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ABSTRACT

ARTICLE HISTORY

This paper focuses on the development of a mechanical model of beam-to-column connections of steel storage racks for
predicting the initial rotational stiffness and flexural strength of the connection. An application of the proposed mechanical
model for predicting the lateral behavior of steel storage racks is also evaluated. The connection model is developed based
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on the concept of component method suggested by Eurocode 3. A new practical methodology for evaluation of the flexural

strength based on the actual failure mode is introduced. To validate the proposed mechanical model, extensive studies on
experimental testing by cantilever and the portal tests specified in steel storage rack design specification are conducted. T he
validation shows that the performance of the proposed mechanical model is satisfactory for predicting the response of
connection. Moreover, it reveals that a modification factor of initial rotational stiffness and initial looseness should be
incorporated into a rack’s connection model to improve the accuracy in predicting lateral behavior of steel storage frames.
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1. Introduction

In recent years, steel storage racks are extensively utilized in industries and
large warehouses for storing products. Storage racks are simple structures
consisting of open-section columns and horizontal beams. The column is
punched with slotted holes along its length, and the beam is prefabricated with
the so-called beam-end connectors on both ends. Assembly of the racks can be
achieved by simply inserting the tabs on the beam-end connectors and sliding
the connectors down into the slotted holes on the column. Fig. 1 illustrates a
typical beam-to-column connection of steel storage racks.
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Fig. 1 Typical beam-to-column connection of steel storage racks

Despite being a simple structure, steel storage rack belies its complex
connection’s mechanical behavior. Accurate design and strength evaluation of
the steel storage frame rely on the modeling of the moment-to-rotation
(M —¢) behavior of the beam-to-column connections. For estimating the
connection behavior, three modelling options are available. These are empirical
models based on experimental testing, finite element models, and mechanical
models. Previously, most research on the estimation of connection response for
the rack structures had been concentrated only on experimental testing models
[1-8] and finite element models [5-6] [8]. The development of the mechanical
model for this type of connection is very limited.

While experimental testing and finite element modelling yield satisfactory
results, they can be costly, and time-consuming. The major drawback of these
two methods is that the results are only applicable to the specific connection
typologies, geometries, and material strength that undergo the testing and
analysis. The mechanical models derive the connection’s behavior directly
from its geometries and material strength and hence adaptable to geometry and

material-strength variations of the connections. Recently, a theoretical
approach for a mechanical model of storage rack connections has been
proposed [9] by the concept of component method suggested by Eurocode 3
[10].

In this study, further development of the mechanical model of the
beam-to-column connection of steel storage racks formulated by Kozlowski [9]
has been conducted. Improvements of the model based on experimental
findings from the authors [11] are proposed for a more simplistic
moment-resistance calculation. Moreover, the mechanical models are
developed for both increasing moment (hogging moment) and reversal moment
(sagging moment) to emulate behavior under the two distinct loading
conditions. Finally, the proposed model has been validated by comparing it to
the results obtained from our testing. An application of the proposed model to
predict lateral behavior of steel storage frames is also a highlight of this paper.
In addition to the customary cantilever tests called for in design specifications,
the portal tests is also conducted in this study in order to evaluate the
performance for predicting lateral behavior of steel storage frames under
various vertical loads.

2. Experimental study

This section presents extensive testing of the beam-to-column connections
of steel storage racks. Two experimental testing methods in compliance with
the international standards for design of steel storage racks are conducted for
evaluation of the performance of the proposed mechanical model. Complete
information of the experimental work is presented in previous research
published by the authors [11].

The first experimental method is the cantilever test. This method provides
a simple methodology for establishing the stiffness and strength of the
connections. Moreover, the behavior of the connection under increasing
moment and reversal moment, which may have different characteristics, can be
distinguished by this testing method. Many researchers have conducted this test
as shown the literature [1-2] [5-7]. The connection properties, which are the
initial rotational stiffness and flexural strength from the cantilever test, will be
used for evaluation of the proposed mechanical model in section 4.

The cantilever test cannot characterize the influences of the vertical service
loading under real usage conditions, though it offers a simple approach for
identifying the stiffness and strength of the connections. Thus, the portal test is
conducted based on the international storage rack design specifications in this
study. Beam-to-column connections are exposed to shear force, bending
moment, and axial force in a portal test, which can represent the actual behavior
of the connections. The results of the portal test are used to evaluate an
application in which the proposed mechanical model is used to predict lateral
behavior of steel storage racks. From literature, only a small number of portal
tests have been reported [12-13] due to difficulty of the experiment setup. In
this study, the portal testing is conducted on 6 testing frames, with varying
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vertical loading in 2 levels. Each portal test involves 4 beam-to-column
connections, resulting in 24 testing connections. In addition, the cantilever tests
are carried out for 10 beam-to-column connections. Thus, the test specimens
comprised 34 beam-to-column connections in total.

2.1. Specimen details

The test specimens of selected racks are chosen from a commercial
manufacture where their configurations are commonly used. In particular,
each specimen consists of a beam-end-connector welded to the end of a box
beam. The beam-end connector comprised a 3 mm thickness of hot rolled
angle section. The column and beam are fabricated from cold formed steel.
The thickness of the column and beam is 2.5 mm and 2.0 mm respectively.
Fig. 2 gives the detail for the beam-to-column connection and the column
Cross section.
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Fig. 2 Dimension of the specimen (Unit: mm)

Tensile tests on coupons extracted from the column, beam, and
beam-end-connector are conducted for the purpose of indicating the actual
mechanical properties of steel. The tensile tests are performed according to
JIS [14] yielding the results shown in Table 1. Steel Material properties for the
connection can be classified using the following ASTM standard: A611 [15],
A283 [16] and A36 [17] for column, beam-end-connector, and beam,
respectively.

Table 1
Steel mechanical properties
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short line at the beginning of the curve. This looseness occurred due to the steel
tabs not fitting snugly in the column holes. When the rotation reaches about
0.002-0.006 rad, looseness is eliminated. In prior experimental studies,
looseness of the connection was also uncovered [2] [5-6]. After the looseness
ceases, the initial rotational stiffness of the connections is calculated [11]. Some
of the tested connections do not show looseness because those connections are
preloaded to prevent unwanted infirm effects at the beginning of the test setup.
The averages of the initial rotational stiffness and flexural strength of the
connections from the cantilever tests are shown in Table 2.
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Fig. 3 Details of cantilever test setup

Table 2
Average value of the initial rotational stiffness and flexural strength of
beam-to-column connections obtained from the cantilever tests

Hogging moment Sagging moment

Initial rotation stiffness

Part of the connection Yield stress (Mpa) Ultimate stress (Mpa)

Column 383 422
Beam-end-connector 296 374
Beam 381 419

2.2. The cantilever tests

For evaluation of the proposed mechanical model, the cantilever test setups
are performed according to the international design standard for steel storage
racks [18-20]. A cantilever of pallet beam joined to the midpoint of a short
length of a column comprises the test setup. The column is firmly fixed at its
top and bottom ends. Using a hydraulic jack placed on a load cell, the applied
load is operated monotonically. To prevent any unwanted out-of-plane beam
movement, the free end of the beam is restrained by a vertical guide made from
a channel section. The applied loads, as well as beam and column deflections,
are recorded at each increment of loading until failure takes place at the
connection. Measurement of beam and column deflections is done using
displacement transducers, LVDT1-LVDT9. The deflections for each load step
are used to calculate the rotation of the connection. The overall layout of the
experimental setups and the layout of the transducers are shown in Fig. 3.
Utilizing ten connection samples comprising five hogging moment tests and
five sagging tests, the cantilever tests are completed.

Fig. 4 shows the experimental results of the moment-rotation curve. The
results show that the moment-rotation curve under hogging and sagging
moments testing are quite different due to asymmetry of the connection
configuration. The experimental curve expresses nonlinearity due to yielding of
the connection parts, specifically steel tab and column perforation. The
connection is considered to have failed when the steel tab in the tension side
located farthest from the center of rotation is cut by the column perforation. At
this point, the load carrying capacity drops suddenly. During the test, it was
found that some of the tested connections exhibited looseness, indicated by a
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Fig. 4 Moment-rotation curves of the connections from the cantilever tests
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2.3. The portal tests

In this study, the portal test [18-20] is performed according to the standard
testing method to study steel storage frame behavior under lateral loads. Two
portal frames fixed to hinge supports, which are fastened to a very stiff concrete
floor, comprise the testing frame. Light lip channel beams are used to connect
between the two portal frames in transverse directions. Fig. 5 illustrates the
portal test setup. The length of portal frame is 2500 mm between column center
lines. The height of portal frame is 700 mm, measured from each hinge support
to the center of each horizontal beam. The space between the two portal frames
is 1000 mm. For the purpose of transferring lateral loads to each portal frame
equally, the horizontal rigid transfer beam is bolted to the portal frame. Lateral
loads are applied to the transfer beam by a hydraulic jack mounted on a load cell
fixed to a very stiff steel support connected to the concrete floor. The lateral
displacement of the portal frame is measured by four displacement transducers
(LVDT1-LVDT4) which are set on the columns level to the center line of the
portal beam. To measure the sliding of the columns, other displacement
transducers (LVDT5-LVDT8) are set at the bottom of the columns. The lateral
loads and corresponding lateral displacements are recorded at each increment
of loading until failure takes place at the connection.

Load cell

700 mm.

Hydraulic jack

LEFT SIDE

RIGHT SIDE

Fig. 5 Details of portal test setup

(b) Normal loading (2 kN/m)

Fig. 6 Loading intensity for portal test setup

The loading intensity on steel storage racks may change frequently under
service conditions. Thus, two distinctive levels of vertical loading were chosen
in order to investigate the connection behavior under actual usage conditions. In
this study, the two vertical loading levels are “no loading” and “normal
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loading”. The normal loading level has a total load of 2.00 kN/m. This loading
level corresponds to 40% of the allowable moment of the beam, which is
assumed to represent the normal service loading condition on the structure. As
shown in Fig. 6, sand bags resting on ordinary wood pallets are used to simulate
the vertical loads. Portal tests are carried out on six frames, comprised of three
testing frames for each loading level.
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Fig. 7 Deformation of portal frame under lateral loading

The moments (M ) and rotation (&) of the beam-to-column connection
in the portal frame are given as Eq. 1 and Eq. 2, respectively, illustrated in Fig.
7[12].
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where H is the lateral load applied to one portal frame, h is the height
of portal frames, P is the axial force in a column due to a vertical load, and
& is the lateral displacement of the portal frame. & is taken as the average
recorded displacement obtained from displacement transducers LVDT1 to
LVDT4, E is a Young’s modulus, |, and I, are moment of inertia of the
column and the portal beam respectively, and L is the horizontal distance
between the centerlines of the columns. Fig. 8 shows the test results for the
portal tests with two distinct vertical loading levels.
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Fig. 8 Moment-rotation curves for the portal tests with two distinct vertical loading
levels
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The following observations can be made based on the portal test results. A
failure occurs with the connection at the right side of the portal frame when the
steel tab in the tension side placed farthest from the center of rotation is cut by
the column perforation, like the cantilever test results. This can be explained by
the force transferring mechanism of the connection as follows. At the initial
stage, before the lateral load is applied to the portal frame, both sides of the
beam-to-column connections have an initial hogging moment and vertical shear
force (M1, V1) due to vertical load, as can be seen in Fig. 9 (a). The vertical
load comes from sand bags, wood pallets and the weight of the horizontal beam
itself. Subsequently, when the lateral load is applied, the connection at the left
side of the portal frame is subjected to a sagging moment, whereas the

connection at the right side undergoes a hogging moment, as shown in Fig. 9 (b).

This hogging moment and the shear force caused by the lateral load (M2, V2) at
the right side connection will combine with the initial hogging moment and
shear force caused by the vertical load (M1, VV1). This force combination makes
the connection at the right side of the portal frame reach its moment capacity
before that on the left side. Another observation from the experimental results is
that the moment-rotation curves exhibit looseness at the initial stage of both
vertical load levels because the steel tabs do not fit with the column perforation.
As shown in Fig. 8, the looseness is represented by a short line with a low slope
value at the beginning of the curve.

RIGHT SIDE

(a) Deflected shapes under vertical load

~ Angle increase

- — ) J‘
. | M
Angle continues to decrease — :lfw/

LEFT SIDE RIGHT SIDE . _

(b) Deflected shapes after applying of lateral load

Fig. 9 Illustration of portal frame deflected shapes

3. Mechanical model of beam-to-column connections by component
method

Eurocode 3 [10] outlines an analytical procedure so-called component
method for determination of the design characteristics of semi-rigid
beam-to-column connections. The code suggests that non-linear characteristics
of the connection can be represented by linearized approximations such as
bi-linear and tri-linear relationships.  The design characteristics shall
determine two main properties of the connections: moment resistance and
rotational stiffness. Fig. 10 illustrates the concept of the analytical procedure
outlined in Eurocode 3 for an unstiffened welded beam-to-column connection.
The main properties depend on resistance of the components in three critical
zones: tension zone, compression zone, and shear zone of the connection.

The component method consists of three main steps: dividing the
connection into its basic components in which each one is represented by an
elastic spring, evaluation of both stiffness and strength of each component, and
finally all components being assembled into one mechanical model to
determine the strength and stiffness capacity of the whole connection.
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Fig. 10 Systematic model of beam-to-column connection according to Eurocode 3

In accordance with Eurocode 3, the initial rotational stiffness of the
connection can be computed as:
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where E is elastic modulus, z is the lever arm between tension and
compression springs, and K; is the stiffness of each component. The
connection moment resistance M;gq is governed by the weakest component as
given by:

Fea =M ir{FRd i ] 4

M|y = FagZ ©)

JRd

where Fgg; is the strength of component i.

Various mechanical models have been proposed in the past for several
connection typologies using the component method [21-25]. However, there is
no specific provision for the evaluation of beam-to-column connections for
steel storage racks in those contexts. The lack of code specification means that
there is considerable scope for development of an analytical procedure for
predicting the behavior of beam-to-column connections of steel storage racks.
This section provides procedure for determination of the initial stiffness and
moment resistance of the rack’s connections.

The following components are considered to be the basic components for
evaluating stiffness of the beam-to-column connections in steel storage racks as
illustrated in Fig. 11.

Column web in tearing (Kew,tear)

Column web in bearing (Kow,)

Column web in tension or compression (K, Or Kewc)

Column web in shear (Kew,s)

Tabs in shear (kis)

Connector in bending and shear (ko)

Connector web in tension or compression (Keow)

Beam flange in tension or compression (K)

The column web in shear component is not a major contributor to the initial
rotational stiffness, according to the study of Zhao [26]. Moreover, the shear
deformation of the column webs cancels each other out for the internal
connection, upon which a two-sided bending moment is acted from the beam.
Therefore, in this study, the column web in shear is neglected. The last
component is only considered in the determination of the connection flexural
strength. The full derivation of the basic components contributing to the
mechanical model is outside the scope of this study, however available
methodologies can be found in the companion paper [27]. Table 3 provides a
summary of the initial stiffness and strength of each basic component.

A mechanical model adopted to predict the initial rotational stiffness of
beam-to-column connections in steel storage racks is shown in Fig. 12. Each
spring component in a mechanical model would be assembled in parallel or
series, depending on the relevant geometries.
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Fig. 12 Mechanical model for determination of the initial rotational stiffness

For determining the initial rotational stiffness, the center of rotation is
assumed to be the center of the beam, due to the simplicity of the method, and
this assumption agrees with the connection behavior during the initial stage of
the experimental testing performed in this study. The initial rotational stiffness
of the connection S;in can be computed by combining the stiffness of the
components given by:

where Keq and Kegc are the stiffness of the equivalent spring in tension zone
and compression zone respectively. h; and h. are distance from the center of
rotation to the location of the tension or compression spring.

For evaluation of the flexural strength, it is assumed that the failure of the
connection initially occurs at the outermost row of tabs on the tension side. This
assumption is valid in case of connections with a low ratio of beam height to
beam-end-connector height; it has been confirmed by many experimental
investigations [2] [5-7] and by the author’s the experimental testing [11]. The
strength of the outermost tab is calculated from the minimum value of the
strength of the basic components in a row. Then, the linear distribution of force
inside the connection is applied. Finally the strength of the connection is
calculated from the equilibrium equation. This procedure is rather simple and
gives a more conservative flexural strength than the study of Kozlowski [9].
The center of rotation is assumed to be located at the bottom surface of the
beam for the connection subjected to a hogging moment. For the connection
subjected to a sagging moment, it is assumed that the center of rotation is
located at the top surface of the beam. Mechanical models for evaluation of
flexural strength are shown on Fig. 13.
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Table 3
Initial stiffness and strength of each basic component [9-10] [22]

Component Strength Initial stiffness
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compression
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M
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For hogging moment For sagging moment
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Fig. 13 Mechanical model for flexural strength evaluation

The flexural strength of the connection M, is given by using the
equilibrium equation as follow:

Mu:':tiidti+Mo U
i

where F is tension force in the steel tab of i component from the center of
rotation, and dj is the distance of i component from the center of rotation. M, is
the internal moment of the connector at the center of rotation, which can be
obtained by using the following expression.

M, =F.d

c cl+Cd(:2 SI\/Ico,p (8)
where d.; is the distance from the center of rotation to a compression force

F.. dc; is the distance from the center of rotation to compression force C, and

Mo is @ plastic moment of the connector. C is the compression force due to the
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bearing stress between the connector and the column.
The bearing stress is assumed to be a triangle distribution. Using the
equilibrium condition, the compression force can be obtained as follows:

F,+F,=C+F, ©

where Fy is tension force in the steel tab on the tension side at the outer
most point from the center of rotation. Fy, is tension force in the steel tab at the
second row on the tension side. F is compression force in the steel tab on the
compression side. Fy is taken as the minimum value of the strength of the basic
components in a row as follows:

F

cwb 1

F., =min(F,

w tear !

Fout:Fis Foo) (10)

For simplicity, elastic force distribution of internal forces inside the
connection is applied. The following equation can be obtained to calculate Fy,
and Fc.

Ju e e (11)

where dy; is the distance from the center of rotation to the tension force Fy,
and dy, is the distance from the center of rotation to the tension force Fy,.

4. Evaluation of mechanical model through experimental testing

In this section, the initial rotational stiffness S;n and the flexural strength
of the connection M, are obtained from the proposed mechanical model, and are
compared with the experimental testing data to evaluate the proposed
mechanical model. Geometrical data and material properties of
beam-to-column connections given in section 2.1 are used as the input data for
calculation of initial rotational stiffness and flexural strength of the connection
by using the proposed mechanical model as described in section 3. Table 4
shows numerical values of the initial stiffness and strength of each basic
component for the studied beam-to-column connection. The comparisons of the
initial rotational stiffness and flexural strength of the connection from the
proposed mechanical model and the cantilever test are shown in Table 5.

It can be seen that the mechanical model closely predicts the flexural
strength, and that the difference is on the conservative side, while giving a
moderate overestimation of the initial rotational stiffness. In particular, the
flexural strength is found to be 5-11 % lower than the experimental values. This
may be due to the impact of lack of fit between steel tab and column perforation,
and residual stress that usually affects experimental setup [28].

The experimental testing shows that the moment-rotation relation for rack
connections exhibits a non-linear behavior, which comes from many factors,
such as the yielding of the steel tabs, beam-end connector, or perforated column,
which the mechanical model does not take into account in the formulation. This
causes the mechanical model to overestimate the initial rotational stiffness by
15-19 %.

Table 4
Characterization of component of the studied beam-to-column connection
evaluated by the component method

Component Strength (kN) Initial stiffness (kN/cm)
Column web in tearing Few,tear = 8.66 Kew,tear = 11123
Column web in bearing Fewp =7.91 Kewp = 79.11
Column web in tension Fewt = 35.19 Kewt = 790.32
Column web in compreession Few,c = 88.98 Kew,c = 675.68
Tabs in shear Fis=6.8 kis = 1838
Connector in bending and Keoup = 1967
Feo = 18.29
shear Keo,low = 350
Connector web in tension and
Feow = 16.87 Keow = 1794
compression
Beam flange in tension or
Fof = 16.15 kof = 00

compression
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Table 5

Comparisons of the initial rotational stiffness and flexural strength of
beam-to-column connections obtained from the mechanical model and the
cantilever tests

Hogging moment Sagging moment

Experimental result
(Average value) 62.50 60.10

Initial rotational (kN-m/rad)

stiffness Mechanical model
7171 71.98
(Sjiini) (kN-m/rad)
Mechanical model/
1.15 1.19
Experiment
Experimental result
(Average value) 1.33 1.56
(KN-m)
Flexural strength
Mechanical model
(Mu) 1.18 1.48
(KN-m)
Mechanical model/
0.89 0.95

Experiment

5. An application of the proposed mechanical model to predict lateral
behavior of steel storage frames

5.1. Analysis of lateral behavior of steel storage frames

The proposed mechanical model discussed in section 4 is used in this
section to predict lateral behavior of a single story steel storage frame. The
predictions are compared with the experimental results from the portal test in
terms of base shear-top displacement relation. The portal test results give the
mean values of the initial stiffness and flexural strength, whereas the proposed
mechanical model distinguishes both connection properties between the
hogging and the sagging moment. To indirectly compare the results, a
nonlinear static analysis [29], so-called pushover analysis, is applied for this
study. Under the pushover analysis, a structure is subjected to gravity loadings
as an initial condition. Then the lateral load is applied monotonically in a
step-by-step nonlinear static analysis. From the analysis, the numerical results
can be present in the form of base-shear top displacement relation that will be
referred to as a “pushover curve” in this paper.

The pushover curve of a single story frame using beam-to-column
connection properties obtained from the proposed mechanical model is
compared with the experimental results from the portal tests. The finite
element computer program SAP2000 [30] is used to carry out the pushover
analysis in this study. The structural configuration and section properties of
the finite element model are calibrated against the portal frame tests. The base
plate is modelled as a pined support. Uniformly distributed vertical forces are
applied on the beam element to simulate the pallet load. Non-linear behavior
of the beam-to-column connection is modelled by a non-linear rotational link
element connected between the ends of beams and the ends of columns. The
geometric nonlinearities and material nonlinearities are also considered in the
finite element model.

Moment (M)
A Trilinear approximation

Moment resistant (M ”) model of Burocode 3

ky,
Yielding moment (2 M ) - - 'J
30" /
ki 7,
/.

Typical moment-rptation curve

-

4, Rotation

Fig. 14 Typical moment-rotation curve for rack connections and

approximation of Eurocode 3
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A typical moment-rotation curve for a rack connection is shown in Fig. 14.
The moment-rotation relation exhibits non-linear behavior as shown in the
section of experimental testing. In order to represent the non-linear behavior of
the connection and simplify the analysis, a tri-linear approximation model, in
accordance with Eurocode 3, is used in this study. This approximation is widely
used for the development of mechanical models for hot roll section. A first
yielding moment is assumed to be 2M,/3 [11] [22] where M, is flexural strength;
k; is initial rotational stiffness; k, is post-yielding stiffness; & , is plastic
rotation capacity. It should be noted that the value of @ , and ky, are chosen to
give the best-fit to the experimental results from the cantilever test. The
prediction of steel storage frame behavior under lateral loads by using an
application of the proposed mechanical model is shown in Fig. 15 (a) -15 (b) for
no loading and normal loading respectively. The figures present the comparison
between base shear-top displacement relation from the portal test and pushover
curves of portal frame with a trilinear approximation of moment-rotation
relation for the proposed mechanical model.
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Fig. 15 Comparison of the portal test results and pushover analysis

of portal frame with approximation of rack connections

From the resulting curves, it can be seen that the mechanical model give a
conservative prediction of maximum base shear for all testing frames. On the
other hand, the predicted displacements of the proposed mechanical model
underestimate the displacement compared with the portal test results. The
predicted displacement of the frame is greatly influenced by the initial
rotational stiffness of the connection. It can be seen from the cantilever test in
section 2.2 that the stiffness of rack connections start to deviate from the initial
rotational stiffness at low value of moment. The stiffness is increasingly
softened at moments approaching the ultimate moment. Therefore using the
initial rotational stiffness for the rack connection model may underestimate the
displacement response of the steel storage frame.

5.2. Improvement of rack’s connection model

It has been shown in the previous section that the lateral behavior of steel
storage frames is significantly influenced by the rack connection model. This
section presents the further improvement of the rack connection model for a
better prediction of the lateral behavior.

It is evident from the comparison of the portal test and the pushover
analysis that the mechanical models were slightly too stiff in comparison to the
actual frame, thus resulting in too low a prediction of the lateral displacement.
The two sources of the problem that were addressed are the accuracy of initial
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stiffness to represent the stiffness of the connections as the loading increased,
and the presence of the initial looseness of the actual connections.

The linear idealization of the moment-rotation characteristic of the
beam-to-column connections based on the use of the secant stiffness is applied
for improvement, as shown in Fig. 16. This approach is recommended by
Eurocode 3 [10]. The secant stiffness is defined as S;jin/n. The stiffness
modification factor (n) results from the non-linearity of the connection.
Generally, a stiffness modification factor of 2.0-3.5 is suggested by Eurocode 3,
depending on connection types. Based on a comprehensive experimental study
of beam-to-column connections under bending moment in this study, a
numerical value of 1.5-2.0 is proposed for the stiffness modification factor.

Moment
A
/&Inilial stiffness, S

i ini

Typical moment-rotation curve

S

Jini

/n

[

&, 6, Rotation

Fig. 16 Improvement of rack connection model

It is also shown in the experimental testing of rack connections that some
of the moment-rotation curves show a looseness of the connection at the initial
stage. The looseness contributes to the overall deformation of the portal frame;
hence, it needs to be incorporated into the connection model. A flat slope of
linear line is introduced in the connection model to represent looseness of the
connection, as shown in Fig. 16. It should be noted that M;and & ; are moment
and rotation, where the initial looseness is terminated. @ i can be calculated
from the gap between steel tabs and the column perforation, or can be
determined by the conventional cantilever test. In this study, M; and @ ; are
taken from the cantilever test as 0.05 kN-m and 0.006 radian respectively.
These numerical values, M; and @ ;, produce a low value of stiffness in the
initial looseness stage, which is about 10% of the initial rotational stiffness. The
numerical values of the connection model for hogging moment and sagging
moment of the connection for frame analysis are shown in Fig. 17 (a)-17 (b). In
Fig. 17, the initial stiffness (Sjin) and flexural strength (M,) of the connection
are calculated from the proposed mechanical model. @ , is rotation, where the
steel tab is cut by the column perforation, which is taken from cantilever test.
The pushover analysis is conducted for the portal frame with the connection
model presented in Fig. 17. The comparison between the frame analysis results
and the experimental results of the portal test are shown in Fig. 18 (a)-18 (b).
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Fig. 17 Linearization of moment-rotation characteristic of rack connections
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Fig. 18 Comparison of the portal test results and pushover analysis of portal frame
with modification of rack connection model

As expected, introducing the stiffness modification factor (n) and the
initial looseness to the mechanical model improves the accuracy of the
lateral-displacement prediction from frame analysis, and the improved
pushover curves agree well with the portal frame testing results, as shown in
Fig. 18. To this end, modification of initial rotational stiffness and inclusion of
the initial looseness to the modeling are deemed necessary for a better
prediction of lateral behavior of steel storage frames.

6. Summary and conclusions

This research presents the development of a mechanical model for
beam-to-column connections of steel storage racks using a component method
recommended in Eurocode 3. A proposed mechanical model of the rack’s
connections is derived from the combination of the characteristics of the basic
structural components of the connections. Initial rotational stiffness and
flexural strength yielded from the mechanical model, along with simple
linearized moment-rotation relationship, can be used as the estimated
characteristics of any steel rack connection under both hogging and sagging
moments. The study proposes a simple methodology for evaluation of the
flexural strength based on the actual failure mode.

The initial mechanical model adequately predicts the flexural strength with
acceptable degree of accuracy. However, the simple linearized
moment-rotation relationship based the initial stiffness and moment resistance
underestimates the lateral displacement when it is applied to the pushover
analysis. Consequently, the study proposes further refinement of the
moment-rotation relationship by introducing initial looseness and replacing the
initial stiffness with secant stiffness. It is recommended that the modification
factor for the initial stiffness to secant stiffness be in the range between 1.5 and
2.

The proposed mechanical model can be used to predict the response of a
connection, as well as the structural response, subjected to both vertical loads,
and horizontal loads, with a fraction of testing costs and time. Also, the
proposed model can be easily modified to predict the connection behavior for
other geometry of connections for these types of structures.
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List of notation

Dt pr Effective width of beam flange

Deft co Effective width of connector web

b eft.co Effective width of connector web for stiffness calculation

Der cw,t Effective width of column web in tension zone

b et cwe Effective width of column web in compression zone for
stiffness calculation

D et cwt Effective width of column web in tension zone for stiffness
calculation

d Thickness of steel tab

Owe Depth of column web

Awe.co Depth of connector web

fyof Yield stress of beam flanges

fyco Yield stress of connector web

fuco Ultimate tensile strength of connector web

fy.ow Yield stress of column web

fu.cw Ultimate tensile strength of column web

le The distance between the concentrated shear force and
fixed end of the tab

leo The distance between the concentrated shear force and
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S cw,tear

fixed end of the connector web

Thickness of beam flanges

Thickness of connector web

Thickness of column web

Shear area of the connector web

Shear area of column web

Shear area of the tab

Modulus of elasticity of connector web

Modulus of elasticity of column web

Modulus of elasticity of the tab

Tangential modulus of elasticity of connector web
Tangential modulus of elasticity of the tab

Moment of inertia of connector web

Moment of inertia of the tab

Ratio between ultimate tensile strength of connector web
and ultimate tensile strength of column web

Deformation of column web under strength of column web
in tearing

Reduction factor to allow for the possible effects of shear in
the column web panel
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