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ARTICLE INFO ABSTRACT
Keywords: URM buildings have been the most common constructions globally, although they are weak
AFRP because of their low lateral strength against seismic loads. The seismic response of URM struc-

Cyclic behavior

Shear strength

Seismic retrofitting
Unreinforced masonry wall

tures is highly dependent on the in-plane and out-of-plane behaviors of their load-carrying walls.
As in-plane behavior, the shear failure has been known as the most brittle failure mode of URM
walls. Although the monotonic response of the walls has been investigated widely, there is
relatively less knowledge about their hysteretic response as well as the impact of seismic retro-
fitting on it. Considering the brittle nature of the in-plane behavior, the Aramid Fiber Reinforced
Polymer (AFRP) sheet as a relatively soft member of FRP products was chosen as the retrofitting
choice in this study. As an experimental study, cyclic lateral loading was applied to the bare and
AFRP retrofitted masonry wall specimens in a displacement-controlled manner. To study the
shear behavior of the AFRP retrofitted masonry wall specimens, the specimens were externally
retrofitted with AFRP sheets in two different configurations; fully and diagonally wrapped. The
load-deformation behavior of the walls during the cyclic loading was investigated using hysteresis
diagrams. The test results revealed that AFRP retrofitting could improve the shear strength by
about 75% and 81% for fully and diagonally wrapped specimens, respectively. Also, the integrity
of URM walls was enhanced without altering their lateral stiffness. Moreover, the fully-wrapped
specimen exhibited a deformation capability of about 37% higher than the diagonally-wrapped
one. Furthermore, the failure of the fully-wrapped specimen was controlled by toe crushing of
the masonry wall, while the rupture of the retrofitting sheet caused the failure in the diagonally-
wrapped specimen.

1. Introduction

Unreinforced masonry structures have been one of the most common structures around the globe for a long time and, an estimated
about seventy percent of worldwide structures are masonry [1]. There are several explanations for the popularity of this construction
type, such as the convenience of constituents, constructional skills, familiarity with the masonry supplies, and lower building cost
compared to other structure types [2]. There are plenty of these buildings in seismically active regions [3]. Masonry structures are
prone to significant damage due to their weak seismic performance, which is mainly caused by the weak in-plane and out-of-plane
responses of URM walls. URM walls play a crucial role in the initiation and propagation of damage during severe earthquakes due
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to their substantially weak tensile behavior, high mass (high seismic inertia forces), low ductility, and stiffness softening after cracking
which leads to partial or global collapse demonstrated as the in-plane or out-of-plane failure mechanisms of the load-bearing masonry
walls [4,5].

The in-plane failure of the masonry walls includes bending sub-mode and shear sub-mode. The in-plane failure mode is demon-
strated in four failure types, such as shear (diagonal), sliding, rocking, and crushing of toe, based on the amount of surcharge loading,
the wall aspect ratio, boundary conditions of the wall, shear and compression strengths of masonry [6], [7]. Among the four mentioned
failure types, the diagonal and sliding are associated with the shear behavior of the URM wall and occur due to two mechanisms. As the
first mechanism - the most common in-plane failure mode of masonry walls due to seismic loads — the principal tensile stresses caused
by the combination of lateral and vertical loads lead to cracking in the diagonal direction of the wall. The initiation of the cracks
depends on the mortar to brick strength ratio so that they may occur in brick or mortar or the contact area of them. In the second
mechanism, the brick rows slide because of the formation and propagation of a set of horizontal tensile micro-cracks. These
micro-slides can potentially lead to the in-plane sliding of the wall at the horizontal joint of bricks. The rocking and crushing of toe
failure types occur due to the large ratio of bending moment to shear force or high shear resistance of the masonry wall [8].

In order to enhance the seismic performance of unreinforced masonry structures, particular procedures are necessary to improve
the lateral behavior of walls. Improving the seismic response of URM walls has been of interest to many researchers employing
different retrofitting methods such as confining, pre-stressing, shotcrete, steel reinforcements, and epoxy injection. Most of these
methods are time-consuming and costly and add considerable mass to the effective seismic mass of the structure. Besides, the corrosion
of steel reinforcements is another drawback of these techniques [9]. Fiber reinforced cement as a relatively new construction mortar
exhibited considerable strength and ductility [10]. Due to the negligible increase in effective seismic weight, easy installation,
cost-effectiveness, and lower maintenance costs, fiber reinforced polymers (FRP) as relatively new materials have attracted more
interest for application in masonry structures compared to the other retrofitting methods. Moreover, extensive recent research on their
mechanical characteristics provided a proper understanding of their behavior for analysis and design [11]. The results of numerous
studies showed that the application of FRPs such as carbon fiber reinforced polymer (CFRP), glass fiber reinforced polymer (GFRP) and
basalt fiber reinforced polymer (BFRP) increases the lateral shear strength of the URM wall while it may decrease the ductility to the
almost same extent [12-21].

Being a softer product in FRPs, aramid fiber reinforced polymer (AFRP) is regarded as an appropriate strengthening choice for
masonry walls, which negligibly increases the wall stiffness. Zamani Ahari et al. [22] conducted a series of diagonal shear tests on small
masonry specimens to grasp the effect of AFRP retrofitting. As a result, the AFRP sheet increased the shear strength of the masonry
specimens and their ductility. Aramid fibers as reinforcement for advanced composites were developed in the 1960 s and introduced
commercially by DuPont in the 1970 s under the trade name Kevlar. Kevlar fiber is five times stronger than steel exhibiting greater
strength to weight ratio than carbon and glass fibers [23]. Brézda et al. [24] studied the simply supported concrete beams reinforced
with aramid, carbon, and glass fiber reinforced composite bars under bending according to ACI 440.1 R-06 guidelines and investigated
the difference in the results related to the specific properties of each fiber. The lowest value of the deflection was achieved in beams
reinforced with AFRP bars. Also, a comprehensive investigation of the blast responses of AFRP-strengthened reinforced concrete slabs
was reported by Kong et al. [25]. They found out that AFRP not only delays the concrete cracking but also changes the damage mode
from localized spalling to FRP rupture and debonding.

While CFRP and GFRP have been widely studied for retrofitting masonry structures, AFRP has not been appropriately investigated
in this regard. Besides, most research works concerning the in-plane behavior of the FRP retrofitted masonry walls have been con-
ducted on a monotonic loading procedure which is different from its actual hysteretic behavior [26-30].

In the present study, cyclic loading was applied to the masonry walls in a displacement-controlled manner, and their failure
mechanism, hysteretic behavior, and shear strength were investigated. The specimens were externally retrofitted with AFRP sheets in
two different configurations; diagonally and fully wrapped. The obtained hysteresis diagrams of the retrofitted specimens were
compared with the bare reference wall, and the obtained results were discussed thoroughly.

2. Experimental program
2.1. Materials

2.1.1. Aramid fiber reinforced polymer (AFRP)

Zhu et al. [31] studied the tensile stress versus strain curves in both warp and weft directions for AFRP woven sheets (also known as
Kevlar 49 fabric). During the weaving process of the sheet, the warp remains stationary in the loom, while the weft weaves in and out as
shown in Fig. 1. Aramid sheets are about one-fifth the weight of steel, so there is almost no increase in structural weight due to
reinforcement. Aramid sheets do not rust, so there is no concern about re-deterioration in the future. Aramid sheets are flexible, so they
can be easily applied to structural elements. Aramid sheet has good resin impregnation, so it has excellent construction reliability.

Since aramid sheets do not conduct electricity, there is no risk of electrical corrosion of reinforcing bars in RC elements. Aramid
sheet does not deteriorate or rust due to moisture. Moreover, aramid sheets are extremely resistant to impact loading'. Results indi-
cated that the elastic stiffness (Young’s modulus) of the warp direction is almost identical to the one of the weft direction. The
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wefts
Fig. 1. AFRP fabric.
Table 1
Properties of AFRP sheet (Kevlar 49 fabric) [22].%
Product typ Weight (g/cm®) Tensile capacity (kN/m) Thickness (mm) Tensile strength (N/mm?) Young’s modulus (kN/mm?)
AK- 10/10 180 98/98 0.048 2060 118

@ FIBEX Co. Ltd. http://www.fibex.co.jp.

properties of the AFRP sheet product obtained from the company that provided the AFRP sheets for this study are presented in Table 1
[22]. An acrylic adhesive was used for adhering the retrofit sheet to the masonry substrate which is a resin-based, two-part adhesive
comprised of acrylic or methyl acrylic polymers. This type of adhesive is inherently stable to UV light and oxidation, resistant to
chemicals, and is generally preferred for outdoor applications.' The retrofitting process as shown schematically in Fig. 2 started with
polishing the masonry surface. Then putty was applied to the specimen to provide a plain substrate. Finally, the resin adhesive was
applied and a ruler was employed to ensure a full bond between the substrate and sheet.

2.1.2. Masonry brick

The experimental specimens were built using fired clay bricks with dimensions of 210 x 110 x 60 (lengthx widthx height) mm.
The brick and mortar test setups are demonstrated in Fig. 3. From the results of an earlier investigation conducted by the authors, the
mechanical properties of the bricks, such as compressive strength, flexural strength, and elastic modulus following ASTM C67 [32]
were obtained as 9 MPa, 64.5 MPa, and 17.7 GPa, respectively [33]. Also, the compressive test on prism was conducted following
ASTM C1314 [34] from previous research that demonstrated the compressive strength of masonry as 30.1 MPa [33].

2.1.3. Joint mortar

A mixture of Portland cement (1), sand (6.5), and silica powder (1) was used in mixing the mortar, and the W/C (water-to-cement)
ratio was taken as 130%. The mechanical properties of the joint mortar and followed standards are indicated in Table 2 (results of an
earlier investigation conducted by the authors) [33].

2.2. Masonry specimens

Three masonry brick walls were built with dimensions of 110 (thickness) x 1060 (height) x 1090 (length) mm. The joint mortar
thickness was 10 mm. The aspect ratio of the walls was adopted at approximately equal to 1 to impose a shear failure mode.

The specimens were constructed on top of the reinforced concrete beams with dimensions of 2050 (width) x 300 (height) x 350
(length) mm. Once the specimens had been cured, another reinforced concrete beam with dimensions of 2050 (width) x 400 (height)
x 350 (length) mm was mounted on top of each specimen. A hydraulic jack attached to the upper beam was employed to apply the
cyclic loading. To prevent slipping in the beam-wall interface, steel angles were attached to the top and bottom beams.

2.3. Retrofitting
The wall specimens were retrofitted in two configurations; diagonally and fully wrapped. As the fully-wrapped pattern (AFRP-F),

the AFRP sheets with dimensions of 1090 x 1060 mm were adhered to both sides of the wall using epoxy, as shown in Fig. 4(a). In the
diagonally-wrapped pattern (AFRP-X), the AFRP sheets with dimensions of 250 x 1520.4 mm were adhered, as shown in Fig. 4(b).

1 FIBEX Co. Ltd. http://www.fibex.co.jp.
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Fig. 2. Retrofitting process.

Fig. 3. Brick and mortar tests.

Table 2

Properties of joint mortar [33].
Property
Flow (mm) (ASTM C1437) [35] 157
Unit weight (g/cm®) (ASTM C138) [36] 1.96
Elastic modulus (GPa) (ASTM C469) [37] 12.30
Poisson’s ratio (ASTM C469) [37] 0.16
Compressive strength (MPa) (ASTM C109) [38] 10

a)

Fig. 4. AFRP retrofitted specimens, a) AFRP-F b) AFRP-X.

Furthermore, to avoid immature detachment (debonding) of AFRP sheets from the wall surface, AFRP bands with a thickness of
20 mm were utilized to reach the maximum capacity of the retrofitted wall specimen. Pictures of the retrofitted walls with both
retrofitting patterns and the LVTDs mounting setup are shown in Fig. 5.

2.4. Cyclic test setup

The test setup, measuring tools, loading apparatus, and details of connections are illustrated in Figs. 6-9. The cyclic test setup
consists of the rigid floor, reaction frame, actuator, and load cells. The lateral and vertical loads — representing seismic and gravity
loads - were applied to the walls. The lateral loading generated by the hydraulic jack caused the wall specimen to move horizontally.
The loading system is shown in Fig. 9. To ensure the occurrence of shear failure, the lateral loading was controlled by four load cells
connected to the top beam. Furthermore, the out-of-plane behavior of the specimens was prevented using a lateral support system
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Fig. 6. Dimensions of specimens and test setup.

shown in Fig. 9, and the specimens could only move in a horizontal direction under applied loading.

To prevent unwanted movements, the lower beam was firmly fastened to the rigid floor using bolts. Twelve displacement meter
devices (LVDT) were utilized to measure displacements as illustrated in Fig. 6. Two devices (LVDT1, 2) displayed in Fig. 6 were used for
measuring horizontal displacements, another two (LVDT3, 4) for vertical displacements, and two (LVDTS5, 6) for diagonal displace-
ment at each side of the wall. The LVDT 1 and its other side counterparts were attached to the specimen in the middle of the third row
of brick (from the bottom). The exact vertical distance between LVDT1 and LVDT2 was 700 mm. The lateral deformation angle (%rad)
was calculated by dividing the relative horizontal displacement of the specimen - the difference between average recorded data by
LVDT1 and its other side counterpart and the average recorded data by LVDT2 and its other side counterpart — by 700 mm.

2.5. Loading pattern

A vertical load of 0.35 MPa was applied to the top beam. The displacement-controlled lateral loading protocol suggested by FEMA
461 [39] was employed. The protocol is demonstrated in Fig. 10. In this loading protocol, each deformation angle was applied to the
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b) Side view

Fig. 9. Pictures of test setup.

Deformation angle (x102 rad. )

Number of cycles

Fig. 10. Lateral loading protocol.

specimens three times in a row. The deformation angle (drift ratio) was calculated as the ratio of the horizontal relative displacement of
the specimen’s top beam and the wall height.

3. Test results

The cyclic behavior of the masonry specimens was achieved and investigated according to their failure mode and the lateral load-
deformation behavior (hysteresis curves), as shown in Figs. 11 and 12, respectively.
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)

Fig. 11. Failure mode of specimens a) URM b) AFRP-F c) AFRP-X.

3.1. URM specimen

The deformation angle in hysteresis curves was obtained from the ratio of lateral displacement of specimens to their height. The
hysteresis curve of the URM specimen shown in Fig. 12(a) demonstrates that the in-plane response of the specimen was linear up until a
lateral force of 124 kN and a deformation angle of 0.45 x 10~ 2 rad. Then, the nonlinear response was initiated by the cracking of the
specimen. The horizontal cracks were followed by the diagonal cracks resulting in the stiffness degradation and failure of the URM
specimen. Investigation of the hysteresis curve showed that the load-carrying capacity of the URM specimen was 176 kN which was
progressively decreased by the propagation and merging of cracks.

3.2. Failure of URM specimen

After the application of cyclic loading on the reference bare wall, it was observed that the failure of the URM specimen was initiated
by diagonal cracking with a stepped pattern which was caused by the loss of bond strength between brick and mortar. The propagation
and merging of the cracks eventually led to a shear failure of the wall, as shown in Fig. 11(a). This failure mode has been planned to
happen in the tests as the most brittle failure state and mainly occurs in the masonry walls with small aspect ratios or lower extent of
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Fig. 12. Hysteresis curve of specimens. a) URM b) AFRP-F c¢) AFRP-X.

vertical surcharge loads. In shear failure mode, the applied lateral load causes the loss of bond between brick and mortar instead of
sliding of brick layers or splitting them.

3.3. Retrofitted specimens (AFRP-F and AFRP-X)

The load-carrying capacity of the AFRP-F and AFRP-X specimens was obtained as 308.67 and 319.42 kN, respectively. In the AFRP-
X test, the load value recorded by the loadcell in the final cycle dropped suddenly from 319.42 kN to — 1.01 kN without the usual
gradual loss of load value in loading cycles so the data after that point (load drop point) was excluded from the hysteresis curve. Due to

larger hysteresis curve loops, the AFRP-F exhibits more energy dissipation capability which is mainly associated with its higher
deformability.

3.4. Failure of retrofitted specimen

The failure mode of Fig. 11(b) and (c) demonstrate that, in the retrofitted specimens, the integrity of the specimen was preserved
during the experiment and the maximum lateral resistance improved considerably in higher displacements. As shown in Fig. 11(b),
while no damage in the AFRP sheet was observed in the AFRP-F specimen, in the AFRP-X specimen, the AFRP sheet ruptured presented
in Fig. 11(c). Unlike the reference bare specimen, simultaneous formation of cracks in brick and mortar was detected in the retrofitted
specimens, which led to the crushing of the wall toe and tearing of the AFRP sheet in AFRP-F and AFRP-X specimens, respectively.

Table 3
Maximum yield strength and corresponding deformation angle.
Specimen URM AFRP-F AFRP-X
Maximum yield strength (kN) 176 308.67 319.42
ratio to URM specimen (€] (1.75) (1.81)
Deformation angle at maximum load capacity (x10~2 rad.) 1.57 1.49 1.49

10
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Fig. 13. Hysteresis curves of specimens in different deformation angles.

3.5. Discussion

The maximum yield strength and corresponding deformation angle of each specimen are shown in Table 3 which is taken out from
the hysteresis curves of Fig. 13. The maximum yield strength of the wall is defined as the highest load-bearing capacity in the loading
cycles. Comparing the values reveals a considerable increase in the retrofitted specimens compared to the bare ones. The shear strength
of the retrofitted specimens was increased by 75.4% and 81.5% for the fully-wrapped and the diagonally-wrapped specimens,
respectively. Also, an identical amount of the deformation angle corresponding to maximum load capacity was obtained for both

11
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Table 4
Maximum yield strength of specimens in loading cycles.
Cycles Maximum yield strength of different deformation angles (kN)
URM AFRP-F AFRP-X
0.1 x 10 ?rad. 41.3 44.2 34.5
0.2 x 107?rad. 64.61 72.03 69.52
0.4 x 10~%rad. 126.12 126.01 128.05
0.5 x 10 %rad. 142.49 152.2 162.19
0.75 x 10 %rad. 168.51 208.72 223.91
1.0 x 10 ?rad. 122.19 255.29 268.74
1.5 x 10 %rad. 117.52 308.67 319.42
350
300
250 B URM = AFRP-F m AFRP-X
=200
)
2150
(]
A
100
50
0

0.2 0.4 0.5 0.75 1 1.5
Deformation angle (x10-2 rad.)

Fig. 14. Comparison of shear strength of specimens in successive loading cycles.

AFRP-F and AFRP-X specimens as 1.49 x 102 rad. However, the masonry wall units (bricks) tend to behave like separate parts even in
smaller displacements, and, the bigger deformation angle of the unreinforced wall at maximum load capacity (1.57 x10~2 rad.) cannot
be interpreted as to its deformability. Moreover, the maximum deformation angle provided by the URM specimen before its failure is
2.34 x 1072 rad., while for AFRP-F and AFRP-X specimens, were obtained as 2.04 x 1072 rad. and 1.49 x 102 rad., respectively. It
shows that the fully-wrapped specimen exhibited a deformation capability of about 37% higher than the diagonally-wrapped one.
Furthermore, according to Fig. 8, the larger hysteresis curve loops of the two retrofitted specimens represent higher energy dissipation
capability.

The hysteresis curves of the specimens are illustrated in Fig. 9 for different deformation angles of 0.2, 0.4, 0.5, 0.75, 1.0, and 2.0
(x1072) rad. Also, the maximum load-carrying capacity in different deformation angles is presented in Table 4 for each specimen
during the successive loading cycles and compared in Fig. 14. According to the hysteresis curves, the maximum load-carrying capacity
of the specimens is reduced during consecutive loading cycles. While, in initial sequential cycles (0.1 x1072-0.5 x10~2 rad.), the bare
and retrofitted specimens exhibit almost an identical lateral stiffness, the stiffness of the URM specimen decreases drastically from the
middle cycles (0.5 x 1072 rad.), and the wall undergoes a considerable loss of shear strength. Also, as shown in Fig. 13(a-c), the shear
load-carrying behavior of the three specimens in initial cycles is almost the same, and no significant load-carrying capacity was added
to the specimen due to retrofitting. According to Fig. 13(d), when the retrofitted wall reaches the maximum bearable force of URM, the
additional load is transferred to the AFRP sheet. Unlike the bare reference specimen, the stiffness reduction does not occur drastically
in the retrofitted specimens. In the latter half of the loading cycles, shown in Fig. 13(d-f), where the URM specimen completely loses its
stiffness, almost the same load-carrying capacity for the two retrofitted specimens was observed.

It reveals that the maximum yield strength of the sequential cyclic deformation angles for both AFRP-F and AFRP-X specimens
exhibit a similar decreasing trend with almost identical data. In the first stages of cyclic loading, due to the confining effect of the AFRP
layer, only the compressive behavior of the specimen is improved by retrofitting while the tensile behavior of both URM and retrofitted
specimens is almost the same. In larger deformation angles, by the propagation of cracks, the masonry loses its tensile load-carrying
capacity and the retrofit layer contributes to the tensile behavior as well as the compressive one. However, due to the different load
transfer mechanisms of the two retrofit configurations, the contribution of the AFRP layer to the deformation capacity of the retrofitted
specimens is different. AFRP-X withstands the transferred load by a bracing action which increases the tensile stress in diagonal strips
and eventually leads to their rupture. The stress in AFRP-F is distributed by in-plane shear and bending actions which cannot reach the
rupture point. So the wall specimen keeps its integrity and starts rocking as a whole body. While this action provides additional
deformation capacity for the specimen, it increases the compressive stress at the wall toe and eventually causes compressive crushing
there.

12
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Fig. 16. Backbone curves of specimens.

The tensile and compressive behavior of the specimens during cyclic loading are compared in Fig. 15, in which, all load data of the
tension and compression half-cycles were transferred to the positive side of the load axes in the hysteresis curve. While the URM
specimen did not behave similarly in the half-cycles of loading, the higher degree of symmetry in the hysteresis curves represents a
more consistent behavior and integrity in the retrofitted specimens.

The backbone curves (load-deformation envelopes) of the specimens are shown in Fig. 16. The maximum deformation angle of
2 x 102 rad. for the fully-wrapped specimen compared to the one of the diagonally-wrapped specimen (1.5 x1072 rad.), reveals that
the AFRP-F specimen exhibits higher ultimate deformation capability than AFRP-X. In addition, the URM and retrofitted wall spec-
imens demonstrated an identical initial stiffness which means that AFRP retrofitting did not alter the stiffness of the masonry wall.

In the current study, the hysteresis behavior of the specimens was obtained experimentally which can be obtained alternatively by
employing numerical methods. There are novel and strong numerical methods that have been recently proposed to establish and solve
the load-displacement curve of anisotropic media. Among them, the "Galerkin" [40] and "Bezier" [41] methods have proven to provide
higher stability and accuracy than other numerical methods (including FEM).

4. Conclusion

In this paper, the results of an experimental study on the cyclic in-plane behavior of the AFRP retrofitted masonry walls were
reported and discussed. A cyclic lateral load along with vertical load were applied to the URM reference specimen and the other two
specimens retrofitted in fully-covered and diagonally-wrapped configurations. The effect of AFRP retrofitting was evaluated in terms of
hysteresis behavior and failure mode.

The obtained results of the study are summarized as follows:

1. The shear strength of the AFRP retrofitted masonry wall increased by 75.4% and 81.5% for the fully-wrapped and the diagonally-
wrapped specimens, respectively.

2. While the shear capacity of the diagonally-wrapped retrofitted masonry wall was obtained slightly higher than the fully-wrapped
one — with an identical corresponding deformation angle -, the fully-wrapped specimen exhibits higher ultimate deformation
capability than the diagonally-wrapped specimen.

3. Although the URM wall specimen did not behave similarly in tension and compression half-cycles of loading, the symmetry in the
hysteresis curve represents a more consistent and integrated lateral behavior in the retrofitted specimens.

4. According to the failure modes of the retrofitted specimens, the failure of the fully-wrapped specimen was controlled by toe
crushing of masonry, while the tearing of the AFRP sheet caused the failure in the diagonally-wrapped specimen.

5. Hysteresis curves of the URM and retrofitted wall specimens demonstrate an identical initial stiffness. In other words, AFRP ret-
rofitting did not alter the lateral stiffness of the masonry wall.

In order to have a better evaluation of the effectiveness of AFRP retrofitting on the cyclic behavior of URM walls, the load-carrying
and deformation capacity of the specimens should be compared to other retrofitting methods which was not carried out in this study.
The effect of AFRP on the out-of-plane behavior of the URM wall should also be studied. Moreover, the impact of different configu-
rations of AFRP retrofitting with different fiber reinforcement ratios should be compared.

The study results showed that AFRP as a soft product of FRP materials has a considerable capability for enhancing the cyclic
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behavior of URM walls which are best known for their weak in-plane response. Therefore, AFRP could be a promising future for seismic
retrofitting of masonry structures. Further research is required to identify and evaluate the feasibility of this retrofit technique.
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