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Abstract: Previous studies have demonstrated that the inclusion of tire-derived aggregate (TDA)
enhances the damping, ductility, and toughness of concrete mixtures. The effectiveness of tire-derived
aggregate as a ductile material with a higher damping ratio and lower density in buckling-restrained
braces has been examined at California State University’s Structures Laboratory (CSU). Through
experimental and theoretical investigations, this study compares the structural application of buckling-
restrained braces with TDA and with conventional concrete infill subjected to various ground motions
as well as artificial excitations. The evaluations include modeling a full-scale experimental setup
equipped with a single-leg BRB utilizing ETABS 2016 and OpenSees 2000 software. The effectiveness
of the application is demonstrated through a comparison of accelerations, displacements, stiffness,
and damping ratios between TDA and concrete filling. Additionally, a design guideline for TDA-filled
buckling-restrained braced frames is provided.

Keywords: tire-derived aggregate; seismic performance; experimental; steel frame; buckling-restrained
braced frame; ductility; toughness; passive control; dynamic response

1. Introduction

Buckling-restrained braced frames (BRBFs) offer an alternative to conventional braced
frames, which have displayed poor performance during past earthquakes, including buck-
ling failure, limited ductility, fraction in connections, and asymmetric hysteresis behavior.
A typical BRBF consists of a ductile steel core embedded in concrete and encased concrete
in a steel tube to prevent brittle failure modes.

This study explores the potential of modified concrete using waste tire chips that
has a lower strength and stiffness yet a high toughness. However, when its strength falls
too low, it becomes unsuitable for construction. The potential for increased strength and
stiffness at a reduced cost by substituting waste tires in the form of fibers instead of chips
was investigated [1]. A total of 42 cylinders underwent testing for compressive strength,
split tensile strength, and modulus of elasticity. Twelve cylinders were prepared with
waste tire chips, while thirty specimens were constructed using waste tire fibers, varying in
terms of length and stiffness. The results indicated that using waste tire fibers in modified
concrete as opposed to waste tire chips leads to increased stiffness and strength. Moreover,
analytical studies confirmed that waste tire fibers could also reduce stress concentrations.
Further studies, such as beam fatigue tests, are necessary to evaluate the practical use
of rubberized concrete in constructions. Rubberized concrete showed an improved heat
transfer, but reduced sound absorption compared to standard concrete [2]. Testing involved
64 specimens with varying levels of crumb rubber as a fine aggregate replacement. The
results showed a decreased compressive and tensile strength, improved sound absorption,
and higher electrical resistivity in crumb rubber-modified blocks.

Aslani [3] investigated the effects of rubber types and content on various properties
including compressive strength, tensile strength, flexural strength, modulus of elasticity,
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strain, and stress–strain curves. The investigation of large-size TDA material showed that
the unit weight of TDA depends on placement and compaction [4]. A whole yield and
the secant friction angles of 24 and 60 were set as the upper bound and lower bound, re-
spectively. The low unit weight of these materials makes them suitable for landslide repair
and weak foundation soils. The shear behavior tests of TDA with large-size particles were
performed, and the related properties and interface shear strength against concrete were
measured [5]. The internal failure was nonlinear, with a decreasing peak secant friction an-
gle from 39.6 to 30.2. In contrast, the TDA–concrete interface failure exhibited linear failure,
with a higher initial shear stiffness than the TDA’s internal shear test. Rubberized concrete
exhibits a superior impact resistance and enhanced damping properties for cost-effective
and flexible concrete barriers, in contrast to conventional concrete. However, increased tire
chips decrease the compressive strength while improving energy absorption [6–11]. The
impact of crumb rubber concrete on the ductility of profiled steel sheeting in composite
slabs was also examined to achieve the desired performance [12].

The ductility and energy absorption capacity of RC columns by incorporating concrete
waste tire rubber with varying compressive strengths, tire rubber size, and content were
investigated [13]. Twelve column specimens were tested using two types of concrete with
a compressive strength of 24 and 28 MPa and two different crumb rubber particle sizes
(0.6 and 1 mm). The results indicated a reduction in the modulus of elasticity, compressive
strength, and compressive load capacity when using waste tire rubber in concrete. More-
over, the lateral deformations and the energy dissipation capacity of column specimens
utilizing waste tire rubber concrete were double those of the conventional concrete speci-
mens. In addition, the curvature ductility increased to 45–90% with the inclusion of 0.5–1%
waste tire particles in concrete mixtures. Other published research on rubberized concrete
reported similar characteristics when incorporating rubber content in concrete mixtures.
Increasing the rubber content resulted in decreased flexural and compression strengths
but increased ductility, damping, toughness, sound isolation, and reduced density [14,15].
Therefore, the application of ductile materials with improved damping properties, such as
tire-derived lightweight aggregate concrete, can further enhance the overall performance
of the system.

In contrast to concrete, rubber is significantly softer and can tolerate far more defor-
mation before failing. Crumb rubber consists of smaller particles, while tire chips are larger
rubber particles used to replace fine and coarse aggregate in concrete [16]. The stress–strain
curve of rubber is nonlinear, initially exhibiting a lower stiffness before increasing, while
cement paste/mortals demonstrate brittle behavior with a higher compressive strength
compared to tensile/flexural strength, following a linear stress–strain curve. Addition-
ally, the inclusion of rubber-based aggregates results in decreased mechanical parameters,
like compressive strength, tensile strength, flexural strength, and modulus of elasticity.
Consequently, concrete containing a substantial proportion of rubber aggregate exhibited
enhanced ductility compared to conventional concrete [17–22].

In the present study, the application of an innovative single-leg BRB with TDA and
concrete infill is verified against the experimental tests conducted at the Structures Labo-
ratory of California State University (CSU), Fresno. Based on the experimental tests, four
models for a BRB with TDA and concrete filling are developed using ETABS and OpenSees
software [23,24]. The models are subjected to various artificial loadings, including har-
monic, periodic, and impulse loadings, as well as different ground motion loadings. The
results allow for a comparison between the experimental and analytical studies, cover-
ing the acceleration, displacement, stiffness, and damping ratios of BRBs with TDA and
concrete infill.

2. Tire-Derived Aggregate (TDA)

Tire-derived aggregate is derived from scrap tires accessible in a standard range
of practical sizes. TDA is classified into two types, Type A (75–100 mm) and Type B
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(150–300 mm) [25]. The mechanical properties from two experimental investigations are
employed in the numerical simulations.

In the experimental study on tire-derived lightweight aggregate (TDLWA), the me-
chanical properties, including the compressive, splitting tensile, flexural strength, and
flexural toughness, and an impact flexure test of rubberized lightweight aggregate, were
investigated using 38 cylindrical and 36 beam specimens [26]. A target strength of 21 MPa
was specified, and the cylinder and beam specimens were composed of shale lightweight
coarse aggregate, natural sand fine aggregate, cement, and water. The TDA was then
incorporated into the cylinder and beam specimens via a replacement with replacement
ratios ranging from 0% to 100%. It was concluded that as the rubber content increased, the
static mechanical strength decreased, while the ductility and toughness increased. Hence,
these materials were found to be functional, particularly when energy absorption was a
critical aspect. Nevertheless, dynamic testing was limited, and further comprehensive
testing, both full-scale and small-scale, is warranted to gather more practical data.

The mechanical properties for TDA and concrete were conducted using six cylindrical
specimens (0.1 m × 0.2 m) in accordance with ASTM C39 and C78, and ASTM C496
standards [27]. The test included compression and split tensile tests, with loads applied at
rates of 0.24 MPa per second for compression and 48.9 kN per second for tensile testing.
The test results for the concrete and TDA cylinders are presented in Table 1.

Table 1. Cylinder test results for concrete and TDA [27].

Cylinder Testing Compression Strength Cylinder Testing

Conventional concrete 34.6 11.2
TDA concrete 10.6 0.36

3. Buckling-Restrained Braces

Conventional steel-braced frames are used for lateral load resistance but have shown
poor performance in past earthquakes due to factors like limited ductility and connection
fractures. An alternative, buckling-restrained braces (BRBs), consist of a ductile steel core
encased in concrete, providing the necessary yielding mechanism and the potential for
enhanced seismic resistance. Buckling-restrained braced frames (BRBFs) can be categorized
as one of the new types of seismic force-resisting systems, with the two primary bracing
configurations being single-leg and concentratedly braced frames. While a BRBF shares
some geometric similarities with a conventional CBF, it exhibits noticeable distinctions in
terms of connections, members, hysteresis behavior, and ductility. Figure 1 presents the
BRBF details [28–30].
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The primary aim of this study is to demonstrate TDA’s effectiveness as a filling
material in comparison to conventional concrete filling. Figure 2 provides the specifics of
the experimental buckling-restrained brace, with an effective length of 2.31 m (7′–7.0′′) and
a total length of 2.51 m (8′–3.0′′). The steel core cross-section, consisting of an A36 plate
measuring 6.23 cm in × 0.32 cm (2.45 in × 0.125 in), is designed to withstand a lateral load
of 27.7 kN.
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Figure 2. The experimental model of buckling-restrained brace [30].

The initial stiffness (Kin) of the buckling-restrained brace for both the TDA and concrete
fillings is determined using Equation (1), utilizing the experimental results. In this equation,
Asc represents the steel core, E stands for the modulus of elasticity, and Lwp is the work point
length, which can be predicated assuming minor angle changes. The axial deformation,
∆bx, is calculated as the product of the drift angle, qx, and the work point length, Lwp,
multiplied by sin(2α), where α represents the BRB angle. Subsequently, the yield length
ratio is computed by dividing the length of the yielding region, Ly, by the work point
length, Lwp. The initial stiffness is established based on the modulus of elasticity of the
steel core (A36) [32], resulting in a value of 71.255 kip/in for both the BRB with TDA and
concrete fillings.

kin =
AscE
Lwp

(1)

4. Experimental Setup

The setup consists of one bay in the X direction with a 2.02 m span length and two bays
in the Y direction, each spanning 0.762 m. The frame has a height of 2.44 m and utilizes
W6 × 9 and W6 × 15 (A992) for the columns and beams. Two concrete blocks, each
weighing 1035 Kg, are placed atop the frame. Lateral translation is controlled by two
wires with a 4.4 kN capacity, and the shake table measures 2.44 m × 2.06 m in the X and Y
directions. Three accelerometers were employed to measure the frame vibrations, located
at the northeast, southwest, and base of the frame (Figure 3).
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Figure 3. A 3-D and elevation view of the frame [30].

5. Loadings

The selected excitations were acquired from the Pacific Earthquake Engineering Re-
search (PEER) database [33]. The scaling of ground motions was restricted to the base
displacement of 12.17 cm (5′′) due to the limitations of the shake table. The frame was
subjected to increasing amplitude FEMA loadings [34] with varying time steps (0.00625 s,
0.003125 s, 0.0125 s) and with maximum displacements of 20.32 mm (0.80′′) and 40.46 mm
(1.60′′) in FEMA-2D. The analysis also included a 5 mm (0.2′′) frequency-increasing sweep
loading and impulse loading, as presented in Figures 4 and 5 [30].

Eng 2023, 4, FOR PEER REVIEW 6 
 

 

 
Figure 4. Ground motion loadings history [33]. 

 
 

Figure 5. Artificial loadings history [30]. 

The time steps for each loading are calculated according to ASCE 41-17 [35] and 
FEMA P-2208 revisions [36]; these values are tabulated in Table 2. 

Table 2. Selected time steps for acceleration and displacement. 

Loadings TS  
(s) 

T/100 
(s) 

T90 

(s) 
Selected TS-Acceleration (s) 

(Min: 1 TS, T/100, T90, and 0.01s) 

Selected TS- 
Displacement 

(s) 
DUZCE 0.0050 0.0023 0.145 0.0023 0.0050 

ELCENTRO 0.0050 0.0023 0.145 0.0023 0.0050 
GAZLI 0.0066 0.0023 0.145 0.0023 0.0066 
LOMA 0.0050 0.0023 0.145 0.0023 0.0050 

TABAS 1 0.0169 0.0023 0.145 0.0023 0.0169 
TABAS 2 0.004225 0.0023 0.145 0.0023 0.0042 

Figure 4. Ground motion loadings history [33].



Eng 2023, 4 2983

Eng 2023, 4, FOR PEER REVIEW 6 
 

 

 
Figure 4. Ground motion loadings history [33]. 

 
 

Figure 5. Artificial loadings history [30]. 

The time steps for each loading are calculated according to ASCE 41-17 [35] and 
FEMA P-2208 revisions [36]; these values are tabulated in Table 2. 

Table 2. Selected time steps for acceleration and displacement. 

Loadings TS  
(s) 

T/100 
(s) 

T90 

(s) 
Selected TS-Acceleration (s) 

(Min: 1 TS, T/100, T90, and 0.01s) 

Selected TS- 
Displacement 

(s) 
DUZCE 0.0050 0.0023 0.145 0.0023 0.0050 

ELCENTRO 0.0050 0.0023 0.145 0.0023 0.0050 
GAZLI 0.0066 0.0023 0.145 0.0023 0.0066 
LOMA 0.0050 0.0023 0.145 0.0023 0.0050 

TABAS 1 0.0169 0.0023 0.145 0.0023 0.0169 
TABAS 2 0.004225 0.0023 0.145 0.0023 0.0042 

Figure 5. Artificial loadings history [30].

The time steps for each loading are calculated according to ASCE 41-17 [35] and FEMA
P-2208 revisions [36]; these values are tabulated in Table 2.

Table 2. Selected time steps for acceleration and displacement.

Loadings TS
(s)

T/100
(s)

T90
(s)

Selected TS-Acceleration (s)
(Min: 1 TS, T/100, T90, and

0.01s)

Selected TS-
Displacement

(s)

DUZCE 0.0050 0.0023 0.145 0.0023 0.0050
ELCENTRO 0.0050 0.0023 0.145 0.0023 0.0050

GAZLI 0.0066 0.0023 0.145 0.0023 0.0066
LOMA 0.0050 0.0023 0.145 0.0023 0.0050

TABAS 1 0.0169 0.0023 0.145 0.0023 0.0169
TABAS 2 0.004225 0.0023 0.145 0.0023 0.0042
TABAS 3 0.00845 0.0023 0.145 0.0023 0.0084
FEMA 1 0.00625 0.0023 0.145 0.0023 0.0062
FEMA 2 0.003125 0.0023 0.145 0.0023 0.0031
FEMA 3 0.0125 0.0023 0.145 0.0023 0.0125

FEMA-2D-4 0.0125 0.0023 0.145 0.0023 0.0125
Sweep 0.0125 0.0023 0.145 0.0023 0.0125

1 T is the fundamental period of the structure, and T90 is the highest mode when T reaches 90% of modal mass
participation.

6. Simulation of Experimental Model

Four numerical models were developed based on the experimental tests using ETABS
and OpenSees software [23,24]. The weight of the existing blocks is applied as two-point
loads, each with a magnitude of 2.3 kip (10.21 kN) on the middle beam (2-L1&L2) and four-
point loads, each with a magnitude of 1.15 kip (5.1 kN) on the outer beams (1&3-L1&L2).

OpenSees is open-source, object-oriented software designed for earthquake engineer-
ing. It can be used to simulate structural responses through finite element computer
applications [37–40]. The simulated experimental BRB frame with both TDA and concrete
is depicted in Figure 6.
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7. Results and Discussions

Selected roof acceleration–time diagrams for the BRB with concrete and TDA fillings,
based on the experimental findings in the tension, compression, and an average of the
tension and compression along with the analytical results from ETABS and OpenSees soft-
ware [23,24], are presented in Figure 7 (concrete filling) and Figure 8 (TDA). All diagrams
demonstrate a strong agreement between the experimental and analytical results. Figure 9
displays the maximum roof acceleration outcomes for the BRB with TDA and concrete
fillings. The highest roof acceleration for the BRB with concrete infill was observed during
the Loma Prieta ground motion, with a maximum of 0.49 g in the tension, 0.44 g in the
compression, and an average acceleration of 0.46 g (experimental) and 0.42 g (simulation).
For the frame subjected to the El Centro ground motion for the BRB with concrete infill, the
minimum acceleration recorded was 0.24 g in the tension and 0.25 g in the compression,
with an average acceleration of 0.245 g in the experimental study and a similar value of
0.23 g for the analytical work. In the case of the BRB with TDA filling, Tabas (TS-0.004225)
exhibited the highest acceleration, with 0.83 g in the tension and 0.64 g in the compression,
and an average of 0.735 g in the experimental study, compared to 0.89 g in the analytical
work. Duzce displayed the lowest acceleration for the BRB with TDA filling, with an
average of 0.075 g in the tension and compression in the experimental study and 0.08 g in
the analytical study.
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Hysteresis loops of the BRB with TDA and concrete infills are presented in Figure 10.
It is evident that the BRB with TDA infill dissipates less energy compared to the BRB
with concrete infill. This observation aligns with the existing literature, indicating that the
addition of rubber content in concrete mixtures leads to reduced flexural and compressive
properties. A similar conclusion is drawn from the experimental work, which can be
attributed to the unbinding of the rubber content within concrete mixtures.
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Figure 10. Results of hysteresis curves for BRB with TDA and concrete infills subjected to Tabas
motion: TS-0.004225 (left), TS-0.00845 (right).

Figure 11 compares the backbone curves of the analytical and the experimental test for
both BRB models with TDA and concrete fillings under FEMA 4 loading. The analytical
and experimental results exhibit a consistent trend, revealing that the BRB with TDA filling
is less ductile compared to the conventional concrete.
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Figure 11. Comparison of hysteresis curves of analytical and experimental works for BRB with TDA
(left) and with concrete filling (right).

The maximum roof displacements for the BRB with TDA and concrete infills are
presented in Figure 12. The BRB frame with concrete infill showed the maximum roof
displacements of 3.08 (in) in the tension and 2.97 (in) in the compression during the Gazli
ground motion, with minimum roof displacements of 0.38 (in) and 0.28 (in) subjected to
sweep loading. Analytically, the highest and lowest displacements were 2.75 (in) for the
Gazali loading and 0.49 (in) for sweep loading. The BRB frame with TDA under the Tabas
(TS-0.00845) ground motion had the maximum displacement of 2.67 (in) in the tension and
2.3 (in) in the compression for the experimental study, and 2.7 in the analytical work. The
minimum roof displacement was 0.63 (in) in the tension and 0.43 (in) in the compression for
the experimental frame, and 0.7 (in) for the simulated work under FEMA-0.0125 loading.
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The effective stiffness is determined using a 1-inch impulse load, while system damp-
ing is derived from FEMA 4 loading based on the deformation response data. In both the
experimental and analytical setting, the average effective stiffness of the BRB with concrete
filling is 26.5 Kip/inch and 28 Kip/inch, respectively. For the BRB with TDA filling, the
effective stiffness decreases to 20 Kip/inch in the experimental work and 21 Kip/inch in the
analytical work. The damping ratios for the BRB with TDA filling exhibited a significant
increase compared to the BRB with concrete infill, as shown in Table 3. The BRB with TDA
demonstrated a notable 51% increase in damping compared to the conventional system.

Table 3. Buckling-restrained braced frame (BRBF)—damping ratio and stiffness (comparison of
experimental and analytical results).

Description

Damping Ratio (%)

Experimental Analytical

Tension Compression Tension Compression

BRBF with TDA filling 16% 26% 25% 25%
BRBF with concrete filling 13% 17% 14% 14%

Stiffness (Kip/in)

Experimental Analytical

Tension Compression Tension Compression

BRBF with TDA filling 19 21 21 21
BRBF with concrete filling 26 27 28 28

8. Design Guideline

ASCE 7 [41] establishes essential system design parameters, system-independent
criteria, seismic hazard levels, redundancy, limitations, and conditions related to structural
irregularities. AISC 341 [29] offers comprehensive design and detailing guidelines for
individual structural elements, connections, and requirements to ensure the desired ductile
behavior. In the context of a buckling-restrained braced frame (BRBF) system, the structure
is expected to withstand significant inelastic deformation demands. Therefore, ASCE 7 [41]
assigns the most prominent response modification coefficient (R = 8). The following steps
and design procedures are recommended for a BRBF system with TDA infill:

The application of ductile tire-derived lightweight aggregate concrete significantly
enhances the overall system performance. To achieve this, it is crucial to assess the me-
chanical properties of both the TDA and concrete including the compressive, flexural, and
splitting tensile strength, toughness, and modulus of elasticity, among other important
criteria, prior to the design process. This study relies on the experimental tests to determine
these mechanical properties [15,16].

The reduction factors for buckling-restrained braced frames (BRBFs) depend on the
building height and bracing configurations. To obtain more realistic results, it is recom-
mended to calculate the response modification factor using pushover response curves [35].
However, in accordance with the current American code, ASCE 7 [41], BRBFs shall be
designed based on the prescribed reduced reduction factor R. Then, select the appropriate
load combinations.

The strength of the steel core can be defined as either the actual yield stress obtained
from a coupon test or the specified minimum yield stress of the steel core. The design of
the steel core must ensure its ability to resist axial forces within the brace [27].

The analysis and design of the BRB and control inelastic design level of the BRB
strain and drift should adhere to the provisions outlined in AISC 341, ASCE 7, and ASCE
41 [29,35,41]. For the expected deformation, the greater value of either 0.02 times the story
height (hsx) or 2 times the story drift (∆x) should be considered.

Subsequently, the forces on the BRB are transferred to the connections, columns, and
beams. Therefore, the design of the beams, columns, and connections should accommodate
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the adjusted brace strength while remaining within the elastic zone. Additionally, all beam
to column joints must guarantee sufficient shear strength to handle the extra forces from
adjoining braces.

9. Conclusions

• This study compares experimental and analytical outcomes for a single-story steel
frame utilizing buckling-restrained braces filled with TDA and concrete. It demon-
strates the effectiveness of using tire-derived aggregates (TDAs) as an alternative
material. It examines the innovative buckling-restrained brace with TDA infill, con-
sidering its potential for sustainability through reduced CO2 emissions. A BRB with
TDA contributes to sustainability and improves the damping properties compared to a
conventional BRB with concrete infill. It provides numerical and experimental insights
into structural responses, enhancing the existing knowledge. This study yields the
following key conclusions:

• Analytical and experimental investigations on buckling-restrained braces (BRBs) with
TDA infill have demonstrated a 25% increase in frame damping compared to a con-
ventional BRB with a damping rate of approximately 14%. When higher damping is
required, both the experimental and analytical findings suggest the use of a BRB with
TDA infill. However, it is worth noting that a BRB with TDA filling offers a superior
damping but reduced ductility compared to regular concrete, owing to the lower
strength of TDA concrete, which cannot sufficiently delay steel core plate buckling as
conventional concrete does [30].

• In general, a BRB with TDA filling reduced acceleration by approximately 20% com-
pared to conventional concrete filling. The experimental study showed average accel-
eration values of 1.15 g with concrete and 0.91g with TDA fillings, while the analytical
study results were 1.16 g with concrete and 0.89g with TDA fillings.

• The displacement value for the frame with the BRB and concrete infill was 2.44 (in)
in the experimental and 2.26 (in) in the analytical study. Consequently, the BRB
with TDA filling exhibits a lower ductility compared to the BRB with conventional
concrete filling.

• A comparison of the hysteresis curves in both the analytical and experimental works
revealed a similar trend in the backbone curves for the BRB with TDA and concrete
infills subjected to FFEMA 4 loading. Furthermore, it was determined that the BRB
with TDA infill absorbs less energy than the BRB with concrete infill, implying a lower
ductility in the BRB with TDA infill compared to conventional concrete.

Additional experimental tests and numerical analyses in the future are necessary to
fully understand the impact of a BRB with TDAFRC infill on the system performance.
These studies may explore the potential for enhancing the ductility by incorporating fibers.
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