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In this research an experimental study to assess the cyclic behavior of bolted moment connection in racks
structures is performed. The effect of bolt pretension in the response is evaluated. Sixteen full-scale steel rack
joint configurations were subjected to cyclic load according to the protocol established in AISC Seismic pro-
visions. The cyclic performance was evaluated in terms of hysteretic response, failure mechanism, energy
dissipation, stiffness, and rotation on the components. Two different configurations were studied. The results
showed that the steel rack connections using a 70 % of bolt pretension can accommodate a 0.8 My at 0.04 rad of
drift angle, while the joints without bolt pretension reached values below 0.7 My at 4 % of rotation. The failure
mechanism was controlled by weld fracture at 4 % of the rotation. A high dispersion in the energy dissipation
pattern was obtained and a drop in energy dissipation of up to 4 times in all specimens tested for a 4 % rotation
was developed. This phenomenon is due to the welding rupture between the beam and the L-connector. A
degradation of the secant stiffness reached up to 60 % for 2 % rotation. Finally, the most important effect of bolt
pretension on the cyclic response of steel rack connections was achieved in the increase of flexural resistance and

rotation developed.

1. Introduction

Nowadays, the steel storage racks are an important part of the supply
chain in companies providing products to the market. Nevertheless,
from a structural point of view, racks are steel structures with sections
generally manufactured from cold-formed steel sections with limited
capacity to resist local buckling. In addition, their structural configu-
ration would be similar to moment frames in down-aisle direction and
braced frames in cross-aisle direction, however, their limited stiffness,
high global slenderness and highly deformable connections completely
differentiate them from traditional systems, requiring their design to be
specific and with their own characteristics.

In general, steel racks subjected to gravity loads have an acceptable
behavior, while to resist lateral forces such as the seismic forces, have
shown a limited performance that has motivated the study of their
global behavior and their connections. Several investigations have been
conducted, which have allowed improving their performance. Despite
the progress achieved, new research is required to improve the
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performance of racks structures and their connections. For this reason,
research addressing this topic is discussed as follow. To provide ductility
for rack connections, the study by Godley et al. [1] evaluated the
deformation capacity in braced and unbraced racks. The results showed
that the required ductility is independent of the connector stiffness. In
addition, the connector stiffness provides different ductility levels and
proposes a method of defining ductility requirements of the beam to
column connection.

An experimental study conducted by Aguirre et al. [2] to assess the
seismic behavior of racks structures was performed. Static and cyclic
loads were applied to racks connections. The results showed that the
failure mode is initiated with yielding of hooks and the hysteresis curve
reached high levels of pinching. Bajoria et al. [3] studied the flexibility
of beam-to-column connectors using the conventional cantilever
experimental method. On the other hand, global studies were performed
by Sarawit et al. [4] and Bajoria et al. [5]. The results showed that the
notional load method is recommended to design steel racks and
simplified models can be used to design the storage racks.
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Fig. 1. Two types of beam-to-upright connections, T1 and T2.
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Table 1
Summary of specimens tested.
Group Test Beam Upright L connector Lateral Bolt Front Bolt Bolt
(mm) (mm) (mm) (mm) (mm) Pretension
#1 125x50x2 TX100x105x%2.5 L45%x250x3 3912 Snug-tight
#2 125x50x2 TX100x105x%2.5 L45%x250x3 3012 Snug-tight
Gl #5 125x50x2 TX100x105%2.5 L45%x250x3 3012 Snug-tight
#3 125x50x2 TX100x105x%2.5 L45x250x3 3912 70 %
#4 125x50x2 TX100x105x%2.5 L45%x250x3 3012 70 %
#6 125x50x2 TX100x105x%2.5 L45%x250x3 3012 70 %
#7 125x50%2 TX100x105x%2.5 L45%x335%3 3912 2012 Snug-tight
G2 #8 125x50%2 TX100x105x2.5 L45x335x3 3012 2012 Snug-tight
#9 125x50x2 TX100x105x%2.5 L45x335x3 3012 2012 70 %
#10 125x50x2 TX100x105%2.5 L45%x335%3 3912 2012 70 %
#11 100x50x2 TX100x105x%2.5 L45x250x3 3912 Snug-tight
G3 #12 100x50x2 TX100x105x%2.5 L45%x250x3 3012 Snug-tight
#13 100x50x2 TX100x105%2.5 L45x250x3 3012 70 %
#14 100x50x2 TX100x105x%2.5 L45x250%3 3012 70 %
G4 #15 100x50x2 TX100x105x2.5 L45x335x3 3012 2012 Snug-tight
#16 100x50x2 TX100x105x%2.5 L45%x335%3 3P12 2012 70 %

Research conducted by Sangle et al. [6] studied the elastic stability
analysis of cold-formed pallet rack structures with semi-rigid connec-
tions. Experimental and numerical study have shown that stiffening of
the open upright sections using the spacer bar, channel and hat as
external stiffeners will considerably increase the load carrying capacity
of the frames. Moreover, the Zhao et al. [7] investigates the flexural
behavior of connections associated with the cold-formed steel storage
pallet racks. The results showed that the deformation of the connections
was dependent on the relative thickness between upright and the
beam-end-connector.

Bernuzzi et al. [8,9] performed a comparative study on steel racks
employing the European and United States approaches. In general, the
European performance of isolated members always results less conser-
vative than the US performance, with different values of the load ca-
pacity. The imperfection modelling technique has a negligible influence
on the rack performance. Recently, the monotonic and cyclic response of
speed-lock connections were studied by Yin et al. [10]. The bearing
capacity and energy dissipation of several configurations under cyclic
loading were studied experimentally using a cantilever test method. The
results showed that additional bolts and welds significantly enhanced
the capacities and deformability of the connections.

Posteriorly, an extensive review of the research performed in the last
decades in the down-aisle direction was performed by Shah et al. [11].
The connection performance measures evaluated are the strength
(moment resistance), rigidity (rotational stiffness) and ductility (rota-
tional capacity) of the beam end connector. Zhao et al. [12] presented a
mechanical model based on the component method to predict the initial
rotational stiffness of beam-to-upright connections in cold-formed steel
storage racks. The proposed model can be only used to obtain the initial
rotational stiffness of beam-to-Upright connections and the initial stiff-
ness is an upper limit of a connection stiffness, and it cannot be used in
design. Additionality, Gusella et al. [13] studied the beam-column joints
of industrial pallet racks using monotonic and cyclic tests through
experimental research. The experimental results confirmed that the
racks connections are significantly different from traditional steel
framed buildings due to pinching in hysteresis loops.

Moreover, the cyclic performance of steel storage rack beam-to-
upright bolted connections were studied by Dai et al. [14,15]. The re-
sults showed that three failure modes were observed in the tests:
connector crack, local buckling of the upright and beam-end-failure.
However combined failure can be obtained. The influence of mechani-
cal and geometric uncertainty on racks and the evaluation of mechanical
properties were studied by Gusella et al. [16,17]. The results indicated
that system effects reduce flexural stiffness and the variability in the
response of individual components does not propagate to the overall
flexural capacity.

As observed several research conducted experimental studies to
characterize the hysteretic behavior of steel rack connections. A high
variability in the results was obtained in the results for different size of
beam, column, connector, and number of bolts according to the con-
ducted by [18-29]. These parameters have a high influence in the
structural response of racks subjected to seismic forces. However, the
use of bolted connections, without hooks, considering the behavior of
the connection with pretensioned bolts as a strategy for improving its
cyclic behavior has not been studied. Although bolt pretension is not
common in the rack industry, its easy application can improve the
performance of the system under lateral loads.

This paper is aimed in the assessment of cyclic performance of beam-
to-upright connection considering the bolt pretension. In this sense,
typical joint configurations with beam connected to Upright are studied
considering the bolt pretension in comparison to those without preten-
sion in the bolts. To achieve this goal, an extensive experimental study of
steel storage racks connections with different sizes considering preten-
sion and no pretension of bolts subjected to cyclic load was performed.

2. Experimental program
2.1. Connection types, dimensions, and material properties

In this investigation, two joint configurations of steel beam-to-
upright bolted connections are evaluated. Two different beam sizes
(TC100x50x2mm and TC125x50x2mm) and one column
(TX100x105x%2.5 mm) were used in the tests. The sections are typically
used in the designs according to the practice in Chile. The tested
configuration corresponds to the connection of a beam with a column, as
shown in Fig. 1.

To evaluate the cyclic behavior of beam-to-upright bolted connec-
tions two different type of joint configurations were studied. The joint
type T1 is a configuration with beam connected to upright through steel
connector with L shape welded to beam and bolted to upright using
three lateral bolts, while the joint type T2 is a similar configuration with
two front bolts added to L-connector.

To study the influence of bolt pretension on the cyclic response,
joints with bolts pretensioned and no pretensioned (snug-tight) were
tested. Table 1 shows a summary of specimens tested. The weld used in
the specimens was welded all around the beam with fillet welds and D,,
=4 mm.

Cold-formed steel members (beam, upright, L connector) were
fabricated from ASTM A36 [30], while ASTM A325 [31] was used for
bolts. The L connector was joined to beam using fillet welding all-around
of beam. A bolt pretension of 70 % (49 kN) according to established in
[32] was used. The material properties were obtained from coupon
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Fig. 2. Steel coupons specimen’s dimensions, sections and material curves.
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Table 2
Material properties for steel.
Thickness fy Fu Eaverage
Element (mm) (MPa) (MPa) (MPa)
Beam 2 392.5 484
Beam 2 405 498 176692
Beam 2 407 512
Upright 2.5 383 410
Upright 2.5 421 493 177220
Upright 2.5 409 477

tensile tests (see Fig. 2). A summary of the material properties is shown
in the Table 2.

2.2. Test setup and instrumentation

The test setup was designed for full-scale testing of sixteen configu-
rations of steel rack joints subjected to cyclic loading. The tested joint
assembly includes two pinned restraints at the end of columns to
simulate points with zero moments and the application of a cyclic load at
the beam end. In addition, a lateral restraint was used to prevent out-of-
plane displacement of the beam by the applied displacement. The load is
applied by an actuator with capacity of 147 kN connected to the reaction
wall. Load cell, inclinometers, and transducers (LVDT) were used. The
load cell located at the point of load application to capture the applied
force, the LVDT to measure the displacements applied at the beam end,
and inclinometers to obtain the rotations at beam, upright and L-
connector. In Fig. 3, experimental setup is shown.

2.3. Loading protocol

The cyclic loading is applied according to the loading protocol
established in Seismic provisions [33]. This protocol consists of the
application of cyclic displacements at the beam end, which are captured
as force through the load cell. Fig. 3 shows the loading protocol used
according to [33].

3. Experimental results

The results of the experimental study are shown and analyzed ac-
cording to criteria of cyclic behavior, failure mechanism, dissipated
energy and stiffness. Therefore, force vs. displacement (A) hysteresis
curves, normalized moment vs. rotation (0) curves, energy dissipated
per cycle, normalized tangent stiffness vs. rotation (8) and secant stiff-
ness vs. rotation (0) are reported. The normalized moment was calcu-
lated as M/My, where M is the acting moment and My, = F, Sy (F,, yield
stress and S,, is the section modulus). In addition, the energy dissipated
per cycle, E, was calculated as the area under the curve of each cycle,
while the secant stiffness, K, was calculated as the slope measured at
each unloading of each loading cycle under positive and negative ac-
tions. Also, the stiffnesses was normalized by the initial stiffness K,
calculated as the slope at the initial cycles. For a proper comparison,
similar joint configurations will be grouped. This allows to evaluate the
influence of the pretension on the bolts considering different beams,
number, and location of bolts. A summary of key parameters is shown in
Table 3.

In Fig. 4, the maximum moment normalized to the yield moment vs.
the maximum rotation achieved by each connection is reported. Con-
nections without pretension are shown in blue while connection with
pretensioned bolts are shown in red. The configurations with preten-
sioned bolts reached average resistance values of Mpmax /M, = 0.79, while
joint configurations without pretension achieved average resistance
values of My, /M, = 0.73. In terms of strength, higher average rotation
values were also reported for connections with pretensioned bolts (6 =
0.08rad vs. @ = 0.07rad). It is important to highlight that the minimum

resistances and rotations were developed for the connections without
pretensioned bolts, (Mmax/My)in= 0.63 ¥ Onin = 0.05rad. These results
confirm the clear effect of bolt pretension in the cyclic performance of
rack moment connections.

3.1. Hysteresis curve

The Fig. 5 shows the hysteresis curves and failure mechanism of
specimens tested. In group G1, the maximum rotation and strength was
achieved in specimens with pretensioned bolts. In this sense, a
maximum rotation of 0.0825 rad was obtained in specimen #4 and #6.
However, the initial stiffnesses remained between 111.37 kNm/rad and
169.91 kNm/rad. A similar behavior was obtained for groups G2, G3 and
G4, which the specimens with pretensioned bolts achieved higher
strengths and rotations.

Hysteretic pinching was developed in the specimens without front
bolts (#1-#2-#3-#4-#5-#6-#11-#12-#13-#14). Therefore, steel rack
connections with a combination of front and lateral bolts (#7-#8-#9-
#10-#15-#16) showed better behavior limiting the buckling in the L-
connector. On the other hand, comparing only connections with front
and lateral bolts (G2 and G4), the joint configurations without bolt
pretension reached a lower strength, however, a failure in the weld with
degradation of resistance was obtained for joints with bolts pretensioned
once the maximum bending strength is reached.

Only the specimens with prestressed bolts #6, #10, #14 and #16
reached values greater than 0.8 My, therefore, the bolt pretension allows
to improve the resistance of the steel rack connections subjected to cy-
clic loads. However, this performance is insufficient compared with the
requirements established for buildings subjected to seismic loads.

3.2. Failure mechanism

Different failure mechanisms can be developed on steel rack con-
nections, such as local buckling in the L-connector, local buckling in
beam or upright, welding failure, bearing of bolts or shear failure in
bolts. Mainly a single failure mechanism controlled by welding rupture
in beams was achieved in specimens #2, #3, #5, #7, #8, #12, #14, #15
and #16. This explains the limited hysteretic behavior developed by the
connections from the variability of welding process. Furthermore, a
combined failure mechanism controlled by local buckling and rupture of
welding was reached by the specimens #1, #4, #9, #10, #11 and #13.
Finally, the specimen #6 exhibited a combined failure mechanism
characterized by local buckling of L-connector and beam web, and
posterior to these limit states, the weld fracture. The response can be
improved using more robust sections with a distribution of bolts and
connection elements with better strength, however, such actions are
contrary to the practice in the design of this type of structures where the
use of slender sections, structural configurations with high load levels
and weak connections are commonly used.

3.3. Energy dissipation
The energy dissipation of the moment connection was obtained from

the load-displacement curve and determined by calculating the area
enclosed by each cycle as follow:
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Fig. 3. Experimental setup and displacement cyclic control according to Seismic Provisions [33].



E. Nunez et al.

Engineering Structures 323 (2025) 119310

Table 3
Summary of key parameters.
Ko Omax
Group Test (kN.m/rad) Mumax/My (rad)
#1 111.37 0.75 0.05
#2 169.91 0.65 0.07
61 #5 158.01 0.77 0.0725
#3 164.91 0.75 0.07
#4 133.04 0.7 0.0825
#6 129.33 0.82 0.0825
#7 181.06 0.76 0.073
@ #8 95.11 0.63 0.073
#9 134.19 0.78 0.073
#10 160.66 0.83 0.072
#11 82.48 0.7 0.0825
3 #12 94.12 0.78 0.08
#13 132.64 0.77 0.0825
#14 125.11 0.83 0.084
G4 #15 130.64 0.76 0.081
#16 126.69 0.86 0.0825
Note: 00 = Maximum Rotation
weld. The specimen #9 achieved a pattern similar to specimens #7 and
1.00 #8, while the specimen #10 developed an incremental pattern of
dissipation up to 8 % due to weld fracture. However, the specimens with
0.90 pretensioned bolts (#9-#10) dissipated an average of 16 % higher in
N X.O comparison to specimens without pretensioned bolts (#7-#8).
0.80
= m m ‘ <%K<> 3.3.3. Specimens of Group G3 (lateral bolts)
= 0.70 9 Specimens #11-#12 and #13-#14 showed a similar incremental
s 0.
g - pattern of energy dissipation. The average of dissipated energy is 2.1 kJ
= 0.60 A for both sub-groups of moment connections; therefore, no influence of
the bolt pretension can be concluded.
0.50 .
0.04 0.05 0.06 0.07 0.08 0.09 0.10 3.3.4. Specimens of Group G4 (lateral and front bolts)
0 (rad) Similar phenomenon was obtained for the specimens #15 and #16,
| W Tests 1-2-5 W Tests 3-4-6 A Tests 7-8 A Tests 9-10 which reached an average dissipation energy closer to 2.15 kJ. The
OTests 11-12 O Tests 13-14 XTest 15 XTest 16 P . . .
energy dissipation levels do not show important differences; therefore,
Fig‘ 4. Influence of bolt pretension in rack connections. no influence of the bolt pretension effect can be concluded.
Ui 3.4. Stiffness
E; = p(t)du (€D)

Ui

where u; and u;;; corresponding to displacements and Py, is the force
applied to the structure. Finally, the energy dissipation is presented as a
cumulative energy dissipation. The dissipated energy is shown in Fig. 6.

3.3.1. Specimens of Group G1 (lateral bolts)

In the specimen #1, the energy dissipation is reached with similar
slope up to 1 % drift; from this rotation level the buckling of beam web
es started. Subsequently, dissipation is continued until fracture of the
weld at 5% drift. In the specimen #2, an upward pattern of energy
dissipation was developed up to 6 % drift; also, the secant stiffness drops
due to weld fracture without local buckling of beam. The specimen #5
achieved an incremental pattern of energy dissipation up to 7 % drift.

On the other hand, the specimen #3 reached an incremental pattern
of energy dissipation up to 6 % drift, decreasing the slope of accumu-
lated dissipated energy due to weld fracture. The specimen #4 achieved
a similar pattern to specimen #3 up to 7 % drift. The specimen #6
exhibited a dissipation energy up to 8 % of rotation without changes of
slope. The specimens with pretensioned bolts (#3-#4-#6) reached an
average dissipated energy of 53 % higher in comparison to specimens
without pretensioned bolts (#1-#2-#5).

3.3.2. Specimens of Group G2 (lateral and front bolts)
Specimens #7 and #8 show a symmetric pattern up to 6 % rotation,
decreasing the energy dissipated up to 7 % drift due to fracture in the

The measurement of secant stiffness is a tool to evaluate the cyclic
performance in beam-to-upright rack connections. Fig. 7 shows the
secant stiffness of the specimens tested. Specimens #1-#2-#5 (G1-bolts
without pretension) developed a rapid stiffness drop, generally before
1 % drift. However, similar specimens #3-#4-#6 (G1-with pretensioned
bolts), showed a more gradual and symmetrical stiffness drop. There-
fore, the influence of bolt tightening on the cyclic response of the
specimens in terms of secant stiffness can be observed. Also, specimens
#7-#8 (G2-bolts without pretension) and #9-#10 (G2-with preten-
sioned bolts) exhibited an abrupt stiffness degradation pattern once the
0.00375 drift was exceeded.

Additionally, the stiffness degradation of specimens #11-#12 (G3-
bolts without pretension) and #13-#14 (G3-with pretensioned bolts)
show an asymmetric and abrupt trend once the 0.00375 drift is excee-
ded. Finally, specimens #15 and #16 without and with bolt pretension,
respectively, showed a symmetric pattern of stiffness degradation and
with a linear trend that had not been obtained in the rest of the speci-
mens tested. It is important to highlight the high variability in the initial
Ko stiffness obtained in the tests.

3.5. Cyclic rotation by component

The rotation in the components was captured from the installation of
inclinometers that provide the rotation directly in the point of interest.
As shown in Fig. 3, inclinometer 16 measures the rotation where the
plastic hinge of the beam is expected. Inclinometer 17 was installed to
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Fig. 5. Hysteresis curves and failure mechanism of specimens tested.
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Fig. 5. (continued).
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Fig. 5. (continued).
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Fig. 5. (continued).
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Fig. 5. (continued).
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Fig. 5. (continued).
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Fig. 5. (continued).

14
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Fig. 6. Dissipated energy for joint configurations tested.

15



E. Nunez et al. Engineering Structures 323 (2025) 119310

Fig. 6. (continued).

16
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Fig. 6. (continued).

capture the rotation performed by the L-connector. While the incli-
nometer I8 was installed to measure the rotation developed by the col-
umn. As shown in Fig. 8, the rotations in the three inclinometers were
measured for each specimen. In this sense, a low level of rotation was
developed by the beam for all specimens tested. This corresponds with
the damage pattern showed in the Fig. 5, where the typical failure was
welding rupture and a limited local buckling in the beam for rotations
above 5 %. This failure mechanism is not desired, however, no decou-
pling of components was reported, as can occur in hooked or speed lock

17

rack connections [2,10,13].

The L-connector achieved higher rotation levels than the beam,
however a significant influence of the front bolts was obtained. The
shape of the curve in the specimens with lateral bolts showed a higher
rotation at the L-connector with respect to the specimens with front
bolts. This is due to the bracing generated by the front bolts to the L-
connector, unlike the configuration with only side bolts where the
deformation of the L-connector is not constrained. Additionally, a
change in the slope of the curve occurs from cycles greater than 4 % in
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Fig. 7. Secant stiffness in specimens tested.

0.02 0.04 0.06 0.08
(rad)



E. Nunez et al.

Test #11
1.5
1.25
L
o 1 X x
¥ X
075 X %
X
X X
0.5 X X x
X X x
025 X X
0
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08
0 (rad)
Test #13
1.5
1.25
) 1 KX
2 X
X
%075 x % x
% X
X
0.25 X
X X
0 ¥
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08
0 (rad)
Test #15
1.5
1.25
1 X XX
o
g o 2%
X
 0.75 X
X
0.5 <t X
X
X
025 | x L S
0
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08

0 (rad)

Engineering Structures 323 (2025) 119310

Test #12
1.5
1.25
% 0.75 i
X
0.5 X X
X
0.25 X Xox % X x
0
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08
0 (rad)
Test #14
1.5
1.25
g 1 X:EK
v X
0.75 )X( Ky
X
X
0.5 X
X X x
X X
0.25 % X
X
0
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08
0 (rad)
Test #16
1.5
1.25
g 1 « X %*
Q X
075 % «
X X
0.5 X X
X * X
0.25 X
0

-0.08 -0.06 -0.04 -0.02 0
0 (rad)

Fig. 7. (continued).
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Fig. 8. Cyclic rotation of beam, L-connector and upright for specimens tested.
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Fig. 8. (continued).
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Fig. 8. (continued).
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Fig. 8. (continued).
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the specimens with lateral bolts, which shows that rotational capacity is
lost in the component due to fracture in the weld.

On the other hand, the column shows a higher rotation capacity with
a tendency to develop larger cycles unlike the beam near the connection
and the L-connector. However, yielding, local buckling or fracture
mechanisms in the column were not reported. Furthermore, for cycles
greater than 2 % the column reached a local deformation of cross section
similar to distortional buckling, however, the column was able of to
recover its shape when the load direction changed.

4. Conclusions

The cyclic response of steel connections in bolted racks considering
the influence of pretension on the behavior was studied through an
experimental investigation. Sixteen full-scale tests were cyclically
loaded. The evaluation was performed in terms of hysteretic behavior,
failure mechanism, dissipated energy, secant stiffness and rotation in the
joint components. The main conclusions obtained are described as
follows:

1. The cyclic behavior exhibited by the beam-to-upright connections
tested is characterized by a highly nonlinear behavior with hysteretic
pinching and degradation of the secant stiffness once 4 % rotation is
reached. Furthermore, the 80 % of the beam plastic moment (M)
was not reached by the specimens, while the use of pretension in the
bolts allowed some specimens to reach 75 % of the beam yield
moment (M,). Therefore, the steel design of the racks must take into
account the stiffness and bending strength to reproduce the real
system characteristics and deformations.

2. The failure mechanism was controlled by weld fracture once 4 % of
the rotation was reached. The connections with front bolts reached
higher levels of strength and rotation. The use of pretensioned bolts
allowed the connections to develop rotation levels up to 17 % higher
than connections without pretensioned bolts.

3. The accumulated dissipated energy showed that connections with
front-bolts and bolts pretensioned achieved the higher level of
dissipated energy. Additionally, the connections studied dissipate
energy up to 6 % drift and from that level of rotation, the slope of the
dissipation curve decreases, which is congruent with the level of
damage reached in the weld for all connections. This phenomenon is
due to the weld rupture between the beam connection and the L-
connector.

4. A degradation of the secant stiffness without uniform pattern
reached up to 60 % for 2 % rotation. While for 4 % the average
secant stiffness can reach 30 % of the initial stiffness as residual
stiffness in the system. This is due to weld fracture at 4 % rotation.
Therefore, the stiffness degradation under cyclic loading of the sys-
tem is an important aspect in the seismic design of racks.

5. The failure mechanism controlling the resistance limit states in the
connections studied is weld fracture. This behavior limited the for-
mation of ductile failure mechanisms in other components such as
plastic hinges in the beams. Therefore, the design using bolted con-
nections in racks is limited by good weld performance.
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