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Abstract: Inelastic deformation of metallic materials is one of the most effective mechanisms for the
dissipation of energy input to a structure by an earthquake. Metallic dampers are special devices
that resort to this source of energy dissipation, proving to be a cost-efficient solution for the seismic
protection of structures. Two important issues arise when implementing metallic dampers in real
structures: (1) Inelastic deformations cause damage that must be quantified after an earthquake to
decide upon their eventual replacement; (2) dampers must possess an energy dissipation capacity
large enough to endure severe earthquakes. This paper focuses on a particular type of metallic
damper consisting of slit-plates made of stainless steel, applied to reinforced concrete frames with
rocking columns at the first story. In particular, a new damage index based on the metallic magnetic
memory (MMM) method is proposed and validated experimentally to quantify the damage of slit
plate dampers subjected to cyclic loadings. Further, the seismic response of a frame with rocking
columns that incorporate the damper is obtained to demonstrate that it can endure severe earthquakes
without failing, and to emphasize the relevance of the proposed MMM damage index that would
make its replacement after a severe earthquake unnecessary.

Keywords: non-destructive testing; metallic magnetic memory (MMM) methodology; seismic
engineering; dampers

1. Introduction

The traditional seismic design approach is based upon providing structures with a combination
of strength and plastic deformation capacity (ductility) to resist major earthquakes. For severe
earthquakes, conventional frame structures are conscientiously detailed to dissipate energy through
plastic deformations at beam ends and at column bases, preventing catastrophic collapse. Yet this
implies structural damage throughout the structure after the earthquake, which in many cases is
not economically feasible to repair. In recent years, an alternative design trend has been growing:
Concentrating the plastic strain energy dissipation demand in limited parts of the structure. In particular,
special elements called passive energy dissipation devices, or simply dampers, are located in these
parts. The main role of the dampers is to absorb or consume most of the energy input by the earthquake,
thereby reducing (or even cancelling) the energy dissipation demand on primary structural elements
(i.e., beams and columns in frame structures) and minimizing possible structural damage. One highly
efficient mechanism for dissipating energy input from earthquakes is through the inelastic deformation
of metals. The devices that mobilize this source of energy dissipation are called metallic dampers.

After moderate ground motions or even after a large earthquake, metallic dampers do not
necessarily need to be replaced. However, deciding whether the dampers require replacement calls for
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a reliable and non-destructive evaluation of the level of damage. Simple visual inspection is not enough
to judge the “health” of the damper, because damage caused by earthquakes is often, yet not always, a
cumulative process. In case of near-fault impulse ground motions, the energy is input by the earthquake
into the structure in a very short period of time and damage is a sudden process. The degradation of
the structure can also lead, for example, to sudden stiffness reductions (i.e., sudden damage). Past
investigations [1] have proven that the level of damage of steel elements subjected to imposed inelastic
cyclic deformations can be reliably estimated from the force-displacement, Q-δ, curves. This can be done
by decomposing the Q-δ curves into the so-called skeleton part and Bauschinger part and calculating
an ID index that is based on the amount of energy dissipated in each part [1]. Yet measuring Q and δ
during an earthquake entails installing expensive instrumentation that must be well maintained to
ensure it will work properly under events (earthquakes) that have a very low probability of occurrence.
An alternative is the use of non-destructive testing (NDT) methods. One NDT method consists of
conducting vibration tests [2], and performing modal analysis to relate the damage to variations of
natural frequencies and modal damping factors. Other methods rely on pulse-echo ultrasonic Tests
(UT) by studying the effects of stresses in the relationship between Poisson ratios [3] or the ultrasonic
attenuation coefficient [4]. The present paper investigates an alternative referred to in the literature as
the metal magnetic memory (MMM) technique.

The MMM method is relatively new. It was conceived when early observations confirmed the
ability of metals to magnetize, even when they were not subjected to an external magnetic field [5–7].
Nowadays, the developed MMM method is based on the self-magnetic leakage field (SMLF), which
is an irreversible variation of the metal magnetization in areas with failure planes or dislocations
(Figure 1), areas under applied stresses, or areas having some heterogeneity in the structure of the
material. It can be defined as a non-destructive test based on the analysis of the SMLF distribution
over the surface of an element to determine stress concentration zones (SCZ), imperfections, and
heterogeneities in the microstructure of the material [8]. It therefore holds high potential both for
detecting existing damage and for predicting damage (SCZ) in materials and structures [9]. In this
respect, the MMM technique is the only NDT method able to assess or predict the damage without
any contact with the specimen surface. This fact is very important in real structures, since dampers
are usually covered by brick veneers, casing, cement plaster etc., and the access to its surface is
often restricted. Furthermore, the equipment used for an MMM inspection is easy to handle and
characterized by its high portability.
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Figure 1. Self-magnetic leakage field in a surface crack.

Some previous research on the damage of steel components has involved the MMM
technique [10–16]. To date, however, no published study has applied the MMM technique for inspection
of metallic dampers with posterior validation by means of a reliable mechanical damage index.

This paper focuses on a particular metallic damper developed by the authors and consisting
of stainless steel plates with slits (“slit-plate” damper hereafter). Several slit-plate dampers were
subjected to low-frequency cyclic forced displacements up to different levels of damage, including
failure. The dissipated plastic strain energy associated with each level of damage is computed and
used to calculate the mechanical index of damage, ID. This ID index is basically the ratio between
the amount of dissipated energy and the maximum (ultimate) amount of energy that the damper can
dissipate until failure when subjected to seismic loadings. Next, the MMM technique is used to obtain
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the distribution of the gradient of the SMLF. From this distribution, a new damage index referred to
hereafter as Em is proposed. The Em index quantifies the variation of the area enveloped by the gradient
distribution of SMLF. Comparison of the new index with the mechanical index ID showed a good
correlation in the range of ID of practical interest (between 0 and 0.8). It is worth emphasizing that
calculation of the ID index calls for recording the force-displacement curve experienced by the damper
during the earthquake. In contrast, the new Em only requires MMM testing after the earthquake.

The “slit-plate” damper was implemented in reinforced concrete (RC) frames with rocking columns
in the first story. The energy dissipation demand on the slit-plate dampers under severe earthquakes
was obtained through non-linear time history analyses, and it was compared with the dampers′

ultimate energy dissipation capacity in terms of the damage index ID. It is shown that the “slit-plate”
damper can dissipate the energy input by severe earthquakes in frames with rocking columns, with
limited damage; hence the significance of the proposed damage index Em to avoid replacing the
dampers after a severe earthquake. Rocking structures have been investigated since the 1970s [17–23]
and have evolved in two directions [24]. One direction, developed mainly in Russia (or the USSR),
stems from the concept of “kinematic support” [20–23]. The rocking structure dealt with in this paper
is in line with the other direction, developed mainly in the USA [17,18] and New Zealand [19], and is
shown in Figure 2a. It consists of a superstructure that is freely supported on free-standing RC rocking
columns located on the first (ground) story. Under lateral seismic loads the superstructure is allowed
to uplift, and this limits the forces transmitted to the structure and to the foundation. The movement
of the rocking column is achieved by terminating the longitudinal reinforcement before it reaches
the beam-column joint and the column foundation interface. To control the lateral displacements,
mechanical restrainers (e.g., post-tensioning cables [25]) and energy dissipation devices are installed at
the ends of the rocking columns [26,27]. Figure 2b illustrates a particular solution, an RC frame with
rocking columns recently developed by the second author that implements the “slit-plate” damper.
In this solution, the rocking column is vertically restrained with a steel bar passing though the centerline
of the column, while anchored at the top beam and free to slip at the bottom end. A detailed description
of this rocking structure is beyond the scope of this paper.
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Figure 2. Reinforced concrete (RC) frame structure with rocking columns and slit-plate dampers:
(a) Elevation of the RC frame; (b) detail of the rocking columns of the first story.
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2. Description of the “Slit-Plate” Damper

The slit-plate damper is shown in Figure 3. It is built from a stainless-steel plate by cutting a
number of slits, leaving a number of strips between them. It then has two “exterior flanges” and one
“interior flange” connected by strips between consecutive slits. The damper is intended to connect two
parts of the structure that undergo relative displacements. The “exterior flanges” of the damper are
fixed to one part and the “interior flange” to the other part. When the “interior flange” is forced to
deform in the same direction and opposite sense as the “exterior flanges”, the strips experience shear
and double curvature bending; this causes inelastic deformation. The slit-plate damper is intended to
be installed at both ends of the rocking columns of the first story, as shown in Figure 4. The exterior
flanges are fixed with bolts to the steel plates that cover the ends of the column and protect them
during the rocking motion (“extreme steel tube” in Figure 4). The interior flange is fixed with bolts to a
vertical plate that is welded to the horizontal plate on which the columns rock (“foundation steel plate”
in Figure 4). The slit-plate damper can be easily uninstalled for inspection or replacement.
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Figure 4. Installation of the slit-plate damper at the ends of the rocking columns: (a) Elevation;
(b) section through the plane of the frame.

Five slit-plate dampers similar to the one shown in Figure 5 were built. The specimens, henceforth
called DC1–DC5, were made of hot-rolled stainless steel, grade 304-AISI. The mechanical properties of
the material are as follows: Yield stress fy = 230 N/mm2, maximum stress fB = 620 N/mm2, Young’s
modulus E = 2 × 105 N/mm2 and shear modulus G = 1 × 105 N/mm2. The specimens were mounted in
the experimental set-up shown in Figure 6. It consisted of two hollow steel square sections, one inside
the other, arranged in a telescopic configuration. The exterior tube was clamped by bolts to the loading
head and the interior tube was solidly attached to the base of a universal testing machine, SAXEWAY
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T1000, from the company MOOG Inc. (East Aurora, New York, NY, USA), with a maximum load
capacity of 1000 kN. The exterior flanges of the slit-plate damper were fixed with bolts to the exterior
tube. The interior flange of the slit-plate damper was also fixed with bolts to the interior tube, through
a rectangular window opened in the exterior tube.
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Figure 6. Experimental setup used for the cycling tests.

To test the specimens, relative displacements were imposed between the exterior and interior
tubes through the actuator. This caused relative displacements between the exterior and the interior
flanges. Figure 7 depicts the deformation pattern of the specimen as a consequence of this relative
displacement. The shaded area indicates the approximate region where plastic deformations took
place. Also shown in Figure 7 is the distribution of bending moments in the strips.



Metals 2019, 9, 953 6 of 19

Metals 2019, 9, x FOR PEER REVIEW 6 of 19 

 

 

Figure 7. Relative displacement between interior and exterior flanges. 

All test specimens were subjected to cycles of increasing amplitude, 0.4 mm in each cycle, 

following the loading history depicted in Figure 8. This increment of amplitude in each cycle is five 

times the yield displacement of the specimen calculated with Equation (3). The frequency of the cyclic 

tests was 0.05 Hz. The frequency has a significant effect on the material properties of the stainless 

steel. More precisely, the yield stress increases with increasing frequency, while the Young’s modulus 

remains basically constant. The low cycle fatigue live decreases with decreasing frequency. Each of 

the specimens (DC1–DC5) reached a different number of cycles in order to induce a different level of 

damage Di, as indicated in Table 1. Thus, test specimen DC1 was subjected to two cycles and reached 

the damage level referred to as D₁; test specimen DC2was subjected to six cycles and reached the level 

of damage D₂, and so on. Test specimen DC5 was tested until failure. 

 

Figure 8. Load patterns applied to specimens DC1 to DC5. 

Table 1. Number of the cycle and maximum displacement reached. 

Number of the Cycle 1 2 3 4 5 6 7 8 9 10 11 12 13 

Maximum displacement (mm) 0.4 0.8 1.2 1.6 2 2.4 2.8 3.2 3.6 4 4.4 4.8 5.2 

DC1 (D1) X X            

DC2 (D2) X X X X X X        

DC3 (D3) X X X X X X X X      

DC4 (D4) X X X X X X X X X X    

DC5 (D5) X X X X X X X X X X X X X 

3. MMM Inspection of Specimens 

The H1 and H2 scan trajectories shown in Figure 9 were traced along the edges of the central 

flange. These trajectories were selected because they cross the section of the steel strips where the 

Figure 7. Relative displacement between interior and exterior flanges.

All test specimens were subjected to cycles of increasing amplitude, 0.4 mm in each cycle, following
the loading history depicted in Figure 8. This increment of amplitude in each cycle is five times
the yield displacement of the specimen calculated with Equation (3). The frequency of the cyclic
tests was 0.05 Hz. The frequency has a significant effect on the material properties of the stainless
steel. More precisely, the yield stress increases with increasing frequency, while the Young’s modulus
remains basically constant. The low cycle fatigue live decreases with decreasing frequency. Each of
the specimens (DC1–DC5) reached a different number of cycles in order to induce a different level of
damage Di, as indicated in Table 1. Thus, test specimen DC1 was subjected to two cycles and reached
the damage level referred to as D1; test specimen DC2was subjected to six cycles and reached the level
of damage D2, and so on. Test specimen DC5 was tested until failure.
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Table 1. Number of the cycle and maximum displacement reached.

Number of the Cycle 1 2 3 4 5 6 7 8 9 10 11 12 13

Maximum
displacement (mm) 0.4 0.8 1.2 1.6 2 2.4 2.8 3.2 3.6 4 4.4 4.8 5.2

DC1 (D1) X X
DC2 (D2) X X X X X X
DC3 (D3) X X X X X X X X
DC4 (D4) X X X X X X X X X X
DC5 (D5) X X X X X X X X X X X X X
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3. MMM Inspection of Specimens

The H1 and H2 scan trajectories shown in Figure 9 were traced along the edges of the central
flange. These trajectories were selected because they cross the section of the steel strips where the
bending moment is maximum (see Figure 7), and therefore where the maximum plastic strains develop.
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Figure 9. Scan trajectories H1 and H2 during the metallic magnetic memory (MMM) inspection.

TSC-3M-12 ENERGODIAGNOSTIKA equipment supplied by PREDITEST Company (Prague,
Czech Republic), was used for the MMM inspection of the specimens (Figure 10). It consists of a
scanning roller of the 2M type, which can measure in two directions, X and Y. The device has a scroll
that transmits to the equipment the displacement during scanning.
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Figure 10. Instrumentation of the MMM inspection. (a) Scanning roller device with a fluxgate
magnetometer type 2M. (b) Measurement equipment type TSC-3M-12.

Three measurements were carried out for each trajectory, i.e., six for each specimen. A scanning
rate was set in the MMM equipment in order to provide data every millimeter, regarding the following
four parameters:

- HL, x: the normal component of the self-magnetic field intensity.
- HL, x/dx: the gradient of the normal component of self-magnetic field intensity in the x-direction

(scanning direction).
- HL, y: the tangential component of the self-magnetic field intensity.
- HL, y/dx: the gradient of the tangential component of self-magnetic field intensity in the x-direction

(scanning direction).
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The analysis of the MMM inspection was performed by using MMM System 3.0 software, supplied
by Energodiagnostika Co. Ltd (Reutov, Moscow, Russia), and concerned only the normal component
of the SMLF. More precisely, the gradient HL, x/dx that is able to quantify the stress concentration
or damage.

4. Ultimate Energy Dissipation Capacity and Mechanical Damage Index ID

Figure 11a shows the typical force displacement, Q-δ, curve obtained by testing a metallic damper
under cyclic loading until failure. Failure of the damper is assumed to occur when the strength starts to
decrease steadily under increasing forced displacements. The curve can be decomposed into two parts,
the skeleton part and the Bauschinger part [1]. The skeleton part is formed by sequentially connecting
the segments of the Q-δ curve that exceed the load level attained in preceding cycles in the same domain
of loading (indicated with a square symbol in Figure 11a). For the example shown in Figure 11a, this
means sequentially connecting the segments labeled 0–1, 5–6, 11–12, 17–18, 23–24, 29–30 in the positive
domain, and 2–3, 8–9, 14–15, 20–21, 26–27 in the negative domain. The skeleton part obtained in this
way is the curve shown in Figure 11b. As shown in previous studies [1], the skeleton curves in the
positive and negative domains are almost coincident and can be approximated by a trilinear curve
(plot with dash line in Figure 11b) that is characterized by the yield force Qy, the yield displacement δy,
the force corresponding to the onset of the second segment QB, the first plastic stiffness Kp1 and the
second plastic stiffness Kp2. For slit-plate dampers, Qy and δy can be easily predicted from the geometry
and the mechanical properties of the steel with the following equations [28] based on fundamental
principles of the strength of materials:

Qy = min

n
fytw2

2h′
, n

2 fytw

3
√

3

 (1)

QB = min
{

n
fBtw2

2h′
, n

2 fBtw

3
√

3

}
(2)

δy =
Qyh′3

nEtw3

(
1 + 3 ln

h + 2r
h′

)
+

3Qyh′

2ntwG

(
1 + ln

h + 2r
h′

)
(3)

Here, w and h are the width and height of the strip, respectively, r is the radius of the end part of
the strip (see Figure 3), t is the thickness of the plate, n is the total number of strips and h’ = h + [2r2/(h
+ 2r)]. Note that Qy and QB are taken as the minimum between two values; one is associated with the
flexural yielding of the strip, and the other with the shear yielding. The maximum displacements in the
skeleton part in the positive and negative domains are denoted herein by Sδ

+
i and Sδ

−

i (see Figure 11b).
The Bauschinger part is constituted by the segments that begin at Q = 0 and terminate at the

maximum load level previously attained, in preceding cycles in the same loading domain. For the
example shown in Figure 11a, the Bauschinger part comprises the segments labeled as 4–5, 10–11, 16–17,
22–23, 28–29 in the positive domain, and 7–8, 13–14, 19–20, 25–26 in the negative domain of loading.

In Figure 11a, segments 1–2, 6–7, 12–13, 18–19, 24–25, 30–31 in the positive domain and 3–4, 9–10,
15–16, 21–22, 27–28 in the negative domain are unloading paths whose slope (i.e., stiffness) coincides
with the initial elastic stiffness Ke (= Qy/δy). The Bauschinger part obtained in this way is shown in
Figure 11c.
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Figure 11. Decomposition of the force displacement, Q-δ, curve: (a) Entire Q-δ curve; (b) skeleton part;
(c) Bauschinger part.

Up to a given point (Qi, δi) of the Q-δ curve, the area enveloped by the skeleton curve in the
positive and in the negative domains is respectively referred to herein as SW+

i and SW−i . Also, for each
domain of loading, the areas enveloped by the Bauschinger part will be referred to as BW+

i and BW−i .
The sum (SW+

i + BW+
i ) in the positive domain, and (SW−i + BW−i ) in the negative domain, represent

the total plastic strain energy dissipated by the damper in the positive and in the negative domains
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of loading. For convenience, the above energies can be expressed in nondimensional form by the
following ratios:

Sη
+
i = SW+

i
Qyδy

; Sη
−

i = SW−i
Qyδy

; Bη
+
i = BW+

i
Qyδy

; Bη
−

i = BW−i
Qyδy

, η+i = SW+
i + BW+

i
Qyδy

; η−i = SW−i + BW−i
Qyδy

(4)

and the maximum displacements in the skeleton part, Sδ
+
i , Sδ

−

i , can be normalized as follows:

epη
+
i = Sδ

+
i
δy

; epη
−

i = Sδ
−

i
δy

(5)

The ultimate values of η+i and η−i , i.e., when the metallic damper fails, will be denoted hereafter
by η+u , and η−u . They represent the (normalized) ultimate energy dissipation capacity of the damper
in each domain of loading. Past research [1] showed that η+u or η−u depend on the history of loading
applied, i.e., η+u and η−u vary with η+i , η−i , Sη

+
i and Sη

−

i . For metallic dampers subjected to flexural/shear
deformations without axial forces, η+u , or η−u can be estimated with the following expression [1]:

ηu = 12

χ2 +
1

kp2

4.7−

√
22 + 24kp2χ2 − bkp2 + (τB − 7.33)2 kp1 − kp2

kp1
+

40kp2

kp1
− 53.73


 (6)

where τB = fB/ fy and χ2 = (Sηi/7.33) −
(
ηi/18.79

)
−

[
(τB − 1)/kp1] + [τB/kp2

]
+ (b/14.66). Here, Sηi

and ηi must be taken equal to Sη
+
i and η+i to obtain η+u , and equal to Sη

−

i and η−i to calculate η−u .
It is worth emphasizing that Equation (6) has been obtained specializing the formula presented in
Reference [1] to the particular slit-plate damper investigated in this study. As for b, it is an empirical
parameter that is determined testing a damper under cyclic loading up to failure, as follows [1]:

b =
(
Bη

+
u + 7.33epη

+
u

)
+

(
Bη
−

u + 7.33epη
−

u

)
(7)

where Bη
+
u , Bη

−

u , epη
+
u , epη

−

u are the values of Bη
+
i , Bη

−

i , epη
+
i , epη

−

i for a specimen tested to failure.
The mechanical damage in a metallic damper subjected to arbitrarily applied cyclic loading up to a
point (Qi, δi) can be quantified using the following damage index ID [1]:

IDi =max

η+iη+u ,
η−i
η−u

 (8)

The damage index ID has been validated with extensive experimental results [1]. The value
IDi = 0 indicates no damage, while IDi ≥ 1 means failure. Since ID is the ratio between the amount of
dissipated energy and the maximum amount of energy that the damper can dissipate until failure, ID
can likewise be interpreted as the fraction of the ultimate energy dissipation capacity of the damper
consumed up to a given level of damage i.

5. Results

5.1. Evaluation of the Mechanical Index of Damage ID

Figure 12 shows the force-displacement curves, Q-δ, obtained from the cyclic tests. Due to the
strain hardening of the material, the amplitude of the loops along the vertical axis increases in each
consecutive cycle. The shape of the hysteretic loops indicates that the slit-plate damper exhibits
stable energy dissipation characteristics. Each cyclic curve was decomposed as explained in Section 4.
For illustrative purposes, Figure 13 shows the skeleton part and the Bauschinger part obtained for
specimen DC5 in the positive domain. Finally, the mechanical index of damage ID defined by Equation
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(8) was calculated for each specimen and is shown in Table 2. It can be seen in the Table that specimen
DC1 was very lightly damaged, specimen DC3 consumed about 1/3 of its ultimate energy dissipation
capacity, and DC5 attained its ultimate energy dissipation capacity.
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Table 2. Mechanical index of damage ID.

Specimen DC1 DC2 DC3 DC4 DC5

Damage Level D1 D2 D3 D4 D5
ID Index 0.016 0.166 0.352 0.646 1.034

5.2. Results and Interpretation of the MMM Inspection

Figure 14 represents the magnetogram that includes the SMLF intensity and gradient curves
corresponding to trajectories H1 and H2 in specimen DC5. It can be clearly seen that the distribution
of intensity and gradient reflect the damage at the end of the strip.

Metals 2019, 9, x FOR PEER REVIEW 12 of 19 

 

Table 2. Mechanical index of damage ID. 

Specimen DC1 DC2 DC3 DC4 DC5 

Damage Level D1 D2 D3 D4 D5 

ID Index 0.016 0.166 0.352 0.646 1.034 

5.2. Results and Interpretation of the MMM Inspection 

Figure 14 represents the magnetogram that includes the SMLF intensity and gradient curves 

corresponding to trajectories H1 and H2 in specimen DC5. It can be clearly seen that the distribution 

of intensity and gradient reflect the damage at the end of the strip. 

 

Figure 14. Magnetogram of the trajectories H1 and H2 in the specimen DC5. 

The magnetograms in Figure 15 correspond to the SMLF gradient measurements in specimens 

DC1, DC2, DC4 and DC5 with different levels of damage. It is clearly seen how the distribution 

increases as the level of damage in the specimen increases. In specimen DC1 (damage level D1), the 

gradient level is generally low and uniform. In specimens DC2 (damage level D2) and DC4 (damage 

level D4), the gradient distribution tends to concentrate in the center of the trajectory, i.e., around the 

end of the strip, and the maximum peak reaches values of 5 and 10 (A/m)/mm, respectively. For 

specimen DC5 (damage level D5), the concentration of the gradient distribution in the center is 

significantly accentuated and a maximum value of 31 (A/m)/mm is reached. 

Figure 14. Magnetogram of the trajectories H1 and H2 in the specimen DC5.

The magnetograms in Figure 15 correspond to the SMLF gradient measurements in specimens
DC1, DC2, DC4 and DC5 with different levels of damage. It is clearly seen how the distribution
increases as the level of damage in the specimen increases. In specimen DC1 (damage level D1),
the gradient level is generally low and uniform. In specimens DC2 (damage level D2) and DC4
(damage level D4), the gradient distribution tends to concentrate in the center of the trajectory, i.e.,
around the end of the strip, and the maximum peak reaches values of 5 and 10 (A/m)/mm, respectively.
For specimen DC5 (damage level D5), the concentration of the gradient distribution in the center is
significantly accentuated and a maximum value of 31 (A/m)/mm is reached.
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(d) DC5.

The area under the gradient distribution of the SMLF, EdHL, is proposed in this paper as an
indicator of the level of damage. EdHL was calculated for the interval IH = (45–75) mm (see Figure 14)
of trajectories H1 and H2. Thus, using EdHL, the present work proposes a MMM index, EM,i, which is
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the difference between the value of EdHL calculated for a specimen with a certain level of damage (Di,
EdHL,i) and the value of EdHL measured for the undamaged specimen (D0, EdHL,0), i.e.;

EM,i = EdHL,i − EdHL,0 (9)

The global damage index EM was calculated for the specimens tested in this study as the average
of six measurements, which were obtained from three trials performed in trajectory H1 and three trials
performed in trajectory H2. Results are shown in Figure 16. Figure 16a shows the average value of EM
versus the qualitative description of the level of damage used in Table 1 (i.e., D0 to D5). Also shown in
Figure 16a with error bars is the dispersion of EM in the six trials. A growing trend of EM is seen as the
level of damage increases. Moreover, the dispersion of the values of EM is very small.
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EM index for each Di. (b) Correlation EM-ID.

Figure 16b shows the average EM versus the quantitative description of damage in terms of index
ID. Due to its high ultimate energy dissipation capacity, the level of damage expected in the slit-plate
damper, for example, after five low intensity earthquakes in a high seismicity region or after a single
high intensity earthquake in a region of moderate seismicity, is low (as discussed next in Section 6).
On the other hand, levels of damage beyond about ID = 0.8 would make advisable the replacement of
the dampers so as not to compromise a reasonable margin of safety for the structure. This means that
the range of values of interest for ID are approximately between ID = 0 and ID = 0.8. In this range, as
seen in Figure 16b, there is a strong and linear correlation (correlation coefficient R2 = 0.9942) between
EM and ID. In sum, for the range of levels of damage of interest, inspection by means of the MMM
method, along the trajectories shown in Figure 9, allows one to obtain indirectly and reliably the index
of mechanical damage ID.

6. Seismic Response of RC Frames with Rocking Columns Equipped with Slit-Plate Dampers

A prototype RC frame having six stories with rocking columns in the first story was designed.
Slit-plate dampers of the type investigated in this paper were installed at both ends of each rocking
column. The geometry of the frame is shown in Figure 2a. The size of the columns is 0.50 × 0.50 m2 in
the first story, 0.45 × 0.45 m2 in the second and 0.40 × 0.40 m2 in the upper stories; the dimensions of
the columns are the same in each story, except the exterior columns of the fifth and sixth stories where
the section of the column is reduced to 0.35 × 0.35 m2. All beams have 0.30 (width) × 0.45 (depth) m2.
The design of the RC members was carried out in accordance with Eurocode 2 [29]. The gravity loads
considered were 3.57 kN/m2 for the slab’s own weight, 2.5 kN/m2 for other dead loads, and 2 kN/m2

for live loads. A wind pressure of 1.42 kN/m2 was also considered. The seismic design was carried
out in view of Eurocode 8 [30], assuming a design spectrum Type I, a soil type C and a peak ground
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acceleration (PGA) of 0.23g (here g is the acceleration of gravity). The concrete compression strength
adopted was fc = 25 N/mm2 and the yield strength for reinforcing steel fsy = 500 N/mm2. The total
mass of the frame was M = 530,468 kg.

A numerical model was developed for the prototype structure using the software Opensees [31].
Excepting the columns of the first story, all beams and columns were modelled using frame elements.
The columns of the first story (rocking columns) were modelled as infinitely stiff frame members with
three non-linear springs working in parallel at either end. The first spring represents the contribution
of the rocking column, the second spring the contribution of the steel bar and the third spring the
slit-plate dampers. The hysteretic behavior of the third spring follows the RambergOsgood model
implemented in Opensees [31]. This model was calibrated to reproduce the hysteretic curves obtained
from the cyclic tests presented in Section 5.1. Two slit-plate dampers were installed at each end of
each rocking column—one at each side of the column—as shown in Figure 4b. The values of the
parameters that characterize each slit-plate damper are: n = 38, t = 10 mm, w = 10 mm, h = 50 mm
and r = 10 mm. The mechanical properties adopted for the material are the same as for the tested
specimens (see Section 2).

The frame was subjected to the horizontal component of seven ground motions acting in the
plane of the frame. The characteristics of the earthquakes, as shown in Table 3, were as follows: Mw

the moment magnitude, Rrup the distance to the rupture fault, vs30 the shear wave velocity of the soil,
and PGA. Each earthquake was scaled to two levels of intensity (Level 1 and Level 2). Each level is
characterized by the total energy ED input by the earthquake, expressed in terms of equivalent velocity
SV (=

√
2ED/M). The equivalent velocity for Level 1 was SV = 0.6 m/s, and represents approximately

a low intensity earthquake in a high seismicity region. The equivalent velocity for Level 2 was
SV = 0.9 m/s and represents approximately a high intensity earthquake in a moderate seismicity region.
Nonlinear time history analyses were conducted to obtain the performance of the frame and the
hysteretic force-displacement, Q-δ, curve of the slit-plate dampers. Figure 17 shows the averaged
(throughout the seven ground motions) inter-story drifts, peak response accelerations and amount of
energy dissipated through plastic deformations by each story, for the two levels of intensity considered.
It can be seen that, as expected, the inter-story drift (Figure 17a) is significantly larger at the story with
rocking columns (first story), and most of the plastic strain energy (Figure 17c) is dissipated in this
story by the slit-plate dampers. The peak acceleration (Figure 17b) is similar in all stories. Figure 18
shows the Q-δ curve exhibited by the slit-plate dampers installed in the frame, under the Imperial
Valley-06 earthquake, scaled to Level 2. The Q-δ curves were decomposed as explained in Section 4 and
the mechanical index of damage ID at the end of the earthquake was calculated. The results are shown
in Table 4. It can be seen in the Table that for a single earthquake of Level 1 the slit-plate dampers
consumed an average of about 5% of their ultimate capacity. For a single earthquake of Level 2, the
slit-plate dampers consumed an average of about 6% of their ultimate capacity. Seismic codes require
metallic dampers to endure five low intensity earthquakes and one high intensity earthquake. If the
building is located in a region of high seismicity, the five low intensity earthquakes would consume
about 5 × 5 = 25% of its ultimate capacity. If the building is located in a region of moderate seismicity,
the high intensity earthquake would consume about 6% of its ultimate capacity. Using the correlation
between IDi and EM shown in Section 5, in a real scenario the dampers could be inspected by means of
the MMM technique after the earthquake to obtain IDi, and it would be concluded that they do not need
to be replaced, since an important portion of their ultimate energy dissipation capacity still remains.
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Table 3. Characteristics of ground motions.

N◦ Record Name of
Earthquake Year Station Mw Rrup (km) vs30 (m/s)

Peak Ground
Acceleration

(PGA (g))

1 Hollister-01 1961 Hollister City Hall 5.6 19 199 0.11
2 Friuly Italy 1976 Codroipo 6.5 33 249 0.09
3 Tabas Iran 1978 Boshrooyeh 7.3 29 325 0.11
4 Coyote Lake 1979 San Juan B. 24 Polk St 5.7 20 335 0.11
5 Imperial Valley-06 1979 Compuertas 6.5 15 260 0.19
6 Victoria México 1980 SAHOP Casa Flores 6.3 39 260 0.10
7 Northern Calif 01 1941 Fendhale City Hall 6.4 45 219 0.12
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Table 4. Mechanical index of damage IDi of the slit-plate dampers installed in frame.

No Record 1 2 3 4 5 6 7 Average

Level 1 0.05 0.07 0.07 0.02 0.06 0.04 0.04 0.05

Level 2 0.08 0.08 0.04 0.04 0.08 0.07 0.04 0.06

7. Conclusions

This study is focused on a special type of metallic energy dissipation device (damper) developed
by the authors for the seismic protection of buildings and infrastructures. The damper consists of
stainless-steel plates with slits (slit-plate damper). This work validates the use of the metallic magnetic
memory (MMM) technique for quantitative damage evaluation of metallic dampers. In particular, a
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new damage index EM based on the area under the gradient distribution of the SelfMagnetic Leakage
Field is proposed. Several metallic dampers were tested under cyclic loading to induce several levels
of damage, including failure. The level of damage of each specimen was evaluated with the new
index EM and compared with a traditional mechanical index ID based on the decomposition of the
force-displacement curve endured by the damper. It is concluded that, for the range of levels of damage
of interest, the proposed damage index Em is well-correlated linearly with the mechanical damage
index ID from small damage levels. Finally, the slit-plate damper is applied to a six-story frame with
rocking columns at the first story and subjected to seismic loading. The slit-plate damper was found to
have an energy dissipation capacity large enough to endure severe earthquakes without exhausting its
ultimate energy dissipation capacity; moreover, application of the MMM technique in conjunction
with the damage index Em proposed in this investigation would make it unnecessary to replace the
metallic dampers after a severe earthquake. The results of this study can be applied to slit-plates with
different dimensions of strips.

The proposed MMM technique was validated by means of metallic dampers subjected to quasistatic
loads and under simple histories of imposed deformations (i.e., cycles of incremental amplitude).
Yet real earthquakes would subject the dampers to dynamic loadings, and to complex and arbitrarily
changing histories of deformation. These are two limitations of the present study, to be addressed by
the authors in future work. More precisely, the MMM technique and the proposed damage index will
be validated experimentally through seismic-type dynamic tests on large scale frames with rocking
columns equipped with slit-plate dampers, using the 3 × 3 m2 shake table of the University of Granada.
Although it is out the range of practical interest, additional tests are needed to understand the relation
between ID and EM for ID = 0.9–0.95, that is, when the slit-plate damper is very severely damaged and
close to failure.
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