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Abstract
Structural control systems have gained popularity for the ability to reduce the structural vibration response of civil structures 
subjected to different types of dynamic loads. Passive, semi-active, active and hybrid control systems have been widely uti-
lized in various types of structures. This article presents one of the most economical and yet the most effective approaches 
used in structural vibration control. Herein, a comprehensive state-of-the-art review of the development and application of 
metallic dampers is discussed. The dampers are classified into five categories: steel, aluminum, lead, copper and shaped-
memory alloy dampers. In addition, the details of various computational methods used in the analysis of metallic dampers 
are briefly explained. This article reveals that the use of metallic dampers is being advanced broadly owing to their low 
manufacturing costs, stable hysteresis behavior, resistance to ambient temperature, reliability and high energy dissipation 
capability. It is also concluded that mild steel is the most popular material among metallic dampers.

1  Introduction

Civil structures are commonly subjected to various types of 
dynamic and environment loadings, such as wind, traffic and 
earthquakes. In particular, earthquake events cause severe 
damage to building and bridge structures. For instance, 
during the Mexico City earthquake in 1985, more than 
132 buildings collapsed or were heavily damaged. In 1989, 
Northern California was shaken by the Loma Prieta earth-
quake when over 200 buildings suffered severe damages [1]. 
To prevent or mitigate such damage, structural vibration 
controls have been developed greatly and utilized skillfully 
in different civil structure locations. Structural vibration 
control systems are generally divided into four major cat-
egories: passive, active, semi-active and hybrid systems [2, 
3] and several state-of-the-art review articles briefly discuss 
these categories [2–13]. Control systems can be used in the 

seismic hazard mitigation of new structures as well as in the 
retrofitting of aged structures with low lateral strength such 
as precast frames [14–20]. Among all categories, passive 
systems are one of the most popular structural vibration con-
trols [21–26] as they are inexpensive and protect structures 
against seismic loads without any source of external energy 
and control algorithm during operation. The main charac-
teristic of passive control systems is that they provide addi-
tional damping and/or stiffness to the structure without any 
external energy source. Such systems are commonly divided 
into seismic isolation systems and energy dissipation devices 
(dampers). In the past few decades, various seismic isolation 
systems have been developed and implemented in large-scale 
civil structures with high logistic value [27–30]. In addi-
tion, passive energy dissipation devices are categorized as 
hysteresis devices, viscoelastic devices, tuned mass damp-
ers, magnetic negative stiffness devices, resetting passive 
stiffness devices and viscous dampers [31]. Furthermore, 
hysteresis devices are divided into metallic and friction 
dampers, whose energy dissipation is independent of loading 
rate. Metallic dampers dissipate energy through the inelastic 
deformation of their constitutive material. The advantages 
of metallic dampers over active and semi-active dampers 
are stable hysteretic behavior, rate independence, resistance 
against ambient temperature and reliability, and the fact that 
practice engineers are familiar with their material behavior.
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As mentioned in the literature, a number of researchers 
have reported the usefulness of passive devices. It is also 
concluded that amongst several types of passive damp-
ers, the metallic dampers have so far attracted a lot of 
attention from civil engineers. Despite the lack of updated 
studies that present and advance informative reviews of 
metallic control systems, Skinner et al. [32], Kobori et al. 
[33] and Nakashima et al. [34] highlighted the advance-
ments of metallic dampers. Hence, this paper provides a 
comprehensive state-of-art review of the development and 
implementation of metallic dampers in structural vibration 
control systems since the 1970s.

2 � Testing Procedure of Metallic Damper

In order to evaluate the performance of metallic dampers, 
two tests may be performed: (i) the quasi-static cyclic test 
and (ii) the shaking table test. The quasi-static test can be 
conducted on the dissipation device itself or on the struc-
ture equipped with energy dissipation devices. Accord-
ing to FEMA 461 [35], the quasi-static cyclic test is a 
standard procedure to determine the capacity of the energy 
dissipating device on which deformation is imposed. In 
the quasi-static cyclic test, loading can be in the form of 
shear, bending or torsion, whereby the loading protocol is 
a displacement control that consists of several incremental 
or constant amplitudes of cycle displacements. Because 
metallic dampers are rate-independent, the loading rate 
is not an important factor during the test. For the shaking 
table test, the damper must be assembled on the scaled or 
full-scale structure depending on the shaking table dimen-
sions. Artificial or actual ground motion records are used 
as input loading in the test. Detailed information about 
both tests is given in FEMA 461 [35]. Metallic damper 
performance evaluation is based on the force–displace-
ment hysteresis loops obtained from the mentioned tests. 
Ultimately, the mechanical factors listed in Table 1 can be 

obtained and calculated from the hysteresis loops of the 
metallic dampers.

3 � Hysteresis Behavior of Metallic Dampers

Since metal materials have nonlinear behavior, the hysteretic 
behavior of metallic materials is advantageous in dissipating 
dynamic energy, especially in linear systems. This section 
briefly describes how metal materials behave under cyclic 
loadings. The metallic material under static loading is plas-
ticized when the stress level exceeds the elastic limit ( �y ) and 
thereafter enters the stress hardening phase if subjected to 
larger stresses. Under cyclic loadings, the elastic modulus (E) 
of the material recovers as the material unloads. If a load is 
applied in the opposite direction, the material begins to yield 
and soften at a lower stress level than the yield stress, which is 
known as the Bauschinger effect [36]. The hysteretic behavior 
of the material continues as long as the strain does not exceed 
the yield plateau and the maximum positive and negative 
stresses remain within the yield stress ( ± �y ). The material 
follows the initial elastic stiffness even after unloading from 
the stresses higher than the yield plateau. The Bauschinger 
effect becomes more dramatic as the material reaches toward 
maximum strain. The metal material promotes a certain post-
yield stiffness and the yield plateau disappears during this 
range of cyclic loading. General schematic hysteresis loops 
of metallic materials are shown in Fig. 1a [37]. However, 
the hysteretic behavior may slightly differ depending on the 
geometry of the metallic dampers. The hysteresis trends of 
metals, such as steel, aluminum, lead and copper are similar. 
The stress–strain relationship of steel material is often simpli-
fied as a bilinear or trilinear elastoplastic model. The shape 
memory alloy (SMA) hysteretic behavior is slightly different 
from other metal materials. The hysteresis loops of SMA 
are shown in Fig. 1b. SMA exhibits two different behaviors 
based on the material temperature relative to its austenitic 
finish temperature, Af [38]. As the temperature rises above Af, 
the strains obtained during loading recover after unloading. 
During this process, a significant amount of energy dissipates 
without any sign of residual strains, which is called super-
elasticity. The residual strains remain after unloading if the 
material temperature is below Af and thereafter the residual 
strains recover if the material reheats again. This effect is 
known as the shape memory effect.

4 � Classification of Metallic Dampers

The damping mechanism and performance of metallic 
dampers are greatly dependent on the constitutive mate-
rial, such as steel, aluminum, copper, etc. Therefore, 

Table 1   Mechanical parameters of metallic dampers

Parameters Symbol

Yield displacement Δy

Ultimate displacement Δu

Yield strength Py

Ultimate strength Pu

Ductility µ
Cumulative ductility �

cum

Effective stiffness Keff

Total dissipated energy Ed

Cumulative displacement Δcum

Equivalent viscous damping ξ
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metallic dampers are classified according to their consti-
tutive material into the following categories.

4.1 � Steel Dampers

The very first steel dampers were proposed by Kelly et al. in 
the early 1970s [39]. Thereafter, the U-strip damper, torsional 
beam damper, flexural beam damper and single-axis damper 
were developed and tested for implementation in structures 
as shown in Fig. 2a–d [32]. The U-strip damper consists of a 
U-shape steel strip placed between the moving plates (Fig. 2a). 
The U-strip damper is deformed in one direction, thus exhibit-
ing large deformation in the elastic range. The torsional beam 
damper is made of a square or rectangular plate with fixed 
ends, whereby the middle segment is subjected to the pre-
dominating torsional and flexural movements (Fig. 2b). The 

torsional beam damper has high load-bearing capacity and may 
be implemented at the base of structures to prevent structural 
uplifting caused by severe earthquakes. In contrast, the flexural 
beam damper is slightly more complex. The main part of the 
damper is a square or circular section anchored at the bottom 
and top, allowing rotation and displacement (Fig. 2c). This 
damper is robust and dissipates seismic loads bidirectionally. 
The single-axis beam damper is made of a wide beam with 
high loading capacity (Fig. 2d). Two or more beams may be 
used together to form a compact damper, which is suitable for 
the diagonal element of flexible frame structures.

The tapered-steel energy dissipation device was sug-
gested by Tyler [40]. This device is comprised of a taper-
shaped round steel bar or steel plate welded to the anchorage 
plate at the base to form a cantilever (Fig. 2e). The device 
dissipates energy, taking advantage of the steel material’s 

Fig. 1   Idealized hysteresis behavior of a metallic and b SMA materials

Fig. 2   a U-Shaped steel, b tor-
sional beam, c flexural beam, d 
single-axis, e tapered cantilever 
and f taper tube dampers. The 
loading directions are indicated 
by arrows
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plastic deformation. Pinelli et al. [41] proposed a different 
type of steel damper based on a steel tube. The proposed 
device is made of a rectangular steel tube cut into a taper 
shape at two sides, such that the stresses distribute uniformly 
along the tapered section of the tube (Fig. 2f).

The buckling-restrained brace (BRB) is another type of 
steel damper that was initially introduced by Takeda et al. in 
1976 [42]. As shown in Fig. 3a, the BRB entails conventional 
bracing (as the core) encased with a square hollow steel sec-
tion filled with mortar material. The steel core sustains axial 
loads while the infilled material eliminates the shear transfer 
under compression loading to the outer tube. The BRB was 
further developed with different core configurations, like cir-
cular core (CBRB), cross and crosswise core and linear core 
(Fig. 3c) [43, 44]. These have been implemented extensively 
worldwide, especially in Japan and the United States since 
1987 [45]. For instance, Black et al. [44] conducted com-
prehensive testing on BRB and concluded that the BRB is 
a more reliable and practical alternative than conventional 
bracing systems. Due to the key concerns with BRBs such as 
inconsistent material behavior, low-cycle fatigue life and steel 
core geometric imperfections, Zhao et al. [46] introduced 
another BRB device called the angle buckling-restrained 
brace (ABRB), as depicted in Fig. 3b. The ABRB consists 
of four angled steel plates welded together at the ends with 
stiffeners and connectors. Two other angle plates are welded 
together around the four angle plates to form a square tube. 
ABRB failure has been observed at the welded ends of the 
angle plates. Furthermore, it was designed such that the steel 
core would remain in the elastic range during rapid load-
ings. Hao et al. [47] developed the H-type steel unbuckling 
brace (SUB) consisting of a steel plate core confided in steel 
element. The end of the steel core plate is connected to Phil-
lips shaped steel plates as shown in Fig. 3d. The confiding 

element prevents steel core buckling under compression and 
tension loadings. The SUB damper controls structural dis-
placement by adding stiffness to the frame system. Recently, 
Dongbin et al. [48] proposed a new type of BRB damper with 
a circular core configuration (CBRB). The damper is com-
posed of three circular steel tubes, where the core tube with 
slotted holes is restrained by the inner and outer tubes against 
any out-of-plane buckling deformation. The restrained tubes 
are spot welded in the middle to the core tube. CBRB is rela-
tively lighter than existing conventional BRBs.

A very famous metallic damper, the added damping and 
stiffness (ADAS) device, was proposed by Bergman [49]. 
ADAS consists of X-shaped steel plates connected in paral-
lel to the base plate using bolts that add extra damping and 
stiffness to the structure (Fig. 4a). Afterwards, Tsai et al. [50] 
developed the triangular-plate added damping and stiffness 
(TADAS) device based on the ADAS concept. The TADAS 
mechanism is similar to ADAS, whereby several triangular 
steel shaped plates are welded in parallel to the base plate and 
the narrow end is locked to another plate with bolts (Fig. 4b). 
Both ADAS and TADAS dampers are suggested for moment 
resistant frames to increase the damping and stiffness of the 
structures. Shih et al. [51, 52] developed a rhombic ADAS 
damper using low yield strength steel with hinge supports at 
both ends (Fig. 4c). The hinge supports eliminate unfavorable 
axial forces on the plate. The strain hardening quality of low 
yield strength steel helps control the problem of local frac-
tures in the damper. In addition, the mechanical properties 
of low yield strength steel reduce the yield displacement and 
enhance the energy dissipation capability and ductility of the 
damper [53]. Damper symmetry also reduces the effects of 
welding on the performance of the damper.

Li and Li [54] introduced the dual function damper with 
three different geometries: single round-hole, X-shaped and 

Fig. 3   Schematic views of a BRB, b ARBRB [45], c different BRB core configurations and d SUB [46]
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double X-shaped metallic dampers as illustrated in Fig. 4d–f. 
Dual function dampers are a type of ADAS devices. The 
single round-hole metallic damper is made of a hollow cir-
cular cross-section in the middle of an X-shaped steel plate, 
whereas the X-plate damper has a narrower section in the 
middle of the X-plate. The dual X-shaped damper consists 
of two Xs placed in series. The load is applied parallel to 
the round-hole damper and perpendicular to X-shaped and 
double X-shaped dampers. The slit steel damper (SSD) was 
invented by Chan and Albermani [55] and was subsequently 
developed by several others researchers [56–59]. The SSD is 
made of a standard structural wide-flange section with sev-
eral slits cut in the web section as shown in Fig. 4g. The slits 
are rounded at the ends to prevent stress concertation during 
seismic events. The device can be connected to the primary 
structure using bolts, therefore preventing uncertainties 
associated with welding. The first suggested installation of 
the SSD was in an inverted V-brace system. Oh et al. [60] 
tested the SSD performance at the beam-column connection 

of steel structures and found significant enhancement in the 
seismic performance of the connection.

Garivani et al. [61] introduced the comb-teeth damper 
(CTD) for using in chevron bracing systems. As Fig. 4h 
illustrates, the CTD is made of a steel plate cut in the shape 
of comb teeth. The top and bottom parts of the CTD damper 
are connected to a frame with bolts. A CTD subjected to 
in-plane flexural deformation dissipates energy through the 
yielding of the comb teeth. The CTD has shown out-of-plane 
behavior during experimental tests, which was eliminated 
by enlarging the CTD plate thickness. Fan et al. [62] took 
advantage of low yield strength steel and developed a new 
two-stage energy dissipation device, as depicted in Fig. 4i. 
The device is composed of several parabola openings in 
the steel plate. The plate is welded to the top and bottom 
anchorage plates. The device dissipates energy through 
shear deformation of the plate inflection points. Wang and 
Chien [63] presented a device based on bent steel strips, 
as shown in Fig. 4j. The device consists of two pre-bent 

Fig. 4   Steel plate-based dampers, a ADAS, b TADAS, c rhombic, d single round-hole, e X-shaped, f double X-shaped, g slit, h comb-teeth, i 
parabolic, j pre-bent strips and k curved steel dampers



460	 A. Javanmardi et al.

1 3

steel strips bolted to connectors. The device is loaded axi-
ally and the strips are subjected to buckling deformation. 
The force–displacement hysteresis loops of a pre-bent steel 
strip damper found to be asymmetric. Nonetheless, symmet-
ric hysteresis behavior is achieved when pre-bent steel strip 
dampers are coupled. Hsu and Halim [64] proposed a steel 
curved damper for moment-resisting frames. The damper 
has a curve shape and is made from steel plates (Fig. 4k). 
The damper’s performance was tested in a beam-to-column 
connection. The lateral movement generated eccentricity to 
the curved damper, thereby increasing the lateral stiffness of 
the beam-column connection.

Nakashima et al. [65] proposed the shear panel damper 
(SPD), which contains a steel plate welded to the top and 
bottom plates (Fig. 5a). The SPD has large energy dissi-
pation capability. Abebe et al. [66] pointed out the failure 
modes of the SPD, i.e. failure at the shear panel center, fail-
ure at the shear panel corners and flange weld failure. Chen 
et al. [67, 68] enhanced the SPD performance by adding 
stiffeners. The stiffened shear panel damper (SSPD) illus-
trated in Fig. 5b is made of a shear panel with horizontal and 
vertical stiffeners. The stiffness of SSPD is relatively higher 
than conventional SPDs, as it promotes large deformation 
with no signs of pinching and strength degradation. Subse-
quently, Zhang et al. [69] improved the SPD performance 
using low yield strength steel. In addition, the shape optimi-
zation method was used to optimize the damper’s dissipation 
performance [70]. Chan et al. [71] proposed the yielding 
shear panel device (YSPD). This device is made of a thin 
steel plate welded inside a short segment of square hollow 
steel (Fig. 5c). YSPD is subjected to in-plane loading and 
the steel plate undergoes shear deformation to harvest the 

induced energy. Moreover, Chan et al. [72] proposed another 
damper called the perforated yielding shear panel device 
(PYSPD). This is a modified version of YSPD as a thin steel 
plate has a number of circular holes. The undesirable local 
deformation in the YSPD corners can be eliminated by per-
forating the steel plate in PYSPD.

Sahoo et  al. [73] used a combination of the X-plate 
damper and SPD to innovate a new energy dissipating 
device known as the shear-and-flexural yielding damper 
(SAFYD). This damper consists of a shear steel plate at the 
center and two X-shaped steel plates on both ends, as illus-
trated in Fig. 5d. The damper energy dissipation mechanism 
is a combination of the flexural deformation of the X-plates 
and the shear deformation of the web plate. Consequently, 
great lateral strength and stiffness are exhibited in SAFYD. 
Deng et al. [74] proposed another type of SPD, namely the 
buckling restrained shear panel damper (BRSPD), which is 
made of a steel shear panel restrained by two plates (Fig. 5e). 
The restrained plates sandwich the shear panels by means 
of bolts to reduce out-of-plane buckling deformation of the 
shear panels.

The J-damper, made of four J-shaped plates and arranged 
as shown in Fig. 6a, was invited by Kato et al. [75]. All 
J-shaped plates are bolted to a plate in the middle with roller 
supports at the pate’s end. The damper dissipation mecha-
nism is based on the roll-bending movement of the steel 
plates that work effectively under large deformation due to 
the plates’ shape. Deng et al. [76] developed the crawler steel 
damper that benefits from U-shaped steel plates. The damper 
contains two U-shaped steel plates facing each other and 
clamped between two connection plates. The plate arrange-
ment, as illustrated in Fig. 6b, prevents stress concentration 

Fig. 5   Steel shear panel-based 
dampers. a SPD, b SSPD, c 
YSPD, d SAFYD and e BRSPD
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in one plate, hence substantially improving the damper per-
formance during low-cycle fatigue loadings. Subsequently, 
the damper’s dissipation capacity is mostly dominated by the 
U-shaped plates’ height and thickness. The steel cushion was 
introduced as an energy harvesting device in chevron brac-
ing systems [77]. As Fig. 6c demonstrates, the cushion is a 
cushion-shaped steel plate bolted to the primary structure. 
The device undergoes in-plane shear deformation to dissi-
pate energy and has a high displacement capacity under low 
to moderate earthquake loads.

The tube-in-tube damper (TITD) was invented by 
Benavent-Climent [78]. The concept of TITD is inspired 
by BRB and SSD and was proposed for bracing systems. 
The TITD consists of two concentric rectangular hollow 
sections inserted into each other. The outer tube had sev-
eral slit cuts. As Fig. 7a demonstrates, the two tubes are 
welded to a plug and fillet. The damper is loaded axially at 
the ends of the two tubes, while the slit strips dissipate the 
load through plastic deformation. Furthermore, Benavent-
Climent et al. [79] took advantage of the structural I-beam or 
wide flange to reduce the welding uncertainties in metallic 
dampers to develop another energy dissipation device. The 
device comprises several short segments of I-beams placed 
in parallel and bolted to two auxiliary elements (Fig. 7b). 

The auxiliary elements are subjected to axial loads in the 
brace system, while the web of I-beams is subjected to out-
of-plane bending.

The pipe damper (PD) is made of a short structural 
steel pipe segment placed horizontally and welded to bot-
tom and top plates. The PD was presented by Maleki and 
Bagheri [80] and is shown in Fig. 8a. In addition, Maleki 
and Mahjoubi [81] also investigated the behavior of a dual-
pipe damper (DPD). The DPD mechanism is similar to PD, 
with two pipes welded to each other (Fig. 8b). The DPD 
demonstrates higher energy dissipation capacity than the 
PD. Thereafter, Maleki and Mahjoubi [82] used different 
infills to enhance the energy dissipation capability of the 
PDP. Similarly, the infilled-pipe damper (IPD) has two pipe 
sections welded to two smaller diameter concentric pipes. 
The gap between the two concentric pipes is filled with lead 
or zinc materials, as presented in Fig. 8c. Two cover plates 
are bolted at the sides of the pipes to prevent the squeez-
ing out of the infill materials during operation. The plastic 
deformation of the inner and outer steel pipes as well as the 
infill materials is the main IPD feature to mitigate the shear 
stresses caused by lateral forces. Consequently, the IPD 
performance is significantly better than the PD and DPD. 
Franco et al. [83] proposed a torsional tube damper (TTD), 

Fig. 6   Detailing of a J-damper, b crawler damper and c cushion damper

Fig. 7   Detailing of dampers 
proposed by Benavent-Climent 
[78, 79]
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which consists of a central tube of low-carbon steel fixed at 
both ends and connected in the middle to a lever arm. The 
lever arm is attached to the anchorage supports and rotates in 
a torsional manner (Fig. 8d). Thereby, the shear and bending 
loads are eliminated, ultimately leading to high cumulative 
displacement and energy dissipation. Furthermore, Javan-
mardi et al. [84] presented a vertical pipe damper (VPD) 
made of a short vertical pipe segment welded to two anchor 
plates (Fig. 8e). The VPD is able to dissipate energy bidi-
rectionally and has greater ductility and energy dissipation 
capability than the PD and DPD.

The elastic–plastic steel damper (EPSD) is made of sev-
eral E-shaped steel plates with hinged ends and attached 
with pins to the connecting plate. The EPSD was developed 
by Wang et al. [85] and is depicted in Fig. 9a. The E-shaped 
plates can be arranged symmetrically either on both sides 
or only on one side of the connecting plate. The EPSD dis-
sipates shear force from the connecting plate through the 
pins to the E-shaped plates. Yamazaki et al. [86] proposed 
a novel buckling-restrained rippled plate damper (BRRPD) 
for use in the event of large earthquakes. The BRRPD con-
tains a rippled core plate with two restraining plates on both 
sides (Fig. 9b). The restraining steel plates are bolted to the 
rippled core plate and the base plate. The governing factor 
in BRRPD design is identified as the gap size between the 
core plate and restraining plates. The device demonstrates 
two deformation modes: (i) expansion deformation and (ii) 
out-of-plane global buckling deformation. The BRRPD has 
exhibited stable hysteretic behavior and high-energy dissipa-
tion capacity in different experimental tests.

Ghaedi et al. [87, 88] proposed a new metallic damper 
called Bar Damper (BD) based on flexural deformation of 
solid steel bars. As Fig. 9c shows, it is consisted of several 
solid bars welded to the top and bottom steel plates. The BD 

showed excessive energy dissipation capability under large 
deformation with no sign of stiffness and strength degrada-
tion. The accordion metallic damper (AMD) was developed 
based on the mechanism of shock absorbers in the machin-
ery industry [89]. The AMD is fabricated from a thin-wall 
accordion steel tube, both ends of which are welded to end 
plates (Fig. 9d). The axial load dissipates by plastic for-
mation in the corrugated tube. The AMD exhibits asym-
metric hysteretic behaviour, but the symmetric behaviour 
is achieved when AMDs are coupled. Aghlara and Tahir 
[89] invented the bar-fuse damper (FBD), which is made of 
inner, outer and fuse parts (Fig. 9e). The outer part consists 
of a square steel tube, while the inner part comprises two 
C-channels welded to each other with a middle plate. The 
middle plate and outer part have several holes to accom-
modate the fuse bars. The steel bars are bolted to the inner 
and outer parts. The FBD is loaded axially and dissipates 
energy through the plastic deformation of the steel bars. The 
key feature of FBD is the easy replacement of the steel bars 
after failure. Thereafter, Aghlara et al. [90] developed the 
pipe-fuse damper (PFD) based on the FBD concept. PFD 
also consists of inner, outer and fuse parts similar to FBD. 
However, in the fuse part, the steel bars are replaced with 
steel pipes. PFD also has the same energy dissipation mech-
anism as FBD, except PFD has higher energy dissipation 
capability.

4.2 � Aluminum Damper

Aluminum offers greater ductility and lower yielding dis-
placement compared to mild steel and low yield strength 
steel. De Matteis et al. [91, 92] presented an energy dis-
sipating device based on pure aluminum with the same 
geometry as the YSPD. The shear panel is used in the 

Fig. 8   Schematic view of pipe-
based dampers, a PD, b DPD, c 
IPD, d TTD and e VPD
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steel moment-resisting frame for lateral stability of the 
structure. The device is made of thin aluminum plates to 
form a short H-section segment with stiffeners as shown 
in Fig. 10. The damper’s performance was tested in a 
frame system through the shaking table test and it was 
proven that the device is perfectly capable of reducing the 
base shear, overturning moment and floor acceleration of 
the frame structure [93].

Fig. 9   Detailing of: a EPSD [84], b BRRPD [85], c BD, d AMD and e FBD [88]

Fig. 10   The aluminum shear-yielding damper
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4.3 � Lead Dampers

Engineers find lead a favorable dissipation material due to 
its unique characteristics, including rapid recrystallization 
at room temperature and high-cycle fatigue life. The first 
lead dampers were introduced by Robinson and Greenbank 
[94] with two different configurations. As Fig. 11a illus-
trates, the first damper is the constricted-tube extrusion 
energy absorber, which contains two concentric cylinders. 
Lead is enclosed by the inner cylinder, while the outer cylin-
der has an orifice around its mid-length. The inner cylinder 
is separated by a thin lubricant layer for the movement of 
the piston within the outer tube. The outer cylinder is fixed 
while the inner shaft is loaded axially. As the shaft moves 
back and forth, the lead extrudes back and forth through 
the outer cylinder’s orifice. Figure 11b shows the second 
lead damper configuration, named the bulged-shaft extru-
sion energy absorber, which works with the same principle. 
The damper has a central shaft with a bulge in the middle. 
The central shaft is surrounded by lead with bearings at both 
sides to grip the lead in place. The bulge section extrudes 
the lead material as the central piston is loaded. As the shaft 
moves in the tube, the lead extrudes back and forth through 
the orifice formed by the bulge. Thereby, the energy dis-
sipates through the extrusion of the lead material, causing 
plastic deformation in the lead. Lead dampers are depend-
ent on operating temperature. Lead recrystallization occurs 
below 20 °C; hence, lead dampers are able to recover and 
recrystallize rapidly. Soydan et al. [95] tested the application 
of the extrusion damper in steel connections. The results 
indicated that the restoring force of the connection signifi-
cantly improved after damper implementation. In addition, 
the connection displacement reduced substantially compared 
to the bare connection. Curadelli and Riera [96] developed 
the ringed-type lead damper, as demonstrated in Fig. 11c. 

The damper consists of two concentric cylinders. The inner 
cylinder has several lead ring sections attached to a shaft. 
As the shaft end moves back and forth, the lead in the rings 
is subjected to shear and compressive stresses. Plastic defor-
mation occurs as the rings deform. Cheng et al. [97] pre-
sented the clapboard-type lead damper. The lead material is 
clamped between several steel slots, and the slots are hinged 
to the top and bottom plates (Fig. 11d). Two steel plates are 
provided on the damper sides to prevent the squeezing out 
of the lead material during seismic loading. Experimental 
and numerical studies have proven that the proposed damper 
exhibits low yield displacement and excellent energy dissi-
pation capability under different types of dynamic loading.

4.4 � Copper Dampers

The characteristics of copper are high ductility, low yield 
capacity and corrosion resistance. Copper in the shape of 
an hourglass was suggested as an energy dissipation device 
by de la Llera et al. [98] and Briones and Llera [99]. It can 
be seen in Fig. 12 that the copper damper is highly depend-
ent on the aspect ratio of its height to the middle hourglass 
thickness. The copper damper is more efficient during non-
impulsive ground motions and less efficient when the struc-
ture enters the inelastic range. Copper dampers have been 
analyzed experimentally and numerically to construct a con-
stitutive model and produced large numbers of fat hysteresis 
loops with low yield displacement.

4.5 � Shaped Memory Alloy Dampers

Shape memory alloy (SMA) is effective in energy dissi-
pation systems due to a number of advantages, including 
superelasticity, shape memory effect, low and high fatigue 
life, high damping, corrosion resistance, and young’s 

Fig. 11   Lead dampers
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modulus-temperature relations. SMA is able to tolerate 
large strains with no signs of residual deformation when it 
is unloaded. Casciati et al. [100] proposed an SMA frame 
damper made of three vertical steel columns connected to 
each other by an SMA beam as illustrated in Fig. 13a. The 
two outer legs are anchored to the bridge deck while the 
middle leg is attached to the vibration source. The damper 
shows good ductility and service life for bridge applica-
tions. DesRoches and Delemont [16] presented a round 
SMA energy dissipation device for bridge applications 
(Fig. 13b). The proposed damper is installed between the 
bridge deck and the pier to enhance the seismic performance 
of the bridge. Sepúlveda et al. [101] proposed a bar-shaped 

damper using a combination of copper and SMA to take 
advantage of both materials for energy dissipation. The cop-
per-based SMA damper performance was evaluated through 
the shaking table test while it was installed in a beam-to-
column connection. Zhang and Zhu [102] proposed a reus-
able hysteretic damper (RHD) composed of two sliding steel 
blocks with Teflon sheets laid between them. Each block 
has two anchor fixtures to hold the pre-stressed SMA wires 
(Fig. 13c). The damper may be adjusted for several sets of 
SMA wires according to the required configuration. Moreo-
ver, the proposed RHD can be reused even after earthquake 
events owing to its long-term reliability.

Dolce et al. [103] proposed a self-centering SMA-based 
energy dissipating device made of two concentric steel pipes 
and several studs inserted between them. Four sets of SMA 
wires are connected to the studs: two sets are re-centering 
wire loops and the two other sets are dissipating wire loops 
as shown in Fig. 14a. The re-centering SMA wires are pre-
tensioned according to the required force in order to bring 
the device back to the initial position. The device perfor-
mance was tested in the bracing system of a concrete frame, 
where the tension and compression forces were dissipated 
by SMA wires [104]. The device enhanced the frame per-
formance and helped the frame to have minimal residual 
displacement after an earthquake event. Figure 14b shows 
another type of self-centering SMA-based damper proposed 
by Ma et al. [105, 106] that consists of five groups: i.e., 
internal shaft group, external tube group, SMA wire group, 

Fig. 12   Copper dampers, a plate and b round hourglass dampers

Fig. 13   Schematic views of a SMA frame damper, b SMA bar damper and c RHD

Fig. 14   Schematic view of self-centering SMA dampers [103, 105]
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springs, and roller system connection group. The internal 
shaft group is composed of a shaft with two moveable shim 
plates at the ends and one anchor fixed in the middle. The 
external tube group consists of a steel tube with two anchors 
at both ends. The two pre-compressed springs are connected 
to the middle fixed anchor and the shim plates, while the 
springs surround the pre-tensioned SMA wires. The damper 
benefits from the energy dissipation capability of the spring 
and SMA groups. It exhibits full re-centering capability, a 
high number of working cycles and excellent damping ratio.

5 � Computational Methods

Nowadays, various computational methods are commonly 
used in the development and evaluation of the metallic 
dampers either solely or together with the primary structures 
[107]. Computational methods significantly reduce the time 
and cost of the investigation. Broadly speaking, computa-
tional methods used in the analysis of metallic dampers are 
classified into three categories i.e., advanced finite element 
programs, structural analysis programs and programming 
languages. These programs may be utilized individually or 
combined together for various goals in the development and 
investigation of metallic dampers. The following sections 
describe each category with the respective examples used 
for the analysis of metallic dampers.

5.1 � Advanced Finite Element Programs

Advanced finite element programs (such as ABAQUS, 
ANSYS, LS-DYNA, Solidworks, etc.) are the most used 
computational methods in developing metallic dampers. 
These programs are rigorously able to model the metallic 
dampers with the primary structures. These programs are 
usually used for preliminary design and analysis of metal-
lic dampers [63, 64, 72] or the extension of experimental 
investigation [68, 80, 82]. In addition, the primary struc-
tures equipped with metallic dampers can be modelled in 
the mentioned programs, however, it requires a profound 
modeling knowledge and high-performance computers. In 
addition, different material modeling with different damage 
criteria are available to simulate the hysteresis behavior of 
metallic dampers. A large numbers of studies on metallic 
dampers were performed by ABAQUS [58, 62, 68, 73, 74, 

76, 81–83, 109–111] and ANSYS [54, 59, 64, 66, 85, 91, 
112, 113] software.

Dongbin et al. [48] modeled the CBRB with a four-node 
shell element with reduced integration in ABAQUS program 
as shown in Fig. 15. In order to simulate the metal behavior 
under cyclic loadings, it is a common practice to use the 
following back stress formula:

where � is the back stress, 
∑Ck

�

�k
 is the ultimate kinematic 

hardening stress and �−pl is the equivalent plastic strain. As 
Fig. 16a shows, the results of coupon test from the experi-
mental and numerical analysis is well-agreed, which also 
shows the effectiveness of the material modeling in 
ABAQUS program. The numerical force–displacement hys-
teresis curves of damper were also had a close relationship 
with experimental results (Fig. 16b illustrates the hysteresis 
curves for one of CBRB specimen). After the validation of 
models, the effect of the several parameters on the perfor-
mance of CBRB was investigated with help of the numerical 
simulation.

Deng et al. [124] used the shape optimization method 
to enhance the hysteresis performance of U-shaped damper 
under bidirectional deformation. As Fig. 17a shows, the 
U-shaped damper was modelled with an 8-node, reducing 
integration with an hourglass, controlled linear brick ele-
ment. The cyclic behavior of steel was calculated from the 
back stress formula (Eq. 1). From the obtained results, it 
was found that the width and length of the straight part of 
the U-shaped damper (b2, l) govern the damper stiffness. 
The shape optimization method used based on the obtained 
results and the design variables were chosen as the width 
and length of the straight part of the damper. The design 
parameters were used as the objective function of the opti-
mization process: 

 where ALLPD is the energy dissipated plastic deforma-
tion and PEEQ is an equivalent plastic strain. Figure 17b 
demonstrates the flowchart of the optimization process. The 

(1)� =

n
∑

k=1

Ck

�k

(

1 − e−�k�
−pl
)

(2)

{

Design parameters b2, l

Maximize ALLPD
/

PEEQ0.6

max

Fig. 15   BRB finite element model in ABAQUS program [48]
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Matlab programming code used for surface analysis and con-
vergence of the optimization analysis. As a conclusion, the 
optimal design parameters were obtained that maximized the 
total energy dissipation capacity of the U-shaped damper.

Usami et al. [125] investigated the implementation of 
BRBs for seismic performance upgrading of steel arch 
bridges. Three-dimensional models of the bridge were cre-
ated in ABAQUS program. The girders, columns and deck 
slabs were model with the Timoshenko beam element. The 
dummy element was employed to model the reinforced con-
crete deck. A bilinear stress–strain curve with kinematic 
hardening rule was employed for the steel members. Only, 
the stress–strain curve of the concrete in compression was 
assigned to the concrete members. Two seismic performance 
upgrading configurations were purposed as shown in Fig. 18. 
The bridge models were subjected to several earthquake 
excitations and the results showed that the bridges with 
BRBs had satisfactory seismic performance. It was also 

found that the usage of BRB is an efficient alternative in 
seismic retrofitting of existing steel arch bridges.

Aghlara and Tahir [90] extended the experimental inves-
tigation of the BFD using ANSYS program. Owing to the 
symmetry of the damper in two planes, only a quarter of the 
geometry of the damper was modelled as shown in Fig. 19. 
All parts of the BFD modelled as the solid element and 
appropriate boundary conditions, as well as required inter-
actions, were defined for the model. The results of finite ele-
ment analysis had a close correlation with the experimental 
results.

The clapboard-type lead damper was modelled as an 
eight-nodal 3D solid element in ANSYS program as shown 
in Fig. 20a [98]. The lead material was modeled using elas-
tic–plastic kinematic hardening rule. The hysteresis curves 
of simulation analysis had a slight difference with experi-
mental curves due to simplification of the lead material 
in modeling. In order to evaluate the effectiveness of the 

Fig. 16   aStress–strain curve from coupon test and b hysteresis curves of CBRB [48]

Fig. 17   a FE discretization of C-shaped damper in ABAQUS program and b the proposed optimization process flowchart [124]
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proposed damper, a 20 storey Benchmark building equipped 
with the dampers were modelled and analyzed through non-
linear time-history analysis as shown in Fig. 20b. The beams 
and columns were modelled with the beam element while 
the lead dampers were modelled with the spring combination 
element. The results of numerical analysis showed that the 
top storey acceleration and displacement of the benchmark 
building with dampers were reduced by 26.7% and 37.4% as 
compared to the uncontrolled building, respectively.

5.2 � Structural Analysis Programs

Generally, structural engineers investigate the application 
of metallic dampers in building and bridge structures using 
commercial structural analysis programs such as SAP2000 
[47, 57, 84, 96, 114–116] Perform 3D [115–117], Etabs, 
CSiBridge and others. These programs are employed when 
the metallic damper application should be tested in megas-
tructures where the feasibility of the experimental test is 
difficult. The characteristics of the dampers are modelled 
by the different elements in these programs and nonlinear 
time-history analysis is the most common practice analysis 
to evaluate the dampers effectiveness.

Shen et al. [126] developed three dimensional numerical 
model of Transverse Steel Damper (TSD) in ABAQUS and 
validated it with experimental results. Thereafter, the appli-
cation of TSD was examined in a long span cable-stayed 
bridge using SAP2000 program. The towers, RC piers and 
steel box girders were modelled with the elastic beam ele-
ment while the truss element used for modeling the cables 
as shown in Fig. 21. The link element with Wen Plasticity 
property was deployed to model the metallic dampers and 
sliding bearings. The Hilber-Hughes-Taylor time integration 
solver was employed for nonlinear time-history analysis of 
29 earthquake excitations. In conclusion, the TSD system 
reduced the transverse displacement of the cable-stayed 
bridge and dissipated a large amount of seismic energy as 
compared to sliding bearings.

Li et al. [127] examined the effectiveness of BRBs as 
metallic fuse dampers in an existing school building in 
China using SAP2000 program. As Fig. 22 illustrated, the 
BRBs was implemented in side-frames of the building that 
led to the improvement of the lateral and torsional stiffness 
of the bays. The Wen Plasticity property type was deployed 
in modelling the BRBs. The results of modal and pusho-
ver analyses showed that the stiffness and ductility of the 
building significantly increased after the implementation 

Fig. 18   Steel arch bridge 
models retrofitted with BRBs in 
ABAQUS program [125]
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of BRBs. It was also reported that all the members of the 
main frame remained elastic in the nonlinear time-history 
analysis.

5.3 � Programming Languages

Programming languages such as OpenSees, IDARC-2D, 
Matlab, FORTRAN among others are another tools used 
to investigate the effectiveness of metallic dampers [100, 

120–123]. These programming codes need a deep program-
ming knowledge for the modelling and analysis.

Ma and Yam [107] assessed the self-centering SMA 
damper behavior through Matlab/Simulink environment. 
The hysteresis behavior of the SMA was modeled using 
the Bouc–Wen model and the re-centering group was mod-
elled with Coulomb and Viscous Friction function. The 
damper response subjected to three-sine-wave displace-
ment excitations was evaluated according to the flowchart 
shown in Fig. 23. The equation of motion for the structure (a 

Fig. 19   Finite element model and results of BFD in ANSYS Program [88]

Fig. 20   a Stress distribu-
tion pattern of clapboard lead 
damper in ANSYS program and 
b installation scheme of clap-
board lead dampers in 20-story 
benchmark building [96]
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single-degree-of-freedom) equipped with the SMA damper 
subjected to earthquake excitation is:

where [M], [C] and [K] are the structure mass, damping 
and stiffness matrix, respectively. Vector {x} is the lateral 
displacement. The [Γ] is the generic integral–differential 
operator matrix. [Γ]{x} is the control force generated by the 
SMA damper and { ̈xg } is the earthquake acceleration vector.

A 1/4-scale five-storey steel frame was modelled in 
ANSYS program and verified with earlier results of shaking 
table test on the porotype structure [107]. The mass, damp-
ing and stiffness matrix were obtained from the ANSYS 
program and used to construct the equivalent lumped 
mass model of the steel frame for the dynamic analysis 
(see Fig. 24a) in Matlab/Simulink environment based on 
the flowchart shown in Fig. 24b. The results of nonlinear 
time-history analysis indicated that the inter-storey drift 
and floor displacement reduced for the steel frame with the 

(3)[M]{ẍ} + [C]{ẋ} + [K]{x} + [𝛤 ]{x} = −[M]{ẍg}

Fig. 21   3D modelling of the cable-stayed bridge with TSDs in SAP2000 program [126]

Fig. 22   Implementation of BRBs in school building using SAP2000 
program [127]
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re-centering SMA damper and no sign of residual deforma-
tion observed after earthquake excitations.

6 � Application

Metallic damper configurations may be altered to achieve 
the design requirements of engineers for mitigating dynamic 
loads in various types of structures [128]. Metallic damp-
ers may be implemented in flexible frames, as a connecting 
element between the frame and rigid tower, in structures 
with a stepping tower and in base-isolated structure as illus-
trated in Fig. 25a–d [32, 39, 129, 130]. ADAS dampers are 
recommended to be used in moment resisting frames such 
as the chevron bracing system, and thereafter, a large num-
ber of other metallic dampers are also suggested to be used 
in the same location for concrete or steel frame systems 
[49, 130–132]. The conventional bracing system may not 
be adequate for dynamic loadings; hence, metallic damp-
ers have been used in addition to the conventional bracing 
(e.g. diagonal and X-type) as depicted in Fig. 25e–g [42, 
55]. Dampers may also be used as shear walls to enhance 
the seismic performance of frames. In addition, it has been 
recommended to install a metallic damper in the middle of 
a secondary column (inner column) to increase the lateral 
stability of the frame system (Fig. 25h) [67, 68]. Tagawa 
et al. [133] suggested placing metallic dampers in various 
configurations of the seesaw bracing system (Fig. 25i–k). 

Utilizing metallic dampers in the beam-to-column connec-
tions of moment resisting structures is advantageous, as they 
provide large openings in the frame bays (Fig. 25l) [60, 64, 
81]. Nonetheless, metallic dampers can also be installed 
between decks and piers or abutment of the bridges in the 
principal and transverse directions (Fig. 25m) [76, 86, 109, 
114, 116]. Various applications of dampers in different 
structures are shown schematically in Fig. 25.

7 � Concluding Remarks

This paper outlined a comprehensive state-of-art review 
of metallic dampers since the 1970s. The damper clas-
sification is based on the following constitutive material: 
steel, aluminum, lead, copper and SMA dampers. Moreo-
ver, the application and analysis of the metallic dampers 
has been investigated by various computational methods. 
Steel dampers appear to be among the most popular due 
to the low manufacturing cost and excellent performance 
in mitigating structural vibration. Furthermore, after the 
constitutive material, the damper geometry has significant 
effects on damper performance. Another important factor 
during manufacturing of metallic dampers is the welding 
quality that can prevent premature damper failure during 
operation. Steel dampers act as fuses in civil structures. 
In case of failure, they can be easily replaced that prevent 

Fig. 23   Matlab/Simulink block procedure for determining the SMA damper characteristics [107]
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damage to the primary structures. Aluminum damper 
with the same geometric configuration as steel damper 
performed slightly better. The lead damper mechanism is 
based on the extrusion of the lead material. Lead damp-
ers do not require replacement or repair after earthquake 
events due to the lead material recrystallization. However, 
they are expensive and heavier than steel dampers. Copper 
dampers are not so attractive since copper material is quite 
a bit costlier than other metals. The use of SMA dampers 
has been increasing in recent years due to their unique 

characteristics. Moreover, SMA dampers have relatively 
higher life cycles than other metallic dampers. In contrast, 
the initial cost of SMA dampers is much higher. It is also 
concluded that metallic dampers can be implemented in 
new structures or retrofitting of the existing structures as 
one of the most economical alternatives. Ultimately, the 
use of metallic dampers is fully acknowledged, while the 
primary mission is to develop and standardize prototype 
specifications for relevant standards.

Fig. 24   a Equivalent lumped-mass model deployed in Matlab/Simulink and b Matlab/Simulink block dynamic analysis procedure for the struc-
ture with SMA damper [107]
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Fig. 25   Schematic locations 
for the installation of metallic 
dampers in civil structures
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