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Abstract: This paper presents the results of an experimental study of the shear behavior of masonry
walls made of aero autoclaved concrete (AAC) blocks strengthened by externally bonded fiber-
reinforced polymer (FRP) composites. Fifteen small wall specimens were constructed and tested in
a diagonal compression scheme. Two types of composite materials—carbon- and glass-reinforced
polymers—were arranged in two configurations of vertical strips, adopted to the location of the
unfilled head joints. The effect of the strengthening location and strengthening materials on changes
in the strength and deformability parameters are discussed and the failure process of unstrengthened
walls is also presented. The placement of the composite on unfilled head joints proved to be a better
solution. Carbon-fiber-reinforced polymer (CFRP) strips provided a threefold increase in stiffness,
a 48% increase in load-bearing capacity and a high level of ductility in the post-cracking phase.
Glass-fiber-reinforced polymer (GFRP) strips offered a 56% increase in load-bearing capacity but did
not change the stiffness of the masonry and provided relatively little ductility. Placing the composite
between unfilled joints was only reasonable for CFRP composites, providing a 35% increase in
load-bearing capacity but with negligible ductility of the masonry.

Keywords: AAC blocks; FRP strengthening; shear behavior; masonry walls; diagonal compression

1. Introduction

Aero autoclaved concrete blocks (AAC) are commonly used to erect load-bearing walls
in low-rise buildings, as well as the infill walls in a frame system [1,2]. The popularity of
this material is mainly due to its very good physical parameters, particularly its excellent
thermal insulation properties, relatively high fire resistance and low density (resulting
in the weight of the elements made of AAC) [3,4]. The second positive aspect is the
widespread workability and very large variety of available products. This material can be
easily processed (cutting on site), transported, and it provides a fast and simple technique
for erecting walls with thin horizontal joints and unfilled vertical joints (a huge advantage
in terms of the time investment required). Unfortunately, this technology makes walls
made of AAC blocks sensitive to shear forces.

Enhancement of the shear parameters of existing masonry walls can be carried out
through the application of externally bonded nonmetallic materials, such as fiber-reinforced
polymer (FRP) composites [5-8]. This material has long been used to effectively strengthen
reinforced concrete elements [9-12], primarily due to its very good strength parameters
and the corrosion resistance of the composites [13-15]. The FRP system uses laminates
or fabrics reinforced with high-strength carbon, glass or other nonmetallic fibers. These
materials are glued to the surface of the elements using systemic epoxy adhesives.

There are numerous studies available in the literature describing the high effectiveness
of this method in terms of increasing the load-bearing capacity of the masonry walls
made of ceramic or stone elements subjected to static in-plane shearing [16,17]. However,
the epoxy resins used here (adhesive layer) significantly deteriorate the diffusivity of
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such strengthened walls. Therefore, in order to ensure at least a partial diffusion of
water vapor from the strengthened masonry elements, the composite is arranged in one-
way strips, a grid setup or diagonal configuration (in the direction of the tensile stresses
in the wall being sheared). An important finding of the study conducted by Valluzi
et al. [18] was that the diagonal configuration of the FRP strips is more efficient, in terms
of shear capacity, than the grid setup; however, the grid arrangement offers a better
stress redistribution. Similar conclusions were reached by Kalali and Kabir [19], and
Bui et al. [20]. Santa-Maria et al. [21] indicated that horizontally placed CFRP strips were
more effective in crack propagation than a diagonal arrangement, which, in contrast,
increased energy dissipation. It has been proven that the less stiff FRP material (with lower
E-modulus) appeared to be more effective in terms of the ultimate strength and stiffness
increase in the masonry panels [18,22]. Luccioni and Rougier [23] compared the impact of
different CFRP configurations in retrofitted and repaired solid clay walls, indicating that
the strip arrangement of FRP in repairing techniques presents the same benefits as FRP
retrofitting. Noteworthy are the studies of two research teams, Kwiecien et al. [24,25] and
Umair et al. [26], which successfully attempted to eliminate the major disadvantage of the
FRP solution, namely the delamination of the strengthening due to the low stiffness of the
adhesive and the composite itself, compared to the relatively highly deformable masonry
substrate. In the study [24], flexible polymer joints were used to achieve more ductile
behavior of the strengthened structures with a simultaneous increase in their load-bearing
capacity. Umair et al. [26] proposed the use of a combination of different FRP materials
(CFRP, AFRP and GFRP strips) and PP bands (polypropylene), which are characterized by a
high tensile failure strain. Such a combination of materials has not only increased the initial
strength and deformation capacity, but also the residual strength of masonry wall panels.
The positive effects of the PP band are also presented by Sathiparan and Meguro [27].

AAC blocks are unusual masonry materials that are not very well recognized in
research. There are very few studies reporting the influence of FRP strengthening system
on the load-bearing capacity of such walls. The first experiments were initiated by a team
led by Kubica [28,29]. Their studies indicated the positive influence of strengthening in
the form of vertical FRP strips, providing a significant (30-75%) increase in load-bearing
capacity and deformability of the walls, depending on the composite used. Saad et al. [30]
presented the results of testing two walls made of AAC blocks and subjected to lateral static
loads. The walls were strengthened in a single grid configuration (vertical and horizontal
strips) using CFRP fabrics, which wrapped the entire wall. An almost two-and-a-half
fold increase in the load capacity and stiffness of the strengthened walls was indicated.
Interesting conclusions from explosion tests, which were conducted on 10 cm thick panels
made of AAC, were presented in the work of the team lead by Wang [31]. The panels
were strengthened using CFRP sheets. Such operations made it possible to achieve an
increase in mechanical properties and excellent anti-blast resistance of strengthened panels.
In addition to these singular studies, it is also possible to find some analysis of the impact
of full-surface strengthening applications using various types of glass [32] and basalt [33]
meshes, systemic PBO materials [34] or highly ductile concrete cover [35,36]. However, this
research involves a different type of wall strengthening based on TRM systems.

Taking into account the results of the studies shown in [28,29] and the conclusions
derived from the work by [18,22], this paper presents a detailed analysis of the influence of
the vertical strips made of CFRP and GFRP materials on the behavior of small masonry
walls. The most feasible way of laying the FRP material was chosen, i.e., vertical strips
covering (type a) or not covering (type b) the unfilled head joints. The specimens were
tested in a diagonal compression scheme according to recommendation in [37]. The first
part of the paper presents the results of the laboratory tests and analyzes the behavior
of the walls in the pseudo-elastic phase (until full load-bearing capacity is reached) and
post-cracking phase, depending on the location and type of the strengthening material
used. The second part includes discussion of the failure process of the unstrengthened and
selected strengthened walls and comparative analysis of the impact of strengthening mode,
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with respect to the unstrengthened walls. Such a detailed qualitative analysis of the issue
and describing the failure process of unstrengthened and strengthened walls made of AAC
blocks has not been performed before. The information provided in the cited studies is
fragmentary and does not allow for a proper recognition of the changes that occur in walls
strengthened using this method.

The investigation presented in this paper is the first part of a large research program
to identify an effective method for enhancing the shear parameters of AAC block walls and
to develop a simple calculation method that takes into account the increase in load-bearing
capacity and deformability of such walls.

2. Materials and Testing Procedure
2.1. Characteristic of the Masonry Walls

Laboratory tests were carried out on small masonry walls according to the recommen-
dations in Rilem Lumb 6 [37]. The dimensions of the elements were 805 x 900 mm, with
a thickness of 240 mm. Each wall consisted of four rows of one and a half AAC blocks.
The dimensions of a single block were 200 x 600 x 240 mm. The walls were made using
the typical erecting technique for AAC blocks, i.e., with thin bed joints (up to 3 mm) and
unfilled head joints. Figure 1 presents the AAC block and the preparation of the specimens.

(a) (b)

Figure 1. The view of element: (a) AAC block; (b) masonry wall before the application of strengthening.

The compressive strength of AAC blocks was determined according to EN 772-
1:2000 [38]. The normalized mean compressive strength of masonry units are specified in
Table 1. The standard deviation is given in brackets.

Table 1. Main strength parameters of masonry components.

. Compressive Strength Flexural Strength Density
Materials (N/mm?) (N/mm?) (kg/m®)
AAC blocks 4.65 (0.49) - 600
Mortar 16.91 (1.74) 4.57 (0.51) -

The mortar used for the thin bed joints was tested in accordance with the recom-
mendations in EN 1015-11 [39]. According to very limited data obtained from the mortar
manufacturer, the base of the mortar is Portland cement, dust from the Portland cement
production and calcium hydroxide, with their mass content below 40%, 1% and 3%, respec-
tively. The flexural strength of the mortar was determined on typical beams of 40 x 40
x 160 mm, and then the compressive strength of the beam halves was determined. The
strength parameters are specified in Table 1.



Buildings 2022, 12, 2208

40f17

2.2. Characteristics of the FRP Strengthening

The walls were strengthened with two types of FRP composite, produced by S&P
Company. The carbon-fibers-reinforced polymer (CFRP) was C-Sheet 240, with a weight of
fibers 200 g/m?, and the glass-fiber-reinforced polymer (GFRP) used was G-Sheet AR 90/10.
The sheets were glued to the masonry surface using two-component epoxy resin dedicated
to a given strengthening system—S&P Resin 55. Two types of FRP configuration were
adopted: (a) the FRP strips held together the unfilled vertical joints and (b) the strips were
placed in the areas between the unfilled vertical joints. The strengthening arrangement is
shown in Figure 2. In the case of the carbon sheets, the strengthening strips were 150 mm
wide, while the glass sheets were 200 mm wide. The FRP strengthening was made on
both sides of the wall. The parameters of the sheets and the epoxy—according to the
manufacturer’s data—are summarized in Table 2.

configuration 'a’ configuration 'b’

-

805
|
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Figure 2. Two arrangements of the FRP strengthening.

Table 2. Main strength parameters of FRP strengthening.

Material Ultimate Stress E-Modulus Ultimate Strain  Longitudinal Fiber
(N/mm?) (kN/mm?) (%) Fraction (%)
C-Sheet 240 3800 240 1.55 100
G-Sheet AR >2400 73 4.50 90
Resin 55 =100 >3.20 1.73 -

(in compression)

2.3. Experimental Program

In total, 15 single ACC walls were made and tested. The experimental program was
divided into three main groups: unstrengthened elements, wallets strengthened using
CFRP sheets and GFRP sheets. In each series, three elements were tested and a summary of
all the tested wallets is given in Table 3.

Table 3. Summary and designations of all test series.

Number of

Specimens Specimens Type of Strengthening Description

Y-US 3 unstrengthened wallets without strengthening
Y-CFRP-a 3 FRP strengthening walls strengthened with carbon strips in arrangement ‘a’
Y-CFRP-b 3 FRP strengthening walls strengthened with carbon strips in arrangement ‘a’
Y-GFRP-a 3 FRP strengthening walls strengthened with glass strips in arrangement ‘b’
Y-GFRP-b 3 FRP strengthening walls strengthened with glass strips in arrangement ‘b’

2.4. Testing Protocol

The walls were tested in a diagonal tension scheme according to the RILEM Lumb
6 [37] standard. The loading was applied using a manually activated hydraulic jack, placed
on the upper edge of the panel. The speed load was approximately 0.15 kN/s.
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Appliedload " _

Tested element

Measurement

During the test, the applied load and the diagonal displacements were measured and
recorded by two linear variable displacement transducers (LVDT) on each side. The base
measurement of the LVDT was 900 mm. In two of the models, one unstrengthened and one
from the Y-CFRP-a series, an optical measurement of the displacement of the wall surface
was performed using the ARAMIS measurement system. Figure 3 shows the test setup,
model with the traditional measurement system (inductive gauges) and the Y-CFRP-a series
model with optical measurement, which were prepared for testing.

Figure 3. Masonry wallets prepared for tests: (a) test setup; (b) model with traditional measurement
system; (c) model with surface prepared for optical measurements.

2.5. Analyzed Strength and Deformation Parameters
2.5.1. Shear Strength

Traditionally, diagonal compression testing of masonry walls is used to determine
the tensile strength of the elements, which results in the failure mode—diagonal cracking.
Such an assumption is made by assuming that the panel starts to collapse at its center when
the principal tensile stress attains its maximum value. Therefore, the strength parameter
determines the principal tensile stress in the center of the panel, assuming its isotropic
elastic properties.

The strength parameter is calculated as:

P;

= 0.707
Sar = 0.707 -

@
where P; is the load value and An is the net area of the panel section determined using all
dimensions of the masonry wall (h—height, [ —length, t—thickness) as:

_ ik,

An 5

@

2.5.2. Shear Deformation Parameters

In addition to determining the strength, the deformation analysis is important for
defining the deformation capacity of the panels. Based on the measurements of the elonga-
tion along the diagonals, the angular strain (shear strain) is calculated as:

AV +AH
lg

®)

where AV is the vertical shortening, AH is the horizontal lengthening and I, is the gauge
length equal to 900 mm. To improve readability, the stress—strain relationship diagrams
were made independently for each type of strengthened wall; an identical scale was used
for easier comparison.
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The displacements of the wall in a vertical (compression) and horizontal (tensile)
direction are also presented.

An important parameter that describes the stiffness of the masonry in the elastic phase
is the shear modulus (G). The G modulus is defined as the secant modulus between 10 and
40% of the maximum shear stress:

004 — 0;
Y04 — Vi

G= @)
where 04 and 74 are the stress and strain at 40% of the maximum load, respectively.
The initial stress and strain (¢; and <;) were taken at a load level of 10% of the maximum
diagonal load [40].

In many cases of the analyzed strengthened walls [20,41], the first cracks were followed
by a phase of so-called ‘pseudo-ductile” behavior. The pseudo-ductility coefficient ()
best characterizes this phase of the structure’s operation. It describes the behavior of the
wall in the post-elastic or post-peak phase. This coefficient is a ratio between the ultimate
and elastic strain. The ultimate strain corresponds to the largest strain experienced during
the test or, in the case of ambiguous identification of the moment of damage, the strain
at a level of shear stress 20% below the peak, if the stress—strain diagram continues with
a descending branch [41]. The definition of elastic strain (sometimes called cracking or
yielding strain) was adopted, depending on the behavior of the masonry in the elastic
phase. The elastic strain can be defined differently [41]: at the bend-over point where the
stress—strain curve tends to be flat (yielding strain) or when the shear strain amounted to
70% or 75% of the peak load. In this paper, the ultimate strain (v,) corresponds to a strain
value at a level of shear stress 20% below the maximum shear stress (or, if the failure occurs
faster, at the ultimate load); the elastic strain (vy.,) is taken at the moment when the first
crack appears.

Ha = ;L ®)
cr

3. Results

It should be emphasized that the behavior and mode of failure of the tested walls are
related to the adopted method of testing (diagonal compression) and do not fully reflect the
work of the actual wall. The test stand for determining the tensile strength of a masonry
wall in a diagonal compression scheme does not limit the possibility of displacement of
the wall in the plane, which, in the actual structure, is ensured by further wall fragments
or perpendicular walls. Additionally, the specimens are rotated with no contact to the
ground. This is most evident in unstrengthened walls, as their failure mode differs from
the actual mode.

3.1. Unstrengthened Wallets

In unstrengthened elements (Y-US) tested under diagonal compression, only one phase
was distinguished—up until the cracking. The appearance of the crack was identified in a
state of complete damage to the tested models. Therefore, the failure was characterized
by one wide open crack with an almost diagonal orientation. No previous cracking was
observed and the damage itself appeared suddenly and proceeded rapidly. The element
split into two independent pieces (Figure 4a,b). The crack runs through unfilled joints and
through masonry elements. It can also be seen that the bond capacity of the thin joint is
insufficient as, each time, there was a detachment of the masonry elements in the plane of
their horizontal connection.
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_,(_b_) .

Figure 4. Damage of the unstrengthened wallets: (a) element no 1; (b) element no 2.

The characteristics of the tested models were determined by the stress—strain relation-
ship, which was linear in each case, with a proportional increase in stress as a function
of the strain. So, the elements exhibited pseudo-elastic behavior, ending with the brittle
failure of the wall. The stress—strain relationships of unstrengthened walls are shown on
the graphs, along with the characteristics of the strengthened masonry walls, which allow
a better assessment of the impact of strengthening.

Table 4 summarizes the values of the ultimate load (which is both the cracking load
and the load-bearing capacity of the wall), the recalculated stresses, the strains and the shear
modulus. The table does not include a pseudo-ductile coefficient, as the unstrengthened
walls did not exhibit a ductile stage.

Table 4. Specific values characterized the unstrengthened walls.

Cracking = Load-Bearing Capacity G Modulus
Specimens
Force (kN) Stress (MPa) Strain (%o) (GPa)
Y-US-s.1-1 78.28 0.270 1.331 260
Y-US-s.1-2 76.40 0.264 1.297 192
Y-US-s.1-3 75.88 0.262 1.228 268
Mean value 76.85 0.265 1.285 240

3.2. Walletes Strengthened Using FRP Materials
3.2.1. Characterization of Walls Strengthened in Configuration ‘a’

Walls strengthened using FRP strips covering unfilled head joints (configuration

‘a’) behaved similarly, regardless of the strengthening material used. Three phases of

the element’s operation can be distinguished: the period up until the cracking (phase I),
reaching full load-bearing capacity (phase II) and the final damage (phase III). These phases
are clearly visible in the stress—strain relationship shown in Figure 5a,b. Figure 6 shows
the build-up of the displacement in the direction of the main stresses (compression—axial
direction and tension—horizontal direction) as a function of the applied load. In addition,
Table 5 summarizes the shear stress values that correspond to the characteristic points,
namely: cracking, load-bearing capacity and ultimate damage. Table 6 lists the deformation
parameters of the strengthened walls.
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Figure 5. The stress—strain relationships for the wallets strengthened in configuration ‘a” and un-
strengthened walls: (a) the elements with carbon strips; (b) the elements with glass strips.
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Figure 6. Horizontal and vertical displacement of the tested walls—configuration ‘a’.

Table 5. Specific forces and stresses characterizing the walls strengthened in configuration ‘a’.

Cracking Load-Bearing Capacity Damage
Specimens
Force (kN) Stress (MPa) Force (kN) Stress (MPa) Force (kN) Stress (MPa)

Y-CFRP-a-1 78.97 0.273 117.80 0.406 89.29 0.308
Y-CFRP-a-2 80.59 0.278 115.41 0.398 107.03 0.369
Y-CFRP-a-3 76.54 0.264 106.99 0.369 103.53 0.357
Mean value 78.70 0.272 113.40 0.391 99.95 0.345
Y-GFRP-a-1 61.34 0.212 119.90 0.414 82.77 0.286
Y-GFRP-a-2 68.66 0.237 123.31 0.426 83.92 0.290
Y-GFRP-a-3 67.40 0.233 116.99 0.404 85.55 0.295

Mean value 65.80 0.227 120.07 0.414 84.08 0.290
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Table 6. Deformation parameters characterized the walls strengthened in configuration ‘a’.
) Shear Strain (%) G Modulus  Pseudo-Ductility
Specimens - - ffici
Cracking Load Capacity =~ Damage (GPa) Coefficient

Y-CFRP-a-1 0.574 3.936 6.421 533 10.8
Y-CFRP-a-2 0.526 3.654 5.243 581 10.0
Y-CFRP-a-3 0.451 3.452 5.799 727 12.9
Mean value 0.517 3.681 5.821 613 11.2
Y-GFRP-a-1 0.964 3.240 4.892 226 49
Y-GFRP-a-2 0.923 2.976 5.184 284 5.0
Y-GFRP-a-3 1.006 2.984 4.169 230 41
Mean value 0.964 3.067 4.748 247 4.7

In the first phase, the elements exhibited a pseudo-elastic behavior that ended in
cracking. Within this range, the modulus of elasticity was determined. It can be seen
that the CFRP sheets provided much higher wall stiffness (2.5 times higher than GFRP
sheets) which is related to a significant reduction in structural deformation at cracking. The
strain of the walls of series Y-CFRP-a was only 0.517 %0, while the cracking strain of the
walls strengthened with GFRP strips was over 80% higher. A positive aspect of the use of
CFRP sheets—in comparison with the application of GFRP sheets—was also the increase in
cracking forces, which led to extension of the uncracked condition.

The second phase, ending in reaching full load-bearing capacity, varied depending
on the material used. Carbon sheets provided a certain level of ductility to the structure;
the deformation increased much faster than the loads. Therefore, it can be considered that
the structure exhibited elasto-plastic behavior, which is confirmed by the high pseudo-
ductility coefficient (Table 6). The GFRP sheets prevented the uncontrollable growth of
deformation in the structure (the AAC blocks were gradually moving apart in the area of
the unfilled joints) and, therefore, we do not observe the ductility effect. The value of the
pseudo-ductility coefficient is smaller than 5, which confirmed the above. Eventually, a
similar load-bearing capacity was obtained in both test series, with a slight advantage in
favor of glass sheets. The GFRP sheets also provided less deformation at maximum force,
but it was only 15% less.

In both configurations, the FRP materials provided the post-peak phase, i.e., the
post-failure capacity. Both graphs (Figure 5a,b) show a descending branch of the curves.

3.2.2. Characterization of Walls Strengthened in Configuration ‘b’

The application of the FRP sheets in the areas between unfilled head joints (configu-
ration ‘b’) significantly changed the behavior of the elements, depending on the type of
strengthening material. Figure 6 shows the successive work phases of the walls strength-
ened with CFRP (Figure 7a) and GFRP (Figure 7b) composites. Tables 7 and 8 contain
the relevant quantities (force, stress, strain, shear modulus and coefficient) determined at
characteristic points—cracking, load-bearing capacity and failure.
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Figure 7. The stress—strain relationships for the wallets strengthened in configuration ‘a” and un-
strengthened walls: (a) the elements with carbon strips; (b) the elements with glass strips.

Table 7. Specific forces and stresses characterizing the walls strengthened in configuration ‘b’.

Cracking Load-Bearing Capacity Damage
Specimens
Force (kN) Stress (MPa) Force (kN) Stress (MPa) Force (kN) Stress (MPa)

Y-CFRP-a-1 96.12 0.332 96.12 0.332 68.96 0.238
Y-CFRP-a-2 104.82 0.362 104.82 0.362 63.63 0.220
Y-CFRP-a-3 111.19 0.384 111.19 0.384 81.31 0.281
Mean value 104.04 0.359 104.04 0.359 71.30 0.246
Y-GFRP-b-1 48.76 0.168 79.36 0.274 65.91 0.227
Y-GFRP-b-2 57.60 0.199 80.77 0.279 50.40 0.174
Y-GFRP-b-3 49.12 0.169 90.47 0.312 85.66 0.296
Mean value 51.82 0.179 83.53 0.288 67.32 0.232

Table 8. Deformation parameters characterizing the walls strengthened in configuration ‘b’.

Shear Strain (%o)

Specimens G Modulus Pseudo-].Dl.lctility
Cracking Load Capacity =~ Damage (GPa) Coefficient

Y-CFRP-b-1 3.197 3.197 7.586 198 2.0
Y-CFRP-b-2 2.367 2.367 6.456 240 1.5
Y-CFRP-b-3 2.406 2.406 6.174 220 2.0

Mean value 2.657 2.657 6.739 219 1.8
Y-GFRP-b-1 0.526 7.369 7.647 450 15.1
Y-GFRP-b-2 0.637 5.942 6.436 317 9.9
Y-GFRP-b-3 0.938 5.317 7.527 188 8.0

Mean value 0.700 6.209 7.6203 318 -

The use of CFRP sheets resulted in a significant increase in cracking forces—which
should be considered to be positive—but the appearance of the cracks was equivalent to
reaching the full load-bearing capacity of the walls. Up to this point, the walls exhibited
pseudo-elastic behavior; the elasto-plastic phase was not recorded here. The stiffness of
the walls did not change, compared to the unstrengthened walls. In contrast, the lack of
stabilization of unfilled joints and the use of GFRP sheets caused a significant acceleration
of the cracking; the cracking force was twice as small as in the walls of the Y-CFRP-b series.
In the pseudo-elastic phase observed in these walls, a highly variable stiffness modulus
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was noted. The cracking was followed by a process of rapid strain increase, accompanied
by a minimal increase in bearing capacity (Figure 7b)—the clear ductile phase appeared.

In this strengthening configuration, the load-bearing capacity of elements from the
Y-GFRP-b series was almost identical to the unstrengthened elements, while the use of
CFRP sheets provided 25% higher load-bearing capacity than GFRP sheets and allowed
for a significant reduction in strain at this point. The average deformation (shear strain)
of the walls with CFRP was 2.657 %0, while it was as high as 6.205%. when GFRP sheets
were used.

Generally, the post-peak phase was only observed in the walls strengthened with
CFRP sheets. However, due to a relatively fast decrease in force in this phase and high
cracking force, the value of the pseudo-ductile coefficient—determined for a 20% decrease
in maximum force—was very small (less than 2, see Figure 8). In walls from the Y-GFRP-b
series, no post-peak phase was observed but the walls were characterized by very high
pseudo-ductility coefficients (Figure 8). However, it should be kept in mind that the load-
bearing capacity of these walls was achieved just before the damage was slightly higher
than that of unreinforced walls. Thus, the high level of safety of the masonry cannot be
analyzed here, since its plasticity occurs at very low forces.

140
<+— axial displacement

120
"b" arragement

kN]

Load [

—— unstrengthened walls
strengthened using CFRP -
——— strengthened using GFRP

n
T T T T T U= T T T T 1

-5 -1 -3 -2 -1 0 1 2 3 4 5

Displacement [mm]
Figure 8. Horizontal and vertical displacement of the tested walls—configuration ‘b’.

3.2.3. Failure Mode of Strengthened Walls

The final failure pattern of the walls with FRP strips glued on unfilled joints (configu-
ration ‘a’) was the delamination of the strengthening materials from the masonry surface
(Figure 9a,b). However, the precursory phenomenon of the delamination was different. In
the case of the CFRP sheets, there was diagonal cracking of the masonry panels; then, de-
lamination of the composite occurred due to the gradual widening of the cracks. Figure 9a
clearly shows diagonal cracks running through the masonry and a detached part of the
CFRP sheet (along with pieces of the masonry element). The intensity of the damage was
very large and the walls were destroyed in their entirety. In the case of GFRP sheets, the
deformation of the unfilled head joints took place, which led to ‘tensioning’ of the compos-
ite. Finally, through the use of a rigid epoxy adhesive, the outer layer of the masonry block
was cut almost on the plane of the wall (delamination). Figure 9b shows a widened vertical
joint, as well as the delamination of the GFRP sheets nearby.
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(@) | (b)

Figure 9. Failure pattern observed in walls strengthened in configuration ‘a”: (a) the elements with
carbon strips; (b) the elements with glass strips.

The application of the strengthening between unfilled joints resulted in a different
failure pattern, depending on the type of FRP material. The masonry with CFRP strips
did not show diagonal failure; almost no cracks were observed on the masonry surface
(Figure 10a). The damage occurred due to the separation of larger pieces of masonry—
cracks in the masonry plane—along with the composite adhered to them. In the walls of
Y-GFRP-b series, the excessive deformation of the unfilled head joints is clearly visible
(Figure 10b). This led to the cracks in the planes of the vertical joints and led to the element
breaking into vertical fragments, separated by strengthened pieces.

(b)

Figure 10. Failure pattern observed in walls strengthened in configuration ‘b”: (a) the elements with
carbon strips; (b) the elements with glass strips.

4. Discussion
4.1. Failure Initiation and Analysis

The use of an optical strain measurement system made it possible to determine the
points initiating the failure of the unstrengthened masonry walls. Due to the unexpected
and sudden damage to this type of specimen, it was not possible to capture the failure
process with the naked eye. Figure 11 shows the successive steps in the process of strain
growth and strain concentration. It is clearly visible that, in the initial phase of loading
(about 50% of the maximum force), the strains increase in the areas of unfilled head joints
(blue zone in Figure 11a). Subsequently, the widening of the head joints initiated the loss of
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adhesion within the thin bed joints, leading to a sudden growth of deformation in this area
(Figure 11b). Thus, a strong strain concentration is observed at the crossing of these two
joints (Figure 11c) and this is the point of masonry damage (Figure 11d).

(b)

Figure 11. The process of strain growth in unstrengthened wall of Y-US series: (a) beginning of

(d) (e)

deformations in vertical joints; (b) loss of adhesion in bed joints; (c) deformation just before failure;
(d) damage of wall; (e) deformation scale.

As described in Section 3.2.3, the use of strengthening influenced the masonry failure;
the type of strengthening material was crucial. Strengthening with CFRP sheets—regardless
of their arrangement—eliminated the strain concentration in the joints (initially, unfilled
joints and, then, thin joints), making the masonry become a more homogeneous and
uniform material. This is evident when observing the surface deformation of the Y-CFRP-a
series element, where an optical strain measurement system was used. Figure 12 shows the
process of strain growth in the element with CFRP strips in configuration ‘a’. Figure 12a
shows the location of the first strain concentration, which occurred at the force, causing
cracking/failure of the unstrengthened walls (about 78 kN). There is no noticeable strain
increase within the unfilled joins and thin bed joints. With successive loading, the diagonal
character of the areas with intense color (the growth of the deformation) become more and
more pronounced (Figure 12b). The places where delamination of the CFRP material begins
also become clear (Figure 12c). At this level (about 95% of the maximum force), only a slight
increase in deformation in the unfilled joint can be seen noticed. However, the deformation
values are much smaller than in the other areas. Figure 12d shows the masonry just
before failure, where the areas of the highest strain concentration, and, therefore, damage,
are visible.

(b) (©) (d) (e)

Figure 12. The process of strain growth in strengthened wall of Y-CFRP-a series: (a) deformations at
force causing destruction of the Y-US series wall; (b) diagonal character of deformation; (c) beginning
of CFRP delamination; (d) deformation just before failure; (e) deformation scaleln walls strengthened
with CFRP sheets (both configurations), the location of the composite detachment was arbitrary and
did not depend on the location of unfilled joints. The relatively stiff CFRP composite effectively inte-
grated the wall, preventing the joints from deformation. This ensured uniform masonry operations
and relatively high safety of use.
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In the case of the application of a much more deformable strengthening material
(GFRP sheets), an excessive deformation of the unfilled joints was not avoided. However,
the strengthening location prevented—in different ranges—the masonry from very rapid
damage or from falling apart, which was observed in the case of unstrengthened elements.

4.2. Comparison Analysis

A quantitative comparison of the behavior of the strengthened walls was made by
summarizing the significant values for all the series tested. Figure 13a—c show the relative
increases in load capacity, cracking load and strain at cracking, respectively, in accordance
with the unstrengthened walls (value = 1.00). The dashed pattern denotes elements in
which the appearance of the first cracks was equivalent to full load-bearing capacity.
Figure 14a,b show the values of shear modulus and pseudo-ductility coefficient, respectively.
In Figure 14b the dashed pattern refers to the average value, which is debatable due to the
very large discrepancies in the partial results.

Load-bearing capacity - comparison Cracking load - comparison Strain at cracking - comparison
"a" arragement "b" arragement 12 "a" arragement  "b" arragement 1.2 "a" arragement "b" arragement
1.0 1.0
0.8 0.8
0.6 0.6
04 0.4
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Y-US sY-CFRP mY-GFRP " Y-CFRP mY-GFRP Y-US mY-CFRP m Y-GFRP  Y-CFRP m Y-GFRP Y-US mY-CFRP ®m Y-GFRP ~ Y-CFRP m Y-GFRP

(a)

(b) (c)

Figure 13. Relative changes in significant quantities for all tested series in a range of: (a) load-bearing
capacity; (b) cracking loads; (c) strains at cracking.
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(a) (b)

Figure 14. Comparison of significant values for all tested series in a range of: (a) shear modulus;
(b) pseudo-ductile coefficient.

The strengthening made using CFRP strips in configuration ‘a” was found to be the
most effective solution. The strengthening combination provided a high level of cracking
force, a significant increase in stiffness, an almost 50% increase in load-bearing and a high
ductile coefficient (very desirable in terms of the occurrence of dynamic actions). This
type of strengthening eliminated an important drawback of the technology of erecting
these walls (unfilled joints initiate the failure process) by ensuring the uniformity of the
structure. The application of CFRP sheets in the areas between the unfilled joints also has a
positive effect, however, significantly smaller. This strengthening is characterized by the
smallest load-bearing capacity, pseudo-ductility coefficient and the fact that the appearance
of cracking is equivalent to reaching the load-bearing capacity of the wall results in a
negligible safety reserve in the post-cracking phase.
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The GFRP sheets in configuration ‘a” offered high load-bearing capacities; however,
they did not provide a clear elasto-plastic phase, nor a sufficient level of ductility. The use
of GFRP outside of unfilled joints turned out to be completely ineffective. This solution
results in the fast cracking and a negligible increase in the load-bearing capacity. The panels
exhibit ductile behavior, which indicates a failure process; however, all this takes place at
relatively low loads (equal to the failure loads of unreinforced masonry) and very high
deformation of the structure.

Obtaining better characteristics of masonry walls by using CFRP materials (instead of
GFRP) is the opposite of the trend presented in the literature [18,22]. This phenomenon
is due to the specification of the masonry walls, i.e., relatively large masonry units and
atypical erection technology. Excessive deformation of the unfilled joints, which leads to
the insufficient adhesion in thin joints, is responsible for the failure of the unstrengthened
walls. The stiff composite limits the excessive separation of unfilled joints (in configurations

‘a’), significantly reducing the deformation when the first cracks appear (Figure 13¢c) and

changing the distribution of cracks in the entire structure (Figure 12b).

5. Conclusions

The enhancement of the shear capacity of masonry walls is a necessary action wherever
there are horizontal forces acting in the plane of the wall. A good example of this is areas
exposed to the seismic actions or influence of mining operations. The problem is particularly
important for walls made with unfilled head joints, including those made of AAC blocks,
which have poor resistance to any shear forces.

In the literature, a number of examples of shear strengthening of walls using FRP
materials can be found but mostly concerning walls (mainly ceramic) with all solid joints.
On this basis, it was deemed worthwhile to study the surface strengthening of very popular
AAC block walls in an attempt to select an effective strengthening system due to the
materials used for this purpose. Therefore, a series of laboratory tests on small walls
made of AAC blocks were performed in accordance with the recommendations of the
standard [37]. This assumed them to be representative in terms of recognition of the issue.
Based on the results of the laboratory tests, the following conclusions were made:

(1) Analysis of the failure process in unstrengthened AAC masonry walls identified the
critical points in the structure that initiate its final damage. These were unfilled head
joints in which displacement of adjacent blocks occurred, resulting in overloading
and subsequent destruction of the bed joints.

(2) The application of CFRP sheets—regardless of their arrangement—changed the be-
havior of the masonry, which now worked as an almost homogeneous material. There
was no deformation of the unfilled head joints. This provided positive effects, in
terms of the crack delay, an increase in stiffness (more than two times higher than in
the unstrengthened walls) and load-bearing capacity by 48% (with strips on unfilled
joints) and 35% (with strips between the vertical joints). In the first case, the failure
was in the form of diagonal cracking with a final sheet detachment; in the second case,
there was a splitting in the wall plane of the entire specimens.

(3) The use of much deformable GFRP sheets did not avoid the excessive deformation
of the unfilled head joints. At the same time, with strips applied to unfilled joints,
the load capacity of the specimens increased by 56% and, in the case of GFRP strips
located between head joints, by only 9%. In the first case, there was delamination of
the sheets after large mutual displacements of the blocks. In the second, there were
pronounced cracks parallel to the sheets (in the line of the head joints).

(4) The advantage of application of CFRP sheets was revealed primarily in the greater
ductility and stiffness of such strengthened walls, which seems to be valuable in the
case of dynamic loads (e.g., seismic/paraseismic effects). In typical situations of quasi-
static loads (e.g., uneven settlement or the effect of continuous mining deformations),
the aspect of ductility is less important and, here, a clear advantage of using GFRP
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strengthening is their price; the GFRP sheets are about four times cheaper than CFRP
sheets in presented configurations.

(5) The tests performed were preliminary and recognizable, and, so, quantitative anal-
yses of the results should be regarded as indicative. Nevertheless, the qualitative
analysis is fully reliable, because the tests were carried out on wall fragments with
the actual layout of the joints and the real strengthening intensity. The superiority
of a strengthening system directly applied to unfilled head joints over strengthening
applied in a random arrangement (here, the most unfavorable one was between the
head joints) can clearly be seen.
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