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Steel storage racks used in retail stores and warehouses are seismically designed as moment resisting frames in
the down-aisle direction, and braced frames in the cross-aisle direction. While their down-aisle response is
relatively well understood, there is little understanding of their cross-aisle response, especially as it pertains to
the desired mode of inelastic deformation and associated design methods. Results are presented from six full
scale tests on braced frames representing storage racks in the cross-aisle direction. These tests investigate the
base plate thickness and dimensions, and the upright (column) cross section. The experiments indicate that
inelastic deformation in the base plate provides stable hysteretic response with significant ductility and energy
dissipation. Ductile tearing is also observed in welds connecting the base plate to the upright. However, it does
not appear to negatively influence the hysteretic response. The tests are complemented by Finite Element (FE)
simulations of the base connections. These simulations provide insights into internal force distributions within
the connections. Based on these insights, analytical equations are proposed for characterizing the backbone
curve of the hysteretic response, for use in displacement based design methods. It is determined that the current
approach for characterizing design forces in the anchors is unconservative, since it does not incorporate the
effects of strain hardening or the membrane action as the base plate undergoes large deformations. A new
approach which incorporates these phenomena is presented, and determined to be significantly more accurate.
Limitations of the study are outlined and directions for future work are identified.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Steel storage racks are commonly used in facilities such as
warehouses and “big-box” retail stores. Shown in Fig. 1a, these racks
are typically 8–30 ft tall, although racks exceeding 100 ft high are not
uncommon, and support heavy loads (often 30–50 times their self-
weight). The structural performance of these racks has obvious implica-
tions for structural safety, since collapse (due to overturning in the
cross-aisle direction) has the potential of causing serious injury or fatal-
ity. This type of collapse has been documented in prior earthquakes,
most notably in retail stores in Santa Clarita, California, and Canoga
Park, California, during the 1994 Northridge earthquake; see Fig. 1b,
adapted from FEMA 460 [1]. While the result of overloading, these
failures demonstrate the potential for personnel danger and proper-
ty loss. More recently, some damage to racks (element buckling)
was also observed during the smaller 2001 Nisqually, Washington
earthquake.

Referring to Fig. 1a, the racks are configured as moment-resisting
frames in the down-aisle direction (parallel to the shopping aisle),
e).
to facilitate placing and removal of inventory. In the cross-aisle direc-
tion, the racks are configured as braced frames. In this direction, the
racks are narrow and more susceptible to overturning, as compared to
the down-aisle direction, where the main issue is sidesway collapse.
Several studies have investigated the response of storage racks. These
include quasi static tests by Krawinkler et al., [2], Higgins [3], and
Bernuzzi and Castiglioni [4], as well as dynamic tests by Blume [5],
Chen et al., [6], Castiglioni et al., [7], and more recently by Filiatrault
and Higgins [8], and Filiatrault and Wanitkorkul [9]. These studies
have been complemented by analytical and numerical studies, e.g., by
Coutinho [10], cumulatively resulting in design practices for storage
racks; FEMA 460 [1] outlines these practices in detail. Referring to
FEMA 460 [1] and these studies, it is noted that –

1. A majority of the studies has focused on the down-aisle response,
and associated design practices. As a result, the understanding of
cross-aisle response is limited, and unlike the down-aisle (moment
frame) response in which the beams yield, the ductile/dissipative
mechanism in the cross-aisle direction is not as well defined. In
fact, the shake table tests by Chen et al. [11] indicate that inelastic de-
formations in the cross-aisle directions are highly localized (in the
connection region between the bracing elements and the uprights).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcsr.2016.04.014&domain=pdf
http://dx.doi.org/10.1016/j.jcsr.2016.04.014
mailto:kanvinde@ucdavis.edu
http://dx.doi.org/10.1016/j.jcsr.2016.04.014
http://www.sciencedirect.com/science/journal/0143974X


Fig. 1. (a) Schematic illustration of rack system (b) collapse in Santa Clarita store.

Fig. 2. Schematic illustration of frame response mode and base connection.
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Consequently, the overall dissipative/inelastic response of the
system in the cross-aisle direction is minimal. On the other hand,
the studies indicate that the down-aisle response is highly ductile,
with story drifts as large as 7% before incipient collapse [6].

2. The methods currently used for the design of these racks are
force-based, i.e., they rely on an equivalent lateral load, which is
calculated through a strength reduction (or R) factor. Typically, the
R factor is taken as 6.0 in the down-aisle direction, and 4.0 in the
cross aisle direction.

3. While commonly used for design, the current R factors are empir-
ical. They arise (as working stress values) from Standard 27-11 of
the 1975 Uniform Building Code [12], and have survived with
little change (aside from conversion to LRFD equivalents) in
RMI/ANSI MH16.1 [13], the rack design standard incorporated
into ASCE-7 [14]. The ASCE-7 code accepts the R values of ANSI
MH16.1 [13], but has increased the demands for anchorage in sec-
tion 15.5.3. While [13] outlines Displacement Based Design (DBD)
criteria in both directions, it is primarily used in the down aisle di-
rection. This is a result of the extensive testing done over many
years (e.g., [6–8]) to characterize this response. A design method
for the down-aisle direction is suggested in FEMA 460 [1]. While
the DBD fundamentals apply equally to both directions, at the
time of writing FEMA 460, little data was available for response
in the cross-aisle direction. Accordingly, a design method was
not proposed.

Motivated by these issues, the main objectives of this study are the
following:

1. To examine through quasi-static tests, and finite element simula-
tions, the potential for using base connection yielding accompanied
by frame rocking as a dissipativemechanism for the seismic response
of racks in the cross-aisle direction. Previous experimental studies by
Midorikawa et al. [15] and Huckleridge [16] have demonstrated the
feasibility of rocking structural systems with energy dissipation in
the base connection. More recently, full-scale shake table tests by
Ma et al. [17] and analytical studies by Acikgoz et al. [18] have
confirmed this to be an attractive mechanism for dissipating seismic
energy and controlling the risk of excessive deformations or collapse.
However, being focused on building systems, these have not specifi-
cally considered base connections in storage racks (which are
constrained in terms of size and layout), or their inelastic response
within the overall dynamic response of the structure. Fig. 2 schemat-
ically illustrates a typical base connection in a storage rack, indicating
that it is subjected to predominantly one-dimensional (vertical)
cyclic loading as the frame undergoes lateral motions and rocking
in the cross-aisle direction.
2. To develop a framework for characterizing the load-deformation re-
sponse of base connections when subjected to cross-aisle loading,
with two aims: (1) to provide an aid for displacement-based design
of racks when the base-yieldingmechanism is desired (2) to provide
a framework for simulation of cross-aisle response, ultimately
supporting parametric simulation for development of generalized
design guidelines.

3. To provide guidelines for the design and detailing of the bases them-
selves. Referring to Fig. 2, the base connections consist of the upright
(the column, which is typically a box or a channel section)welded to
a base plate, which in turn is anchored to the concrete floor using
post-installed anchors. Yielding of the base plate is the preferred
mode of inelastic dissipation. As a result, from a connection design
perspective, two issues are relevant: (1) detailing of the base plate,
including size, thickness, and weld details to ensure ductile response
under expected deformation demands, and (2) estimation of design
forces in the anchors to withstand the demands imposed by the
yielding base plate. The latter is critical, since post-installed anchors
(which are the most common method of connecting the base plate
to the warehouse floor) are brittle (Gesoglu et al. [19]), and conse-
quently must be designed using capacity design principles. More-
over, the response of the base plate itself is controlled by material
hardening, geometric nonlinearity due to the membrane action of
the plate as the deformations increase, and phenomena such as
contact and prying. These phenomena warrant consideration in any
method to compute design forces in the anchor rods.

The main scientific basis of this study is a series of 6 quasi-static
experiments, and complementary Finite Element (FE) simulations of
base connections in storage racks. The experiments feature braced



Table 1
Test and simulation matrix and key results.

Test/Sim
#

Plan
layout
(See
Fig. 4)

Upright t (in) Δtearing Δmax FFEref
Fmethod
ref

FFEref
Fcurrentref

(in) Roof
Drift

(in) Roof
Drift

1 A Channel⁎ 1/4 0.50 1.7% 0.50 1.7% 0.99 3.81
2 A Channel 3/8 0.28 1.6% 0.32 1.8% 1.13 2.85
3 B Channel 1/4 0.15 0.5% 0.47 1.7% 0.75 3.27
4 B Channel 3/8 0.12 0.5% 0.4 1.5% 0.68 3.00
5 C Box# 3/8 0.48 1.9% 0.48 1.9% 0.80 4.68
6 D Box 3/8 0.12 1.0% 0.44 2.4% 0.37 1.95

Mean 0.28 1.2% 0.44 2.0% 0.79 3.26
CoV 0.63 0.52 0.15 0.17 0.33 0.28

⁎ C4X7.25 welded toe-to-toe.
# C4X7.25.
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frames similar to those used in racks in the cross-aisle direction, and
base connections with a weak (yielding) base plate. The experiments
provide an examination of the weak-base concept, as well as validation
of the simulations. The simulations provide physical insight into the
internal force distributions and deformation patterns in a manner
(and at a resolution) that the experiments cannot; these insights may
be used to idealize the physical response, and eventually develop
analytical models for load-deformation aswell as design of the anchors.
The paper begins by outlining the findings of the experiments, and data
that is used for validation and model development. The subsequent
section discusses the FE simulations themselves. This is followed by a
presentation of the analytical models based on the FE simulations. The
paper concludes by summarizing the findings, design considerations,
and limitations.

2. Experimental study—setup, instrumentation, and results

Fig. 3a schematically illustrates the full-scale braced frame, such that
in-plane lateral forces represent cross-aisle loading of the racks. Table 1
summarizes the test matrix. Referring to the Table, the main variables
investigated include: (1) plate layout, i.e., plan dimensions, (2) plate
thickness, and (3) upright size and shape, which included channels
and built up box sections constructed from two channels. The frames
are designed such that all inelastic action is concentrated in the base
connection, which undergoes cyclic motions in the (predominantly)
vertical direction. Fig. 3b shows the elevation view of a generic base
connection detail, to indicate some of the dimensional quantities,
as well as the instrumentation provided at the base.

Fig. 4a–d show the various plan dimensions listed in Table 1; all of
these may be associated with the generic elevation view shown in
Fig. 3b. Some of these experiments, e.g., 4, and 5, 6 reflect those used
in design practice, whereas some (1, 2 and 3) feature alternate configu-
rations (for example low thickness in Tests #1 and #3, and an extended
plate toe, i.e., the dimension n=3.5 in. for the plate toe in both Tests #1,
and #2 with layout A) to explore the possibility of improved perfor-
mance. Other features of the experiments are now summarized:

1. The overall dimensions of the frame (i.e., h= 118 in. and b= 35 in.)
were similar for all the specimens. For the box section configuration,
the uprights were different only in the base region, for a height of
12 in. in plan layout C and 44 in. in plan layout D.

2. The specimens were loaded laterally by an actuator attached to the
top as shown in Fig. 3a. The loadingwas applied in displacement con-
trol similar to the ATC-24 [20] protocol. It is important to emphasize
Fig. 3. Test setup (a) Overall setup (b) Gen
that these tests are intended to represent component hysteretic
response, and consequently the displacement controlled loading is
appropriate. More specifically, the frame does not include gravity
loads, since in the context of this test program, such loads would
only alter the relationship between the applied lateral load and
upright force, without materially influencing the hysteretic response
of the connection itself.

3. All the uprights were connected to the base plates through 0.1875 in.
fillet welds. For the box sections, these welds were deposited from
the outside. For the channel sections, the welds were deposited
from the outside of the web, and from inside edge of one flange,
and outside edge of the other. Thewelds are schematically illustrated
in Fig. 4a–d.

4. Referring to Fig. 3b, the frame was affixed to a 4 in. thick steel plate
which formed the reaction system (similar to a strong floor). For
Tests #1 and 2 the anchors were 3/4 in. Grade 5 bolts, while for
tests #3, 4, 5 and 6 were 5/8 in. Grade 5 bolts, which passed through
holes in the steel plate. These anchors had stiffness similar to post-
installed anchors that would be typically used in the field. However,
the anchors were designed to remain elastic under the applied loads,
since themain objective was to examine the response of the connec-
tion controlled by base plate yielding. The top end of the anchors
featured a standard hexagonal bolt head (0.8 in., SAE J429 Grade 5),
and carbon steel ASTM F844 zinc plated SAE washers for tests #1
and 5 and USS washers for tests #2, 3, 4 and 6. The lower end of
these anchors was attached to load cells to enable direct measure-
ment of anchor forces. Referring to Fig. 3b, the load cell is subjected
to compression as the anchors are loaded in tension.
eric base detail and instrumentation.



Fig. 4. Plan dimensions of the various base plate details; a-d reflect layouts A–D.
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5. A small gap (of 0.05 in.) was provided between the washer on the
top surface of the plate and the underside of the bolt-head at the
top (Fig. 3b) by temporarily placing a shim underneath the top
washer. The connection was tightened just enough to still be able
to remove the shim by hand prior to starting the test. This gap
replicates field conditions for post installed anchor types which
exhibit slip under seismic loads (ACI 355 5.5.1.1 and 8.5.3 [21]).
This simulates the potential for single curvature bending in the
plate at the initial stages of movement. Slip does not occur in all
anchor types. However, including it forces the deformations toward
the areaswhere tearing failure initiates, and is therefore conservative
for these types.

6. Loads and displacements were measured at the point of application
of the lateral load. However, in the context of this study, the
Fig. 5. Load deformation curves for (a) Roof force vs lateral displacement (b) Net anchor for
measurements in the vicinity of the base connection are equally,
if not more, important. These include the anchor forces (discussed
above), as well as the vertical displacement of the connection.
This was measured using a displacement transducer (see Fig. 3b)
attached at a location 6 in. above the base plate.

A directmeasurement of the upright force is not possible within this
setup. This is because the upright force is not necessarily equal to the
sum of the anchor forces because of prying action between the toe of
the base plate and the reaction plate. Consequently, the upright force
is inferred indirectly through structural analysis of the frame, given
the actuator force. Fig. 5a, b, and c show representative force-
deformation curves for the base connection (shown here for Test #5).
Fig. 5a shows the overall lateral load versus deformation (expressed as
ce vs connection displacement (c) Upright (column) force vs connection displacement.
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roof drift)measured at the location of the actuator. Fig. 5b and c focus on
the load deformation response of the base connection. In both figures,
the plotted displacement is measured by the displacement transducer
at the location shown in Fig. 3b. In Fig. 5b, the plotted force is the sum
of the forces directly measured in the anchors through the load cells.
In Fig. 5c, the force is the estimated upright force; the column force is
estimated through structural analysis of the entire frame, based on the
applied actuator load. Since inelastic rotation is concentrated only at
the base, the force estimated in this manner is consistent with the
upright force above the connection. Both these forces are important
for different reasons—the measured rod force directly informs design
considerations for the post-installed anchors, whereas the upright
force-deformation relationship influences the overall design of the
frame. Fig. 6a–c show representative photographs of a specimen (for
Test #6) at three instants during loading. Referring to Figs. 5a–d,
and 6, the following points are noted:

1. Referring to Fig. 5a, the overall load-deformation response of the
frame is characterized by an initial elastic slope followed by yielding
and pinched hysteresis. As discussed previously, the inelastic
response is concentrated entirely in the base connections, which
are alternately subjected to tension (uplift) and compression, as
the frame is loaded laterally. The pinched hysteresis response may
be attributed to the uplift and then re-seating of the base plate on
the strong floor.

2. Fig. 5b and c show detailed response in the connection region itself.
Both these figures show three distinct phases, labeled Phases I, II,
and III for clarity. In Phase I, the stiffness is negligible, as the plate
lifts vertically without any resistance, owing to the gap above the
washer on the top of the plate (see Fig. 3b). Phase II begins when
the washer contacts the bolt, and there is a sudden increase in stiff-
ness. This phase is characterized by predominantly elastic response.
This continues until base plate starts to yield (Phase III), resulting
in a loss in stiffness, and transition to a yield plateau with some de-
gree of hardening. Finally, as the toe of the base plate bends down-
wards, it contacts the reaction plate (see Fig. 6b). However, an
associated increase in resistance is not noticed in the load deforma-
tion curve, because the loss in stiffness due to yielding dominates
overall response. Two roughly straight yield lines are formed parallel
to the web of the upright—one at the edge of the upright, and the
other in line with the anchors (see Fig. 6b). The plate bends between
these two yield lines in reverse curvature. For convenience, all these
phenomena are considered to be a part of Phase III, since they do not
show substantive change in the load deformation curve.

3. In specimens except Tests #1 and #5, continued loading results in
tearing of the welds between the upright and the plate. This tearing
initiates at the extremity of the upright closest to the anchors, and
propagates along the sides of the upright cross-section (box or chan-
nel) until it reaches the far edge of the upright—see Fig. 6c. In some
cases (e.g., Test #6, which features the box section), the fracture ex-
tends through the thickness of the plate. It is interesting to note that
the load displacement curve does not show a loss of strength despite
the initiation and propagation of this fracture. This may be attributed
to the following factors: (1) the growth of the crack is gradual, and
(2) the loss of strength due to this is compensated for by material
Fig. 6. Photographs at three
hardening, aswell as strength increase associatedwithmembrane ac-
tion, i.e., geometric nonlinearity, as the applied deformations increase.

4. Table 1 summarizes the deformations Δtearing (expressed in terms of
roof drift as well as the corresponding connection deformation) at
which tearing initiates for each of the specimens. It is observed that
in some tests, tearing initiates at fairly low levels of deformation
(average roof drift of 1.2%). The raises some questions about the
seismic performance of these connections, although the tearing
does not seem to negatively impact their post-yield response,
owing to the compensating factors in the preceding point. In the
context of this study, the tearing also complicates the validation of
the finite element simulations which are not able to simulate the
tearing process directly.

5. The onset of tearing is relatively early in Tests #3, #4, #6; these cor-
respond to the layouts B and D (refer Fig. 4b, d) inwhich the distance
“m” between the anchors and the edge of the upright is the least,
resulting in highly constrained bending of the plate. On the other
hand, the tests with layouts A and C (Tests #1, #2, #5) which have
a larger dimension “m” appear to show more resistance to tearing.
Moreover, for test pairs with the identical layout (Tests #1, #2 with
layout A, or Tests #3, #4 with layout B), the thinner (1/4″) plate is
more resistant to tearing as compared to the thicker (3/8″) plate.
This is not unexpected, given the higher bending strains at the sur-
face of a thicker plate, given similar levels of overall deformation.

6. Therewas no sudden or brittle fracture observed in any of the 6 tests,
with the connection force gradually diminishing until the experi-
ment was terminated due to equipment limitations. Table 1 lists
values of deformation Δtearing (again expressed as roof drift percent-
age aswell as connection deformation). This is intended to reflect the
deformation capacity of the connection, and is determined as the
minimum of the peak deformation applied to the specimen and the
deformation at which the load drops below 80% of the peak load,
following established approaches [22] for such characterization,
where the load drop is gradual. When determined in this way, the
values of Δmax are in the range of 1.5%–2.4%, which is significantly
higher than the expected demands, which are on the order of 1% as
per [6]. When the drifts in Table 1 are interpreted in this context,
the experimental results indicate acceptable response for frames
within which the base connection (specifically, the plate) is the
primary dissipative mechanism. However, it is important to
acknowledge thatwhile the load deformation response is acceptable,
it is accompanied by significant ductile tearing.

In addition to demonstrating the response of frames with base plate
yielding, the experiments support the FE simulations by providing load
deformation curves for validation of Finite Element (FE) simulations,
which are discussed in the next section.

3. Finite element simulation study

The FE simulation study has the following objectives –

1. To provide physical insight into the internal force distribution and
deformation modes of the base connection at a level of detail that
the experiments cannot, mainly owing to limited and discretely
positioned instrumentation.
instants during loading.



Fig. 7. Representative finite element model reflecting Test #4 (a) exploded view (b) plastic strain contours.
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2. Once validated, to provide a characterization of baseline connection
response without the effects of tearing, based on which analytical
models may be developed and validated.

Finite Elementmodelswere built complementary to each of the test-
ed specimens, meaning that these models replicated the experiments
described previously. Accordingly, the simulations are numbered after
the test they complement. A representative FE simulation is shown in
Fig. 7. Fig. 7a shows an exploded view of the model, showing the indi-
vidual parts, whereas Fig. 7b shows a deformed mesh with contours of
equivalent plastic strain. This model is complementary to Test #4
(meaning it represents its geometrical and material attributes); other
models are similar. The key features of the FE models (constructed
using the platform ABAQUS [23]) are:

1. All structural components (upright, plate, anchors, washers, nuts,
welds, as well as the reaction plate and load cells) within themodels
were simulated as discrete parts, which interact as per the relation-
ships illustrated in Table 2. Referring to the Table, the parts may be
either “Tied,” with the implication that the displacements of their
interacting boundaries are constrained, or have frictional contact,
implying traction free separation, but the ability to develop bearing
and frictional stresses. For all contacts, a friction coefficient of 0.85
was used to represent steel-on-steel response.

2. The FEmodels included the uprights up to a height of 20 in. above the
base plate, since at this height, the stress state in the column was
predominantly one of uniaxial stress.
Table 2
Interaction properties in FE simulation.

Upright Base plate Welds Wa

Upright – Tied Tied NC

Base 

plate
– Tied Ti

Welds

Symmetric 

– NC

Washers –

Rods

Bolts

Nuts

Strong floor 

*Not in contact

⁎not in contact.
3. Themodels had between 23,871 and 34,047 elements (dependingon
geometry), wherein each element was a linear hexahedron solid
type element implemented within ABAQUS [23]. The reduced inte-
gration provides resistance to volumetric locking of the elements.
In the areas of interest in the region of the plate between the column
and the anchors (where high stress and strain gradients were
anticipated), the mesh was refined, such that the average element
dimension was 0.01 in. For each of the specimens, a total of 2 or 4
elements, depending on the actual thickness of the plate, were
used to accurately capture bending effects. Fig. 7b illustrates a
representative mesh for one of the models (corresponding to Test
#4). A mesh sensitivity study confirmed that this degree of mesh
refinement was adequate.

4. Constitutive response of the materials (all steel) was simulated
through von Mises plasticity with isotropic hardening. The material
properties were calibrated from the results of ancillary testing on
the materials of the plate, the upright, and the anchors.

5. The reaction plate was restrained at its lower surface, and loading
was applied as a vertical displacement to the top surface of the
upright stub. Lateral motion of the upright was not restrained. Note
that given the aspect ratio of the frame, the motion at the base is
predominantly vertical. It is important to emphasize that the
simulations were all monotonic. As a result, they capture the
backbone response, but cannot simulate processes associated with
cyclic loading, such as the pinched hysteresis and degradation. This
is considered appropriate within the overall context of the study,
sher Rods Bolts Nuts Strong floor 

* NC NC NC NC

ed Gap NC NC Contact 

NC NC NC NC

Gap Gap–contact Tied Gap

– Tied Tied Gap

– NC NC

– Tied

–



Fig. 8. Upright load deformation curves: experimental, finite element model based, and analytical for all experiments and simulations.
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whose objectives are to characterize strength and stiffness (i.e., the
monotonic backbone) from the perspective of displacement
based design.

6. Several quantities and patterns were monitored in the FE simula-
tions. These include: (1) the force in the anchors, and (2) the force
in the upright, and (3) the contact force between the toe of the
base plate and the reaction plate. In addition, stress, deformation,
and yielding patterns were also monitored.

Figs. 8a–f and 9a–f show the load deformation curves for all the 6
simulations overlaid on the experimental load deformation plots for
all the simulations. The plots in Fig. 8 represent the upright force plotted
against the vertical displacement, whereas those in Fig. 9 are for the
anchor forces. The experimental column forces are determined through
structural analysis, and are similar to those shown previously in Fig. 5c.
The experimental anchor forces are direct measurements (similar to
Fig. 5b). In all cases, the experimental displacement is measured at the
location indicated in Fig. 3b. The simulation quantities plotted in
Figs. 8 and 9 are the counterparts to the corresponding experimental
quantities. Also shown on the figures are curves that represent
analytical estimates of load-deformation response; this is discussed in
a subsequent section. An examination of Figs. 8 and 9 reveals the
following points –

1. For 3 of the 6 simulations (except Simulations#1, 2, 5), themonoton-
ic backbone shows reasonable agreement with the experimental
envelope for both the upright force as well as the anchor force. In
these cases, the deformed shape and yielding patterns predicted by
the FE simulations (see Fig. 7), are also strikingly similar to visual
observations (see Fig. 6).

2. For the remaining 3 simulations, the load deformation curves are sig-
nificantly higher than the experimental envelopes. Referring to
Table 1, these simulations (i.e., #3, 4 and 6) also show early initiation
of weld tearing. As a result, the inaccuracy in the FE simulations is at-
tributed to their inability to simulate crack initiation and propagation
in these specimens.



Fig. 9. Anchor load deformation curves: experimental, finite element model based, and analytical for all experiments and simulations.
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In summary, the FE simulations appear to capture the physical pro-
cesses controlling connection response (contact, gapping, and yielding)
with accuracy as long as weld tearing is inhibited. The implications of
Fig. 10. Contours of (a) von Mises stress at low defo
this (weld tearing), when developing analytical models for design is
discussed in the next section. To further assist in the development of an-
alytical models, deformation and stress patterns in the FE simulations
rmation (b) plastic strain at high deformation.
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were scrutinized closely. The base plate itself was the primary focus,
since connection response was controlled by its yielding. Fig. 10a
shows the von Mises stress contours in the base plate (for Test/Sim
#1) at a low level of deformation (~0.07 in. after gap closure, i.e., still
in the elastic region—refer Fig. 10a). The figure corresponds to the
simulation of Test #1. For clarity, the other components (bolt head
and washers) are hidden from the view. Referring to the Figure, in the
early stages of loading, stress is concentrated in a narrow triangular
zone between the anchor rods and the corners of the upright, such
that a significant region of the plate does not participate in elastic bend-
ing. This may be attributed to two-way bending of the plate, and is con-
sistentwith classical plate theory, Timoshenko andWoinowsky-Krieger
[24]. Fig. 10b shows plastic strain contours at a larger deformation
(~0.35 in. after gap closure, which is on the yield plateau, i.e., Phase
III). Referring to this, it is immediately apparent that (1) unlike in the
elastic region, the entire width of the plate participates in the yielding
mechanism (2) two yield lines (or zones) are formed, and both are rel-
atively straight, and parallel to theweb of the column. One of these yield
lines is formed near the edge of the upright, whereas the other is formed
along the line connecting the anchor rods. In the region between these
yield lines, the plate appears to bend in reverse curvature. The increased
participation of the plate at higher levels of deformation may be attrib-
uted to stress redistribution, which occurs as the regions of the plate
(near the anchor rods) first subjected to stress (Fig. 10a) soften leading
to incremental stress being transferred to adjacent regions of the plate.

Based on these observations, and the result of the FE simulations, the
next section proposes an analytical approach for determining: (1) the
load deformation response of the base connections, and (2) the forces
in the anchor rods, for which they may be designed.

4. Analytical models for backbone response and anchor forces

Building on the FE simulations, this section proposes an analytical
approach to characterize base connection response. Specifically, the
approach addresses two aspects of response: (1) it provides a method
to determine the overall load deformation response of the base connec-
tion, i.e., the relationship between the upright force and the connection
displacement, and (2) it provides a method to determine the forces
developed in the anchor rods as the base plate yields and deforms.
The latter is particularly important for design of brittle anchors, which
must be able to develop yielding in the base plate.

As noted previously, the overall load deformation response consists
of three phases: (I) vertical lifting of the plate with no resistance due to
the gap between the bottom of the bolt head and the plate, (II) elastic
bending of the plate after it contacts the bolt head, and (III) yielding of
the plate. Characterizing the load deformation response over the
Phase I is trivial, since it may be assumed to have zero stiffness. The
Fig. 11.Model assumptions for calculating elastic stiffness (Phase
end of Phase I (contact of the plate with the bolt head) is controlled
by the size of the gap between the washer and the underside of the
bolt head. For post installed anchors used in such construction, this
gap is approximately of 0.05 in.; thismay be used to inform the analysis.

After the plate contacts the underside of the bolt head, it begins to
bend elastically (Phase II). As noted in the previous section and shown
in Fig. 10a, due to two way bending, only a small portion of the plate
participates in this response. Accordingly, the following expression is
presented to characterize load-displacement response in Phase II:

FII ¼ 2kakp
2ka þ kp

δ ð1Þ

In the above equation ka is the axial stiffness of the single anchor rod
and kp is the stiffness of the steel plate, while δ is the vertical displace-
ment of the connection. Specifically,ka ¼ E ArAn

LrAnþLnAr
is calculated account-

ing for the contribution of both the rod and the bottomnut, where A and
L denote the cross-sectional area and length of the rod and the nut, as
per the subscript r and n, respectively, and E= 29,000 ksi, is the elastic

modulus of steel. Then kp ¼ kbks
kbþks

expresses the overall stiffness of the

plate, accounting for both the bending component kb ¼ E leff t3

4m3 and the

shear component ks ¼ G 5
6 �

leff �t
m . In the latter two expressions, leff repre-

sents the plate effective width shown in Fig. 11, t is the thickness of
the plate, m is the distance between the anchor rod centroid and the
closest tips of the weld, and G = 11.150 ksi, is the shear modulus of
steel. It is immediately evident that Eq. (1) represents a linear response,

with constant stiffness 2kakp
2kaþkp

. The stiffness reflects contribution from

the base plate and the anchor rods acting in series (such that their
deformations are additive). The base plate stiffness is controlled by the
bending of two “cantilever strips” of the plate, shown in Fig. 11.
Referring to the figure, the width of these cantilever strips (equaling
the total effective width of the plate leff) is determined by constructing
a 30-degree influence cone around the line representing the shortest
distance between the center of the anchors and the upright. This con-
struction represents the extent of participation of the plate, as observed
in the FE simulations (see Fig. 10a).

Eq. (1) also includes the contribution of shear deformations, as well
as the elongation of the anchor rods. The efficacy of this approach to
characterize Phase I response is discussed later in this section. As
discussed previously, Phase III is associated with post-yield response
of the base plate. This regime is characterized by several interacting
phenomena: (1) redistribution of stresses to engage a larger width
of the base plate in yielding, (2) contact of the plate toe with the
reaction plate to produce reverse curvature bending of the plate and
an associated yield line along the anchors, and (3) stiffening of the
II response) shown for (a) Channel upright (b) Box upright.
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plate with increasing deformations, due to membrane action (change in
angle as the vertical displacement increases relative to the horizontal
span of the plate). Referring to prior discussion, the effect of contact
(which increases the stiffness) cannot be isolated from that of yielding
(which reduces stiffness), such that overall stiffness of the base connec-
tion does not show a measurable increase in stiffness as contact occurs.
Neither the initiation of contact, nor the redistribution of stresses
(through the width) is explicitly considered in the analytical model for
Phase III. Instead, Phase III response is described through a mechanism-
based limit analysis, which is schematically illustrated in Fig. 12.

Referring to Fig. 12a, themechanism consists of the base plate rotat-
ing between two fully formed yield lines, one at the edge of the column
and the other in line with the anchors. Furthermore, it is assumed that

each of the yield lines carries a moment Mplate=Z ⋅Fu, where Z ¼ bt2
4 is

the plastic section modulus and Fu is the ultimate stress of the base
plate steel. Both these assumptions are based on: (1) stress and defor-
mation patterns recovered from the FE simulations, and (2) agreement
with experimental and FE-based load deformation curves. It is impor-
tant to note that the plate moment strength Mplate is determined using
the ultimate strength Fu, instead of the yield stress Fy. This is because
(as indicated by FE and corroborated by agreement with experimental
data) significant strain hardening occurs in the plate. Also, while Fy
may be used for design of the base plate (Fisher and Kloiber [25]), it is
not appropriate where the strength of the base plate controls the capac-
ity design of adjoining brittle anchors. Here the anchors must be
designed for themaximum deliverable force. However, where themax-
imum deliverable force exceeds 2 times the anticipated demand, the
system overstrength governs. Eq. (2) expresses a relationship between
the upright displacement and force, based on the yield line pattern
shown in Fig. 10b, and the deformation profile shown in Fig. 12b.

FIII ¼ Fu � Z � 1

1�
2 �m cos arcsin

δ
m

� �� � ð2Þ

Referring to Eq. (2) above, and Fig. 12b, the plate is assumed to have
a point (line) of inflectionmidway between the centerline of the anchor
rods and the edge of the columns—this results in the factor ½ in the
denominator of Eq. (1) above. Alternative locations for the yield lines,
as well as other yield line patterns were examined, but they did not
provide sufficient improvement in model accuracy to justify their
complexity. The 1

�
2 �m cosð arcsinð δmÞÞ term in the denominator of the

Equation represents the stiffening due to membrane action, as the
plate rotates. Eq. (3) below is similar to Eq. (2), except that it represents
a relationship between the anchor force (instead of the upright force)
and the column displacement –

FR−III ¼ Fu � Z � 1

1�
2 �m cos arcsin

δ
m

� �� �þ 1
n

0
BB@

1
CCA ð3Þ
Referring to the equation above, the anchor force reflects an
additional term corresponding to the prying force, which arises from
bending of the plate toe in the region between the anchors and the
edge of the plate (see Fig. 12c). As a result, the net force in the anchors
may be considered the sum of the upright force and the prying force,
which is determined as the plastic moment carried in the yield line, di-
vided by an appropriate lever arm distance. Based on the FE simulations
and experimental results, this distance is determined to be the distance
between the centerline of the anchor rods, and the edge of the plate.
Note that the yield line at the location of the anchor is assumed to be
wide enough to subsume thewidth of the anchors, such that the plastic
moment is present on both sides of the anchor centerline.

In summary, while Phase I has zero stiffness, Phases II and III of
responsemay be generated fromEqs. (1) and (2). This results in a piece-
wise function describing the response of the base connection. Piecewise
functions generated in this manner are overlaid on the experimental
and simulation plots for all the tests in Fig. 8a–f (for the upright load
displacement, i.e., Eqs. (1) and (2)) and in Fig. 9a–f (for the anchor rod
load displacement, i.e., Eq. (3)). Note that Fig. 9a–f do not contain two
analytical curves (Phase I response is not shown), since the elastic load-
ing portion is not relevant for anchor design. Before comparing the
analytical curves to the experimental/FE curves, it is useful to recall
that neither the FE simulations, nor the analytical equations consider
the effect of tearing, which is present in some of the test specimens.
As a result, the efficacy of the analytical method is evaluated relative
to the FE simulations, rather than the experiments, acknowledging
that the method cannot simulate tearing. The implication is that
the method may be applied with confidence to configurations where
tearing is mitigated. The design implications of the tearing itself are
discussed in the next section. A review of Fig. 8a-f reveals the following
observations –

1. By and large, the analytical approach with the piecewise curve
provides a reasonable envelope for the FE-based load deformation
curves, and for the experimental curves, in Tests #1, #2, and #5
where tearing is delayed.

2. The analytical approach provides a better agreement overall for
Phase III response (i.e., the post-yield, where on average, the analyt-
ical curve is within 20% of the FE yield plateau), than it does for the
elastic stiffness (Phase II). The agreement for the elastic stiffness is
less satisfactory for simulations #2, #4, which feature the box
column, and the thicker plate (i.e., 3/8 in.).

3. The agreement in the transition region between Phase II and Phase III
is weak for all the simulations. This is because the analytical curves
(described by (1) and (2)) do not consider this transition. As
discussed previously, the transition from the initial elastic response
to the final plastic limit state is characterized by redistribution of
stresses from the narrow width near the corners of the column
(Fig. 10a) to full engagement of the base plate width (Fig. 10b). The
analytical curves reflect only the initial and final stages of this
transition, and consequently do not capture the gradual loss of stiff-
ness associated with it. The implications of this may be considered
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modest where the load-deformation curve is used in the context of
deformation-based design methods, such as the capacity spectrum
method [26], or the Direct Displacement Based Design (DDBD)
method [27]. This is because these methods rely on the response
(base shear or secant stiffness) in the vicinity of the design or limit
displacement. This displacement is typically associated with signifi-
cant ductility, and is located on the yield plateau—a region in which
the analytical method shows good accuracy.

Fig. 9a–f show net force in the anchor rods plotted against connec-
tion deformation. The figures also show the analytical estimate of the
anchor force as determined through Eq. (3). For additional reference,
the figures also show the anchor force determined as per Eq. (4) below

FR−curr ¼ Fy
Z
m

¼ Fy
bt2

4
1
m

ð4Þ

The above equation represents the prevalent approach for anchor
design, which disregards the material hardening (it is based on the
yield stress), the membrane action, and also assumes that the plate
bends in single curvature, thereby disregarding prying forces. As a
result, it significantly underestimates the anchor forces, which is
unconservative and concerning, since post installed anchors are brittle.
On the other hand, the anchor forces determined by the proposed
method consider all these effects. Consequently, the estimated forces
are significantly greater. However, since both the FE and the analytical
curves are displacement dependent, it is somewhat challenging to
uniquely quantify the accuracy of the analytical method with respect
to the FE curves. To overcome this, it is useful to evaluate the analytical
method within the context in which it may be ultimately applied for
design. From a behavioral standpoint, the anchors must be designed to
resist the forces that are developed in the vicinity of the design displace-
ment. Following prior literature [6] and professional judgment, the
frames typically undergo a peak roof drift of 1%. For each of the frame
specimens, the associated connection deformation is determined from
the experimental measurements. The forces (Fref) at this reference de-
formation (which is indicative of the expected performance point)
may be compared between the analytical and FE models to assess the
analytical model. For example, for any simulation, the ratio F ref

FE/Frefcurrent

reflects the ratio between the anchor force determined from the FE sim-
ulations, to the anchor force determined as per the current designmeth-
od, i.e., Eq. (4). Referring to Table 1, the average value of F ref

FE/F ref
current is

3.26 with a Coefficient of Variation (CoV) = 0.28. This indicates that
current method grossly underestimates the forces in the anchors, and
is highly unconservative. This is not surprising because themethod dis-
regards key aspects of response including strain hardening, membrane
action and the plate fixity at the anchor rods, which results in double
curvature bending. This finding corroborates previous experimental re-
sults [28], which indicate a similarly high strength associated with plate
bending. While not surprising, this finding is disconcerting, since it sug-
gests that the current approach may result in unconservative design of
the brittle anchors. Table 1 also summarizes the ratios F ref

FE /F ref
method,

wherein the denominator is determined as per the proposed method,
i.e., Eqs. (1)–(2), which incorporate the various effects disregarded
by the current approach. Referring to the Table 1, the average value of
Fref
FE /F ref

method is 0.79, with a Coefficient of Variation 0.33. This indicates
that the proposedmethod provides good agreementwith the simulated
forces in the anchors, implying a vast improvement for the safe
design of anchors. The next section discusses the design implications
of the experimental and simulation program, as well as the proposed
analytical models.

5. Summary, implications for design, and limitations

The study examined the response of column base connections in
storage racks subjected to cross-aisle lateral loading. In this direction,
the racks are composed of braced frames, whosemode of inelastic dissi-
pation is not clearly defined. Prior experimental investigations reveal
non-ductile deformation modes adjacent to the bracing connections,
whereas the current design practice for these frames uses a force
based method, with R-factors that are not based on rigorous analysis
of the structural system. Motivated by this, the primary objective of
the study is to examine the feasibility of a dissipative mechanism that
relies on base connection yielding during cross aisle response of the
storage racks, and then to provide design support for this system.

The main scientific basis of this study is a set of 6 full-scale experi-
ments on braced frames that represent storage rack frames loaded in
the cross aisle direction. In the experimental program, all frames were
loaded laterally at the top, and designed to concentrate yielding in the
base connections. The main variables investigated were the base plate
thickness and layout, and the upright cross section (channel or box).
The base connections themselves were designed to yield through
flexure of the base plate, such that the anchors remained elastic. This
is consistent with the intended response wherein the brittle post-
installed anchors are expected to remain elastic as the base plate yields.
The connections were specially instrumented with load cells to directly
measure the anchor forces. Complementary Finite Element (FE) simula-
tions were conducted for each of the experiments. The objective of the
FE simulations was to provide quantitative insights into the internal
stress and deformation patterns in the connections, to inform analytical
equations for connection response and design.

The main observation from the experiments is that base yielding
appears to be a feasible dissipative mechanism for seismic design of
storage racks in the cross-aisle direction. The loaddeformation response
of the base connection has a stable yield plateau, without significant
strength loss well beyond the expected deformation demands. Ductile
tearing is visually observed at the weld between the upright and the
base plate. In specimenswith the thicker plates and a short distance be-
tween the anchors and upright, the ductile tearing initiates fairly early,
whereas it is delayed in the specimens with the thinner plates and a
greater distance between the anchors and the column. However,
the tearing is gradual and does not result in a loss or degradation
of strength. As a result, the component behavior in itself may be
considered adequate, in the sense that it shows an acceptable load-
deformation response. Nonetheless, the tearing observed in some of
the specimens is significant since the associated ductility may not be
generalizable to materials (toughness properties) and configurations
that are dissimilar to the ones tested in this study. Assuming that the
tearing may be mitigated (through the use of thinner base plates or
alternate configurations) or tolerated, the design requires two
additional considerations:

1. The load-deformation response of the base connection must be
generalized, such that it may be used within a displacement based
design framework [27], or as a “backbone curve” for a cyclic compo-
nent model to be used within a comprehensive simulation program
for R-factor calibration [12]. Analytical equations are developed to
characterize the load-deformation response. These equations are
based on an assumed deformation modes and yield line patterns
that are informed by the experimental data (quantitative and visual
observations), and the FE simulations. The analytical equations are
able to capture the initial elastic response, and the yield plateau
with reasonable accuracy. However, they cannot capture the transi-
tion between these two phases of behavior, which is controlled by
distribution of yielding through the width of the base plate.

2. To achieve the response discussed above, the base connection must
be detailed to deform in a ductile manner. To ensure this, two poten-
tial brittle modes must be mitigated. The first is fracture of the plate,
or the weld between the upright and the weld. Additional work is
needed to fully establish details that do not result in this fracture,
although the experiments suggest that the use of channel uprights
and thinner (1/4″) base plate with a larger distance between the
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anchors and the upright delays the onset of tearing. However, it is
noted again that even with the visually observed tearing, the load-
deformation response of the tested connections may be considered
acceptable. The second potential brittle mode is the pullout of the
post-installed anchors. To mitigate this, the anchors must be de-
signed for tensile forces that can develop yielding and strain harden-
ing in the base plate at deformations consistent with anticipated
demands. The current method for designing these anchors assumes
single curvature bending of the base plate, and does not consider
the effect of strain hardening ormembrane action—both of which in-
crease the force in the anchors. As a result, the method is grossly
unconservative. A new approach is presented to characterize anchor
forces—this method compares favorably with the simulated forces in
the anchors, because it incorporates the phenomena disregarded by
the currently used method.

In summary, the study demonstrates the base-yielding mechanism
for storage racks subjected to seismic loading in the cross-aisle direc-
tion. The complementary FE simulation and analytical development
provide support for design of the frames and the connection itself.
However, the study has limitationswhichmust be considered in the in-
terpretation of its results and the application of the methods that arise
from it. From a behavioral standpoint, the ductile tearing is a concern,
and future work may be directed at (1) interrogating base plate
configurations that effectivelymitigate it, or (2) establishing that the ac-
ceptable load-deformation response observed along with the ductile
tearing (as in this study) is general across different configurations,
weld details, and material types. From a methodological standpoint,
some issues need to be noted. First, the experimental program is
relatively modest in scope, and care must be taken in extrapolating
the findings to configurations significantly dissimilar to those tested.
Second, the study characterizes the capacity of these components, and
assesses it relative to the demands. However, the demands themselves
are determined from other studies on similar frames. Third, this study
considers the response of base connections in the cross-aisle direction
only. However, these connections are likely subjected to biaxial loading.
More specifically, during seismic shaking, the connections are subjected
to rotational deformations in the down-aisle direction (due to moment
frame action), along with vertical deformation in the cross-aisle direc-
tion as examined in this study. Finally, the FE simulations and the
analytical models do not explicitly consider cyclic loading, and thus
can only simulate the backbone or envelope, and not the hysteretic
response. It is acknowledged that these issues are outside the scope of
the current study, and a resolution of all these issues warrants further
testing, simulation, and design and methodological development
(e.g., as outlined in [29]) which is ongoing as of this writing.
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