at the initiation of
yield are about 2.14 x 1073 rad and 1.73 x 1073 rad for the 2/3 and full live
loads, respectively. The detailed procedures for evaluating the yield rota-
tions (described in Appendix A) were based on Section 3.6.1 of the 1968 edition
of Specificatione for the Design of Cold-Formed Steel Structural Members,Kl®
published by the American lron and Steel Institute (here called AIS| 3.6,1),
assuming that the members would not be subject to torsional-flexural buckling.
The results clearly indicate that, during the $P-L-1-1/2 EC and S$P-L-1-1/2 PF
tests, the column end rotations exceeded the yield value of ¢y =1.73 x 1073
rad. The estimated rotational ductility ratios for all test runs selected

for study are also shown in Table 4,12,

Summary. The selected results presented above show no evidence of structural
damage. However, for test run SP-L-1-1.33 EC, the input table motions were
increased to produce a maximum horizontal acceleration of about 1.33 times
the actual El Centro signal with the addition of vertical excitation. This
test run caused some minor distress at the top end of the center first-level
column. The maximum interstory drift was approximately 4 in. (or 0.069H),

and the rotational ductility ratio was estimated to be about 2.6 (see Table
L.12).

The natural periods of vibration and damping values observed are summarized
in Table 4.12 and plotted in Figure 4.25. The periods were determined from
(1) a fast Fourier transform analysis of the third-floor acceleration records
during the shaking table excitation, and (2) a free-decay measurement after

the table was stopped. For comparison, the results from the pull-release
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tests are also shown in Figure 4.25. The variation of dynamic properties

with respect to the input signals, intensities, and the test sequence is
clearly shown in the figure. Because of the looseness of semirigid connec-
tions, the damping values are relatively high, as would be expected. The
damping values, which ranged from 3% to 9% of critical, were based on the
free-decay data after the table was stopped and on the free-vibration measure-

ments from the pull-release tests.

The contribution to story shear of the p-6 effect is very significant. Ta-
ble 4.13 presents this secondary effect based on the data shown in Table
4L.12. The amplification ratios of Vp/V, are estimated to be in the range
of 1.3 to 1.6. It is evident that the p-8 effect will greatly affect the
response of the racks and should be considered in response prediction and

design.

The results from the rotation measurements presented for each individual test
run clearly demonstrate that the column base did provide a considerable re-
straint against rotation, which, in turn, reduced the column moments at the

first-story level.

4.9 Test Results - Standard Pallet Rack, Transverse

Eleven tests were carried out for this test series (see the summary in
Table 4.5). Five test runs were selected for detailed data analysis.
Table 4.14 summarizes the results of some extreme quantities and dynamic
response properties from these selected test runs. The instrumentation
channels used for data reduction are illustrated in Figure 4.26. Three
test runs were selected for discussion here. One test run was simulated
with 2/3 live load (i.e., 2,000 1b/pallet), and the other two runs were
loaded with the full live load (i.e., 3,000 1b/pallet).

Global Responses. Fiqures 4.27a and L4.27b display, for two test cases, the

time-history plots of the story displacements (relative to the table) mea-
sured at the third-story level of three upright frames, from which it can be
seen that the global response of the three frames was nearly identical. Some
minor difference in magnitude might be visible; this was probably caused by
unavoidable minor unsymmetry in stiffness and mass distribution. However,

during the SP-T-1-1/2 EC test, a significant unsymmetrical response was
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observed (Figure 4.27c) because the story overturning moment greatly exceeded
the limiting value required to initiate uplift at the exterior frame column.

This condition caused the weld fracture at the northwest column base.

Figures 4.28a through 4.28c and 4.29a through 4.29c illustrate for the three
test runs the absolute story accelerations and the relative story displace-
ments measured at the center frame. The response is seen to be dominated by
the first mode, with the second mode visible in the first-level acceleration
records. The periods of vibration were determined by fast Fourier transform
analysis of the third-~level acceleration records and are indicated in

Table 4,14,

Figures 4.30a through 4.30c present the base shears and overturning moments

for the three test cases, on the assumption that the horizontal floor diaphragm
was perfectly rigid and that the total mass was equally distributed to each
upright frame. Figure 4.30c shows that the overturning moment did greatly ex-
ceed the estimated limiting value of 183 kip-in. required to initiate uplift

at the exterior frame columns, which, in turn, caused the weld fracture at

the northwest column base,

Local Responses. The axial strains of the two bottom diagonal members for

the three test runs, shown in Figures 4.31a through 4.31c, indicate nearly
symmetric response. However, it can be seen that the center diagonal brace
attracted slightly more story shear than the exterior member. All strains
measured during this test series were within the strain yield limit of

ey = 0.49 mil/in. in accordance with AiS| 3.6.1,

The column axial strains and end rotations near the base for the three test
cases are shown in Figures 4.32a through 4.32c. The column axial strain
plots, comparing the north and south center columns, demonstrate the expected
antisymmetric response behavior. |t can be observed from the column rotation
measurements that the column bases provide a significant fixity against rota-
tion. During the SP-T-1-1/2 EC test, the rotation at the south center col-

umn near the base exceeded the estimated yield value of ¢y = 0.51 x 1073 rad.
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Summary. The weakest spots of this rack assembly during the shaking table
tests were at the weld connecting the column to the base plate. As shown

in Table 4.5, the welds began to fracture at a very low level of excita-

tion (1/4 PF) when the rack was loaded with 2/3 live load. A weld fracture
at the connection between the open-section diagonal element and the column is
shown in Figure 4.33. It may be concluded that the connections of the col-
umn to the brace and to the base plates with only a few button welds are not
sufficient to develop the full capacities of the members. This undesirable
design practice can be easily improved by fully welding around these connec-
tions. Noticeable distress of all columns near the base plate except one at
the northeast column was observed (Figure 4.33) when the structure was loaded
with the full live load under the 1/2 EC input table motion. The estimated
maximum rotational ductility ratio of the column near the base plate was
approximately 1.9, as determined by procedures described in Appendix A. As
the input signal increased to 5/8 EC combined with an appropriately scaled
vertical motion, the undamaged northeast column also suffered damage near

the base.

The measured fundamental period of vibration and damping values of the stan-
dard pallet rack tested in the transverse direction are plotted in Figure
L.34. As expected, the damping or energy-absorbing capacities were smaller
(ranging from 0.5% to 1.6% of critical) than those observed in the longitu-
dinal direction. Strong amplitude dependance on the periods of vibration,
as observed in the longitudinal test, was not evident in the transverse test

Case.

For this test series, the column end rotation measurements by DCDT gages

show that the column base plate did contribute considerable fixity against
rotation. This indicates that the upright posts near the base plate are the
most critical spots, subject not only to axial loads but also to bending
moments. The interaction between axial load and bending moment can be treated

by means of the M-P interaction equation illustrated in Appendix A.
Because of the braced-frame system in the transverse test direction, the es-

timated p-d§ effect was not significant and need not be considered in rack

design.
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Before the vibration tests, a mathematical model was developed to predict
the natural periods of vibration of the rack assembly in the transverse di-
rection. The mathematical model assumed: (1) beam-column elements for the
upright posts; {(2) truss elements for the diagonal braces; (3) center-to-
center dimensions; (&) pinned bases; and {5) equa! distribution of the total
mass to each upright frame. From these assumptions, the fundamental periods
were calcuiated to be 0.41 sec and 0.50 sec for the 2/3 and full live load
cases, respectively. These predicted periods were substantially lower than
the observed periods from the pull-release tests (0.66 sec and 0.84 sec for
2/3 and full load cases, respectively). The difference between prediction
and measurement was attributable to the strong localized deformations at

the connections between the open-section diagonal bracing elements and the
open-section columns. Static cyclic tests on the full-scale rack conducted
at Stanford University? showed early nonlinear behavior and strong local de-
.formation at these connections, This localized deformation affects response

predictions significantly.

4.10 Test Results - Comparison of Anchored and Unanchored
Standard Pallet Racks

A record of the shaking table tests in the longitudinal direction of the
back-to-back pallet rack, which was not anchored to the table, was presented
in Table 4.7. Eight tests were carried out for this series, and five test
runs were selected for detailed data analysis. Table 4.15 summarizes the
results of selected extreme quantities for this test series along with the
results from the standard pallet rack anchored to the table. The instru-
mentation channels used for data reduction are shown in Figure 4.35. Only

two individual test runs were selected for presentation in this report.

Global Responses. For all tests conducted on the back-to-back pallet rack,

the time-history plots of the third-level relative displacements measured at
different frames showed symmetrical! response and no torsional vibration.
Figure 4.36 shows a typical example using the input signal of 5/8 EC. This
observation can provide a good basis for comparing the seismic behavior of

anchored versus unanchored (lagged versus unlagged) test cases.

A comparison of interstory drifts for both anchored and unanchored pallet

racks, shown in Figure 4.37, clearly indicates that the interstory drifts
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of the unanchored rack were greater than those of the anchored rack under the
same input signal. Figure 4.38, comparing the base shears for both cases,
indicates that the anchored rack displayed lower story forces than the unan-

chored rack.

Table L4.16 shows a comparison of the base shears for anchored and unanchored
conditions. The base shears determined by inertia forces are consistently
larger for the unanchored rack, and the shears that result from the p-¢ effect

also favor the anchored rack.

Local Responses. The local response measurements from the DCDT gages mounted

at both ends of the first-level center columns for both test cases clearly
favor the anchored case (Figures 4.39 and 4.40). The rotational ductility
ratios at the top end of the center first-level columns listed in Table 4.15
indicate consistently larger ductility ratios for the unanchored rack sub-

jected to the same input motion.

Collapse of the Structure. The structure collapsed during the high-amplitude

excitation using simultaneously the maximum horizontal and vertical accelera-
tions of 0.4k4g and 0.2g, respectively. Figure L4.41 shows the horizontal

table acceleration and displacement used for this test run.

Figure 4.42 shows that the collapse occurred at about 7 sec. The maximum
third-level relative displacements (Figure 4.42) and the maximum interstory
drifts (Figure 4.43) were approximately 12 in. and 6 in., respectively.

The amplification of the story shear due to the p-& effect seems to be re-
sponsible for the collapse of the rack assembly. This was verified by the
film taken during the test, which clearly shows that the collapse was ini-
tiated by the large side sway at the top of the first-story level, which was
followed by kicking of the bottom ends of the first-level columns. The ab-
sence of lagging at the base of the columns undoubtedly contributed to the

collapse. Figure 4.44 shows the totally collapsed rack structure.

4.11 Test Results - Drive-In Rack, Longitudinal

As shown in Table 4.8, nine tests were conducted for this test series, of
which seven were selected for detailed data evaluation. Table 4.17 summa-

rizes some of the extreme values and dynamic properties from these seven
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tests. Instrumentation channels used for data analysis are shown in
Figure L.45. Only three test runs simulated with the full live load {i.e.,

3,000 Tb/pallet) were selected for presentation in the following.

Global Responses. For all tests conducted in this test series, no torsional

response was observed for this unsymmetrical frame system. Figure 4.46
shows a typical example comparing the third-story displacements relative to
the table of three frames paraliel to each other. It can be seen from this
comparison that the displacements from these three frames were identical,
although the frame system in the test direction was unsymmetrical. However,
the calculations presented in Appendix B show that the torsional response
contributed only about 3% to 6% of the total response and was not visible

from the displacement time-history plots.

Figures 4.47 and 4.48 display, for the DI-L-1-1/k EC test, the story accel-
eration records showing primarily the first and second modes, with a strong
second mode visible in all acceleration records. Comparison of these story
acceleration records measured at the two exterior frames also indicates the
close resemblance between the story levels. These observations were typical

of all test runs conducted in this test series.

Figures 4.49a through 4.49c show, for the three test runs, the relative story
displacements at various story levels. Figures 4.50a through 4.50c display
time-history plots of the base shears and overturning moments for three dif-
ferent tests. The inertia forces were obtained from the product of total
mass per floor and the average values of the corresponding acceleration time
histories measured at two exterior upright and anchor frames. The infliuence
of the p-& effect on the story shear was found to be very significant.

Table 4.18 summarizes the results of all test data analyzed.

Local Responses. Figures 4.51a through 4.51c present for the three test runs

the local response measurements of the column end rotations by the DCDT gages.
A comparison of the measured celumn end rotations at the top and near the
base of the first-floor critical column again indicates that the column base
plate provides a significant restraint against rotation. The time-history
plots of column end rotation, as shown in these figures, clearly show that

the rotations did not exceed the yield values (¢y = 9,6 x 1073 rad and
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12.1 x 1073 rad for the anchor and upright frames, respectively). The pro-
cedures used to obtain these yield values are similar to those shown in Ap-

pendix A for the standard pallet rack.

Summary. The input signal used in the last test run for this test configura-
tion was scaled to produce a maximum horizontal acceleration about 5/8 that
of the actual El Centro record with the addition of an appropriately scaled
vertical acceleration (DI-L-1-5/8 EC). No structural damage was observed.
However, the amplification of story shear due to the p-8 effect was found to
be very significant. Because of the experience of the total collapse of the
pallet rack and for safety, it was decided to stop the test. No test con-

ducted in this series showed evidence of material yielding.

The measured dynamic response properties of the drive-in rack assembly
tested in the longitudinal direction are shown in Table 4.17. It is evi-
dent that the structure was very flexible. The fundamental periods of
vibration ranged from 2.5 sec to 3.3 sec when the rack was loaded with the
full live load (3,000 1b/pallet). The damping values observed from the
shaking table free-decay data were 4% to 9% of critical, which is very simi-
lar to those found for the standard pallet rack tested in the longitudinal

direction.

The drive-in rack assembly in the longitudinal direction consists of two up-
right and two anchor frames, as shown in Figure 4.45. Although the struc-
tural system and stiffness for these two types of frames are quite different,
no torsion was detected from the displacement time-history plots. A calcu-
lation was performed to distribute the total horizontal shear carried by
each of the parallel frames due to the eccentric horizontal load (the cen-
ters of rigidity and mass do not coincide). The results, presented in Ap-
pendix B, indicate that the torsional effect is insignificant (approximately
3% to 6% of the total). This negligible torsional effect enables one to
model this structure two-dimensionally. This will greatly simplify the

analysis procedure.

The influence of the p-§ effect on the story shear is very significant. The
amplification ratios for each test run as presented in Table 4.18 are in the

range of 1.3 to 1.6. |t is apparent from the results shown in the table that
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the p-8 effect will greatly affect the response of this rack assembly in the

longitudinal direction.

Local response measurements of the column rotations at the top and the bottom
ends of the first-story level have shown that the column base plate did pro-
vide considerable restraint against rotation, as was observed in the standard

pallet rack test cases.

4.12 Test Results - Drive-in Rack, Transverse

Four tests simulated with the 2/3 live load (2,000 1b/pallet) were conducted
for this test configuration (see Table 4.9). Three test runs were subjected
to detailed data analysis. Table 4.19 summarizes some of the extreme values
and dynamic response properties for this test series. Instrumentation chan-
nels used for data reduction are shown in Figure 4.52. Two tests were se-

lected for presentation in the following.

Global Responses. For all tests conducted in this test series, the displace-

ment time-history plots measured at the three parallel frames were nearly
identical. Some minor difference in magnitude was evident and was probably
caused by unavoidable minor unsymmetry in mass distribution and stiffness.
Figure 4.53 shows, for the DI-T-2/3-1/h4 EC test, a typical example comparing
the third-level displacements measured at the three frames., The story dis-
placements for the two test runs, shown in Figures 4.5ha and 4.54b, indicate
the predominant first-mode contribution. Considerable permanent set in the
displacement response was evident in the case of the run with the input sig-
nal of 1/4 the Parkfield record as shown in Figure 4.54b., Figures 4.55a and
4.55b display, for the two test cases, the story accelerations, which again
indicate that the response is dominated by the first mode, The fundamental
periods of vibration for these test runs were 0.58 sec and 0.59 sec, re-
spectively, as determined from the fast Fourier analysis of the third-level
acceleration records. The estimated base story forces showing in Figures

L, 56a and L4.56b for the two test runs assume the rigid horizontal floor

diaphragm and equally distributed mass to each frame.

Local Responses. The local response measurements on the bottom diagenal

braces in Figures 4.57a and 4.57b demonstrate that the bottom diagonal mem-
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bers in the upright frame did exceed the theoretical yield strain limit

(cy = 0.31 mil/in.) but that the diagonal members in the anchor frame did
not exceed the yield strain value (EH = 0.42 mil/in.). Considerable buck-
ling and permanent set were observed in the case of the test run with the
input signal of 1/4 the Parkfield record. The values of cy were determined

from AISI 3.6.1.

Summary. As described above, considerable buckling of the bottom diagonal
braces in the upright frames was observed when the table was shaken by the
input signal of 1/4 PF. Nevertheless, the test was continued for this dam-
aged structure. The last test run was conducted with a maximum acceleration
about 1/2 that of the actual El Centro record (DI-T-2/3-1/2 EC). The fun-
damental period of vibration increased substantially from 0.59 sec to 0.67
sec for this last test run. The buckling of the bottom diagonal members

in the upright frames became more severe (Figure 4.58). |In addition, two
tack welds broke at the connections between the open-section columns and the
open-section braces in the anchor frame. This behavior clearly shows that
the diagonal braces in the upright frames were underdesigned (the slender-

ness ratio L/r is 177 compared with 155 for the anchor frame).

The fundamental periods of vibration observed before the structural damage
were around 0.56 sec to 0.59 sec. As might be expected in the braced-frame
system, the damping values observed are relatively small (around 2% of crit-
ical), and therefore very similar to those found in the standard pallet
transverse test case. The p-¢ effect in this test configuration is insig-

nificant. The amplification ratio was estimated to be about 1.05.

4.13 Test Results - Stacker Rack, Longitudinal

Ten tests were carried out for this test configuration (see Table 4.10).
Eight tests were selected for detailed data analysis. Table 4.20 summarizes

selected extreme values and dynamic properties from the eight test runs.
Instrumentation channels used for the data analysis are shown in Figure

4,59, The results of the three test runs loaded with the full live load
(i.e., 2,000 1b/pallet) are presented next.
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Global Responses. The displacement records for all tests conducted on this

rack configuration show that the response was symmetric; no torsion was ob~
served. This is shown in the displacements measured at the sixth level of
three parallel frames (Frames A, C, and D) for the test run with the input
signal of 1/4 the E1 Centro record (Figure 4.60). The displacements are seen
to be identical both in phase and in magnitude. The time-history plots shown
in Figure 4.61 also indicate close similarity of the acceleration records

measured for Frames A and C.

The story displacements shown in Figures 4.62a arid 4.62b indicate considerable
difference in response, although both cases were conducted under the same
earthquake signal but at different intensity levels (1/4 EC versus 1/2 EC).
Figure 4.62c shows the story displacements that occurred when the structure
was subjected to the input signal of 1/2 the Parkfield record. Significant
difference in response was observed from these three test runs. However, the
response was generally in the first-mode vibration. Figures 4.63a through
4.63c display the story accelerations for the three test cases with consider-
able second-mode contribution visible in the records. The base shears and
overturning moments shown in Figures 4.64a through 4.6k4c for the three test
runs were determined from the story inertia forces at each level, i.e., the

product of the average measured story accelerations and the total story mass.

Local Responses. Figures 4.65a through 4.65c show, for the three test runs,

the local response measurements on the two bottom diagonal tie rods. Because
the recorded strain values represent only dynamic strains {or forces), the
diagonal axial strains in compression were clipped off at a level represent-
ing the magnitude of the pretension strain (force). However, this was not
shown in the case of the test run with the input signal of 1/2 the Parkfield
record (Figure 4.65¢). During this test, there was no pretension strain be-
cause the joints connecting the rods and the rod supports had loosened as a

result of previous high-amplitude excitation.

Comparison of the column axial strains (not shown) generally indicates anti-
symmetric ngponses of Columns A-4 versus A-2, B-h versus B-2, and D-k
versus D=2 {i.e., the overturning moment could be determined if the strain-
force functional relationships were available). As might be expected, be-

cause of the specific location of the diagonal braces, the axial strains at
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the exterior columns (A-1 and A-5) were relatively small compared with the

column axial strains at Frames 2 and 4,

Summary. The last two test runs for the rack configuration shown in Table
4.20 were performed using nearly the same input table motions. (This was done
by mistake; the original intention was to add the appropriately scaled verti-
cal acceleration to the last test run.) However, the results provided some
interesting seismic behavior. As noted in footnotes ¢ and d of Table 4,20,
Test 221178.5 was conducted when the diagonal rods were loose, whereas the
last test run (221178.6) was carried out when the rods were tied with some pre-
tension force. Comparison of the selected extreme values shown in the table
indicates that the test case with the loose diagonal rods was more favorable
than the test case with the tied rods. |In addition, buckling of columns be-
tween the bottom diagonal rods (columns B-4, B-2, C-4, and C-2 between the

second and third levels) was observed (Figure 4.66).

As shown in Table 4.20, the periods varied considerably for each test (from
0.94 sec to 1.4 sec for the full live load, as determined by a fast Fourier
transform analysis of the sixth-level acceleration records), caused in part
by the looseness of the diagonal rods but also by the degradation in stiff-
ness. The damping values evaluated from the shaking table free-decay data

were in the range of 4% to 6%.

Because the displacement records show that the response was symmetric and no
torsion was observed, two-dimensional nonlinear mathematical modeling is pos-

sible.

Since the rack stability is dependent on the diagonal bracing, the p-¢
effect is insignificant, as might be expected. The maximum amplification
of the story shear due to the p-§ effect was found to be approximately 1.08.
For industry design practice, the p-6 effect need not be considered in the

design analysis.

L.14 Test Results - Stacker Rack, Transverse

Eight tests were conducted in this test series (see Table 4.11), and six test

runs were selected for detailed data analysis. Table 4.21 presents the re-
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sults of selected extreme quantities and dynamic response properties. In-
strumentation channels used for the data analysis are shown in Figure 4.67.
A brief discussion of the test results from three of the test runs conducted

with the full live load (i.e., 2,000 Ib/pallet) is presented in the following.

Global Responses. Figures 4.68 and 4.69 show for the ST-T-1-1/4 EC test the

displacement and acceleration time-history plots observed at the sixth level
of three parallel upright frames (Frames A, C, and E). Comparison of these
plots indicates that the responses were similar in phase but not in magnitude.
This unsymmetric nature of response in magnitude was probably caused by un-
avoidable minor unsymmetry in stiffness and mass distribution, 1t was also
probably due to the rigidity added to the interior floor diaphragms by the
horizontal cross-braces at the sixth and third floors between Frames B and

D. The above observation was typical for all test runs conducted in this

test series.

Figures 4.70 and 4.71 displiay, for the three test runs, the displacements
and accelerations observed for three floors of Frame C. The figures in-
dicate primarily first-mode vibration. During the most severe shaking table
excitation (with the input signal of 1/2 the Parkfield record), the maximum
sixth-level displacement and acceleration were about 3.0 in. and 1.0g, re-

sepctively.

Local Responses. The local response measurements of the brace axial strains

(north and south bottom floors), shown in Figures 4.72 and 4.73 for the

three test runs, clearly indicate that the interior frames attracted more
shear forces than the exterior frames. During test ST-T-1-1/2 PF, all
interior bottom diagonal members exceeded the theoretical yield strain Timit
of Ey = 0.32 mil/in. and buckled considerably; permanent set was also evident

{see Figures h.72c and 4.73¢c). The value of Ey was determined from AIS! 3.6.1,

Summary. For this test series, structural damage was evident in the test run
with the input signal of 1/2 the Parkfield record (ST~T-1-1/2 PF). All in-
terior bottom diagonal braces buckled considerably. In addition, some minor
distress was observed for all interior columns near the base plates (Figure
k.74). For this test assembly, weld fracture at the base plates did not take

place, although, in some test runs, the column axial forces due to overturning
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moment exceeded the limiting value required to initiate uplift in the exterior
frame columns. This indicates that the application of a continuous weld at
the connection of column and base plate is very effective. (The columns used
in the stacker rack and the standard pallet rack tests were identical. The
latter case used few button welds around the base plates and suffered weld
fracture at very low-amplitude shaking levels; the former case used a con-

tinuous weld around the base plates and suffered no weld fracture).

The fundamental periods of vibration and the damping values for each test run
are shown in Table 4.21. For the full live load test case, the periods
changed from 0.65 sec to 0.68 sec before structural damage took place. The
period increased substantially during the last test run when the structure
suffered considerable damage. The damping values based on the shaking table
free-decay data are relatively higher than those for the standard pallet

assembly in the transverse direction.

The rack assembly used for this test series consists of ten identical up-
right frames, which, in turn, form five double upright frames parallel to the
direction of table motion. Examination of the local response measurements

of the column axial strains near the base plates and the bottom diagonal
strains has shown antisymmetric response in phase; each upright frame re-
sponded independently. This observation is significant for the mathematical

modeling of the stacker rack assembly in the transverse direction.

As expected, the p-§ effect is insignificant for the braced-frame system

used in this test series. The local deformation at the connection between

the open-section column and the open-section brace is significant, as in

the case of the standard pallet and the drive-in rack tested in the transverse

direction.
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TABLE 4.1

TYPES OF RACK ASSEMBLY

Rack conf . Column Simulated Storage Weight
Type onfiguration Rase
Per Pallet Total
. 2/3 Live Load:
Standard 2 bays wide 2.000 1b 24,000 1b
Pallet 1 bay deep Anchored | £17’ive Load: and
3 stories high 3.000 16 36,000 1%
Back-to- 2 bays wide ; .
Back 2 bays deep Unanchored Fm; ldase1lgoad. 72,000 1b
Pallet 3 stories high ’
bt 2 bays wide 2/3 Live Load: 36,000 1b
rive- 3 bays dee Anchored i and
In ys deep Full Live Load:
3 stories high 3.000 1b 54,000 1b
4 bays wide 172 Live Load: 40,000 1b
Stacker 2 bays deep Anchored Ful]’l.ive Load: and
5 stories high 2 000 1b : 80,000 1b




TABLE 4.2
SECTION PROPERTIES OF RACK ELEMENTS

F, a1 3 S s, e | r,

Rack Member Shape ksi in.2 in.*® in.® in.3 in.3 in.? in.2
Column x—E—x 45 0.688 | 1.144 | 0.879 | 0.756 | 0.586 | 1.288 | 1.130

Standard
P;ll:t Beam :—%x 45 1.288 | 3.265 | 1.195 | 1.496 | 0.760 | 1.630 | 0.986
ac

Brace :—Ez a5 0.318 | 0.125 | 0.075 | 0.131 | 0.100 | 0.628 | 0.409
Column (Anchor) x _EJ}: 36 0.753 | 2.206 | 0.942 | 1.103 | 0.543 | 1.711 | 1.118
Column (Upright) x_[E z | 36 1.317 | 3.777 | 1.565 | 1.889 | 0.%00 | 1.694 | 1.090
Beam (Anchor) x—z—-x 36 1.094 | 1.175 | 0.722 | 0.940 | 0.501 | 1.024 | 0.803
D";;g;[" Beam (Tie) x—%-x 36 | 0.456 | 0.332 | 0.285 | 0.270 | 0.253 | 0.853 | 0.790
Brace .-:_E[_z 36 0.326 | 0.257 | 0.049 | 0.225 | 0.074 | 0.920 | 0.390
Pallet Rail z -El'::—x 3 | 0.678 | 1.180 | 0.817 | 0.768 | 0.510 | 1.318 | 1.097

Spacer x %: 36 0.260 -- -- - - -- --
Column z —Ex 45 0.688 | 1.144 | 0.879 | 0.756 | 0.586 | 1.288 | 1.130

Beam (Tie) x —E‘T—x a5 | o0.542 | 0.668 | 0.240 | -- ca - -
Stacker | Broce z «E_——x 45 0.318 | 0.125 | 0.075 | 0.131 | 0.100 | 0.628 | 0.409

Rack

Pallet Rail F —%—x 45 0.434 0.545 0.198 0.363 0.195 1.121 0.676

Rod Support z —%x 45 1.035 | 1.530 | 1.367 s - = --
Diagonal Rod r—6—z | 36 0.785 | 0.049 | 0.049 | 0.098 | 0.098 | 0.250 | 0.250
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7 TABLE 4.3
SUMMARY OF TRANSDUCERS INSTALLED FOR

GLOBAL AND LOCAL RESPONSE MEASUREMENTS

Transducer Channels

Rack Test
Type Direction Acceler- Poten- Strain
ometer tiometer DCOT* Gage Total
. 6
Longitudinal 9 6 8 29
Standard (5.38)
Pallet Transverse 9 9 (5638) 7 3
. . 6
Back-to- | Longitudinal 3 12 (5.38) 7 34
Back 6
Pallet Transverse g 12 (5.38) 7 34
Long{tudinal 9 14 (6875) 6 37
Drive-In 8
Transverse 9 9 (6.75) 6 32
Longi tudinal 8 12 sy | 12 40
Stacker 8
: Transverse 8 12 (5.50) 10 38

*Gage lengths between two parallel chords are shown in inches in parentheses.
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TABLE 4.4

RECORD OF SHAKING TABLE TESTS - PHASE I-1

Table Motion
Test Test Live R k
No. 1.D. Load Max imum Max imum Narks
Signal Horizontal Vertical
120178.1 2/3 E1 Centro 0.04qg no Instrument check run.
120178.2 2/3 E1 Centro 0.07g no
120178.3 2/3 Parkfield 0.10g no Modified version of Parkfield
signal.
4 120178.4 2/3 Parkfield 0.229 no " H "
5 120178.5 2/3 E1 Centro 0.179 no
6 170178.1 full Parkfield 0.07g no
7 170178.2 full E1 Centro 0.16g no One button weld at NW column
base broke.
8 170178.3 full Parkfield 0.14q no
9 170178.4 full E1 Centro 0.20g 0.11g
10 170178.5 full E1 Centro 0.30g 0. 169
11 170178.6 full E1 Centro 0.43q 0.21g Minor local damage (buckling)
at top of both center bottom-
story columns, near the con-
nector plates.
NOTE
Rack Type: standard pallet rack, anchored

Rack Configuration:

Date of Testing:

January 12, 1978; January 17, 1978

2-bay wide x 1-bay deep x 3-story high, longitudinal
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TABLE 4.5
RECORD OF SHAKING TABLE TESTS - PHASE I-2

. Table Motion
Test Test Live
No. 1.D. Load Max imum Max fmum Remarks
Signal Horizontal Vertical
1 240178.1 2/3 E1 Centro 0.07q no
2 240178.2 2/3 Parkfield 0.08g no Two button welds at NW column
. base broke.

3 240178.3 2/3 E? Centro 0.169 no Two more welds at NW column
base broke. Column and base
at NW were free of contact.

4 240178.4 2/3 Parkfield 0.15g no No additional failure of
welds at base was observed.

5 260178.1 full E1 Centro 0.08g no Broken welds were repaired
for this test run.

6 260178.2 full Parkfieid 0.08g no

7 260178.3 full E1 Centro 0.16g no Helds at NW column base broke.
Noticeable buckling of column
at base on all except NE col-
umn .,

8 260178.4 full E1 Centro 0.20g 0.129 NW column base was rewelded
for this test. Buckling of
column in NE column base.

9 260178.5 full Parkfield 0.15g no

10 260178.6 full E1 Centro 0.08g no Bolts to the table were re-
moved., Column bases moved
very slightly, 1/4 in.x.

11 260178.7 full £1 Centro 0.21g 0.139 Base moved 3/4 in. maximum.
Welds at one column base
and two diagonals broke.

NOTE
Rack Type: standard patlet rack, anchored
Rack Configuration: 2-bay wide x l-bay deep x 3-story high, transverse
Date of Testing: January 24, 1978; January 26, 1978
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TABLE 4.6
RECORD OF SHAKING TABLE TESTS - PHASE I-3

Tabie Motion
Test Test Live R K
No. 1.0; Load Max imum Max imum ErRs
Signal Horizontal Vertical

1 020278.1 full E1 Centro 0.07g no

2 020278.2 full Parkfield 0.07g no

3 060278.1 full E1 Centro 0.03g no Instrument check run.

4 060278.2 full E1 Centro 0.16g no

5 060278.3 full Parkfield 0.16g no One interior column base in
the E-frame twisted.

6 060278.4 | full E1 Centro 0.20g 0.10g One button weld broke. One
column at base twisted se-
verely. One diagonal buck-
led. (A1l in E-frame.)

7 060278.5 full E1 Centro 0.30g 0.19g Similar damage but more severe
than test 6. Additionally,
major buckling occurred in one
column of E-frame.

NOTE
Rack Type:

Rack Configuration:
Date of Testing:

standard pallet rack, unanchored

2-bay wide x 2-bay deep x 3-story high, transverse
February 2, 1978; February 6, 1978
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TABLE 4.7

RECORD OF SHAKING TABLE TESTS - PHASE I-4

Table Motion
Test Test Live
No. 1.0. Load Siqnal Max imum Max imum Remarks
gna Horizontal Vertical
1 140278.1 full El Centro 0.04g ne Instrument check run.
2 140278.2 full E1 Centro 0.08g no
3 140278.3 full Parkfield 0.08g no
4 146278.4 full E1 Centro 0.15g no Movie taken.
5 140278.5 full Parkfield 0.16g no Movie taken.
6 140278.6 full E1 Centro 0.20g 0.119 Movie taken, Column at NW
corner moved 1 in.t
7 140278.7 full E1 Centro 0.31g 0.17g Movie taken. Column at NW
corner moved 1/4 +in. more.
Two DTDC gages worked loose.
8 140278.8 full E1 Centro 0.44q 0.209 Movie taken. Total collapse
of structure.
KOTE
Rack Type: standard pallet rack, unanchored

Rack Configuration:
Date of Testing:

2-bay wide x 2-bay deep x 3-story high, longitudinal
February 14, 1978
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TABLE 4.8

RECORD OF SHAKING TABLE TESTS - PHASE II-1

Table Motion

Test Test Live Remarks

No. 1.0, Load Sianal Maximum Maximum
9 Horizontal Vertical
A1l DCDT gages were not con-
1 090678.1 2/3 E1 Centro 0.08g no nected to the recording system
2 090678.2 2/3 Parkfield 0.08g no " " " " " "
3 090678.3 2/3 E1 Centro 0.16g no 5 * i " - 4
4 090678.4 2/3 Parkfield 0.15¢g no " i = . . ”
5 130678.1 full E1 Centro 0.08g no
6 130678.2 full Parkfield 0.08g no
7 130678.3 full E1 Centro 0.16g no
8 130678.4 full Parkfield 0.15¢g no
9 130678.5 full E1 Centro 0.21q 0.11g
NOTE
Rack Type: drive-in rack, anchored

Rack Configuration:

Date of Testing:

June 9, 1978; June 13, 1978

2-bay wide x 3-bay deep x 3-story high, longitudinal
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TABLE 4.9
RECORD OF SHAKING TABLE TESTS - PHASE II-2

Table Motion
Test Test Live
No. I.D. Load Sianal Maximum Maximum Remarks
9 Horizontal Vertical
200678.1 2/3 E1 Centro 0.08q no Instrument check run
200678.2 2/3 E1 Centro 0.07g no
200678.3 2/3 Parkfield 0.08g ne Bottom diagonal brace at
center upright frame buckled
considerably.
4 200678.4 2/3 E1 Centro 0.16g no A1l bottom diagonal braces
of upright frames buckled.
Two button welds at anchor
frames broke.
NOTE
Rack Type: drive-in rack, anchored

Rack Configuration:
Date of Testing:

2-bay wide x 3-bay deep x 3-story
June 20, 1978

high, transverse
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TABLE 4.10

RECORD OF SHAKING TABLE TESTS - PHASE III-1

Table Motion
Test Test Live
No. 1.D. Load — Max imum Max imum Remarks
9 Horizontal Vertical
A11 diagonal rods were loose
1 171178.1 1/2 E1 Centro 0.09g no during the test
2 171178.2 1/2 Parkfield 0.08g no L " J " " !
3 171178.3 1/2 E1 Centro 0.17q no ¥ . " & 4 H
4 171178.4 1/2 Parkfield 0.15g no 4 9 i " e 5
5 221178.1 | full | E1 Centro 0.08g no ﬁlltr°d5 were tied before this
6 221178.2 full Parkfield 0.07g no
i 221178.3 full E1 Centro 0.16g no
8 221178.4 full Parkfield 0.16q no
A11 rods became loose and were
9 221178.5 full E1 Centro 0.24g no vatied for tha next test
Buckling of columns between the
10 221178.6 full E1 Centro 0.24q no bottom and middle rod supports
NOTE
Rack Type: stacker rack, anchored

Rack Configuration:

Date of Testing:

November 17, 1978; November 22, 1978

4-bay wide x 2-bay deep x S5-story high, longitudinal
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TABLE 4.11
RECORD OF SHAKING TABLE TESTS - PHASE III-2

Table Motion
Test Test Live
No. 1.D. Load Signal Max imum Maximum Remarks
9 Horizontal Vertical
1 051078.1 1/2 E1 Centro 0.07g no DCDT gages (3-4, 5-6} were not con-
nected to the recording system.
2 061078.2 1/2 Parkfield 0.07g no " "
3 051078.3 1/2 E1 Centro 0.15g no " "
4 051078.4 1/2 Parkfield 0.15¢ no o "
5 111078.1 full El Centro 0.08g no Movie taken
6 111078.2 full Parkfield 0.08q no Movie taken
7 111078.3 full E1 Centro 0.16q ne Movie taken
8 111078.4 full Parkfield 0.16g no Movie taken.
All interior bottom diagonal braces
buckled,
All interior bottom columns buckled
near base plates.
NOTE
Rack Type: stacker rack, anchored

Rack Configuration:
Date of Testing:

4-bay wide x 2-bay deep x 5-story high, transverse
October 5, 1978; October 11, 1978




TABLE 4.12
SUMMARY OF SELECTED EXTREME QUANTITIES AND DYNAMIC PROPERTIES -
STANDARD PALLET RACK, LONGITUDINAL DIRECTION

- 60l -

Maximum Table : 3
N Max imum . Maximum Base : .
. Acceleration Maximum Table | Third-Level Maximum | oo e/ Frame Max imum Base | . inum Period (sec)® .
Test Live | Table (9} : ; Interstory Qverturning 13 Damping ©
o D]sp'[acement Relative if F Ductility P .g
D Load | Signal - . rift Moment/Frame : (% Critical)
- {in.) Displacement : el Ratio
Hori- | Ver- fin.) (in.) b £ {kip-in.) Mode | Mode | Mode
zontal tical 1 ? 3
120178.2 0.57 1.66
(SP-Lo3/3.174 £¢) | 23 EC 0.071 | -- 0.58 1.1 (0-0017) 43¢ | 3.4 g2 0.3 sy | 098 | 0.22 (2.9)
120178.5 1.20 1.80
(sP-L-2/3-1/2 kc) | 273 B | 0186 | -~ 1.33 2.7 {0.021#) 840 | 6.6 100 0.7 | qlsey | 047 | 0.2 (4.8)
170178.1 0.93 2.06
(SP-L-1-1/4 PF) Full PF 0.073 -- 0.74 'Z.U (0.0168) 800 4.3 90 0.7 (2.00) 0.53 0.26 (3.6)
170178.2 2.0
(sp-L-1-1/2 Ec) | Ful EC [ 0.162 | -- 1.33 4.4 (0.0348) 1,200 | 6.4 145 1.4 (5:55) 0.53 | 0.26 (5.5)
170178.3 _ 2.3 2.30
(SP-L-1-1/2 PF) Full PF 0.141 1.60 4.3 (0.040%) 1,150 6.1 1265 1.8 (2-25) 0.57 0.26 (5.5)
170178.4 2.4
(sP-Lsone gy | Full EC | 0.202 | 0.110 1.56 4.9 (0 6412) 1,510 | 8.1 160 2.2 (g:gg) 0.57 | 0.27 (9.0)
170178.5 3.2 86
(sPLoysaEey | Pl EC 0.306 | 0.163 2.27 6.8 (0.655H) 1,640 | 8.7 165 2.4 (glm) 0.57 | 0.2 {6.9)
170178.6 4.0
Ry EC 0.431 | 0.211 3.05 7.3 (0. 069K) 3,600 | 19.2 252 2.6 (5:33) 0.57 | 0.27 (7.6)

Percentage of total tributary weight (&w = 12,750 1b for 2/3 live load and 18,750 ib for full Tive load).
Juctility ratio = *max/°y' where Prax is the maximum measured rotation at the top end of the center bottom column,
and s, is the calculated rotation at the injtiation of yield.

The results shown in parentheses were obtained from the shaking table decay data.




INFLUENCE QF P-§ EFFECT ON STORY SHEAR - STANDARD

TABLE 4.13

PALLET RACK, LONGITUDINAL DIRECTION

v 'p Yy
. Live § I _ T8 v
Stgnat Load (in.) (ib) T H = Vot ?2
(1b) (1b) I
1/4 EC 2/3 0.57 434 121 555 1.28
1/2 EC " 1.20 840 255 1,095 1.30
1/4 PF Full 0.93 800 290 1,0%0 1.36
1/2 EC " 2.00 1,200 625 1,825 1.52
1/2 PF " 2.30 1,150 719 1,869 1.63
5/8 EC " 2.40 1,510 750 2,260 1.50
7/8 EC " 3.20 1,640 1,000 2,640 1.61
1-1/3 EC ! 4.00 3,600 1,250 4,850 1.35
KeY
& Maximum interstory drift
Y Maximum base shear by inertia forces
?P Base shear due to p-§ effect
H Story height (60")
VT/VI Amplification ratio
bR 12,750 1b for 2/3 live load

18,750 1b for full 1ive load
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TABLE 4.14

SUMMARY OF SELECTED EXTREME QUANTITIES AND DYNAMIC PROPERTIES -

STANDARD PALLET RACK, TRANSVERSE DIRECTION

Max imum Table I Haximam . Maximum Base d
) ACCEI?"‘;“D“ Maximum Table | Third-Level m':::::ﬁ[: Shear/Frame g:::r::r:n?ise Max imum Period (sec) . d
Test Live | Table ] Displacement Relative story 9 Ductility Dam?‘l{lg
D Load | Signal in Displacement I(Jn{'!fg s Mc()r:gnt/'Fn;me Ratiof (% Critical)
Hori- Ver- ! ; in. ip-in.
zontal | tical (in.) b Hodl e Hozde Moade
ZNo%8. L 2/3 € | o073 | -- 0.61 2ol b.48 1,120 | 13.1 150 0.3 0.m | g2 | -- (1.0
(SP-T-2/3-1/4 EC) : : 0.9(E) (0.007%) : : X (0.68) ’
J3(W
260178.1 0.59 0.87 N
.077 -- 0.62 .4(c ,650 o3, 2 200 0.8 0.28 1.2)
i<y L L i.E(Ei (0.010) | ° 2 (0.85) (
1.0(W)
260178.2 0.46 0.89 . 1.2
(sP-T-1-1/4 pF) | Full PF 0.077 -- 0.80 ié%g (0-608%) 1,200 9.6 160 0.6 (0.gs) | 0-30 (1.2)
2.8(W)
260178.3 1.05 0.92 0.30 | -- 1.0
(sP-T-1-1/2 Ec) | Fu EC 0.158 - 1.29 fggg; (0.0188) 2,550 20.4 280 1.9 (0.90) .3 (1.0)
2.5(W)
260178.4 1.10 ‘ 0.95 auan | = (1.6)
et s ) | EC 0.200 | 0.120 1.57 ga%gg (0.019%) 2,780 22.2 310 2.1 (0.92) :

W = west frame, C = center frame, E = east frame.
Percentage of total tributary weight (1w = 8,500 1b for 2/3 live load and 12,500 1b for full live load).

Ductility ratio = om“lo , where San is the maximum measured rotation near the base of the center bottom column,
is the calculated rotation at the initiation of yield.

and ¢

The results shown in parentheses were obtained from the shaking table decay data.
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TABLE 4.15
SELECTED EXTREME QUANTITIES AND DYNAMIC PROPERTIES -

ANCHORED AND UNANCHORED STANDARD PALLET RACKS; LONGITUDINAL DIRECTION?

Maximum Table Max imum : : :
o o Max imum Maximum Base Period (sec)
Test Column Table Acce1?r3t1on Maximum Table Thég?at?:gi Interstory Maximum Overturning Maximum
iD Base Signal d Displacement Displacement Drift Base Shear | Moment/Frame | Ductility
9 . {in.} : {in.) % {kip-ir.) Ratiol | Mode | Mode | Mode
Hori- Ver- {in.) 1 5 5
zontal | tical
170178.2 anchered EC 0.162 -- 1.33 4.4 2.0 6.4 145 1.4 2.22 | 0.53 | G.26
(0.033#)
140278.4 | unanchored EC 0.153 -- 1.28 4.6 2.2 6.7 165 2.1 2.50 [ 0.53 | 0.27
(0.038#)
170178.3 anchored PF 0.141 -- 1.60 4.3 2.3 6.1 125 1.8 2.30 | 0.53 | 0.26
(0. 0408}
140278.5 | unanchored PF 0.1586 - 1.73 4.6 2.4 6.7 150 2.4 2.50 | 0.57 |0.27
(0.041%) »
172i78.4 anchored EC (.202 0.110 1.56 4.9 2.4 8.1 160 2.2 2.86 | 0.57 0.27
(0.041H)
140278.6 | unanchored EC 0.200 0.110 1.56 5.7 3.3 12.0 200 3.3 2.86 | 0.57 0.27
(0.0574)
170178.5 anchored EC 0.304 0.163 2.27 6.8 3.2 8.7 165 2.4 2.86 | 0.57 | 0.27
{0.0554}
140278.7 | unanchored EC 0.312 0.165 2.33 8.5 3.7 23.0 370 3.8 2.86 | 0.60 | 0.27
(0.064#)
170178.6 anchored EC 0.431 0.211 3.05 7.3 4.0 19.2 252 2.6 2.85 | 0.57 | 0.27
(0.0694)
140278.8 | unanchored EC G.440 0.200 3.07 12.0 (06i33ﬂ) Gomplete collapse of structure

4. For full live lcad case only,

b. See Table 4.]2.




TABLE 4.16
BASE STORY SHEARS - ANCHORED AND UNANCHORED
STANDARD PALLET RACKS, LONGITUDINAL DIRECTION

|2 .
sional | Live 5 oo | L e VVEV v,
igha Load (in.) (1b) H 8 P .
(1b) (1b) I
1/2 EC Full 2.00 1,200 625 1,825 1.52
(2.20) (1,256) (688) (1,944) (1.55)
1/2 PF C 2.30 1,150 719 1,869 1.63
(2.40) (1,263) (750) (2,013) (1.60)
5/8 EC " 2.40 1,510 750 2,260 1.50
{3.30) (2,237) 1,031 (3,268) 1.46
7/8 EC L 3.20 1,640 1,000 2,640 1.61
(3.70) (4,336) | (1,156) (5,492) (1.27)
1-1/3 EC I 4.00 3,600 1,250 4,850 1.35
(6.00) (*) (1,875) (*) (*)

* Not obtainable

NOTE
The results of the unanchored rack are shown in parentheses.
KEY
§ = Maximum interstory drift
YI = Maximum base shear by inertia forces
Yp = Base shear due to p-6 effect
4 = Story height (60")
e/Vr = mmplification ratio
¥ = 18,750 1b/frame for full 1live load
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TABLE 4.17

SUMMARY OF SELECTED EXTREME QUANTITIES AND DYNAMIC PROPERTIES -

DRIVE-IN RACK, LONGITUDINAL DIRECTION

Hax imum Table

Max imum

Max imum Base

Acceleration : s Max imum Hax imum Base s b Period (sec)®
Test Live | Tabie {9) Ee.lx'lmum Table Th;rc]! Level Interstory Shear/Frame Overturning Max imum Dampingc
" isplacement elative : Ductility P
10 Load | Signal {in.} Displacement Drift Moment/Frame Ratio (% Critical}
Hori- | Ver- : ?in 5 {in.) - ¢ | (kip-in.) Mode | Made | Mode
zontal tical ' 1 2 3
0906781 . 1.04 - - 2.6 __
(DI-Lo2faa/a gcy | @3 | EC | 007 0.6 2.5 (0-0l40s) | 1+810 | 4.8 ehl e (5.0)
090678.3 i 2.30 - - 3.1 .
(0l-L2raars £y | 23 EC | 0.157 1.28 5.3 (0 cas0m | 20990 | 7.6 a3y | 950 (9.0)
130678.1 n 1.16 .24 2.9 .
(DI-L-1-1/4 EC) Full EC 0.080 0.64 3.0 (0.0166) 1,950 3.4 400 0 (2.5) 0.53 (5.0)
130678.2 _ 0.57 2.8
(D1-L-1-1/% PF) Full PE 0.077 - 0.79 1.6 {0.0081#) 1,550 2.7 230 0.33 {2.8) 0.51 - (4.0}
130678.3 . 1.65 2
(DI-1-1-1/2 EC) Fulil EC 0.163 1.27 4.0 (0.02358) 2,500 4.4 440 0.60 (2.8) 0.57 - {8.0)
130678.4 _ 1.26 3 3.0 B
(Di-L-1-1/2 PF) Full PF 0.151 1.68 3.1 (0.0180x) 2,600 4.5 720 0.81 {2.5) 0.56 (4.0)
130678.5 2.10 3.3
{DI-L-1-5/8 EC) Full EC 0.211 0.110 1.56 5.2 (0..03004) 3,000 5.2 780 0.63 (2.8) (.58 — (7.0}

a. Percentage of total weight (I = 39,450 1b for 2/3 live load and 57,450 1b for full live load).

b. Ductility ratio = is the maximum measured rotation at the top end of the first-floor center

¢max

/¢y, where ¢

at the initiation of yield.

¢. The results shown in parentheses were obtained from the shaking table decay data.

max

columns, and ¢y is the calculated rotation




TABLE 4.18

INFLUENCE OF P-5 EFFECT ON STORY SHEAR -

DRIVE-IN RACK, LONGITUDINAL DIRECTION

v VP I;"T
: Live 8 b = LW-8 - v
Signo! Load (in.) (1b) B ¥y ¥ VZ
(1b) (1b) I
1/4 EC 2/3 1.04 1,815 586 2,401 1.33
1/2 EC H 2.30 2,990 1,296 4,294 1.43
1/4 EC Full 1.16 1,950 952 2,902 1.48
1/4 PF 5 0.57 1,550 468 2,018 1.30
1/2 EC . 1.65 2,500 1,354 3,854 1.54
1/2 PF " 1.26 2,600 1,034 3,634 1.40
5/8 EC - 2.10 3,000 1,724 5,724 1.57
6 = Maximum interstory drift
VI = Maximum base shear by inertia forces
Y = Base shear due to p-6 effect
H = Story height (70")
VT/VI = Amplification ratio
W = 39,450 1b for 2/3 live load

57,450 1b for full live load
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TABLE 4.19
SUMMARY OF SELECTED EXTREME QUANTITIES AND DYNAMIC PROPERTIES -
DRIVE-IN RACK, TRANSVERSE DIRECTION

- Ghl

Max imum Table ; :
5 Max imum N Maximum Base ‘ .
. Acceleration Maximum Table Third-Level l‘tﬂammum Shear/Frame gammum E}ase Max imum Period {sec) . d
Test Live | Table (9) Displecement Relative | [Nterstory verturning | o ctiyiy Damping
i 1 : Drift Moment/Frame 1ty iti
1 Load | Signal - (in.) Displacement ] ent/ Ratio (% Critical)
Hori- Ver- (in.) @ {in.} 15 ¥ (kip-in.) Mode Made | Mode
zontal tical ' 1 2 3
0.98 {w)
200678.2 . . 0.36 0.58
3 £C 0.073 0.63 0.9% (C ,25 17. 335 1, . -- -
(01-7-2/3-1/4 £¢y | ¥ 0.83 E% (0.0051m) | 2% ’ ? (0.56} s
1.07 (W)
200678.3 o 0,60 0.5%
2/3 PF 0.069 0.80 1.05 (L 2,600 20.0 325 6. -- - .
(DL-T-2/3-1/4 PF} ! 0.98 EE; (0.00854) ° {0.56) (1.5)
200678.4 .- 1,00 0.67 -
2/3 EC 0. 16 1.28 1.50 (L . 21, 50 -- . - - .
(DI-T-2/3-172 EC) / 0 {€) (0.01428) 2,700 1.0 4 (0..86) (2.0)

W = west frame, C = center frame, E = east frame.
Percentage of total tributary weight {zy¥ = 13,140 1b/frame),
Ductility ratip = Emax/Ey‘ where Cmax is the maximum measured strain at the first-floor diagonal, and cy is the calculated strain at the initiation of yield.

The results shown in parentheses were obtained from the shaking table decay data.

w0 oo
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TABLE 4.20

SUMMARY OF SELECTED EXTREME QUANTITIES AND DYNAMIC PROPERTIES -

STACKER RACK, LONGITUDINAL DIRECTION

Maximum Table .
s Max imum . Maximum Base . " b
) Acceleration Maximum Table | Fifth-Level In::::::r: Shear/Frame E:::‘?:r:n?:se Max imum Period (sec) Bmgfnal
Test Live | Table (9) Displacement Relative Sogld 9 | Ductility amping
ID Load | Signal (in.) Displacement Drift Moment/Frame Ratio (% Critical)
Hori- Ver-] 3 (in.) (in.) b za (kip=in.) Mode Moge noge
zontal tica 1
171178.1 B 0.091 - 0.75 1.25 0.35 5,470 | 11.4 810 0.96 - -- p
(sT-L-12-17a k) | M2 | F (0.0054) (1.10) (a.8)
0.90
171178.3 .165 -- 1.41 2.68 0.92 10,080 | 21. i --
(sT-i-1/2-172 €c) | V2| € i’ (0.013#) . 9 1,650 e 0% (6.2)
221178.1 EC 0.083 -- 0.72 1.29 . 7,480 | 8.5 1,200 1.06 -- -- (6.3)
(ST-L-1-1/4 EC) (0.009%) (0.95)
221178.2 Full PF 0.074 - 0.83 1.35 0.46 7,440 | 8.8 280 1.08 - - !
(ST-L-1-1/4 PF) (0.006#) L (0.88) it
221178.3 fi EC 0.160 -- 1.36 2.55 0.80 12,320 | 14.0 2,030 1.23 - - 6.2
(ST-L-1-1/2 EC) u (0.011#) (1.22) 6.2)
221178.4 Full PF 0.159 -- 1.74 3.20 1.10 13,900 | 15.8 1,830 1.40 == -- 4.6
(ST-L-1-1/2 PF) G (0.0154) (1.67) iy
221178.5¢ 0.243 - 2.01 2.94 0.88 4,080 | 16.0 1.45 . -- =
(ST-L-1-5/8 EC) v & (0.012#) 1% e (1.90)
221178, 69 c 0.238 -- 2.01 3.60 1.05 17,950 | 20.4 2,790 1.41 - - 5.0
(sT-L1-5/8 k) | M| E (0.0154) (1.55) (5.0)

a 0 o oW

Percentage of total weight (fw = 48,000 1b for 1/2 live load and 88,000 1b for full live load).
The results shown in parentheses were obtained from the shaking table decay data.

Diagonal rods were loose for this testing.
Diagonal rods were tied before this testing.

Buckling of columns between the bottom and middle rod supports was observed.




TABLE 4.21
SUMMARY OF SELECTED EXTREME QUANTITIES AND DYNAMIC PROPERTIES -
STACKER RACK, TRANSVERSE DIRECTION

- gl -

Maximum Table . .
: Maximum : Maximum Base : .
_ Acceleration Maximum Table | Sixth-Level Hax I | chear/Frame Maximum Base |y smum Period (sec) -
Test Live | Table (g} Displacement Relative Interstory Overturning Ductilit Damping
I Load | $ignal sp(iﬁe)en Displacement orift | Moment/Frame Ratiocy (% Critical)
Hori- | Ver- : (in,) 8 {in.) b % (kip-in.) Mode | Mode | Mode
zontal | tical 1 5 P )
051078.1 EC 086 | - 0,59 0.27 (W) 0.10 10.0 . 0.43 — B
{87-7-1/2-1/4 EC) /e 0 ggg EE% (0.00144) 960 0.33 S (4.0)
051078.4 PF 0.140 - 1.67 1.26 (W) 0.43 a5, . B B
{§7-1-1/2-1/2 PF) 1z 171 (¢} r0.0050m) | 320 5.0 1.10 0.47 --
1.57 (E)
111078.1 Ful EC 0.082 -- 0.74 0.74 (W) 0.18 12.0 0.65 - B
(sv-T-i-1/h ey | O 0.8 (¢} | (0.0025) 2,110 330 0.72 | 028 (¢.0)
0.84 (E
111078.2 Ful BF .077 - . 1.06 {W) 0.32 ? 16. . 1 _
{ST-T-1-1/8 PF} ul 0.0 0-84 1.35 () (0.00445) 1816 0 1.04 0.67
| 119 (E)
I
111078.3 Full £C 0.162 .- .49 1.35 (W) 0.40 20. 0.68 N -
($T-T-1-1/2 £C) ! 15;‘ ggg (0.00568) 3,520 0 460 1.25 (0.56) (5.0}
e 5
111678.4 Full pE 0.187 | -- . 2.34 (W) 0.70 6 15, - B
(ST-T-1-1/2 PF) | 170 3.00 (c) {0.0097H) »300 0 1,170 1.68 0.78
2.55 {E) |
Al

a. W = west exterior frame, C = center frame, E = east exterior frame.

b. Percentage of tributary weight (Z¥ = 9,600 1b for 1/2 live load and 17,600 1b for full Tive load}.

c. Ductility ratio = smax/Ey’ where €nax is the maximum measured strain at the bottom diagonals and ey is the calculated strain at the initiation of yield.
d. The results shown in parentheses were obtained frem the shaking table decay data,
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(a) Longitudinal Test

(b) Transverse Test

FIGURE 4.1 STANDARD PALLET RACK ASSEMBLY
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WAL
60"
i_ 43!!
i 95’ o 0" 4
4 7 _/
4
Beam with 8" End Plates Column
~ _
4_1/4”
T ~column srace
3" x 3" x 0.09" L . )
(typical) 1-1/2" x 1-1/2" x 0.075
2_3/4"
3_1/2”
Load Lock
Anchor Bolt
Bolt and Nut Base Plate

4-174" x 3" x 174"

FIGURE 4.2 CONFIGURATION AND CONNECTION DETAILS FOR STANDARD
PALLET RACK ASSEMBLY
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(a) Longitudinal Test
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(b) Transverse Test

FIGURE 4.3 BACK-TO-BACK PALLET RACK ASSEMBLY
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(a) Longitudinal Test (b) Transverse Test

FIGURE 4.4 DRIVE-IN RACK ASSEMBLY
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—] | \ Top View
////,T‘hh““ Anchor Beam
Pallet Rail
//
T_f‘f,f” "”‘,_Rigid Row Spacer
1
f A_gr’/”’/,”"—““*Overhead Tie Beam
’i
f 1 ( 1]
! | | T
Upright Frame
‘r,———Overhead Tie Beam
T Rigid Row Spacer
Rail Support 72" Anchor Beam
Anchor Frame
.445// | \\ I
if“ f/y//%%%/ﬁf p%¢%¢%¢¢%
B i == | - ==y
7 =
L=
72|| / /
7||
L2 |
4 4-172"% B4 P— T r =
712" / /
G > T ig"
Front View Side View

FIGURE 4.5 CONFIGURATION FOR DRIVE-IN RACK ASSEMBLY
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4" x 3" x 0.075" - Anchor Frame
Column

4" x 3" x 0.135" - Upright Frame

Pallet Rail
Brace 3" x 3" x 0.075"
2-7/16" x 1" x 0.075" (typical)

Anchor Beam

3-7/8"
Base Plate
4-1/2" x 4" x 0.179" 2-1/2"

Anchor Bolt

2-3/4"" Column (Anchor)
4" x 3" x 0.075"

Column (Anchor/Upright)—

Fallet Rai)
3% x 3" x 0.075"

Rigid Row Spacer
I-1/2" x 1" x 0.075"

Overhead Tie Beam Bolt and Mut

Column (Upright)
4" x 3" x 0.135"

~Colunn (Upright)
4" x 3" x 0.135"

2-1/4" . Support Arm

FIGURE 4.6 DETAILED CONNECTIONS FOR DRIVE-IN RACK ASSEMBLY
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(a) Longitudinal Test b) Transverse Test

FIGURE 4.7 STACKER RACK ASSEMBLY
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Top View

H\“\Cross Bracer at Third and
Sixth Levels

Rigid Row Spacer at First,
Third, and Sixth Levels

Pallet Rail

1" Diagonal Rod with 5/8"-10"

Thread Both Ends Horizontal Tie Beam  ,.q1qt Rail
Rail Support Ar‘m\ [ Rod Support
5 oixth
T = 2 S | Level ] I
60"
| | o __Fifth s
= &W = f
54"
| | Fourth 1
[= aTa W &_f =l
54"
| | | Third
& s e F
66”
V4 1 Second
(= B . B =4 i
72" \
17" | First L i
l‘{ﬁf a5 ¢,

' 48" 48" 48" 48u 43!! 5" 43“

Front View Side View

FIGURE 4.8 CONFIGURATION FOR STACKER RACK ASSEMBLY
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Column Bolt and Nut
3" x 3" x 0.09" (Typical)

Brace
1-1/2" x 1-1/2" x 0.075"

3-1/2" Base Plate

4-1/2" x 3" x 1/4" Horizontal Tie Beam
3" x 1-5/8" x 0.09"
Anchor Bolt g s

Pallet Rail
3" x 1-5/8" x 0.075"

E_l/zu

Bolt and Nut

Snap Lock

Column

FIGURE 4.9 DETAILED CONNECTIONS FOR STACKER RACK ASSEMBLY
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(a) Control Room

|55

.

| =01 B

(b) Shaking Table

FIGURE 4.10 EARTHQUAKE SIMULATOR
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Acceleration (g)

10
1 i)
'\\‘\Horizontal
.1 \
Vertical"’//)\
.01 d
o | 1 10 100

Frequency (Hz)

FIGURE 4.11 SHAKING TABLE MOTION LIMITS
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(a) Accelerometer

(b) Potentiometer and DCDT Gages

FIGURE 4.12 TYPES OF TRANSDUCERS
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(a) DCDT Gages Mounted Near the Top End of First-Level Column

(b) DCDT Gages Mounted Near the Base Plate

FIGURE 4.13 COLUMN END ROTATION MEASUREMENTS
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Displacement (in.)

Acceleration (g)

.80

.600

.300

.00

.300

.600

<12

.0B0

.040

.000

.D40

J

~/

w/\ A A‘,\‘AJ\V. Doa i .4/\\ |
W

i " i

B. 12. i6. 20. 24, 28. 32; 36. 40.

Time (sec)

Table Displacement

.0B0

A i i M

B. 12. i6. 20. 24 . 28. 3Zs 36. 4D.
Time (sec)

Table Acceleration

FIGURE 4.14 TABLE MOTIONS - 1/4 EC
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Displacement (in.)

Acceleration (g)

0.00

.BO

.40

2. 4. 6. B. 10. 12. 14.
Time (sec)

Table Displacement

16.

i8B.

20.

«12

.00

.040

i " . e

2 4. 6. B. 10. 12. 14.
Time (sec)

Table Acceleration

FIGURE 4.15 TABLE MOTIONS - 1/4 PF
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/\ﬂhnL Af\nAA A AJ/\)

Displacement (in.)
Q
Q

-1.200

W’ T

.

.21

8. t2. 16. 20. 24. 28B. 32. 36. 40.
Time {sec)

Table Displacement

1400

070

0.000-

-.070

Acceleration (g)

~.140

N .

8. 12. 16. 20. 24. 2B. 32. 36. 40.
Time (sec)

Table Acceleration

FIGURE 4.16 TABLE MOTIONS - 1/2 EC
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Displacement (in.)

Acceleration (g)

-1.00

-2.00

-3.0 i i " i i A e

0. = 4. 6. B. 10. 12. 14. 16. 1B.
Time (sec)

Table Displacement

.240 . - v v - - -

20.

.160

.0B0

0.000 -

-.0B0O

-.160

-Iz‘ o h- — A —. =4 -

0. 2. ‘. 6. B. 10. 12. 14. 16. 1B.
Time (sec)

Table Acceleration

FIGURE 4.17 TABLE MOTIONS - 1/2 PF
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FIGURE 4.33 STRUCTURAL DAMAGE - STANDARD PALLET RACK,
TRANSVERSE DIRECTION
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FIGURE 4.58
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