ORIGINAL ARTICLE

.
lajss.orge
Latin American

Journal of Solids
and Structures www.lajss.org

Mechanical Behaviour of Metallic Yielding Dampers with Different
Aspect Ratios

Ahmed Sabah Aljawadi® (0, Sophia C. Alih®* &, Mohammadreza Vafaei®

2@ Faculty of Engineering, School of Civil Engineering, Universiti Teknologi Malaysia, Skudai, Malaysia. E-mail: aljawadi.as@gmail.com,
vafaei@utm.my
b Institute of Noise and Vibration, School of Civil Engineering, Universiti Teknologi Malaysia, Skudai, Malaysia.E-mail: sophiacalih@utm.my

* Corresponding author

https://doi.org/10.1590/1679-78256350

Abstract

Yielding shear plates have been widely used in metallic dampers as the primary source of energy dissipation.
This study investigated the behavior of yielding shear plates with different aspect ratios when subjected to a
gradually increasing lateral load. Five shear links with the thickness of 1mm and aspect ratios ranging from
1.0to 1.5 were constructed and tested. The force-displacement relationships of the shear links were idealized
and represented by bilinear curves. The obtained results indicated that the square shear links had a larger
displacement ductility ratio, initial and effective stiffness when compared with rectangular shear links. It was
also observed that the initial, effective, and post-yield stiffness of square shear links were increased as their
size was increased. However, the displacement ductility ratio of shear links with square diaphragm was
decreased as the size of the shear link was increased.
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1 INTRODUCTION

Metallic dampers have been widely employed in structures for protecting them against seismic actions. A metallic
damper dissipates the input energy through inelastic deformation in steel plates and benefits from stable hysteresis
loops, rate independency, resistance to ambient temperature, and ease of installation (Karavasilis et al., 2014). Although
friction dampers also have stable hysteresis loops with good energy dissipation, the friction dampers' estimated friction
response should be maintained over their life cycle. The cyclic response of a friction damper mostly relies on the surface
condition of two solid bodies, which can be affected by environmental factors (Edrees, 2015). So far, different types of
metallic dampers have been invented and put into practice by researchers. Some well-known examples of such metallic
dampers include the hourglass shape dampers (i.e., ADAS) (Bergman and Goel, 1987), triangular shape dampers (i.e.,
TADAS) (Tsai et al., 1993), buckling-restrained brace (i.e., BRB) (Black et al., 2004) and slit steel dampers (i.e., SSD) (Chan
and Albermani, 2008; Lee et al., 2015; Vafaei et al., 2019). The cyclic behavior of shear-and-flexural yielding metallic
dampers have also been investigated, and it has been shown that for the same level of lateral strength and energy
dissipation, they require less material (Sahoo et al., 2015).

Many metallic dampers use the flexural yielding of steel plates for energy dissipation. However, Nakashima et al.
(1994) suggested the use of a shear panel damper (SPD) to dissipate the input energy through the inelastic shear
deformation. The SPD consists of a steel plate welded to the top and bottom plates. It dissipates the input energy through
the inelastic shear deformation (i.e., yielding/buckling) of metallic (steel or aluminum) plates under in-plane loading.
Shear vyielding of steel (web) plates through cyclic loading condition establish a consistent and substantial energy
dissipation capacity. Chen et al. (2006) enhanced the cyclic behavior of the SPD by adding extra stiffeners to the shear
links. The stiffened shear panel damper (SSPD) was constructed from a shear panel using horizontal and vertical
stiffeners. The stiffness of SSPD was comparatively higher than that of the SPD, and it showed a larger deformation
capacity without any sign of pinching or strength deterioration.

Zhang et al. (2012) also improved the cyclic response of the SPD through the use of low yield strength steel plates. In
order to increase the energy dissipation capacity of the SPD dampers, shape optimization has been taken into account by some
researchers (Deng et al., 2014). Chan et al. (2009) introduced a yielding shear panel device (YSPD), which was consisted of a
steel plate welded inside a short hollow square (SHS). The SHS offers a boundary to the installed diaphragm plate so that a thin
plate can also experience a shear deformation without buckling. It also provides an appropriate link with the parent structural
frame, and assists in anchoring the tension field at the time of the post-buckling of the diaphragm plate (Nath, 2016). The YSPD
uses the shear yielding established in the post-buckling for dissipating the energy of an earthquake.

Chan et al. (2013) worked on a perforated yielding shear panel device (PYSPD). The PYSPD uses a thin steel plate
with numerous circular holes. Through piercing the steel plate, the issue of local deformation that was seen in YSPDs
could be avoided. Sahoo et al. (2015) employed an X-shaped plate together with an SPD in order to produce an innovative
energy dissipating device that was called the shear-and-flexural yielding damper (SAFYD). This damper was made by a
shear steel plate in the middle, and an X-shaped steel plate on either end. For energy dissipation, the damper takes
advantage of the flexural deformation of the X-plates together with the shear deformation of the web plate. Such
configuration also allows for a superior level of lateral strength and stiffness compared with SPD. In another study,
Deng et al. (2015) introduced the buckling restrained shear panel damper (BRSPD). The damper consisted of a steel shear
panel, which was held back by two steel plates. These two plates enveloped the shear panels in order to decrease their
out-of-plane buckling. In another study, a shear damper called the welded wide flange fuse (WWFF) was suggested by
Yang et al. (2018). An in-depth experimental study denoted that the WWFF had consistent energy dissipation ability, thus
making it an appropriately reliable metallic damper.

A review of the literature shows that, so far, many metallic dampers have been invented and tested by researchers.
The optimal design of metallic dampers have mainly included the location and size of stiffeners (Ohsaki and Nakajima,
2012), shear panels with reduced thickness at the center (Zhang et al., 2012), arc-shaped shear plates (Liu et al., 2013),
or shear plates with parabola-shaped side edges (Deng et al., 2014; Liu and Shimoda, 2013) .However, there is a limited
study that investigates the effects of the shear plate’s aspect ratio on their mechanical behavior. Therefore, in this study,
experimental works were carried out to investigate to what extent the aspect ratio of a shear plate influences its
mechanical behavior. Besides, the outcome of this study can help to select an optimal aspect ratio for steel plates when
they are used in a metallic damper for energy dissipation through inelastic shear deformation. This study's outcome can
help design engineers better understand the effects of steel shear plates' aspect ratio on the stiffness, strength, and
energy dissipation capacity of metallic dampers

2 TEST PROGRAM

2.1 Details of test specimens

In this study, totally five shear plates were constructed and tested. As can be seen from Figures 1 and 2, the test
specimens were connected to two steel angles from sides and two steel plates from top and bottom. The steel angles
were used to increase the out-of-plane stiffness of the shear plate and avoid the out-of-plane buckling. The shear plates
were sandwiched between two support plates located at their top and bottom. The top support plates were welded to
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a steel plate, which was used for the loading of test specimens. The bottom support plates were welded to another steel
plate, which was used to fix the shear plates to a rigid steel beam (see Figure 3). The connection between the shear plates
and steel angles was through bolts. Moreover, three 6 mm diameter bolts connected the shear plates to the support
plates. The size of these bolts was determined such that they remained elastic under the applied loads. For this purpose,
the test specimens' yield strengths (i.e., 100-100S) were calculated using Equation (1). Then, the specimen's ultimate
strength was estimated by multiplying their yield strengths to a shape factor of 1.5. Next, the cross-section area of a bolt
was determined using the calculated force as per requirements of AISC (ANSI/AISC360-16, 2016).

The dimensions of the test specimens are given in Table 1. As can be seen, two of the shear plates have a square
diaphragm while the diaphragms of the other three specimens have a rectangular shape. The thickness of all shear plates
is 1 mm; however, their aspect ratio (height/width) varies from 1.0 to 1.5. As Table 1 shows, the widths and diaphragm
heights of the shear plates vary from 60 mm to 100 mm. It should be mentioned that in literature, different approaches
have been suggested for the seismic design of metallic dampers (Lomiento et al., 2010; Manual, 2003; Shen et al., 2017;
Tsai et al., 1993). These methods are based on different design concepts and assumptions that can lead to different
damper sizes. Moreover, the actual size of a metallic damper is directly related to the considered seismic demand, which
can vary based on the intensity of ground motion, type of employed lateral load resisting system, number of stories,
number of dampers, etc. Therefore, in this study, the focus was on the aspect ratio of metallic dampers rather than their
actual sizes. It is also noteworthy that the size of shear plates in previous studies varies from 100 mm to 300 mm
(Chan et al., 2009; Sahoo et al., 2015).The yield and ultimate stress of the employed steel plates have been shown in
Table 2. As can be seen, the yield stress of the shear plates is 182 MPa.
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Figure 2 Details of constructed shear plates.

Table 1 Details of constructed shear plates.

D d H sV sh Aspect ratio
Specimen
mm mm mm mm mm d/D
60-60S 60 60 90 10 20 1
70-60R 70 60 100 10 20 1.17
80-60R 80 60 110 15 20 1.33
90-60R 90 60 120 20 20 1.5
100-100S 100 100 130 12.5 20 1
Table 2 Material properties of the test specimens.
Element yield stress (MPa) ultimate stress (MPa)
Shear plates 182 294
Support plates 328 455
Loading plates 338 514
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2.2 Test setup and instrumentation

As can be seen from Figure 3 the test specimens were fixed on a strong beam from the bottom side of the shear
plates and were subjected to a gradually increasing lateral load. A hydraulic jack imposed the lateral load to the loading
plate that was connected to the upper side of the shear plates. The out-of-plain movement of the loading plate was
restrained by using two L-shaped steel plates. In order to decrease the friction between the loading plate and the L-shape
plates, their contact surface was lubricated. The applied loads to the shear plates were measured by using a load cell
installed in front of the hydraulic jack. As it is shown in Figure 3, two Linear Variable Differential Transformers (LVDTs)
recorded the displacements of the shear plates along the loading direction (i.e., LVDT1 and LVDT2). Another LVDT (i.e.,
LVDT3) monitored the movements of the shear plate perpendicular to the direction of loading. The applied loads and
their corresponding displacements were recorded at each step of loading until shear plates passed their ultimate load.
Figure 4 shows the test set up prepared for the specimen 100-100S. It should be mentioned that a monotonic
displacement-controlled loading protocol was used for applying the lateral load to the test specimens. At first, all
specimens were subjected to 1 mm displacement, and then the lateral displacement was increased by an increment of
2 mm until reaching the failure load. It is worth mentioning that, traditionally, quasi-static cyclic loading has been
employed by researchers to study the seismic response of structural elements. However, the conducted investigation by
Maison and Speicher (Maison and Speicher, 2016) suggests that one-sided cyclic or monotonic tests may be better for
describing inelastic seismic demands. Therefore, in this study, a monotonic loading protocol was used.
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Figure 4 Test set up prepared for the specimen 100-100S.
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3 RESULTS AND DISCUSSION

3.1 Failure modes

The deformed shapes of shear steel plates at the end of the test have been shown in Figure 5. As can be seen from
this figure, all test specimens have shown a diagonal yield line. The angle of the yield line in shear plates with the square
diaphragm was around 45 degrees. However, as the aspect ratio of the shear plates was increased, the angle of their
yield line was also increased. No out-of-plane buckling was observed in shear plates. This implied that the steel angles
successfully restrained the shear plates from out-of-plane deformation. It should be mentioned that, at the end of the
test, because of large deformation in the yield line, the connection between the shear plate of specimen 60-60S (see
Figure 5a) and one of the steel angle was failed.

In short, excessive in-plane shear deformation was the main reason for the failure of all test specimens.

(e)
Figure 5 Failure mode of test specimens (a) 60-60S (b) 70-60R (c) 80-60R (d) 90-60R (e) 100-100S.
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3.2 Force-displacement relationships

Figure 6 depicts the obtained force-displacement relationships for all test specimens. It is evident from this figure
that the ultimate loads of rectangular shape shear links are very close to each other. This indicates that in the rectangular
shear links, the height of steel plates has an insignificant impact on their ultimate load. A comparison between the force-
displacement relationships of test specimens with the square diaphragm shows that an increase in the size of the shear
plate significantly increases the ultimate load. Figure 6 also shows that, in the elastic zone, the square shear plates have
a larger secant stiffness when compared with the rectangular shear plates.

As can be seen from Figure 7, the obtained force-displacement relationships were idealized and represented by bilinear
curves using the equivalent energy method proposed by FEMA356 (2000). In this method, the area under the bilinear
representation should equal to the area under the force-displacement curve. Therefore, an iterative graphical procedure is
needed to locate the two line segments of the bilinear representation. Besides, in the bilinear representation, the first line
should intersect with the force-displacement curve at 60% of the effective yield strength (i.e., F). The slope of the bilinear
curve before the effective yield strength (i.e., Fy) shows the effective stiffness of the shear plates, and after that, indicates their
post-yield stiffness. The displacement ductility ratio (i.e., i) of shear plates can be calculated as the ratio of displacement at
the effective yield strength (i.e., Ay) to the displacement at the ultimate load (i.e., Au). Figure 8 shows the bilinear
representation of force-displacement relationships, and Table 3 summarizes the obtained results from such idealization.

As can be seen from Table 3, an increase in the aspect ratio of rectangular diaphragms decreases their initial and
effective stiffness. It should be mentioned that the initial stiffness of dampers was calculated based on the measured
force corresponding to a displacement of 3 mm. On the other hand, an increase in the size of square diaphragms
increases the initial and effective stiffness of shear plates. The obtained results also show that the square diaphragms
have a larger effective and post-yield stiffness when compared with the rectangular diaphragms. This implies that, after
the yield point, the square diaper gams have a larger reserved strength. It is also noteworthy that, in addition to the
initial stiffness, the effective and post-yield stiffness of square diaphragms increases as their size increases.

It can also be seen that similar to the ultimate load, the effective yield strength of the rectangular diaphragms does
not change significantly as the aspect ratio increases. However, in square diaphragms, a significant increase can be seen
as the size of the shear plate increases. Table 3 also shows that the displacement ductility ratios of square diaphragms
are larger than that of rectangular diaphragms. The obtained results also show that an increase in the aspect ratio of
rectangular diaphragms or an increase in the size of shear plates decreases the displacement ductility ratio.

The obtained results from the experiment imply that because of developing a 45-degree tension field, the square
diaphragms have superior performance when compared with the rectangular diaphragms. In other words, since the
shear plastic yielding of the metallic plate is the primary source of energy dissipation, dampers that can provide a larger
tension field can dissipate more energy and consequently can have a larger ductility ratio. Therefore, square plates are
preferable for use in the metallic dampers that take advantage of yielding shear plates because, unlike the rectangular
plates, they develop a 45-degree tension field. It should also be mentioned that this observation correlates well with the
findings of other researchers (Chan et al., 2009).

The area under the force-displacement curves was calculated and represented as the cumulative energy dissipation
in Figure 9. It is evident from this figure that compared with rectangular diaphragms the square diaphragms have larger
energy dissipation capacity. Besides, an increase in the size of square diaphragms has increased their energy dissipation
capacity. It is also noteworthy that an increase in rectangular diaphragms' height has decreased their energy dissipation
capacity. These observations correlate well with the obtained results for the dampers' ductility ratio. As mentioned
earlier, square diaphragms' larger energy dissipation capacity is related to the developed 45-degree tension fields.
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Figure 6 Force-displacement relationships.
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. I_n|t|al Effective stiffness Po_st-yleld Displacement (mm) Strength (kN) Dis. ductility ratio
Specimen stiffness (kN/mm) stiffness (65u/8y)
(kN/mm) (kN/mm) Su by Fu Fy v
60-60S 1.2 1.05 0.14 18.88 4.96 7.2 5.2 3.81
70-60R 0.75 0.71 0.14 15.82 8.19 6.9 5.8 1.93
80-60R 0.6 0.53 0.09 21.17 11.27 6.9 6 1.88
90-60R 0.5 0.46 0.11 21.66 11.86 6.6 5.5 1.83
100-100S 1.30 1.14 0.22 17.06 7.79 10.9 8.9 2.19
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Figure 9 Energy dissipation of tested dampers.

3.3 Comparison with analytical calculations

If the elastic shear buckling is avoided, the shear yield strength (Sy) of a square steel plate can be calculated by Eq.
(1) (Chan et al., 2009). In order to avoid the elastic shear buckling, the slenderness ratio of the steel plate (i.e., d/t) should
be smaller than the value calculated by Equation (2). In these equations, d is the width of the steel plate, and oy is its
yield stress. Moreover, t is the thickness of the steel plate. Table 4 summarizes the obtained shear yield strengths for the
tested specimens using Equation (1). It should be noted that the slenderness ratio of all shear plates is below the limit
given by Equation (2) (i.e., 128). As can be seen from Table 4, the yield strength of the specimens with the square
diaphragm has been slightly overestimated by Equation (1). The estimated yield strengths of 60-60S and 100-100S
specimens are, respectively, 21% and 18% larger than the values obtained from the experiment. The difference in the
shear yield strengths can be attributed to the bolt slippage and geometrical imperfection and deformation of steel angles,
as have been reported by other researchers (Chan et al., 2009).

S, =(o, I\3d (1)
d_1732

a_177 2
tJo, (2)

Table 4 Comparison between yield strengths.

. Shear yield strength (kN) Effective yield strength (kN) Slenderness ratio
Specimen -
Eq. (1) experiment D/t
60-60S 6.30 5.2 60
100-100S 10.51 8.9 100

4 CONCLUSION

This study investigated the effects of shear plates’ aspect ratio on their mechanical behavior. Five shear plates were
constructed and subjected to a gradually increasing lateral load. The thickness of all shear plates was 1 mm; however,
their aspect ratio varied from 1.0 to 1.5. The obtained results indicated that an increase in the aspect ratio of shear plates
decreased their initial stiffness, effective stiffness, and displacement ductility ratio. However, the difference in the
ultimate load of shear plates with different aspect ratios was insignificant. Besides, the test specimens with square
diaphragm had a larger displacement ductility ratio, initial and effective stiffness when compared with the specimens
having a rectangular diaphragm. An increase in the size of specimens with the square diaphragm increased the post-yield
and effective stiffness but decreased the displacement ductility ratio. It was also found that the analytically calculated
shear yield strengths were up to 21% larger than the values obtained from the experimental works. It was concluded
that shear plates with the aspect ratio of one had a better mechanical behavior for being used as the shear link in metallic
dampers. It should be mentioned that an ideal metallic damper should have a large energy dissipation capacity and
ductility ratio and provide sufficient elastic stiffness to resist in-service lateral loads like wind loads. The obtained results
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from this study are valid only for plates with a thickness of 1 mm. More investigations should be carried out to generalize
this study's findings for plates with different thicknesses.
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