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Abstract

Strengthening masonry structures using FRP laminates has been widely studied from a resistance
point of view. However, there is a need of a non-destructive technique to validate strengthening
interventions. In this paper, experimental modal analysis is proposed as a technique to assess
practitioners’ works. Fifteen brick masonry walls were built and strengthened with five different
patterns of carbon-FRP laminates. Experimental modal analysis was performed before and after
strengthening interventions. Different vibration modes were compared to select the more
sensitive one depending on the strengthening configuration. The change in the vibration
frequency was analysed and correlated with cross-section stiffness modification. The obtained
results showed changes up to 30% on the vibration frequencies due to strengthening installation.
On the overall, the proposed experimental methodology is supported by theoretical analytical

calculations with an error under 5% in most of the cases.
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1. Introduction

Strengthening masonry structures with externally bonded FRP is a consolidated technique that
has focused the research of several authors in the last years. Effectiveness of FRP has been
analysed for different masonry structures (pillars [1,2], walls [3,4] or vaults [5,6]), different types
of FRP and different loading conditions: compression [7], static shear [8], cyclic shear [9], static

bending [10] or cyclic bending [11].

Mechanical performance of FRP is out of doubt, reaching load-bearing capacity increments over
70% for pillars thanks to FRP confinement [12], around 100% in bending thanks to tensile
contribution of FRP [13], over 22% against shear efforts [14] and over 100 times in the case of

arches [15].

Nevertheless, moisture sensitivity of FRP may cause inappropriate connection between masonry
substrate and FRP strengthening system [16]. Thus, although FRP strengthening system uses
industrialised materials (laminates, epoxy resins), its manual application may result into structural
problems associated with adhesive voids or improper curing. In this context, it is important to
implement strict control procedures and visual inspection campaigns (see [17]). However,
developing a reliable tool to assess the mechanical response of strengthened structures can ease

those inspection tasks.

One possible option is to perform service load tests in a way that a controlled load is applied on
the structure and the deformation result is measured. This kind of tests bring an idea of the
stiffness variation of a structure if comparing before-strengthening and after-strengthening
stages. However, this approach is space-invasive and expensive. Only laboratory tests can be
found with this approach that is no common in real practice. On the other hand, detailed

inspection of FRP-masonry interface can be performed using ultrasound or georadar techniques
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[18]. However, this type of local inspection is expensive and does not bring an idea of the global

effect of the strengthening on the structure.

Finally, some authors proposed using modal analysis to assess the performance of FRP-
strengthening because vibrational parameters highly depend on structure stiffness, which is
expected to be highly affected if a high-stiffness material, like FRP, is bonded to the existing

structure.

Researches using modal analysis have been performed to characterise masonry or concrete
structures. Most of them (for example [19,20]) were based on operational modal analysis, so
structure was indirectly excited by environment and global vibration parameters, like main
vibration frequencies, can be determined. In contraposition, other authors proposed using
experimental modal analysis, which crosses load and acceleration data to obtain modal shapes,
associated frequencies and damping values. Some applications of this technique were conducted
on different structures from concrete beams [21] to rammed earth walls [22]. All concluded that
modal analysis is a high-potential non-destructive technique for the structural assessment of large
structures. Among them, a few authors used experimental modal analysis to detect vibrational
changes due to strengthening operations. Corradi et al. [23] used this technique to evaluate the
effect of damaging a masonry vault and repairing it with FRP strips. In the same line, Cakir et al.
[24] studied the influence of cracking and FRP-strengthening reinforced concrete beams. Thus,
experimental modal analysis has been used as a comparative tool for assessing the performance
of FRP strengthening in particular cases. However, the dependency of the vibrational response on
the strengthening patterns or the setting criteria for the elections of the suitable vibration modes

to be analysed has not been conducted yet as per authors’ knowledge.
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Looking at the overall context it seems that FRP system is a well-stablished strengthening
technique for masonry structures although there are no deeply studied procedures based on
experimental modal analysis to assess the mechanical performance of the structure after FRP
installation. Many data will be required to calibrate and validate this particular application. In this
line, the changes on vibrational parameters of out-of-plane excited solid clay brick masonry walls
due to FRP-laminate strengthening system, installed according five different patterns, are studied
to conclude about the more sensitive parameters for analysis, the relationship between the
strengthening pattern and the modified modal shapes and the range of variation of vibration
frequency. Finally, analytical predictions of the vibration frequencies of strengthened walls are
compared with experimental results showing good accuracy, which supports the reliability of the

proposed methodology.

2. Experimental campaign

2.1. Materials and methods

2.1.1. Wall specimens

Fifteen brickwork wall specimens were built for the discussion of the performance of modal
analysis to assess the FRP-strengthening intervention. These walls are described in detail in [4],

were their mechanical response under axially eccentric compressive load is analysed.

Solid fired clay bricks (265mm x 125mm x 50mm, with tensile strength fi, = 2.8MPa and
compressive strength f, = 27.9MPa, see [25]) and general-purpose M7.5 Portland cement mortar
(compressive strength f.m, = 3.7MPa and flexural strength fum» = 1.25MPa, see [25]) were used to
build the walls. Carbon FRP laminate strips (1.2mm x 80mm section, tensile strength of 3100MPa
and elastic modulus of 170GPa, see [4]) were installed using epoxy resin additive after preparing

the substrate with a primer epoxy resin. General geometric properties (height, H, width, b and
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thickness, t) and strengthening configurations (number of vertical, horizontal and inclined
laminates in the 6™-8" columns respectively) are summarised in Table 1. The number and
orientation of strengthening laminates defines the labelling of the walls. Figure 1 represents the
strengthening patterns. For 2VOH and 3VOH walls, the strengthening pattern was the same then
for 2V2H and 3V5H respectively but without the horizontal strips. Only one face of each wall was

strengthened.

Series|\WalllH (mm)|t (mm)\b (mm)|#, ere|#n,rre|#irre|a (°)|dy (mm)|dn (mm)
1 | 1587 | 126.5| 837 126 199
2VOH| 2 | 1609 |125.9| 840 2 0 0| -- 128 199
3 | 1591 |126.1| 838 126 200
1 | 1602 |126.4| 829 127 196
3VOH| 2 | 1602 |126.3| 833 3 0 0| -- 127 198
3 | 1612 | 126.3| 837 128 198
1 1579 | 126.1| 843 125 199
2V2H| 2 | 1589 |124.4| 835 2 2 0| -- 127 199
3 | 1592 | 124.7 | 827 126 196
1 | 1575 |123.8| 833 130 198
3V5H| 2 1580 | 124.7 | 830 3 5 0| -- 131 197
3 | 1552 | 1245| 831 128 197
1 | 1625 |124.3| 826 129 196
3131 2 | 1622 |124.6| 831 0 0 |3+3| 61| 129 198
3 | 1608 | 123.8| 827 128 198

Table 1. Geometry and strengthening definition. Values of 4"-9t" columns are edited from data in [4].
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Figure 1. FRP strengthening patterns

2.1.2. Experimental modal analysis

Experimental modal analysis fits into the category of input-output experimental modal
identification tests, in which different points are excited and the vibration response (in terms of
acceleration) is measured in a fixed point. In particular, the proposed experimental campaign had
the aim of capturing the out-of-plane vibration modes (shape, frequency and damping) and

analysing how strengthening patterns affected them.

To perform it, the procedure described in [22] was implemented. Two modal analyses were
undertaken for each wall: one before strengthening and the other one after curing the
strengthening system. In order to carry out experimental modal analysis, 55 points were defined
on the non-strengthened face of each wall forming a grid of 11 rows and 5 columns. Points spacing

depended on wall geometry and these are summarised in 10" and 11* columns of Table 1.

A unidirectional accelerometer (Briel&Kjzer piezoelectric charge accelerometer type 4370 with
charge converter type 2646, sensitivity of 10.11pC/ms2 and measuring range up to 4.8kHz) was

placed in the top left point of the drawn grid because of the presumed high displacement
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amplitude and contribution of the displacement of this point in each vibration mode. In other
words, installing the accelerometer in the top left position avoided the possibility of placing it in
a zero displacement point for the particular structural configuration that was experimentally
analysed. This sensor was oriented along the transversal direction (out-of-plane direction).
Regarding the fixation procedure, accelerometer was attached to a transmission plate, which was
bonded to the wall using cyanoacrylate, like in previous experiences, [22]. Placing additional
accelerometers would have been preferable to make data more independent of the only-one
accelerometer installation point. However, acquisition limitations and the expectation of using as
simple as possible configuration test drove to the made choice which proved to be effective at a
lower cost for simple structures as presented later on. In the case of extending the herein
described method to different boundary conditions or analysing a wall which is part of a complex
building, it would be recommended to place the accelerometer at a position which was generally
associated to large displacements in the firsts theoretical vibration modal shapes, which may be

obtained with simple numerical simulations on elastic hypothesis.

An impact hammer (Briel&Kjaer type 8206 with rubber tip) was used to excite the wall by

impacting on all points in the out-of-plane direction.

Briel&Kjaer Multipurpose 6-channel input module type 3050-B-060 was used to acquire the data.
A transient time weighting was defined to select the significant impact data from the hammer. An
exponential time weighting was defined to select the significant oscillation data from the
accelerometer, discarding the data of the oscillation forced by the own impact process. A domain

span of 500Hz was defined and the precision of frequency was set to 0.31Hz.

Using PULSE ™ software, impact hammer and accelerometer data were independently acquired

in the time domain considering the respective windowing functions explained before. After
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selecting the data to process for each signal, these were automatically subjected to a Fast Fourier
Transformation by the analyser. It also calculated the auto-spectrum of each signal and the cross-
spectrum of the signals to finally obtain the Frequency Response Function (FRF) associated with
the impact. The FRF calculation removes the force spectrum from the data resulting in only the
inherent information that describes the structural response between the impact point and the
accelerometer reading point. This procedure was repeated for a second hammer impact on the
same point. Then, the coherence within the two impacts was calculated. If coherence was
acceptable (coherence values close to 1 except for the points close to resonance frequencies) the
average of the FRFs of the two impact repetitions on the same point was calculated and stored.

This procedure was repeated for all impact points.

Using MEsocpeVES ™ software, the peaks of the Frequency Response Spectrum (set of averaged
FRFs associated with all impact points) were counted considering the imaginary part of the signal
only (see Figure 2). After that, a global curve fitting on the functions was defined using Single
Degree Of Freedom CoQuad plot (real and imaginary part vs. frequency) method, which forced
the calculated vibration modes to have only a real part, making the comparison with numerical
simulation or analytical approaches easier. The residues of the curve fitting were calculated.
Finally, modal shapes, their corresponding frequencies and damping values were obtained. Two
examples of FRFs can be observed in Figure 3, where the effect (changing frequency they are
located) of the strengthening intervention on the peaks of the FRFs is evident for wall 3V5H_2.

More details on experimental input-output modal analysis data process are described in [26].
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Figure 2. Imaginary part of the FRFs (black) and the corresponding fitted curves (red) for strengthened

wall 2VOH_3

During the modal testing, silent environmental conditions with low externally-induced vibrations
due to traffic or other laboratory activities were guaranteed planning the time of test execution.

Walls were physically supported standing on their basis during modal testing with no additional

constrains.

After performing the first modal testing campaign, walls were strengthened as explained with
detail in [4]: cleaning surface, applying a primer layer and leaving it dry for 24h, cutting CFRP
laminate strips, bonding CFRP strips to the wall surface using bi-component epoxy adhesive and

repeating the adhesion operation of the over-crossing strips in the cases 2V2H, 3V5H and 3I3l.

After 7days of adhesive curing at indoor environmental conditions (22°C, RH60%), modal analysis
was repeated with exactly the same structural configuration and same laboratory conditions so
to obtain comparable results. Walls were not moved between first and second modal analysis and

the grid used to define the impact points was also maintained.



UNIVERSITAT POLITECNICA
DE CATALUNYA
BARCELONATECH

M#1 FRF 1

0.1

=
=
™
_El'.'l
E ¢
= 0.01 g
=
2
&
(=]
m
=
g 0.001
—

0.0001

1] 200 400
[Hz]
No strengthened
M#1 FRF 1X
0.1

Z
ﬂ: 001
£ !
v
=
2
'E
B 0001
< ]
=]
8
-

00001

0 200 400
[Hz]
Strengthened
Figure 3. FRFs (black) and the corresponding fitted curves (red) for unstrengthened (top) and
strengthened (bottom) wall 3V5H_2
2.2. Experimental results
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A maximum of five vibration modes have been analysed although all of them were not observed
in all experimental tests after data post-processing. The observed vibration modes (shapes and
corresponding labelling) and the values of the corresponding frequencies (w, for unreinforced
walls and ws for CFRP-strengthened walls) and damping ratios (Z, for unreinforced walls and s for
CFRP-strengthened walls) are summarised in Table 2 for unstrengthened cases and in Table 3 for

the same walls after strengthening.

Vibration mode
Wall W b
(Hz) (% (Hz) | (% (Hz) (%) (Hz) (%
1| 77.20 | 2.70 | 88.09 | 2.67 | 236.96 | 1.41 --- --- | 395.20 | 1.45
2VOH | 2| 69.82 | 2.76 | 78.97 | 2.54 | 223.69 | 1.30 | 332.21 | 1.15 | 370.42 | 1.54
3| 51.11 | 6.66 | 90.00 | 2.40 | 165.97 | 2.50 - -—-- | 317.87 | 1.16
1| 77.06 | 2.54 | 81.74 | 2.48 | 243.98 | 1.19 | 369.15 | 1.40 | 410.42 | 1.09
3VOH | 2| 76.07 | 2.58 | 87.19 | 2.53 | 262.36 | 1.53 -
3| 71.06 | 290 | 86.59 | 2.52 | 229.38 | 2.06 - --- | 388.55 | 2.35
1| 7469 | 2.69 | 84.84 | 2.48 | 232.29 | 1.45 | 352.83 | 1.22 | 391.64 | 1.36
2V2H | 2| 70.08 | 2.99 - -—-- | 311.75 | 1.75 | 368.44 | 0.82
3| 36.30 | 2.76 - -~ | 222.62 | 1.56 | 312.18 | 1.65 | 356.92 | 1.78
1| 2771 | 7.24 | 81.10 | 2.60 | 143.49 | 1.84 | 337.42 | 1.00 | 303.97 | 0.86
3V5H | 2| 50.20 | 5.03 | 87.70 | 2.46 | 162.09 | 2.05 - -—-- | 264.60 | 2.04
3| 72.08 | 2.81 | 84.34 | 2.58 | 217.88 | 1.68 -
1| 71.68 | 275 | 77.57 | 2.64 | 223.14 | 1.64 | 339.28 | 1.66 | 388.97 | 1.67
3131 | 2| 72.88 | 2.64 | 78.28 | 2.50 | 225.49 | 1.25 - -—-- | 385.73 | 1.24
3| 68.47 | 2.83 - -—- | 224.13 | 1.32 - --- | 379.55 | 1.35
CoV 24.1 446 | 5.0 3.1 15.7 229 | 6.1 20.7 | 11.7 30.7

Table 2. Vibration modes, frequencies and damping ratios for unstrengthened brick masonry walls
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Vibration mode
BbL
Sso
b
soN
S8
3
Mode 2
Ws s
Wall | g | o) | ) | ) | H) | (%)
1| 80.24 | 2.40 97.60 3.03 241.05 | 1.48
2VOH | 2 | 72.68 | 2.66 85.07 2.42 231.16 | 1.21
31| 7454 | 3.07 104.77 2.12 215.72 | 1.96
1| 7994 | 2.37 90.04 2.27 252.73 | 1.22
3VOH | 2 | 85.83 2.36 104.64 2.23 - - - - - -
3| 73.79 2.71 95.53 2.33 236.03 | 1.43 - - 407.61 | 2.19
1| 76.93 2.66 89.46 2.66 23940 | 1.61 | 378.36 | 1.23 -— -—
2V2H | 2 | 72.23 2.97 - - - - 33790 | 1.62 | 386.63 | 1.80
3| 74.17 2.78 81.55 2.46 237.36 | 1.60 | 354.00 | 1.42 | 385.35 | 1.75
1| 77.59 2.71 102.07 2.18 235.20 | 1.47 -— -— 405.32 | 1.18
3V5H | 2 | 64.10 | 4.16 102.70 2.23 192.76 | 2.35 - - 330.29 | 2.01
3| 86.66 | 2.45 103.86 2.09 260.76 | 1.30 - - - -
1| 90.25 2.88 103.56 2.31 27441 | 1.24 - - - -
3131 | 2| 88.72 3.42 99.95 2.05 272.83 | 1.25 - - 49197 | 1.01
3| 79.91 2.57 243.26 1.81 26691 | 1.51 - - 460.74 | 1.30

Table 3. Vibration modes, frequencies and damping ratios for brick masonry walls after strengthening

3. Analytical approach

3.1.

Method

The structural configuration of the walls was modelled as a cantilever beam. Real support (walls

standing on their base) was not a pure simply-supported boundary condition neither a pure fixed

support. In addition, the great stabilising effect of self-weight and the little magnitude of the

applied excitation justified the decision of modelling walls as fixed at the bottom side. This

hypothesis was more representative than the alternative of allowing free out-of-plane rotation in




UNIVERSITAT POLITECNICA
DE CATALUNYA
BARCELONATECH

the bottom support that never happened during tests. Hence, cantilever beam approach was used
in the following analytical calculations although it was in conflict with some mode shapes (mode
3 and mode 5) which cannot either be analysed with the proposed analytical unidimensional
simplification. This conflict was not really relevant for the next steps as long as the analytical
approach was based on the out-of-plane bending modes (mode 2 and mode 4) which
experimentally met the assumed bottom-fixed constrain. The selection of the bending modes for
the analysis is justified later on and it is based on the major influence that the strengthening

intervention had on these vibration modes.

Notice that the excitation of the structure during experimental modal analysis produce a dynamic
response that relies inside the elastic constitutive behaviour of the masonry. Hence, there is no
crack or non-linear effects and the relationship between bending stiffness (El) and free bending
vibration frequencies (w) of a cantilever beam can be adapted to unstrengthened walls (Eg. 1) and

CFRP-strengthened walls (Eqg. 2) as follows:

2
an Emlu
“ull?) =50 |ober (Fa- 4
2
aTL Emls
0s(H2) =50 |pber® (Fa-2

Where a, = 4.694 for vibration mode 2 and a, = 7.855 for vibration mode 4. It has to be noticed
that the first theoretical cantilever vibration mode (o, = 1.875) was neglected from the analysis
because it was not experimentally observed. It may be justified because the acquired response
was not accurate enough for low frequencies in order to distinguish the first theoretical bending
mode from the superposed solid rigid movements. In addition, the real wall support was not

totally fixed (but close to a fixed one) and it may justify that the first expected bending mode of a
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cantilever beam was not properly captured by the performed modal analysis. Finally, the good
accuracy of the second and third theoretical bending modes of a cantilever beam with the
corresponding experimental vibrational data (mode 2 and mode 4 respectively) supports the

modelling it as a cantilever beam.

Mode 2 and mode 4, which are graphically defined in Table 2, were selected because of the
significant variation of their vibration frequency due to CFRP installation, as it can be observed in
experimental results (see Table 2 and Table 3). p is the density of the material the wall (cantilever
beam) is made of, bt is the area of its transversal cross-section and H is the height of the wall
(length of the beam). E, is the effective dynamic elastic modulus of masonry and I, (l,=1/12-b-t3)
and I; are the modulus of inertia of the cross-section of unstrengthened walls and CFRP-

strentghened walls respectively.

The effective dynamic stiffness (Enl,) of every unstrengthened wall was calculated from the
corresponding experimental vibration frequency (w, in Table 2) for both bending modal shapes
(mode 2 and mode 4) using equation (Eq. 1). Therefore, the effective dynamic stiffness (Eml,) of
each unstrengthened wall (see Table 4 and Table 5) and the corresponding elastic modulus of

masonry, En, were calculated from purely experimental data.

The installation of CFRP strips modified the stiffness of the wall. Using a homogenised equivalent
section, within elastic theory, a new mechanical effective dynamic stiffness, Enls, was analytically

calculated for each wall with the common procedure for composite sections:

a) defining the ratio between the elastic modulus of CFRP (Erse) and the masonry effective dynamic

elastic modulus (En);

b) defining the equivalent width of a masonry part equivalent to the corresponding FRP section.



UNIVERSITAT POLITECNICA
DE CATALUNYA
BARCELONATECH

c¢) calculating the bending modulus of inertia of the homogenised strengthened section (/)
composed of the initial masonry section and the masonry part equivalent to the corresponding

FRP section.

d) calculating the equivalent mechanical effective dynamic stiffness, Enls using the previous
analytical result (/s) and the corresponding masonry effective dynamic elastic modulus (En), which

was experimentally determined for each particular case.

The initial CFRP section of inclined cases (3131) was defined as an equivalent amount of 3.43

vertical FRP strips according with the procedure presented in [4].

Finally, the equivalent mechanical effective dynamic stiffness of each case, En/s (see Table 4 and
Table 5), was used to analytically calculate the expected vibration frequency (ws,cic) using (Eq. 2).
This calculated value was finally compared with the experimentally obtained one from the modal

testing of strengthened walls (ws).

3.2 Analytical results

Analytical results are summarised in Table 4 for the first bending vibration shape observed, mode
2, and in Table 5 for mode 4. The effective dynamic elastic stiffness of unstrengthened masonry
(Emly) is shown in the second column. Third and fourth columns show the effective dynamic
stiffness of strengthened walls assuming the static elastic modulus of FRP (170GPa), E,,I3, and
the dynamic elastic modulus of FRP (204GPa), Emlsd, respectively. This dynamic elastic modulus
of FRP was calculated from the static one using the relationship obtained by Al-Zubaidy et al. [27]
on similar carbon fibre FRP. Fifth and sixth columns gather the values of the calculated vibration

frequencies for FRP-strengthened walls in the case of assuming the static (w; .4;) and dynamic

(wgcalc) elastic modulus of FRP respectively. Experimental vibration frequency of strengthened
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walls is shown in seventh column (wg ). Finally, the relative errors corresponding to both

hypothesis of elastic modulus of FRP are presented in the last two columns (e° and ).

Only the cases with experimental data on modes 2 and 4 for unstrengthened walls are included

in result tables (Table 4 and Table 5).

Enl. E IS Enl? | @fcue | @2 ® S g
Well | mo) | md) | ) | i) | e | | P | )
1| 737977 863637 887108 95.6 96.8 97.6 -2.1 -0.8
2VOH | 2 | 593080 715971 738577 84.7 86.0 85.1 -0.5 1.1
3| 770326 895535 918996 96.9 98.2 104.8 -7.5 -6.3
1| 635417 816169 848357 91.6 934 90.0 1.8 3.8
3VoH | 2| 722974 905524 938474 96.3 98.1 104.6 -7.9 -6.3
3| 713058 895398 928266 94.4 96.1 95.5 -1.2 0.6
2V2H | 1| 684527 808908 832031 93.2 94.6 89.5 4.2 5.7
1| 625505 799380 830430 94.6 96.4 102.1 -7.3 -5.6
3V5H | 2| 731457 909991 942332 100.1 101.8 102.7 -2.5 -0.8
3| 676482 853352 885158 100.5 102.3 103.9 -3.3 -1.5
313/ 1| 572238 768004 802017 87.3 89.2 103.6 -15.7 -13.9
2| 582762 779758 814045 87.9 89.8 100.0 -12.1 -10.2
Table 4. Analytical results for mode 2 shape

Wall Enly E, IS E,I% 05 care | O care W e e’
(Nm’) (Nm?) (Nm’) (Hz) (Hz) (Hz) (%) | (%)

2VOH | 2 | 1318197 | 1445846 1470412 339,6 342,5 355,2 -44 | -3,6
3VOH | 1| 1627649 | 1819269 1855836 386,0 389,9 394,6 -2,2 | -1,2
1| 1486914 | 1615416 1640249 371,8 374,6 378,4 -1,7 | -1,0

2V2H | 2| 1160828 | 1285054 1308864 331,2 334,3 337,9 20 | -11
3| 1164032 | 1288844 1312763 331,6 334,7 354,0 -6,3 | -5,4

3V5H | 1| 1359867 | 1542715 1577373 370,7 374,9 - - -
313/ | 1| 1374901 | 1584344 1623754 353,7 358,1 - - -

4. Discussion

Table 5. Analytical results for mode 4 shape
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First, it has to be highlighted that the only modal shape which was identified in all experimental
processes was mode 1, which corresponded to the torsional shape along vertical axis (see images
in Table 2). This vibration mode is always associated with the lower vibration frequency. On the
other side, mode 4 was only observed in approximately 47% of unstrengthened walls and 30% of

FRP-strengthened ones.

In addition, it has to be noticed that all unstrengthened walls were analogous, so their results
should be comparable. In this line, the coefficient of variation (CoV) of vibration frequency and
damping was calculated for each vibration mode including all walls as a single group. Results,
which are shown in the last line of Table 2, indicated that vibration frequency had less variability
than damping ratio for all cases except for vibration mode 2, which, in fact, had the lower
coefficient of variation in frequency and damping. Hence, vibration frequency is more reliable
than damping ratio as comparison parameter to analyse the influence of strengthening

installation.

Taking into account this variability on the obtained results, two main ideas arise: i) to properly
analyse the effect of strengthening brick masonry walls on their vibrational properties, it is
necessary to compare each wall with itself. It is due to the great influence of boundary conditions,
geometry differences or particular changes due to manual production of masonry. ii) vibration
mode 2, which corresponds to the first observed bending mode of the wall (see image in Table 2),

was the less variable one due to masonry heterogeneity and particular boundary conditions.

Experimental results of unstrengthened walls 2VOH-3, 2V2H-3, 3V5H-1 and 3V5H-2 are divergent
from the rest of the walls, especially for mode 1 properties. This may be associated to irregular
boundary conditions (base support) or to a hypothetical misconnection of some units (partial

joints damage). However, taking into account that the strengthened walls did not show this
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variability and these were not moved during strengthening operations, the hypothetic irregular
base support could be discarded. Hence, it seems that FRP strengthening contributes to uniform
the dynamic response of masonry elements minimizing possible manufacturing irregularities or

little damages. Nevertheless, this point requires more research to be validated.

Regarding damping ratio analysis, it was noticed that FRP-strengthened walls showed lower
damping than the corresponding control walls. Thus, strengthening brick masonry walls with FRP
laminates contributes to reduce their vibration damping. It may be related with the stiffness
increase associated with FRP strengthening. However, the dispersion of the experimental values

of the damping ratio does not allow further quantitative analysis.

Analysing the variation of vibration frequencies (see Table 6) due to FRP-strengthening
installation, it was observed that the vibration modes associated with lower frequencies were
more reliable (bring results in more cases) than the ones associated with higher frequencies.
However, the increase of the vibration frequency was clearly divergent in six particular cases
(shadowed in Table 6), which were discarded from the following analyses. None of these cases
was related to selected vibration mode 2. All these particular cases corresponded to walls that
showed a significantly lower vibration frequency in the unstrengthened configuration in

comparison with comparable walls.

Vibration mode
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1 3.9 10.8 1.7 --- 3.0
2VOH | 2 4.1 7.7 3.3 6.9 4.3
3 45.8 16.4 30.0 --- 15.8
1 3.7 10.2 3.6 6.9 4.1
3VOH | 2 12.8 20.0 --- --- ---
3 3.8 10.3 2.9 --- 4.9
1 3.0 5.4 3.1 7.2 ---
2V2H | 2 3.1 --- --- 8.4 4.9
3 104.3 --- 6.6 13.4 8.0
1 180.0 25.9 63.9 --- 33.3
3V5H | 2 27.7 17.1 18.9 --- 24.8
3 20.2 23.1 19.7 --- ---
1 25.9 33.5 23.0 --- ---
3131 | 2 21.7 27.7 21.0 --- 27.5
3 16.7 --- 19.1 --- 214

Table 6. Variation of the vibration frequency of each mode due to the strengthening installation

In order to compare the effect of each strengthening configuration on the variation of the
vibration frequencies associated with each vibration mode, results from Table 6 were averaged
and these average values are summarised in Figure 4. There, it is observed that out-of-plane
bending strengthening (only vertical FRP strips, cases 2VOH and 3VOH) was especially detected by
the variation of the vibration frequency of mode 2, which reached values over 10% of variation.
This result is consistent with the fact that this vibration shape corresponds to an out-of-plane
bending deformation on which 2VOH and 3VOH strengthening configurations should be more

effective because of the alignment of strengthening fibres.

Regarding the effect of orthogonally crossed strengthening configurations (2V2H and 3V5H) on
vibration frequencies, similar variations were reported for almost all modes that brought results.
However, the particular influence of 3V5H strengthening on the frequency of the composed mode
5 has to be highlighted because it showed that transversal strips really influenced its overall
vibrational response, causing a vibration frequency increase over 15% for all modes and close to

30% for mode 5, which was proved as the more sensitive one for this case. In general terms, the
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composed mode 5 was more sensitive for cases with crossed FRP (2V2H and 3V5H) than for the

analogous cases without the horizontal strips (2VOH and 3VOH respectively).
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Figure 4. Average of the variation of the vibration frequency for each strengthening type and analysed

vibration mode

Like for 3V5H strengthening configuration, 3/3/ strengthening also increased the vibration
frequency of all modes with comparable results. However, in this case, mode 2 was the most
sensitive one (average frequency increase over 30%) because of the greater equivalent amount
of FRP strips oriented to resist out-of-plane longitudinal bending response of the wall. In fact, the

equivalent number of vertical laminates was estimated to 3.43 in [4].

In addition, walls with more strengthening material installed (3V5H and 3/3/) showed greater
variation of the values of the vibration frequencies. All comparable vibration modes showed a

frequency increase close or over 20% for 3V5H and 313/ cases, whereas it was lower than 15% for
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all other strengthening configurations. Hence, increasing the strengthening amount is related

with a stiffness increase of the strengthened structure.

This relationship between strengthening amount and variation of the vibration frequency is also
supported by the comparison between 2V0OH and 3VOH cases, which showed a frequency increase
of mode 2 of 11.6% and 13.5% respectively. In addition, analytical calculations also pointed out
this effect: bonding a stiffer material (FRP laminate) increases the stiffness of the wall and it causes
an increase of the vibration frequency according with (Eq. 1). Experimentally, all strengthened
cases showed increased vibration frequencies in comparison with their un-strengthened
configuration. In the same line, the stiffer response of strengthened walls and the relationship
between strengthening amount and equivalent wall stiffness was also presented as a result of the

corresponding destructive tests under eccentric axial load of the analysed walls (see[4]).

However, mode 4 was not detected for any case with 3V5H or 313/ strengthening configurations.
It is a non-expected result because this bending mode 4 was supposed to be really influenced by
these strengthening configurations. It is suspected that it may be due to the increase of the
associated vibration frequency over the threshold limit defined in the data acquisition (500Hz)

although more research would be necessary in this line to validate this statement.

To finish with the analysis of the experimental results, it is observed that mode 2 is the most

sensitive one if comparing tested cases altogether.

In Table 4 and Table 5 it is observed that the vibration frequency associated to the bending modal
shapes (mode 2 and mdoe 4) can be predicted for strengthened elements using vibration

information of the unstrengthened structure and the properties of the strengthening materials.

For both vibration modes, the relative error of the predicted vibration frequency was always

below 10% except for the cases 3131 regarding mode 2. This particular higher error may be due to
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an out of order low value of the vibration frequency of walls 3I31_1 and 3I31_2 before

strengthening them (8.5% lower than the rest of results for mode 2).

The average of the absolute values of relative errors (not taking into account cases 3I31) were 3.8%
and 3.3% for the comparison of experimental results of vibration frequencies of mode 2 and
predicted values using static and dynamic elastic modulus of FRP respectively. Similarly, errors of
3.3% and 2.5% were respectively obtained for the cases of using static and dynamic elastic
modulus of FRP for the mode 4. Thus, it is observed that predictions that used dynamic elastic
modulus of FRP achieved more accurate results than the ones that used static elastic modulus of
FRP. Nevertheless, this difference is little. In addition, analytical results using static elastic
modulus of FRP were conservative, so predicted frequencies tended to be lower than
experimentally observed ones (see Table 4 and Table 5). Hence, it would be recommended to use
the proposed analytical methodology and the static value of the elastic modulus of FRP to
calculate the minimum expected vibration frequency associated to a pure bending modal shape

of an FRP strengthened masonry element.

Finally, the agreement between the results of the analytical calculation and the experimental
values of vibration frequencies (see relative errors in Table 4 and Table 5) supports the idea that
modal analysis can be a useful tool to assess the structural performance of FRP strengthening
interventions. Hence, it is possible to assess the vibrational parameters of an original structure
(unstrengthened) and use those data to calculate the expected vibration frequencies after
strengthening. When strengthening installation is performed, a new modal analysis should be
carried out to check if the expected variation of the frequencies associated with pure bending
modal shapes has been achieved. This comparison would define a quality criterion of the

strengthening action.
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4.1. Discussion on the extension to practical cases

Although the applied methodology proves to be efficient at determining changes on the
vibrational response of stand-alone brick masonry walls due to strengthening with FRP laminates,
further reflexions need to be considered before extending the in-lab proposed method to real

buildings.

First of all, the particular methodology which was implemented (input-output experimental modal
identification tests) is useful for little structures but it would be required to turn into operational
modal analysis (ambient modal identification) if the aim is determining the influence of a
strengthening intervention on a whole building, bridge, etc. The adaptation to operational modal
analysis is out of the scope of the current research and it requires further tests on bigger
structures using an extensive distribution of accelerometers. Nevertheless, input-output
experimental modal identification tests will remain useful to analyse the influence of punctual
strengthening interventions on structurally well-defined (including their boundary conditions)

elements, like simply supported concrete beams.

In addition, it is well-known that the applied load can influence of the vibrational response of a
structure. Hence, the pre-strengthening and post-strengthening modal analysis should be carried
out with equivalent applied loads to obtain comparable results and being able to discuss about
the effectiveness of the strengthening intervention. The influence of varying applied loads on
vibrational response should also be investigated in future campaigns to extend the results

presented in this manuscript.

Regarding the boundary conditions and possible openings on the walls, it is clear that all those
parameters influence on the vibrational response of a wall which is part of a real building. In

general terms, it has to be taken into account that the stiffer boundary conditions or geometric
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definitions, the littler influence it is expected to be detected by the proposed methodology.
However, further experimental researches need to be carried out to check this common sense

general intuition and set the threshold applicability point of the proposed method.

Finally, the possibility of applying the developed methodology on damaged structures, different
masonry materials or different masonry elements (e.g. arches, vaults) is supported by previous
researches found in the literature review ([21,24]) which used modal analysis to characterise
them. In addition, experimental tests that can be generally found in literature show that the
stiffness on any structure is modified when a stiffer strengthening (like FRP, which is stiffer than
most of the general building materials) is applied. This effect is expected to be greater for
damaged structures, enhancing the applicability of the proposed method in this case because of
the littler stiffness of damaged structures. Similarly, dry masonry or stone masonry with low
stiffness mortars are also expected to be very sensitive to changes in vibrational response when
FRP strengthening is applied because of their initial lower stiffness. Nevertheless, it has to be also
recognised that the particular influence of punctual little strengthening interventions (for
example a single wall of a whole building) would hardly modify the general vibration parameters
of complex large buildings. In this case, input-output experimental modal identification tests may
be used to determine the vibrational response of the strengthened element only, leaving the rest
of the building to simply contribute to: (i) the particular boundary conditions and (ii) additional
vibrational response that had to be eliminated from the analysis by comparing pre-strengthened

and post-strengthened response of the punctual strengthened structural element.

5. Conclusions
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The general and application focused conclusions that arise from the presented research are:

Experimental Modal analysis is a suitable tool to assess the performance of FRP-
strengthening interventions on structural masonry elements.

The effect of FRP-strengthening of punctual elements of a building is not expected to be
detected by the vibrational analysis of the full building. In addition, this global analysis
should use operational modal analysis techniques which is are not assessed in the current
research.

Evidences support the use of the proposed method for different types of masonry,
different structural elements or different boundary conditions or loading cases with the
only restriction that the pre- and post-strengthening conditions should remain the same.
Evidences support that the proposed method is more effective on structures with little
initial stiffness because the stiffness change due to the FRP-strengthening is relatively

more significant.

After performing modal testing on fifteen brick masonry walls before and after strengthening

them with FRP strips installed with five different configurations, the particular conclusions are:

Vibration modes associated with lower frequencies (<90Hz) are easier to be observed
than modes associated with higher frequencies. In fact, vibration mode 1 is the only one
observed for all (strengthened and unstrengthened) cases.

Vibration frequency is more suitable than damping ratio as comparison parameter for
assessing the effect of FRP strengthening because of its lower coefficient of variation.
FRP strengthening reduces damping ratio.

The FRP-strengthening pattern determines the vibration modes which are mode affected

by its installation.
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e Increasing the amount of the FRP installed causes an increase of the variation of the
vibration frequencies. (Eg. 1) can be used to calculate this relationship for pure bending
modes.

e Mode 2 is the most reliable one to perform the assessment on the strengthening
effectiveness for the considered walls because it is the most sensitive mode to the
frequency vibration changes associated with FRP installation and it is the one with less
variability for the unstrengthened walls. The most suitable vibration mode can change for

different structures, boundary and loading conditions.

In addition, taking into account the analytical results it can be concluded that:

e Itis necessary to base analytical calculations of the vibration frequencies of strengthened
structures on experimental results of the same structures before strengthening.

e The definition of a homogenised equivalent section allows taking into account FRP
strengthening of masonry walls for analytical calculation purposes.

e The theoretical variation of vibration frequencies, which is analytically calculated, is
precisely observed (error below 5%) in experimental modal analysis results for pure
bending modes.

e The proposed analytical methodology is more accurate when the dynamic elastic modulus

of the strengthening material is used instead of the static one.
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