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Abstract: Full-scale shake table investigations are strongly required to understand the actual
performance of storage racks and to improve the rack design guidelines. This paper presents the
results of full-scale shake table tests on New Zealand standard storage rack frames with two-bay
and two-level to determine the dynamic characteristics of a standard rack structure and to measure
the damping of the system. The experimental program was conducted in three phases. First, the
identification parameters including the natural frequency and damping of the system were
determined through a series of preliminary tests. Then, shake table tests were performed to capture
the inelastic response of rack frames under low to medium intensities of El-Centro ground motion.
Finally, the shake-table tests were repeated with scaling down the time domain and broader ranges
of ground motion intensities to consider the performance of taller rack systems. In addition, a
comprehensive discussion on the damping of the system is also provided based on the test results.
The performance of the rack frame is described through an extensive set of measurements, including
rack displacement, pallet sliding, the acceleration of a concrete block and rack frame and the
damping of the system in the down-aisle direction. The results indicate that the standard rack
frames are able to endure large inelastic deformations without loss of stability.

Keywords: storage rack; cold-formed steel; shake table; damping; ground motion; earthquake;
frequency; pallet

1. Introduction

Being part of the Pacific Ring of Fire, which is geologically active, New Zealand has
experienced many large earthquakes in the past decades. One of the recent large
earthquakes was the 2010 Canterbury earthquake (also known as the Christchurch
earthquake or Darfield earthquake) that rocked the south island of New Zealand with a
magnitude of 7.1 on the Richter scale. Figure 1 illustrates the various rack failure
mechanisms observed and recorded after this earthquake. Some of the frames collapsed
(Figure 1a) when a plastic hinge was formed in the uprights, which resulted in further
drift and the amplification of second-order effects and thereby caused the failure of the
system. It was also observed that, despite the basic assumptions for seismic design and
stability analysis, “linear deformation of the frame” is not an accurate assumption and
therefore not all the connections experience the same rotation along the frame height
(Figure 1b). The use of an insufficient number of bolts in typical baseplate connections
also led to excessive rotation and failure of the base plate, as shown in Figure 1c. The cyclic
deterioration of such connections also triggered a progressive collapse of all frames in the
warehouse [1-5] (Figure 1d), which indicates that the current racking codes and
specifications are still weak about the cyclic features of the connections.
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(d)
Figure 1. Different rack failure mechanisms during the Christchurch earthquake: (a) down-aisle mechanism, (b) down-
aisle mechanism, (c) baseplate deterioration in cross-aisle direction, (d) progressive collapse of the entire system.

Storage rack structures are mainly designed for seismic actions based on rack
provisions, including the Rack Manufacturers Institute (RMI) specification [6], European
code (EN 16681) [7], Australian standard (AS 4084) [8], Federal Emergency Management
Agency (FEMA 460) [9], Canadian Standards Association (CSA A344) [10] and American
National Standards Institute (ANSI MH16) [11]. Nevertheless, in many regions, the
design of racking frames is still based on general seismic design codes due to the lack of
enough guidelines for the dynamic design of rack frames. Additionally, some of the
current seismic design standards allow the use of the equivalent static method to estimate
the seismic forces and do not consider the sliding of the frame (or only consider the
rocking of pallets on the rack beams) for the design procedure. It should be noted that a
significant contribution to the seismic response of rack frames can be rocking [12,13].
Therefore, to examine whether the principals provided in the codes are adequate and
sufficiently accurate for rack systems, it is worth investigating their performance under
severe seismic ground motions.

Although static and cyclic tests and analyses can reveal the failure mode of rack
components [14-20] and the associated base shear of a rack structure, a more realistic
structural response (such as acceleration) can be attained through full-scaled shake table
tests [21]. One of the first shake-table studies on storage racks was conducted by Chen et
al. [22-24] who tested four types of full-scale industrial steel storage racks under scaled
ground motions of El-Centro (ELC) and Parkfield earthquakes. The shake table tests
demonstrated that the P-delta effects meaningfully influence the response of the racks in
the down-aisle direction. In another shake-table study, Filiatrault et al. [25] tested five
different rack frames in both cross-aisle and down-aisle directions and reported that the
ductility and energy dissipation capacity of the frame were significantly more in the down-
aisle direction than in the cross-aisle direction. A comprehensive shake table program was
carried out at the University of Buffalo on four steel storage rack configurations, and it
was stated that the rotational stiffness of beam-to-upright connections was significantly
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affecting the down-aisle performance of pallet racks under seismic actions [26]. In another
attempt, Filiatrault et al. [27] characterized the seismic performance of the rack frames
under earthquake excitation and identified the pallet shedding fragility under a series of
ground motions through shake table testing. In addition to the classical design of rack
frames against seismic loads, the isolation systems, such as fuse elements, can also be
adopted for a rack frame, which brings benefits in terms of a reduction in the structural
damage and improving the safety of the stored items [28-33].

Shake table tests performed by Rosin et al [34] also revealed that the eccentric bracing
configurations could lead to a significant torsional response. Gilbert and Rasmussen [35]
evaluated a complete drive-in rack system under loaded and empty conditions using a
full-scale shake table, and provided the relative stiffness under different ground motion
conditions. Recently, new shaking table tests were conducted on storage racks in the cross-
aisle direction in order to obtain the seismic characteristics of the system in this direction
[36,37].

Considering the current increasing demand on rack storage systems as well as the
improvements of storage rack regulations, the need for understanding the dynamic
response and seismic characteristics of the standard rack frames, i.e., damping of the
system, under actual strong ground motions has been intensified. Therefore, the objective
of this paper is to provide the results of shake table tests on a New Zealand standard rack
frame with two bays and two levels under increasing seismic base excitation in the down-
aisle direction, aiming to reveal the dynamic features of a standard steel storage rack
under actual seismic actions. The experimental program was conducted in three stages.
In the first stage, identification tests were carried out to determine the fundamental period
of vibration and the damping ratio of the system. In the second stage, the frame was tested
by 20-80% intensities of El-Centro earthquakes in an actual time domain. In the third
stage, the tests were repeated with a wide range of intensities, 40-220% of El-Centro
earthquakes, with scaled records in the time domain to consider the performance of taller
rack systems. The damping of the system is also determined and the results are presented
for both the scaled and non-scaled time-domain conditions. The test results of this study
can be valuable data for the calibration of finite element models as well as seismic
provisions for the design of racks.

2. Experimental Program
2.1. Rack Geometries

To evaluate the seismic performance of the storage rack systems in the down-aisle
direction, fifteen full-scale shake table tests were conducted at different stages. The
configuration and geometry of the specimens were defined based on New Zealand
standard storage rack pallets to simulate the behaviour of actual pallets used in seismic
areas.

The racks were of conventional two-bay and two-level rack frames, as shown in
Figure 2. The width of each bay in the down-aisle and cross-aisle was 1440 mm and 900
mm, respectively. The height of each level was 1275 mm. All rack specimens were built
from typical cold-formed steel (CFS) sections with G350 grade steel. Bracing elements
were of C channel profiles with 25 mm depth, 30 mm flange and 1.8 mm thickness and
were installed in the cross-aisle direction with 600 mm pitches. The upright profiles of 90
mm depth and 2.5 mm thickness were connected in the down-aisle direction by 1.6 mm
thick 105 x 50 mm box beams. The geometry of the section as well as the perforation details
are indicated in Figure 3. Due to commercial confidentiality reasons, all geometries are
presented in non-dimensional form —the same as other studies in this area [38]. Table 1
tabulates the cross-sectional properties of the structural elements used in the rack
specimens. The beam to upright connections were of boltless type (hooked connectors),
which are commonly utilized in most rack systems due to the easier and faster installation
of frames. The frames were anchored to a 30 mm thick steel plate, which was placed on
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the shake table using bolted connections. Two types of baseplates were used in the tests,
for the side and middle spans, as shown in Figure 4. To simulate the actual condition of
palletized merchandise, each pallet was accommodated with two standard precast
concrete blocks. Each concrete block weighed approximately 500 kg with dimensions of
755 mm x 565 mm x 510 mm, which is a normal value for the merchandise used in practice.
Therefore, each specimen could contain eight concrete blocks over its two beam levels,
which provided a 4000 kg pallet load in total and simulated a fully-loaded service
condition. The rack specimen and the concrete blocks are shown in Figure 5.
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Figure 2. Schematic views and dimensions of the frame.
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Figure 3. Section and perforation details.

Table 1. Section details.

Element Section Length (mm) Area (mm?) Ix(mm? Iy(mm?)
Beam Box105 x 50-1.6 mm 1350 597 1,023,099 237,210
Upright 90 Upright 2.35 mm 2800 578.6 700,217 325,825

Brace 25 x 30 x 1.8 (C Channel) 1062 217 19,956 11,388
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Figure 4. Different baseplate connections: (a) middle frame, (b) side frame

Figure 5. Rack frame with block weights: (a) cross-aisle direction, (b) down-aisle direction.

2.2. Test Setup and Instrumentation

All tests were performed on a 3 m x 3 m uniaxial shake table at the University of
Technology, Sydney. The shake table used for the tests is a uni-directional table and is
digitally programmable with feedback control to simultaneously control displacement,
velocity, and acceleration.

The shake table had a payload capacity of 10 tonnes and an overturning moment
capacity of 10-tonne meter.

Two different types of instrumentation, including accelerometers and displacement
transducers, were employed for recording the response of rack frames. Six accelerometers
were attached to the frame (three for the rear and three for the front of the rack) and the
other two were installed to the concrete blocks. In addition, four Linear Variable
Differential Transformer (LVDT)s were employed to record the displacements of the rack
frames, and one LVDT was used to measure the displacement of a typical pallet during
the tests. The LVDTs and accelerometers were attached to both sides of the frames (front
and rear) to identify the probable rotation of the rack in each level. The shaking table
actuator was also equipped with an LVDT and an accelerometer to record the table
displacement and the ground acceleration in the direction of motion. The location of the
instrumentations is illustrated in Figure 6. A typical accelerometer and LVDT connected
to the frame and concrete block are also shown in Figure 7.
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Figure 6. Location of Linear Variable Differential Transformers (LVDTs) and accelerometers: (a) front frame, (b) back
frame.

Figure 7. Instrumentations: (a,b) accelerometer attached to frame and concrete block, (¢,d) LVDT attached to frame and
concrete block.

The concrete blocks were fixed to the timber pallets by means of steel rods and
bearing plates to prevent them from sliding on the pallets. The pallets were also chained
to the beam to avoid them falling off the frame, as shown in Figure 5. To minimize the
catastrophic collapse of the rack subjected to higher seismic records, support structures
were also designed and constructed to allow the structure to lean against in case of failure.
Figure 8 displays the rack frame and supporting structure.

Support Support
structure structure
< >

Rack frame

Figure 8. Schematic plan view of rack frame and support structures.
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2.3. Testing Protocol

The experimental tests on the rack specimens were performed in three phases. Phase
one of the experimental test was conducted to determine the dynamic characteristics of
the rack system, including the natural frequency and damping coefficient of the rack,
which are named as system identification tests. Phase two and three of the experiment
were undertaken to evaluate the seismic response of the rack frames through the actual
shake table tests under non-scale and scaled time-domain conditions, respectively. Table
2 shows the details of each experimental phase.

Table 2. Summary of the experimental tests.

Test Phase Time Scaling Factor * Earthquake Record Intensities (%)

Northridge (1994) 10
One 1 20
Two El-Centro (1940) 20,40, 60, 70, 80
40, 60, 80, 100, 120,
Three 2

140, 160, 180, 200, 220

* The earthquake record’s scaling factor in the time domain.

2.3.1. Phase One: System Identification Tests

Identification of frequency and natural period: The identification phase requires the
adoption of a suitable identification algorithm [39,40]. In this study, Sine sweep tests were
performed to identify the natural period of the rack system in its original condition —same
as other studies on CFS rack frames [41].

Therefore, a full-cycle acceleration time-history at frequency ranges of 0.5 to 20 Hz
with a rate of one octave per minute and an amplitude of 0.025 g was generated by the
shake table in the down-aisle direction of the rack. LVDTs and accelerometers were also
used for the identification test.

Identification of damping: Damping is an essential factor in the seismic field. A hammer
test and a hand exciting test were conducted to measure the preliminary damping
coefficient of the system before performing the shake table tests. In the former method,
different parts of the rack were excited by hammer impact, while in the latter approach,
the rack was shaken for three cycles and then was left to have free vibration. It should be
noted that the damping ratio was also determined by the sine sweep test after each shake
table test, to compare the damping ratio before and after motion.

2.3.2. Phase Two and Three: Shake Table Tests

The objective of these two phases was to capture the seismic response of the standard
rack system under various intensity ground motions and different time-domain scales.
The excitation intensity was therefore applied in an incremental fashion. The loading
schedule in phase two and phase three of the experiment was as follows:

e Inphase two, the tests started at a Peak Ground Acceleration (PGA) of 20% of the 1940
El-Centro earthquake record, and then the earthquake record was increased by steps
of 10% or 20% (increasing 10-20% of the PGA for shake table excitation in each step)
up to 80% intensity of the El-Centro earthquake. The shake table tests were conducted
without scaling time domain.

e In phase three, the shake table testing program was carried out to subject the rack
frame under a range of intensities between 40% and 220% of the El-Centro earthquake
record. The increment increase was continued until a significant drop in the
fundamental period of the system was observed, which indicates the formation of
local plastic deformation in the structure. In this phase, the time domain was scaled
down by a factor of 2 to better simulate the sensitivity of taller racks with elongated
periods.
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As stated earlier, sine sweep tests with a low intensity (0.02 g) were also conducted
after every seismic excitation (each increment) to evaluate the damping ratio as well as
monitoring possible period elongation due to damage in the system.

3. Test Results
3.1. Results of Phase One: System Identification Tests

The preliminary test schedule of phase 1 was only conducted to provide an indicative
understanding of the rack natural behaviour under dynamic actions. Sine sweep test
results presented in Figure 9a are in the form of Fast Fourier transform (FFT) to easily
determine the frequencies of vibration (using a pre-programmed laboratory software).
The sine sweep results indicate that the fundamental frequency of vibration is around 1.6
Hz, which corresponds to the vibration period of 0.63 seconds. Mode shapes were similar
to those reported by Krawinkler [42]. The first and second modes of vibration were quite
visible; however, the third mode was not visible to the naked eye. Figure 9b schematically
shows the first and second modes of vibrations.

_.,Fundamental mode of vibration

v
Mode 2: 6.6 HZ

Mode 3: 13.8 HZ

01234567 8 91011121314151617181920

Frequency (Hz) Model Mode 2

(a) (b)

Figure 9. (a) Fast Fourier transform (FFT) of sine sweep test of the specimen before being exposed to any seismic actions,
(b) first and second modes of vibration observed in sine sweep test.

Displacement (mm)
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The damping coefficient was also obtained from the decay of the free vibration
response from the handshake test and the hammer test, as shown in Figure 10. The
damping of around 9% was captured from these tests. It is notable that damping values
could be higher if more practical pallet weights had been used in lieu of rigid concrete
blocks. In addition, the weight of the pallets would also influence the damping values.

0.04
Hammer test
0.03

0.02

TS
o TR

-0.02

Displacement (mm)

-0.03

Time (s) 0.04 Time (s)

Figure 10. Hand exciting and hammer test to measure damping.
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Precaution needed to be taken to ensure safety and avoid the global instability of the
rack specimen during shake table tests. Therefore, prior to conducting the shake table
tests, preliminary numerical models of the rack specimens were developed in order to
find the critical parameters of “overall overturning moment” and “top-level
displacement” and to check them against the maximum allowable values of the shaking
table device. The numerical model was verified using the frequency and damping
coefficient obtained in phase 1 of the experiment.

3.2. Results of Phase Two: Shake Table Tests (Non-Scaled in The Time Domain)

Figure 11 shows the structural responses under 20% to 80% intensity of the El-Centro
earthquake record without scaling the time domain in terms of accelerations in the top
and bottom levels and the lateral displacement of the rack frame. The experimental data
of the back frame are only shown in this figure since the results of the front and back frame
were almost identical, indicating that no rotation occurred during the tests. It was decided
not to subject the specimen to a record greater than 80% of the El-Centro earthquake as
the recorded acceleration of the top-level indicated a peak acceleration near “1.0 g”, which
was close to the capacity of the shake table under a 4-tonne structure. As shown in Figure
12, pallet sliding occurred in all specimens; however, no significant pallet movement was
observed during the tests with intensities of 20% and 40%. Sliding was much more
pronounced for intensities of 70% and 80%, with maximum sliding of around 27 mm and
18 mm in the top pallet, respectively. For this reason, the top pallet acceleration (Effective
Design Acceleration (EDA) started to deviate from the acceleration that was recorded
from the accelerometer mounted to the upright, as shown in Figure 12.

Measured peak responses of the rack structure under seismic actions are tabulated in
Table 3. A comparison between first and second level accelerations and displacements as well
as the base shear of the rack system is also provided in Figure 13. The deformation of the
structure under seismic actions indicates that the inter-storey drift of the first level is
significantly higher than the second level inter-storey drift. This trend becomes more obvious
by increasing the seismic intensity, which was indicative of a soft storey failure mode of the
structure [43-45]. The base shear shown in Figure 13 is also calculated from the two
accelerometers placed on the pallets at two levels times the mass of the pallets (rack mass is
negligible). The base shear results demonstrate that the rate of increasing base shear is lower
at higher intensities, though the base shear is generally enhanced by increasing the earthquake
intensities. The difference between pallet and rack accelerations, presented in Table 3, is
mainly due to the sliding of the pallet on the frame where this difference is more significant at
higher intensities (owing to greater sliding of the pallet).
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Figure 11. Structural response under 20-80% intensity of El-Centro (ELC) earthquake record —Non-Scaled in time domain:
(a) accelerations in first level, (b) accelerations in top level, (¢) displacements in frame.
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Table 3. Peak responses of rack structure under seismic actions—Non-Scaled in time domain.

Intensity (% Top Level Disp. 1st Level Disp. Top Level Acc. 1st Level Acc. Top Level Pallet  1st Level Pallet
ELC) (mm) (mm) (a/g) (a/g) Acc. (a/g) Acc. (a/g)
20 16.4 10.0 0.15 0.086 0.15 0.083
40 47.5 39.1 0.31 0.23 0.33 0.23
60 60.6 47.7 0.52 0.29 0.5 0.285
70 68.4 52.6 0.61 0.35 0.54 0.327
80 76.2 58 0.69 0.425 0.545 0.396
_ ge Top Level Acc. (a/g) 20 . m

] —~
3 B # 1st Level Acc. (a/g) z 15 b s
6 X s
£ 04 & 10 M
g X S /
g 02 § E 5 | of
< N =
0 & \ 0
20 40 60 70 80 20 40 60 70 80
Intensity (%ELC) Intensity (% ELC)
(@) (b)
3000 -
2500 -+
E 2000 -
E —=-20% ELC
= ——40% ELC
2 000 4 60% ELC
——70% ELC
200 ~=-80% ELC
0 T T T T 1
0 20 40 60 80 100

Lateral Displacement (mm)

(c)

Figure 13. Comparison of rack results—Non-Scaled in the time domain: (a) frame acceleration, (b)
frame base shear, (c) frame lateral displacement.
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3.3. Results of Phase Three: Shake Table Tests (Scaled Down in Time Domain)

As the test specimen was limited to 3 meters height, the results may not be extendable
for taller racks with a period longer than 0.63 s of the tested specimen. For this reason, to
estimate the behaviour of taller rack frames under the same seismic actions, a similar rack
configuration was subjected to the same El-Centro earthquake record, but scaled down in
the time domain by a factor of 2. By using this technique, instead of changing the structure
to obtain a more extended period (two times longer), the same structure was subjected to
a faster earthquake. Therefore, the behaviour of a system with a given natural frequency
under a squeezed time history record (e.g., faster earthquake) simulates the behaviour of
a virtual structure with the longer period under a non-scaled earthquake in the time
domain.

Figure 14 shows the structural responses for the ground motions with 40% to 220%
intensities of El-Centro earthquake records with 20% increments in the scale time-domain
condition. As shown, increasing the excitation intensity typically resulted in an increase
in the acceleration of the system and the lateral displacement of the rack. In addition, from
the test data, it was found that the front frame responses were almost identical to the back-
frame results for all specimens. This indicates that the frames tended to deform as rigid
bodies at each level with equal deformations at either side. As shown in Figure 15, pallets
started to significantly slide on the beam after 160% intensity tests. This can be explained
by the reduction in the friction coefficient between the timber pallet and the beam due to
the large number of tests using the same pallets and beams, which smoothed the contact
surfaces of the timber pallet with the beam flange. The tests were continued until the
automatic acceleration sensor raised an alarm of reaching a high acceleration at the top
level close to the table capacity during the 220% intensity test. The peak responses of the
rack structure under the scaled time domain are given in Table 4.

Figure 16 shows the displacement time history measured at the top and first level of
the rack starting from 40% intensity to 220% intensity of the El-Centro earthquake. Despite
the large inelastic deformations in the down-aisle direction, the racks could still provide
stability without compromising their vertical load-carrying capacity. The structure’s
lateral displacement again showed higher inter-storey drifts at the first level, as illustrated
in Figure 16. The primary reason for higher drifts at the first level is attributed to the loss
of stiffness at upright and beam connections below the first level, where the plastic hinges
were formed and consequently led to a soft storey response. Figure 17 indicates the failure
of the specimen at the upright to beam connection, which can be attributed to the soft
storey mechanism. At the end of the test with 220% intensity, local failures were visible in
the uprights along the first and second level.

The absolute peak acceleration of each level and the base shear for each seismic
intensity are also shown in Figure 16. It is seen that the peak acceleration and base shear
do not vary linearly with increasing the intensity of the earthquake. The peak acceleration
recorded for specimens with a non-scaled time domain was between 0.15 and 0.7, while
the corresponding peak acceleration for specimens under a scaled time domain was
within a range of 0.1-0.5. In terms of peak lateral displacement, the peak displacements of
specimens with a non-scaled time domain were between 15 mm and 78 mm, while for
specimens with a scaled time domain the corresponding values were between 8 mm and
40 mm. By comparing the results of Figure 13 and Figure 16, it can be seen that decreasing
the time domain by a factor of 2 resulted in lower acceleration magnitudes and,
consequently, lower rack displacements and base shear values. This is due to the fact that
taller rack systems with a longer period of vibration attract less seismic forces.



Appl. Sci. 2021, 11, 1821

13 of 20

40% ELC —— First Level Aeceleration (Back Frome) || Qg4 ELC — First Level Acceleration (Back Frame) || g p ¢ —— First Level Acceleration (Back Frame) || 10084 ELC —— First Level Acceleration (Back Frame)
- First Level Acceleration (Conerete) - First Level Acceleration (Concrete) ~—— First Level Acceleration (Concrete) -~ First Level Acceleration [Concrete)
0.06 - 0.20 - 020 - 020
2 o0 < < <
~ 0
£ 002 = 010 & 010 = 010
€ H = e
£ 000 £ oo £ ooo £ oo WW/WEWM
§ 002 Bt 0 |8 o0 B 0 s 30 ||§ o
300 1 3 1
4 5
£ 006 < -0.20 020 < 020
Time (Sec) Time (Sec) 2 Time (Sec) | Time (Sec)
120% ELC — First Level Accoleration (Back Frame) 140% ELC — First Level Acceleration (Back Frame) 160% ELC — First kovel Accoleration (Back Frams) | 1809 ELC —— First Level Acceleration (Back Frame)
-~ First Level Aceeleration (Concrete) - First Level Acceleration (Concrete) First Level Acceleration (Concrete) -~ First Level Acceleration (Conerete)
0.30 030 030 030
c = c =
~ 0.20 ~ 020 Sl g
ig'- 0.10 ‘E 010 ‘:’ | i A
£ oo § o {0l | £ ooo oty | £ o0
#0105 w0l 0 2% 30 ® 0105 0 5 30 e ! 20 ' 30 (B 5 10 30
8 e 2 015 9 .015
i -0.20 B 02 i ‘ 3
< -0.30 < .03 < -030 £ -0.30
Time (Sec) Time (Sec) Time (Sec) Time (Sec)
200% ELC First Level Acceleration (Back Frame] | 27094 ELC — First Level Acceleration (Back Frame)
- First Level Acceleration (Conerata] - First Lovel Acecleration (Concreta)
0.40 0.40
2 2
& 020 & 020
5 ﬂﬂ bt | &
£ 000 JH £ o000
5 0.20 s s A [ 0.20
N g,
< -0.40 < -0.40
Time (Sec) Time (Sec)
(a)
40% ELC — Top Level Acceleration (Concrete) 60% ELC —— Top Level Acccleration (Concrete) 80% ELC Top Level Acceleration (Conerete) 100% ELC — Top Level Acceleration (Conerete]
Top Level Acceleration (Back Frame) Top Level Acceleration (Back Frame) Top Level Acceleration (Back Frame) Top Level Acceleration (Back Frame)
~ 015 . 030
Zow < 020
< 005 & 040 =
§ 000 5 000 s 5
2 o g o 2 3
]
5 -gtll‘; §-010 % . 5
8 -0 o - -0. T
&as §on : £
Time (Sec) e Time (Sec) - Time (Sec) Time (Sec)
|
120% ELC. — [op ovalAmeiatution [Conirate] 140% ELC —— Top Level Acceleration (Cancrete) 160% ELC — Top Level Acceleration (Concrete) 180% ELC —— Top Level Acceleration (Concrete)
Top Level Acceleration (Back Frame) Top Level Acccleration (Back Frame) - Top Level Acceleration (Back Frama] ~Top Level Acceleration (Back Frame)

— 060
® < 040
< L < 020
5 H § 000
o = O
k-
E , 5 - ‘f, -0.20
3 i B <
i 8 b 82
Time (Sec) = Time (Sec) Time (sec) . Time (Sec)
200% ELC Top Level Acceleration (Concrete] 220% ELC — Top Level Acceleration (Concrete)
rrrrr Top Level Acceleration (Back Frama) - Top Level Acceleration (Back Frame]
~ 040
£
&
°
-]
F-
@
R
3 -
Time (Sec) Time (Sec)
~—— Top Level Disaplacement (Back Frame) Top Level Disaplacement (Back Frame) —— Top Level Disaplacement (Back Frame) ——— Top Level Disaplacement (Back Frame)
WREL - First Level Displacement (Back Frame) 0% ELC .- First Level Displacement (Back Frame] Bl ELC — First Level Displacement (Back Frame) | | 100% ELC ~ First Level Displacement (Back Frame)
~ 10 — 20 T 30 = 30
E E
E 5 £ 10 € E 2
= = = T 10
E E
£ o |4 it || 2 o0 il T 0 o
g . 1 25 8 i T T 25 A -10 5 5
3 3 20
G50 B8 20 3 .20 8 -30
Time (Sec) Time (Sec) Time (Sec) Time (Sec)

——Top Level Disaplacement (Back Frame)
120%ELC rst Level Displacement (Back Frame)

140% ELC —— Top Leval Disaplacement (Back Frame)
— First Level Displacement (Back Frame)

—— Top Level Disaplacement (Back Frame)
160% ELC ____ et Level Displacement {Book Frame)

—— Top Level Disaplacement (Back Fumz)
180% FIC First Level Displacement (Back Frame)

— 40 40 _ 40 _ 40
3 E
E 2 En £ 20 E 20
£ H
g e Wf
; ° % ° ’ 5 1 25 °
- 15 25 . s % S - %
3 8
B G20 -40 .40
40 Time (Sec) Time [sar.) Time (Sec) Time (Sec)

00% ~—— Top Level Disaplacement (Back Frcmr)
2 ELC T et tevel Displacement (Back Fr

220% ELC—— ToP Level Disaplacement (Back Frame)
rrrrr First Level Displacement (Back Frame)

3 ¥

Ea g0
5 m .’ﬂ H
g ° H 25 g
8.0 7 &

g i
O -0 0-60

Time (Sec)

Time (Sec)

(c)

Figure 14. Structural response under 40-220% intensity of El-Centro earthquake record —Scaled down in time domain: (a)
accelerations in first level, (b) accelerations in top level, (c) displacements in frame.
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Figure 15. Pallet sliding of rack specimens—Scaled down in time domain.
Table 4. Peak responses of rack structure under seismic actions—Scaled down in time domain.
Intensity (% Top Level Disp. 1st Level Disp. Top Level Acc. 1st Level Acc. Top Level Pallet  1st Level Pallet
ELC) (mm) (mm) (a/g) (a/g) Acc. (a/g) Acc. (a/g)
40 9.21 5.76 0.132 0.08 0.078 0.068
60 14.56 8.95 0.21 0.14 0.13 0.11
80 19.31 11.84 0.27 0.16 0.16 0.14
100 22.94 13.81 0.33 0.19 0.19 0.16
120 26.36 15.70 0.36 0.21 0.22 0.18
140 29.43 17.45 0.42 0.23 0.23 0.19
160 31.85 19.05 0.45 0.25 0.25 0.21
180 33.42 20.20 0.48 0.26 0.26 0.22
200 35.39 21.19 0.50 0.27 0.28 0.23
220 37.82 22.91 0.52 0.28 0.29 0.24
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Figure 16. Comparison of rack results —Scaled down in time domain: (a) frame acceleration, (b)
frame base shear, (c) frame lateral displacement.
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Figure 17. Failure at beam to upright connection.

4. Damping of the System

Another important dynamic characteristic is the structure’s damping, which could
be a significant source of energy dissipation. The damping of rack structures attributes to
the dissipated energy of the rack components due to yielding and deformations as well as
the friction in connections and the sliding of the pallets. However, it is hardly possible to
identify or mathematically describe each of these energy dissipation mechanisms in an
actual building [46]. Limited investigations on the damping of rack structures have been
reported so far from previous shake table tests. Previous studies emphasized that the
effect of the amplitude of motion on the damping ratio is significant, and the structural
damping is affected by the looseness of the connections. However, a damping ratio for the
seismic design of rack structures has not yet been proposed with a high level of
confidence. However, proposing a precise damping ratio is beyond the scope of this study
and indeed needs more in situ testing of loaded and unloaded racks.

The damping characteristic of structures and buildings is mathematically known as the
damping ratio (£), which is the normalized damping coefficient of the structure with respect
to its critical damping. The fundamental period of vibration, T, and its corresponding
damping ratio are the main parameters to predict the behaviour of buildings and structures
under given dynamic loads. One of the few practical ways to determine the fundamental
period of a structure and the damping ratio related to that period is by obtaining the
frequency-response curve experimentally. This task can be carried out by performing
sinusoidal sweep testing (a forced vibration test) using sinusoidal (harmonic) loading over
a range of frequencies. The concept is to excite the structure with harmonic loading such
that at certain periods (periods of vibration, Ti) the structure experiences resonance.
Damping ratios corresponding to each frequency of vibration can be determined by using
the half power band method, as displayed in Figure 18.
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Figure 18. Evaluating damping from the frequency-response curve.[47]
Then, the damping ratio can be calculated by the equation below:
fo —fa 1)

£O0) =5

where f» is the forcing frequency at resonance and f. and f; are the calculated frequencies
at a response amplitude of 1 / NG of the peak response amplitude [47].

As mentioned earlier, after every step of the shake table tests, the structure was
subjected to a sine sweep wave with an acceleration amplitude of “0.02g” in order to
evaluate the damping ratio and vibration period elongations due to cumulative damage
in the system. Table 5 shows the damping ratios as well as the fundamental vibration
period of the system calculated from the sine sweep tests conducted after each of the test
steps for both non-scaled and scaled time-domain conditions. Damping ratios were then
calculated by applying the half-power band method on the sine sweep test results. The
results of this table show an increase in the damping ratios after each increment of the
shake table test with increasing seismic intensity. The corresponding increase in the
amount of lateral movement of the frame is basically the result of the interactions of the
hooks in the beam end connectors and upright slots. As the displacement amplitude in
the scaled tests in the time domain was smaller than in the non-scaled tests, lower
damping ratios were obtained for the former condition.

Figure 19 shows the frequency—response curves of the sine sweep test results used to
obtain the damping ratio as well as the fundamental period of vibration. For the non-
scaled tests, the period was visibly changed due to the apparent damage of the system in
dissipative zones (e.g., connections), and the system lost stiffness. The increase in the
damping ratio due to enhancing the intensity of the earthquake can also be seen in the
graphs by focusing on the width of the curves that were broadened.
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Table 5. Dynamic features of the system under 1940 El-Centro test record.

Time-Domain Scale Intensity (%ELC) Frequency (Hz) Damping Ratio (%) Top Level Displacement (mm)

60 1.5 16.7 60.4
Non scaled 70 1.4 18.6 68.4
80 1.35 19.2 76.2
Before Tests 1.85 5.3 0
40 1.85 6.8 9.21
60 1.85 6.8 14.56
80 1.85 7.4 19.31
100 1.85 7.4 22.94
Scaled 120 1.85 7.5 26.36
140 1.80 7.7 29.43
160 1.80 7.3 31.85
180 1.75 7.7 33.42
200 1.70 8.1 35.39
220 1.65 8.0 37.82
4000 Fundamental frequency of After 80% ELC 4000 After 220%ELC
i the system was changed After 70% ELC iy After 200%ELC
g 3500 After 50% ELC g 3500 After 180% ELC
T \ it = — — After 160% ELC
é 3000 [ Initial (before tests) E 3000 After 140% ELC
3 g =0 After 10 ELC
= = After 80% ELC
E' E— 2000 After 60% ELC
o & 1500 Initial (Before Tests)
] 3
§- §- 1000 r_\lw,_’,'.'/ SN
] @ 500 S
I I |
] ]
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Figure 19. Sine sweep test results: (a) non-scaled test in time domain, (b) scaled test in time
domain.

However, unlike damping ratios, the fundamental period of the structure has not
been significantly shifted after higher seismic records. Nevertheless, both the effects of
“sharp damping increase” and “negligible vibration period change” cannot be
extrapolated to the overall nonlinear behaviour of every rack structure. This is because all
these results are derived from sine sweep tests with a very low acceleration intensity of
“0.02 g” during small displacements, and hence the system behaves elastically. On the
other hand, increasing the acceleration intensity is unsafe and impractical due to the
uncertainties of the system at resonance. The damping ratios determined from structural
motions that are small are not representative of the larger damping expected at higher
amplitudes of structural motion [47].

Under such low-intensity sine sweep tests, the hooks mainly slide in the slots, which
cause high damping ratios due to the hook-to-slot friction. After running high-intensity
seismic records in which the structure experiences greater lateral movement, the hooks in
the connection area cut into the upright slots and create a higher travel pass for the next
hook-slot interactions. This may explain why the damping ratios calculated from the sine
sweep tests performed after high seismic shake table tests are drastically higher. The
above explanation can be supported by the phenomenon of making loud noises while
running sine sweep tests. The noise was possibly because of sliding and the relative
movement between the hook and the upright slot. However, the system still showed more
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damping after it was subjected to higher seismic intensities, or in general, when the system
is no longer linear, it shows more damping.

5. Conclusion and Recommendations

Details of the experimental results of shake table tests on standard storage racks in
the down-aisle direction were presented in this paper. To generate data on the seismic
inelastic response of a standard rack system in New Zealand, a 2 level —2 bay frame was
subjected to El-Centro earthquake records with different intensities in an increasing
fashion from low to high intensities. The test results were measured and the data were
analysed in terms of natural frequency, rack frame deformations and accelerations, pallet
sliding and accelerations as well as the damping of the system. Shake table test results
proved that the inter-storey drift at the first level of the structure was greater than that of
the second level (soft storey mechanism), and this effect became more obvious at higher
intensity earthquakes. This effect could have been justified by the low stiffness of
connections, which needs to be considered for the design of rack structures. Pallet sliding
was also observed during all seismic tests. The test proved that the pallet slid significantly
on top of the beams, but the movement was not that much to push the pallet off the beam.
The difference between the recorded acceleration data from the accelerometers mounted
on the beams and the data from accelerometers mounted at the concrete blocks (on the
pallets) highlighted the effect of sliding in reducing the seismic base shear for seismic
design. It was observed that the rack lateral displacement, base shear and accelerations,
as well as pallet sliding under actual time-domain conditions, are higher than when the
time domain is scaled down (owing to shrunk ground motion acceleration history). The
damping ratio of the system at each step was also calculated, and an increasing trend in
the damping ratio versus the maximum lateral displacement of the systems was
discovered. However, much higher damping values are expected for larger response
amplitudes caused by strong ground motion excitations.

It should be noted that the specimens in this study were defined based on New
Zealand standard storage rack pallets. Therefore, the discussion provided in this study is
specific for this presented configuration. Although the results may be applied to other
similar racks, each rack frame has its own characteristics, some of which can significantly
change the results under the seismic loading.

The experimental data of this study can be utilized for developing numerical
simulations [48] or numerical algorisms [49] to perform a parametric study on storage
rack frames and evaluate the dynamic behaviour of rack frames under different
conditions. The effects of loading in the transverse direction must also be considered in
future studies.
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