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ABSTRACT

Techniques for the non-destructive identification of the materials and structures properties have been
recently developed and are rapidly improving their performance now. One of the main advantages of
these testing procedures is their possible application for studying historical buildings without damaging

these heritage elements, which is one of the basic requirements of conservation interventions.

Among non-destructive testing techniques, the vibration analysis or modal analysis outstands because
of its easy implementation, quick data acquisition and reliable result. Hundreds of buildings and civil
engineering structures have been studied with this technique to assess their performance through the
elastic dynamic response. This testing technique is able to provide essential information for the safety
study of existing structures or to evaluate the structural effectiveness of a strengthening system once it
is applied.

Focusing the research on the historical buildings, brickwork walls are one of the most common
structural elements. However, it has been noticed that there is a growing strengthening tendency
which might change the structural behavior of these elements. Applying FRP laminates bonded on the
wall's surface has turned to be a common practice in retrofitting structures. Nevertheless, this
actuation shows several drawbacks which have been deeply studied. The elastic properties of the
FRP strengthened walls are expected to be different from the ones of unreinforced walls. This
strengthening system has been experimentally analyzed with destructive tests but using a non-

destructive technique is still a new investigation branch.

The proposed tasks are aimed to perform an experimental campaign in order to evaluate the changes
in the dynamic response of brickwork walls when strengthened with different patterns of FRP by
using a modal analysis.
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RESUMEN

Recientemente se han desarrollado técnicas no destructivas para la identificacion de las propiedades
de materiales y estructuras. Actualmente se estd mejorando su rendimiento y capacidades. Una de
las principales ventajas de estos procedimientos de ensayo es que se pueden aplicar en el estudio de
construcciones histéricas sin dafar estos elementos de la herencia cultural, cosa que es uno de los

requisitos basicos de las intervenciones de conservacion.

Entre las técnicas no destructivas de identificacibn de propiedades de materiales y estructuras,
destaca el andlisis de vibraciones o andlisis modal por su facil implementacion, la rapidez en la
adquisicién de datos y la confianza de los resultados que ofrece. Cientos de edificios y estructuras
civiles han sido estudiados con esta técnica para evaluar su capacidad de respuesta dinamica en el
rango elastico. Esta técnica de ensayo es capaz de proporcionar informacion esencial para el estudio
de la seguridad de estructuras existentes o para evaluar la efectividad estructural de un sistema de

refuerzo una vez aplicado.

Centrando la investigacion en edificios histéricos, los muros de obra de fabrica son uno de los
elementos estructurales mas comunes. No obstante, se ha observado que hay una tendencia
creciente orientada a su refuerzo, cosa que puede cambiar la respuesta estructural de estos
elementos. Una practica comun en la rehabilitacién de estructuras es la aplicacion de laminados de
FRP que se adhieren a la superficie del muro. Sin embargo, este tipo de actuacion presenta varios
problemas que han sido estudiados en profundidad. Las propiedades elasticas de los muros
reforzados con FRP se espera que sean diferentes de las de los muros sin reforzar. Este sistema de
refuerzo ha sido analizado experimentalmente a través de ensayos destructivos, pero el uso de

técnicas no destructivas en este ambito todavia resulta un linea de investigacion novedosa.

Las tareas propuestas estan orientadas a desarrollar una campafa experimental para evaluar los
cambios en la respuesta dinAmica de muros de obra de fabrica cuando se refuerzan con diferentes

patrones de FRP mediante el uso del analisis modal.
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1. INTRODUCTION

Among different non-destructive (ND) techniques that can be useful for the achievement of an
advanced knowledge of historic masonry buildings, dynamic testing (successive modal analysis) can
be considered a very effective tool. In the other hand, one of the main advantages of these testing
procedures is their possible application for studying historical buildings without damaging these
heritage elements, which is one of the basic requirements of conservation interventions. Also, dynamic
testing is actually the only way to experimentally measure parameters related to the global structural
behavior. Parallel to this subject, the estimation of the structural and material properties is usually not
easy due to the complexity of historical structures. It should be mentioned that a lot of buildings and
structures have been studied with the technique of input/output modal analysis to assess their
performance through the dynamic response. However, this procedure has not been applied in
historical construction yet.

In addition, modal analysis corresponds to the study of the dynamic properties of structures under
vibration excitation. Dynamic properties resulting from experimental modal analysis are the
frequencies, damping and mode shapes which are related to the physical and mechanical
characteristics of the analyzed structure (mass, stiffness and energy dissipation). Due to mechanical
characteristics of the structure, essential information for the safety study of existing structures could be
reached with this method. One of the applications is to evaluate the structural effectiveness of a

strengthening system.

In the masonry structures, brick walls will usually have the ability to support other parts of the building
without any particular modification and under compression. These are load-bearing walls. This
masonry element is among the most ancient architectural technologies, yet continues to provide
boundless opportunities for both traditional and modern design. Any compression member usually fails
due to the buckling when the wall is slender or vertical load is combined with horizontal load. When
buckling reaction is expected, unreinforced masonry can be strengthened to increase its load-bearing

capacity.

It has been noticed that there is a growing strengthening tendency which might change the structural
behavior of wall element. Focusing the research on the historical buildings, brickwork walls are one of
the most common structural elements. Applying Carbon Fiber Reinforced Polymer (FRP) laminates
bonded on the wall's surface has turned to be a common practice in retrofitting structures.
Nevertheless, this actuation shows several drawbacks which have been deeply studied. The elastic
properties of the FRP strengthened walls are expected to be different from the ones of unreinforced
walls. This strengthening system has been experimentally analyzed with destructive tests but using a

modal analysis (Modal Testing) technique is still a new investigation branch.
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1.1 Objective

The aim of this dissertation is to carry out a modal identification analysis of FRP strengthened
brickwork walls. In addition, it is intended to evaluate the changes in the dynamic response of

brickwork walls when strengthened with different patterns of FRP by using a modal analysis.

To achieve this goal several secondary objectives are going to be reached: a) a review about studying
the scientific basis of the modal analysis, the data acquisition procedures and the post-processing
theoretical formulation; b) defining the vibration tests and FRP patterns; c) applying FRP, performing
the tests and obtaining relevant data for the mechanical characterization of the brickwork wall before
and after the strengthening; Next, the main conclusions from the experiment are presented with

proposing feasible improvements.

1.2 Thesis outline

This thesis study consists of six chapters as follows.

Chapter 1 gives general information about the motivation, concepts of dynamic experiments, the

background of the necessity for strengthening unreinforced masonry wall and the outline of the study.

Chapter 2 presents a state of the art about the scientific basis of the modal analysis, dynamic based

experimental dynamic tests and identification of the mechanical response.

Chapter 3 introduces the characteristics of the FRP, primer, brick, mortars and Data Acquisition
System (DAQ).

Chapter 4 describes the process of making the masonry specimens and the procedure of the
experimental test set-up (Modal Testing) before and after strengthening like estimation of dynamic

properties and calibration the errors.

Chapter 5 discusses about post processing the experiments, analysis the estimated data and comparison

of specimens.

Chapter 6 contains the conclusions. Brief summary of the study, difficulties faced during the work,

recommendations, discussion of results and further works are explained.
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2. DYNAMIC IDENTIFICATION

Structural dynamic analysis methods introduce the stress and response of the structure under
arbitrary dynamic loadings. The dynamic properties of the structure can be defined as time dependent

when the direction, position and magnitude of loads are varying with time.

The deterministic and stochastic are two approaches dynamic response. The system has been called
deterministic when the time variation of dynamic forces acting on the system is known. Also, if the
excitation is random, the problem can be analyzed with probabilistic concepts and it is possible to
analyze the statistical description of the response (Chopra, 2001). In addition, the number of
displacement components that must be taken into account to represent the effects of all significant
inertial forces of a system is known as the number of (dynamic) degrees of freedom of the system

(DOF). General overview on basic structural dynamics will be briefly discussed in this chapter.

2.1 Single Degree of Freedom Systems

Generally, the structural systems give response to the loads (external source of excitations or dynamic
loadings) with their resistance of initial properties which are exposed to external source of excitations
or dynamic loadings. This kind of properties are mass, stiffness and energy dissipation capability,

damping.

The system is defined by a mass on top connected to ground by a column that has specified stiffness
that contracts with the movements of the mass. Any force act on the mass m cause displacement
proportional to the stiffness of the system k. When the forces replaced, the system starts to oscillate in
a specific frequency. In damped structures, by the time passes the velocity of the cycles decreases
until the initial position of the mass is satisfied. In damped systems, energy is dissipated in different
mechanisms such transformation of kinetic energy to thermal energy, formation of cracks or friction

between structural or non-structural elements as shown in Figure 1 (Chopra, 2001).

m > u

Figure 1 - Single Degree of Freedom System
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The particular action itself can be defined by a mathematic expression with regard to Newton’s second
law of motion or dynamic equilibrium. If u(t) is defined as the time-dependent displacement of a

system with one degree of freedom, the equation of motion is:

mii(t) + cu(t) + ku(t) = p(t) Eq.1

where m is mass of the system, ¢ is the damping constant, k is the system stiffness and p(t) is the
acting force on the system depending on time. Here, the time derivatives u(t)and ii(t) represents the

velocity and the acceleration of the system, respectively.

Regarding the analytical solution, the equation of motion can be solved by derived from free vibration
theory (Eq.2). It means vibration (caused by a disturbance) without any external dynamic excitation.
The acting force equals to zero when the system is disturbed from its static equilibrium position by
giving the mass some displacement and release. So, the system can oscillate in a specific frequency

when it released that is shown by Chopra in Figure 2. Then the system will be solved by Eg.3.

T, =2rlw,

"y u(0) b "
_— e ] - — _T_ -
u(0) T Amplitude, u,,
| a c e 1 /

- [

A

Figure 2 - Oscillating in a specific frequency in free vibration system

mii(t) + ku(t) =0 Eq.2

u(t) = Acoswyt + Bsinw,t Eq.3

When A and B are constants of integration and w,, is natural circular frequency [rad/s].Also, the natural

frequency (f,,) and period (T) can be derived easily from Figure 2-2.

k w, 1
Wy = | [rad/s ] fn=§=7 (Hz)

Eq.4

Also, damping could be not zero in real life (Eq.5). So, it can be obtained by differentiating the

equation of motion.
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mii(t) + cu(t) + ku(t) =0 Eq.5
Uy + upéw Eq.6
u= e‘f“’"t[uocostt + msinw[,t]
Wp

Where ¢ is damping ratio and wp damped frequency given by;

C
§=— “)D:‘Dn\/]-_fz Eq.7

When an arbitrary force is acting in the system, the solution of this second order differential equation
can be obtained by the Duhamel’s integral (Chopra, 2001), valid for linear systems and given by the

following expression:

Eq.8

u(t) = ftp(t) e~font=Dgin[wp (t — 1)]dr
0

mwp
where 7 is the reference instant.

System response can be calculated by Fourier Transformation in frequency domain; as an alternative;

Definition of Fourier Transformation X for function x(t) is;

u(t) = j+mx(t) e Jwt =09

—00

where j is the imaginary number (j? = —1). In the process, P(w) and Q(w) represents the Fourier

transforms of the excitation p(t) and the response u(t), respectively.

The Fourier transformation can be applied to the both sides of the motion equation;

mw?Q() + wQ(w) + kQ(w) = P(w) Eq.10

Solving the previous equation with respect to Q(w) as presented in Eg.11 it can be concluded that the
response Fourier transform function directly depends on the excitation and on a complex function
H(w). This is the so-called Frequency Response Function (FRF), defined as the ratio of the Fourier

transforms of the response and the excitation force:

P(w) — H(w)P(@) Eq.11

Qw) =

—mw? + cjow + k

The advantage of this approach is the fact that a deterministic relationship between excitation and

response can be obtained, as given by:
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Hy < 2@ _1 P(w) Eq.12

P(w) k 1_(0%)2+j[2";(w%)]

It is noted that H(w) is a complex function and to calculate its amplitude it is necessary to square root

the sum of the squares from the real and imaginary parts, which results in

1/k Eq.13
VI = (@/wp)?]? + [28 (w/wy)]?

|H(w)| =

This constitutes the bases of seismic analysis and experimental dynamic identification theories (Gavin
H., 2010).

2.2 Multi Degree of Freedom Systems

The equation of movement can be obtained like single degree of freedom with regard to the Newton’s
second law when the system has n degree of freedom (Eq.14). Also, the multi degree of freedom
systems can be solved like single degree freedom systems by means of simplifications. In addition,
there are three possible types of displacements; the longitudinal, traversal and rotational. Figure 3
shows multi-degree of freedom systems can be solved regards to considering traversal displacements
(Chopra, 2001).

Mil(t) + C,ii() + Kq() = p(t) Eq.14

In this equation M, C, and K are the order n x n matrices of mass, viscous damping and stiffness, with
their components m;,, c¢;; and k;, representing the generalized forces for coordinate i. p(t) is the
generalized excitation vector and q(t) the generalized response vector when an acceleration is

applied in the coordinate k.
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Pyft)—or—@ > f5 r=- -'_-/—ﬁfnz r——-@--1+/
:/{ : : :
p.m——£ = o 4 (o---- for 4 o=@ - =Ty

|
| } |
/( I I I I

Displacements #;  Displacements u; Velocities i; Accelerations i,
Velocities u;

Acceleratiohs i

@ ® (€) (d)

Figure 3 - Definition of multi degree of freedom system
The Fourier transform functions will be used for solving (Eqg.14). Then, (Eq.15) will be established the
direct relation between excitation and response like (Eq.12). This is Fourier Transform Function for
multi degree of freedom systems. However, it is necessary to calculate the complex inverse of the

matrix of n X n for each frequency w (Caetano, 1992).

H(w) = [~w*M + jo C; + k]? Eq.15

Instead of solving (Eq.14), modal approach is preferred the solution which is based on assumptions of

an undamped problem with eigenvalue solution that is shown in (Eq.16).
A
U(t):(/)ie it Eq.16

where ¢; are the real eigenvectors (i =1,...,m) and A? are the eigenvalues. For free vibration

systems, the equation reads by substituting u(t),

[K — (—22)M]p; =0 V K& = MDA Eq.17

The modes are commonly grouped in the modal matrix & where each column represents the
eigenvectors, and the eigen frequencies wi are grouped in a diagonal matrix A. Orthogonality

properties of modal shape matrix allow normalizing matrices. Where [ is the identity matrix of

dimension n X n.

OTMD, =1 OTMD,, = A Eq.18
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If (Eg.18) is pre-multiplied by ®TT and taking into account the (Eq.19), the natural undamped

frequencies of each mode i can be obtained similarly to one degree of freedom system problem:

K, Eq.19

By adding damping properties and coordinate transformation, then equation of motion becomes;

.. . 1 Eq.20
Lt () + Tl (8) + M2qm(@) = | — | @7 p(0)

where I is modal mass, I" is modal damping and A? is modal stiffness.

Also, Fourier transform functions can be used to solve (Eq.21) because the equation is similar to the
single degree of freedom system. The response now is related to the solicitation by a FRF in the
modal space, in the following form:

Q(w) = Hw)P(w) Eq.21

where the diagonal terms of the FRF is a matrix n X n given by the expression:

Di,jPrk,j

n
@) = 2 =) + i(Znon) l "
]:

The deterministic formulation for mass and stiffness can be calculated by extracting the mechanical
material characteristics of the structural systems, but the information about damping cannot be
calculated with those parameters. For further reading about deterministic formulation see Clough and
Penzien (1993), Chopra (2001), Ewins (2000) and Maia and Silva (1997).

2.3 Experimental modal analysis

Regarding the modern conservation criteria and recommendation of International Scientific Committee
for the Analysis and Restoration of Structures of Architectural Heritage (ISCARSA)-2005, the minimum
intervention and preservation of construction techniques are requested for understanding any damage
phenomena or evaluation of seismic vulnerability. Concerning this viewpoint, different non-destructive
inspection techniques would be provided local information for the estimation of global properties. In
addition, complete realistic behavioral model of masonry heritage structures is not possible when the

experimentally verified data is not achieved.
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Among different non-destructive (ND) techniques that can be useful for the achievement of an
advanced knowledge of historic masonry buildings, dynamic testing (successive modal analysis) can
be considered a very effective tool. Dynamic properties can be described a structure in terms of its
natural characteristics which are the frequency, damping and mode shapes. In the case of masonry

historical structures modal analysis may be considered for:

a) Evaluation of dynamic characteristics of structures like natural frequencies, modes, soil
structure interaction, damping values, response to wind loads or traffic.

b) Validation of behavioral models in their elastic range, for successive structural (static, wind,

seismic...) verifications.

c) Troubleshooting of structures experiencing problems in response like study of bells motion in

bell towers, excessive vibration level in structural elements due to traffic and so on.
d) Control systems for structures (monitoring).
e) Checking repairs efficiency which is objective of this research

Considering in situ modal identification tests, there are three groups of experimental techniques: a) the
input/output vibration (Operational Modal Analysis) tests that can measure the excitation forces and
the vibration response are measured; b) the output/only tests, where only the response of the system
is measured, and c) the free vibration tests, where the systems are induced with an initial deformation

and then are quickly released.

The characteristics of measurement equipment should be described before discussion about the
experimental technigues. This equipment can be generally divided in three groups: a) excitation

mechanisms; b) response transducers; and c) data acquisition systems.

2.3.1 Excitation mechanisms

Excitation mechanisms are often preferred to use in dynamic test when the structure could not be
under ambient vibrations. The shakers, drop weight systems and impact hammers are frequently used

as excitation mechanisms as shown in Figure 4.

Shakers allow user to control both the frequency and force. They are used to study stationary dynamic
responses and can induce large forces to the structure. Normally, the application of shakers is
expensive and sometimes it is necessary to limit the use of the structure. Moreover, their use
demands to stop the function of the structure during the experiment. While the shakers are used for
big scale structures like bridges and dams, the impact hammer is frequently used in mechanical
engineering structures because it gives sufficient results with for light/medium weight structures.
Generally speaking, the exciter is a hammer with a selected tip for different spectral impact energy,
coupled with a sensor to measure the impact force (Ramos 2007).Figure 4 shows kind of excitation

mechanisms and the differences in spectral response by changing the tips of hammer. For control the
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frequency contents of the impacts, the drop weight system could be used due to changing the

damping properties and applying higher energy than impact hammers.

' Mag:10 dB div
Super softtip -

Soft
Q\Medium i
Hard

" —— Log Frequency 2 KHy

Figure 4 - Impulse hammers (a); Response spectrum depending on the selected tip (b); Eccentric
mass shaker (c)

2.3.2 Response transducers

A transducer is kind of equipment able to transform a physic quantity into a proportional electrical
signal, that usually defines the system response such as displacements, velocities, accelerations,

strains, forces, etc..

In theory, the measure of the dynamic response can be achieved by any of the above physic
guantities. However, displacements are better for low frequency response cases, e.g. civil engineering
structures, and acceleration measurements are more adequate for higher frequency components, e.g.
machinery (Caetano, 2000). In what concerns civil engineering structures, measuring displacements
requests all sensors to be related to an external reference point and, often it is costly to do it.
Therefore, test equipment based on accelerometers is usually preferred, providing accurate results
with relatively low cost. Moreover, it is possible to calculate displacements by numerical integration of

the acceleration records (Ramos 2007).
2.3.2.1 Piezoelectric accelerometers

Piezoelectric accelerometer can produce signals proportional to the acceleration of the mass in a
frequency band below its resonant frequency and it is spring-mass-damper system. Those kinds of

accelerometers require conditioning before starting to record.
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The active part of the accelerometer is made of quartz crystals or ceramic materials, which produce an
electrical output signal proportional to the acceleration. The principal disadvantage concerns the
impossibility of measuring the DC components (0 Hz), like the permanent gravity acceleration g.
Compared with others, the piezoelectric accelerometers have the advantages of not using external
power source (active transducers), being stable, having a good signal-to noise ratio and being linear
over a wide frequency and dynamic range as shown in Figure 5. This kind of accelerometer was used
for this research.

Figure 5 - Piezoelectric accelerometer

2.3.2.2 Piezoresistive and capacitive accelerometers

The main advantage of the type is to capture uniform signals which cannot be captured by
piezoelectric accelerometers. They are passive accelerometers, in the sense of requiring the supply of
energy to measure accelerations and they are more expensive than the piezoelectrics. Also, they are

in big size and limited band width with maximum 1000 Hz, Figure 6.

Figure 6 - Piezoresistive accelerometer

2.3.2.3 Force-balance accelerometers

Instead of directly measuring the inertia force exerted upon the mass by detecting its displacement,
the force-balance system measures the compensated inertia force, generated by an electromagnetic

force transducer, so that the mass of accelerometer moves as little as possible (Pospisil, 2011).
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In addition, they are passive and particularly suitable for the measurements in low frequency range
and used to test flexible structures and in ambient vibration tests. Also, they are used for the

measurement of strong ground motions based on the force-balance principle, Figure 7.

Figure 7 - Force-balance accelerometers

2.3.3 Data acquisition systems

The Data AcQuisition system (DAQ) is used for recording the response signals and the excitation
through a discrete-time series. In generally, DAQ converts the analogue data to digital data in
discrete-time intervals as can be seen in Figure 8. They increase the resolution and reduce noise by
amplifying the low level signals. They are transferred with high-voltage and voltage changes like
ground potentials for isolating the transducer signals from computer.

Also, Noise filters are used to increase the measurement accuracy by excluding high frequencies
signals that are out of the range of measured system frequencies. In addition, they can excite the
transducers when they need external voltage or excitation. DAQ system is responsible of linearization
of any nonlinear transducer response during the measurements.

B

Figure 8 - The Data AcQuisition system (DAQ)

2.4 ldentification Methods

As discussed in section 2.3, modal testing has been comparing from viewpoint of the response
observation of structure under excitation forces. They can be classified by excitation type in 2 groups;
1- output only (Operational Modal Analysis) identification techniques; 2- input-output identification
techniques.
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It should be mentioned, input-output identification technique was used in this experiment that will be

discussed in chapter 4 and 5.

2.4.1 Output-only identification techniques (Operational Modal Analysis)

This type of modal analysis is done when the excitation forces are not measured. One or more
reference (fixed) responses are used, and Cross Spectra or ODS FRFs are calculated instead of FRFs
and the excitations are random nature in time and in the physical space of the structure. With
devolution windowing, FRF-based curve fitting can be applied to these measurements to estimate
operating modal parameters. This technique was used in large civil engineering constructions like
bridge, tower and so on because artificial excitations and the determination of forces have been
constituted problem. The modal parameters will be obtained very difficult where the modal parameters
are estimated by simple peak picking. The frequency or time domains are two main group of this
technique. The first group is also called “non-parametric methods” which is based on the signal
analysis of each measured point (in frequency domain by the application of the FFTs) and on the
correlation between the signals. The second group is “parametric methods” which is based on model
fitting by the correlation functions or time history series of every measured point in the time domain.

Figure 9 shows the classification of these techniques.

Method Characteristics
Peak(FI;’;c)kmg Classical SDOF method
Frequency Domain Decomposition =~ MDOF method; application of SVD to reduce
Frequency (FDD) noise
Domain Enhanced Frequency Domain MDOF method; application of SVD to reduce
Decomposition (EFDD) noise
Polimax MDOF method
Random Decrement Operates on time domain series, leading to a free
(RD) decay curve analysis
Recussive Techniques Time series modelling using recursive
Time (ARMA) algorithms
Domain Stochastic methods based on the minimization of

Maximum Likelihood Methods . "y
a covariance matrix

Stochastic Subspace Identification  Stochastic methods based on the project of state
Methods (SSI-DATA) vector on a vector of past realizations

Figure 9 - Classification of output-only identification techniques (Caetano, 2000)

2.4.2 Input-Output identification techniques

The response will be measured when the excitation force have been applied. In the other hand, the
Frequency Response Function (FRF) will be making a related between excitation force and response
with regard to section 2.1 and 2.2. These techniques are based on the control of the input excitation

and the measurement of the structural time history response in a set of selected points. In the most of
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experiment impact hammers are preferred. However, it can be used in small scale or lightweight
structures. They can be applied while the structure is functioning and their implementation is cheap.
The modal parameters like natural frequencies, mode shapes and damping coefficients will be
calculated by estimating the FRFs or the Impulse Response Functions (IRF). Figure 10 shows the

classification of output-input identification techniques.

The simpler tests are those with a single input and a single output measured the so called Single-
Input-Single-Output (SISO) identification algorithm. Single input tests have difficulties in inducing all
relevant modes and different input locations can be selected, together with different responses treated
simultaneously or individually. The first case leads to Single-Input-Multi-Output (SIMO) algorithms, and

the second case leads to Multi-Input-Multi-Output (MIMO) algorithms (Ramos 2007).

Method Type of Type of Type of Number of
formulation DOF estimates inputs/outputs
Peak Picking
=
‘< Circle-fit SISO
g SDOF Local
a Inverse
&
§ Dobson SISO/SIMO
S3
2 Nonlinear LSFD
. vpor Lo oo
Orthogonal Polynomial Hoa
Indirect
5 2 Mau (Modal) SDOF Local SISO
L @A
g =
= -5 Asher’s MDOF Global MIMO
Complex Exponential SDOF Local SISO
=
'g LSCE SIMO/MIMO
o
A Ibrahim
9 MDOF Global
= ERA MIMO
ARMA Direct

Figure 10 - Classification of input-output identification techniques (Caetano, 2000)

2.4.2.1 Measurement of the FRFs

The frequency response function is very simply the ratio of the output response of a structure due to
an applied force. The both applied force and the response of the structure will be misread due to the
applied force simultaneously. The measured time data is transformed from the time domain to the

frequency domain using a Fast Fourier Transform algorithm.

For instance, the evaluation system of a simple beam with only 3 measurement locations is shown in
Figure 11. It can be seen the beam below with 3 measurement locations and 3 mode shapes. There
are 3 possible places forces can be applied and 3 possible places where the response can be

measured. This means that there are a total of 9 possible complex valued frequency response
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functions that could be acquired; the frequency response functions are usually described with
subscripts to denote the input and output locations as h (out,in) or with respect to typical matrix

notation this would be h(row, column) (Peter Avitabile, University of Massachusetts Lowell).

Yooy o

Figure 11 - Beam 3 DOF Model
Figure 12 shows the magnitude, phase, real and imaginary parts of the frequency response function
matrix. A complex number is made up of a real and imaginary part which can be easily converted to

magnitude and phase. Since the frequency response is a complex number.
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Figure 12 - FRFs of beam 3 DOF Model
It was derived the beam with a force from an impact at the tip of the beam at point 3 and measure the
response of the beam at the same location, Figure 13. This measurement is referred to as h33. Also,
this is a special measurement referred to as a drive point measurement. Some important
characteristics of a drive point measurement are: a) All resonances (peaks) are separated by anti-

resonances; b) The phase loses 180 degrees of phase as we pass over a resonance and gains 180
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degrees of phase as The anti-resonance was passed; ¢) The peaks in the imaginary part of the
frequency response function must all point in the same direction. (Peter Avitabile, University of
Massachusetts Lowell)
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Figure 13 - Drive Point FRF for Reference 3 and Cross FRFs for Reference 3
Regarding (Eq.12) and (Eqg.22), the first definition of the FRFs having the measured response time
history y(t) in the i degree of freedom and of the excitation time history u(t) on the j degree of
freedom, the FRF H; ;,(w) can be calculated directly from the application of the FRFs to the time

histories in theory by (Caetano, 2000):

Hy(w) Eq.23
Uj(w)

Hijp(w) =

where U and Y are the Fourier spectrums of the excitation and the response signals, respectively.

With regard to cross-spectra density functions between the excitation force and the response, another
process to calculate H(i,j)(w) is through the stochastic input-output relations, S, j)(w), and the
Power Spectra Density (PSD) functions of the response or the excitation, S¢, i)(w) and S(j,j)(w),

respectively, where the following relations can be observed:

S (w)
S (w)

S(i,j) ((1)) Eq.24

- Me@l=5, @

Hjy(w) =
Once the measurements are discrete in time with At spacing, the above equations can only be
estimated at discrete frequency values o on a frequency spacing 4w defined by the sampling

frequency fs given by (Eqg.24) and the number of samples N in the time history by (Eq.25):

Eq.25

1
fszﬁzzfoyq © fi 22X frax
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21 Eq.26

Aw = —
Nfs

and the FRFs are then calculated as estimation of the real values by (the superscript ~ denotes

estimate):
7 S (@) _ S (@) £q.27
Aup@) =32 and A )| = 72—
$g.n(w) S (@)
i Vi jy(w)
Ugjp (@)

where every spectrum Sy, x,) is given by the following expression:

—~ SA(l’,j) ((1)) Eq.28
Hip(w) =7——=
Si.h (W)

(Ramos, 2007)
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3. PROPERTIES OF MATERIALS AND INSTRUMENTS

For this experimental research, fifteen masonry walls were constructed as specimens. The
instruments for modal testing, properties of the materials and the components of the structural
strengthened that have been used in the constructions and experiment are described in this chapter.
Also, the properties of bricks and mortar have evaluated from previous experiment in LITEM laboratory

of the Polytechnic University of Catalonia.

3.1 FRP

The MBrace® Laminate System is a Carbon Fiber Reinforced Polymer (FRP) system for structural
strengthening of masonry, concrete, steel and timber structures. MBrace® Laminate is a ready to use
pultrudedl, carbon fiber laminate, normally externally bonded to structures, to provide additional load
bearing capacity. It provides a lightweight, high tensile strength material (higher than steel
reinforcement used in the concrete industry) and is largely utilized for additional flexural reinforcement

of masonry, concrete, steel and timber members. Table 1 and Figure14 show the data of FRP.

Table 1 - Properties of FRP

MBrace® Laminate (Grade) 170/3100
Mean Tensile strength (MPa) 3100
Mean Tensile modulus E (GPa) 170
Laminate Width (mm) 80
Laminate Thickness (mm) 1.2
Ultimate Elongation (at break) 1.6%
Fiber content (%) 70
Density (g/cm®) 1.6
Inter Laminar Shear Strength (MPa) 80
Thermal Expansion (m/m/°C) 0.6 x10°

! Pultrusion is a continuous process for manufacture of composite materials with constant cross-
section. Reinforced fibers are pulled through a resin, possibly followed by a separate preforming
system, and into a heated die, where the resin undergoes polymerization.
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te 170/3100/80x1,2

Figure 14 - Performance of used FRP

3.1.1 Preparation of substrate

The surfaces of elements should be sanded down and left clean and dry. With degraded structures,
the whole damaged area should be removed by scarifying, hydro-demolition or similar, and then
structural restoration would be carried out with mortar. Remove oils, grease, dust or any other loose

material from the surface and leave dry.
3.1.2 Application

To ensure maximum adhesion, one coat of MBrace® Primer would be applied by roller or brush. If
necessary, a coat of MBrace® Laminate Adhesive should be applied by using a putty knife, to fill any
blow holes or imperfections to the masonry surfaces. Also, the protective peel-ply film from one
surface of MBrace® Laminate would be removed to be adhered. If the type of Laminate is being used
does not have a peel-ply surface, and then wipe clean the Laminate surface with a suitable solvent.
The layer of MBrace® Laminate Adhesive should be applied 1-1.5 mm thick on both the surfaces
(masonry and Laminate). After applying Adhesive on the Laminate, the minimum of 1 mm thick at
each side, and 2 mm thick at the canter should be occurred by using a spatula. Finally, any excess
MBrace® Laminate Adhesive (and air) from under the Laminate must be expelled and leaving a

nominal 1-3 mm layer of adhesive.

3.2 Primer

MBrace® Primer is a low viscosity, 100% solids, polyamine cured epoxy. As the first applied
component of the MBrace® System, it is used to penetrate the pore structure of cementitous
substrates and to provide a high bond base coat for the MBrace® System. MBrace® Primer is based
on a unique adduct curing technology that results in tolerance for surface moisture and for
temperatures down to 35 °F (2 °C). MBrace® Primer is the first component of the MBrace® System
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that is applied to concrete, steel and masonry substrates in vertical, horizontal, exterior and interior
locations. MBrace® Primer is used to provide excellent adhesion of the MBrace® System to the

substrate. The data and sample of prime are shown in Table 2 and Figure 15.

Packing Compressive Properties
Part A (liter) 2.85 Yield Strength (MPa) 26.2
Part B (liter) 0.95 Strain at Yield (%) 4
Handling Properties Elastic Modulus (MPa) 670
Mixed Weight (g/L) 1103 Ultimate Strength (MPa) 28.3
Mixed Viscosity at 25 °C (cps) 400 Rupture Strain (%) 10
Physical Properties Flexural Properties
Installed Thickness (approx) (mm) 0.075 Yield Strength (MPa) 24.1
Density (kg/m3) 1102 Strain at Yield (%) 4
Tensile Properties Elastic Modulus (MPa) 595
Yield Strength (MPa) 14.5 Ultimate Strength (MPa) 24.1
Strain at Yield (%) 2 Rupture Strain (%) 0
Elastic Modulus (MPa) 717 Functional Properties
Ultimate Strength (MPa) 17.2 CTE (1/°C) 35.10°
Rupture Strain (%) 40 Thermal Conductivity (W/m-°K) 0.2
Poisson’s Ratio 0.48 Glass Transition Temp (°C) 77

Table 2 - Properties of primer

Figure 15 - Performance of used primer

3.3 Adhesive

Product MBrace® ADHESIVE LAMINATE should be applied on both the surfaces of primed masonry
and Laminate. The main adhesive will be combined from 2 parts and the layer thick of MBrace®

Laminate Adhesive would be 1-1.5 mm. Also, applying the adhesive over the primer should not be
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earlier than 90 minutes. For Mixing 2 parts of adhesive, the second part should be added to the part
one. Then, the mixing should be occurred intensely with drill equipped and a stirrer at 400 rpm
maximum rotation speed for 3 minutes until the mixed would be reached consistency. Not
recommended in any case partial mixtures. The adhesive will be used approximately 1.7 Kg/m2/m.
Table 3 and Figure 16 are presented the sample and properties of MBrace® LAMINATE ADHESIVE

HT for structural reinforcement with FRP laminate.

Diagonal shear strength until 50 °C (MPa) 50
Bonding strength (MPa) 14
Shear strength (MPa) 12
Workability at 23 °C (min) 90
Workability at 30 °C (min) 35
Pot Life at 23 °C (min) 60
Pot Life at 30 °C (min) 60

Full Cure at 23 °C (day)
Elastic Modulus (GPa) 2

Table 3 - Properties of MBrace® LAMINATE ADHESIVE HT for structural reinforcement with FRP

Figure 16 - Performance of used adhesive
3.4 Bricks

The average dimensions of bricks in the masonry walls were 265 mm x 125 mm x 50 mm and the
diagrammatical shape of them are shown in the Figure 17. Also, the average properties of brick are
presented in Table 4.
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e The compressive strength of the brick was determined according to the test procedure in BS
EN 772-1:2000, with a few modifications. The specimen size used was half the brick.

e The water absorption capacity of the bricks in dry and wet conditions was determined
according to the test procedure in BS EN 772-11:2000.

50 mm
265 mm
Figure 17 - Average dimensions of bricks
Property Value
Tensile strength, fy, 6.0 Mpa
Compressive strength, fg, 27.93 Mpa
Water absorption(wet) 0.65 mg/mm?.min
Table 4 - Properties of the bricks

3.5 Mortar

The compressive and flexural strength of the specimens was determined according to the test
procedure in BS EN 1015-11:1999/A1:2006. The size of the mortar prisms used in the flexural tests
was 160mm x 40mm x 40mm and for the compressive tests, the specimen size was half the size of
these prisms. Mortar used was Durland of grade M7.5. The values of the compressive and flexural

strength can be seen in Table 5.

Property Value
Flexural strength 1.2 Mpa
Compressive strength, f., 3.3 Mpa

Table 5 - Properties of the mortar used in the joints

3.6 Masonry

The fifteen brickwork masonry walls were constructed and according to the tests the compressive,

tensile strength and Young's modulus are presented in Table 6.
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Property Value
Tensile strength, f,, 0.36 Mpa
Compressive strength, f., 10.8 Mpa
Young's modulus 780 Mpa

Table 6 - Properties of constructed brickwork walls
3.7 Data Acquisition System (DAQ)

From the general overview was discussed in the chapter two, the dynamic tests were on base of input-

output experimental modal identification tests with one accelerometer and hammer.
3.7.1 Hardware and software

For data acquiring, an input-output hardware model 3050-B-060 with 6 channels and frequency range
of 0 Hz to 51.2 kHz from Brilel&Kjser Company was used, Figure 18. Also, the impacts, coherence of
impacts and Fast Fourier Transform (FFT) were controlled among tests by Briel&Kjser-PULSE
LabShop software.
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Figure 18 - Hardware of Data Acquisition System

3.7.2 Accelerometer and hammer

In experimental modal analysis of brickwork walls, one accelerometer model 4370 V Briuel&Kjser was
used. Table 7, Figure 19 and Figure 20 are shown its characteristics. Mounting was achieved by using

the threaded steel studs and self-adhesive mounting discs, supplied as accessories.
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Also, one hammer model 8206-003-55103 of Briiel&Kjeer Company was used as input in modal

analysis that is shown in Figure 21.

Model of accelerometer 4370V - Briel&Kjaer
A 150.2 Ha (0=20005 . 20 ms* and 230) | 1011 PCIms?(99.2 pCig)

Lower Frequency Limit Determined by the amplifier used
Upper Frequency Limit (+10%) 4.8 kHz
Mounted Resonance Frequency 16 kHz

Calculated values for TEDS
Resonance Frequency 17.9 kHz
Quality factor 18

Table 7 - Characteristic of accelerometer

Accelerometer (pC/ms™)

4370V - Bruel&Kjeer é.
I
Weight: 54 g I
l

Electrical Connector
10-2UNF-2A

Figure 19 - Characteristic of accelerometer

Typical Frequency Response
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Figure 20 - Sensitivity and errors of accelerometer
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Figure 21 - Hammer used in test
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4. EXPERIMENTAL PROCEDURE

This chapter presents the processes in construction of the fifteen walls, modal testing before and after
strengthening of specimens and the method of strengthening. For comparison specimens, five
different patterns of FRP were used. Due to having one accelerometer, one specimen is tested again

with different position of accelerometer. Then 32 tests were occurred totally.

4.1 Constructing the walls

For the comparison of five different patterns of FRP, the team of research decided to construct three
brickwork walls for each patterns and fifteen walls totally. At first, the steel supports were provided in
the same shape and dimension. Then, between two to three centimeters layer of mortar was used on
side of wetted supports. The class and type of mortar used was M 7.5 but from the last experiment in
LITEM laboratory that is mentioned in pervious chapter, the compressive strength of mortar was found
3.3 MPa. The required quantity of mortar was taken in a trough and mixed manually with water like
other usual of fabrication in masonry field and the workers waited around 5 to 10 minutes to use the

reached mortar, Figure 22.

Figure 22 - Preparing the mortar for building the walls
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Also, the bricks were wetted with soaking them in dish of water and then they were put in open air to

use for laying in rows.

The first brick row with full and half bricks was laid on the mortar which was on support and then
another layer of mortar is applied on top of that. Two markers with one centimeter height are placed at
diagonally opposite corners of the brick to control the uniform depth of the joints as shown on the
Figure 23. Then, following one after another brick is put down in the layer of mortar and tapped down
until the level and one centimeter thickness of joints are achieved. Also, the extra mortar was trimmed

with the edge of the trowel which was come out from between the two bricks and then the spirit-level

was used to control and ensure about the level and plumb of bricks.

Figure 23 - Controlling the uniform depth of the joints

This procedure is used to lay the successive 25 brick rows with checking of alignment to ensure that
the walls are straight. However, three specimens were built with 24 brick rows that they were

strengthened in 3V5H pattern. Figure 24 shows the process of construction of the wall specimens.

Figure 24 - Process construction of the wall specimens
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Finally and after building the complete wall, the sides were cleaned with a brush to remove extra
mortar and to ensure that surface which the FRP and primer will be applied is clean and regular.
Though, the cleaning happened again before the applying the FRP because the FRP laminate and
primer were too sensitive to stick to walls completely. Then, the fifteen brickwork walls were left for
146 days in open air condition but they were under big and high roof from ground. The brickwork walls
were constructed between 18th and 20th of December, 2012 outside the LITEM laboratory at the UPC
Campus of Terrassa. Also, it should mention these work were carried out in average 6 to 14
centigrade temperature and 64% to 81% humidity. The place and condition of completed walls are

shown in Figure 25.
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Figure 25 - The place and condition of completed walls

4.2 Transferring and setting up the specimens in the LITEM laboratory of UPC

The wall specimens were transferred from outside, place of preparation, to inside of LITEM laboratory
by a stacking machine and two persons. Also, the specimens and their supports are fixed again
completely with some pieces of steel to avoid kind of sliding as shown in Figure 26. In among of this
experiment, we learned how to arrange the specimens for future experiments, the minimum space
between walls are equal maximum height of walls. By the way, wall arrangement was not ideal
because there could be domino effect if some wall had been fallen down accidentally. However, there
was not enough space to setup another arrangement. This is shown in Figure 27. Also, the walls were
not transported until the last part of process to have same boundary condition before and after

strengthening.
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Figure 27 - The arrangement of walls in the laboratory

4.3 Measuring and dimensions

The walls were measured with using measuring tape, scale and caliper. The average of three readings
from top, bottom and middle of each parameter of walls were assumed as final dimension. Also, the
dimension and the values are presented in Table 8 and the measuring the dimensions of the walls and

instruments are shown in Figure 28.
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It should be pointed it out the walls were numbered with patterns of FRP to avoid confusing situation

about number of tests that will be explained in section 5.2.

Number Height (cm) Average Width (cm) Average Thlilg]]ess
2VOH-1 | 158.70 158.60 158.90 83.70 83.80 83.60 12.50
2VOH-2 | 161.00 160.90 160.90 84.10 83.70 83.40 12.50
2VOH-3 | 158.60 159.40 159.20 84.10 84.00 83.30 12.40
3VOH_1 | 160.00 160.30 160.20 82.50 82.60 82.50 12.60
3VOH_2 | 160.20 160.20 160.20 83.30 83.20 83.40 12.50
3VOH 3 |161.20 161.20 161.30 83.30 83.40 83.20 12.40
2V2H 1] 157,90 157.80 157.90 83.50 83.70 83.70 12.50
2V2H_2 | 158.70 159.10 158.90 83.40 83.60 83.50 12.50
2V2H 3] 159.20 159.20 159.10 82.60 82.60 82.50 12.50
3V5H 1| 157.70 157.30 157.50 82.90 83.50 83.00 12.40
3V5H_2 | 157.80 158.10 158.00 83.10 83.00 82.50 12.60
3V5H_3 | 155.10 155.20 155.20 83.00 82.90 82.80 12.50
3131_1 | 162,50 162.60 162.50 82.50 82.50 82.50 12.50
313_2 | 162.00 162.20 162.40 83.60 83.40 82.30 12.50
3131_3 | 160.80 160.80 160.80 83.10 83.00 83.10 12.60

Table 8 - Dimensions and number of walls

Figure 28 - Measuring the dimensions of the walls

4.3.1 Dimensions of grids for Modal Testing

Before starting the process of modal testing, it was decided to have similar mesh on surface of walls
because one purpose of this experiment was about the comparison the mode shapes in same
patterns of FRP. So it was needed to prepare similar mesh in different walls with minimum difference

of dimension to measure frequency and damping of walls.
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In all walls except 3V5H pattern, two rows of bricks from bottom and two rows from top were left
because first row was inside of supports (bottom in this experiment and top in next experiment) as
seen in Figure 29. Also, location of mortar between two bricks in the even rows should be made
problem about impact of hammer. It was needed to smooth surface for impacting hammer of modal

testing and establish a formula to pass even rows.

Figure 29 - Supports in top of walls for next experiment

Vertical grids: finally, 21 rows were reminded which were estimated 11 vertical grids with these

distances in Table 9 and Figure 30 from this formula.
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Figure 30 - Typical measuring of grids and walls
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Vg =

(

H

2

(Nb——l))

Eq. 29

H: Height of total mesh (center to center of rows of brick, 3rd from top and 3rd from down)

Vg: Distance of vertical points

Np: Number of rows

Height of total mesh

Distance of vertical grids

Number of brick rows

Number Nb
2VOH-1 21
2VOH-2 21
2VOH-3 21
3VOH_1 21
3VOH_2 21
3VOH_3 21
2V2H_1 21
2V2H 2 21
2V2H_3 21
21

21

21

31311 21
31312 21
3131_3 21

H (cm)

*: These walls have just 24 rows. Therefore, center to center of rows of brick are started
from 2nd brick row from up to 3rd brick row from down

Table 9 - Dimensions of vertical grids

Horizontal grids: 2 centimeters from right and left side in each wall are remained, symbolized g,

because the mesh of modal testing need to be rectangular exactly for comparison of results in

behavior of mode shapes. Then, 20 centimeters (Hy,) are separated from both sides of surface. The

reminded distance was divided per two parts that are called Hg,. The measurements of the specimens

can be seen in Table 10.
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Real width Tolerance of Fir_st-Fixed I_Distance o_f
edge distance horizontal points
Number | Width (cm) g (cm) Hgl (cm) Hg2=(b-44)/2 (cm)
2VOH-1 2.00
2V0OH-2 2.00
2VOH-3 2.00
3VOH_1 2.00
3VOH_2 2.00
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3VOH_3 2.00
2V2H_1 2.00
2V2H_2 2.00
2V2H_3 2.00
3V5H_1 2.00
3V5H_2 2.00
3V5H_3 2.00

31311 2.00

3131_2 2.00

3131_3 2.00

Table 10 - Dimensions of Horizontal grids

Finally, eleven rows and five columns are calculated and drawn in each walls with color thread. Also,
for controlling the error of drawing, the meshes are measured and compared with calculated mesh.
The maximum error was around 3 millimeters. In addition, it should be mentioned, it is better to do the
meshing from center to edges in historical elements but here the walls are made exactly from first step
and the maximum error is around 2 mm that is so exact for this kind of testing.

4.4 Modal Testing before strengthening

The dynamic tests performed are input-output experimental modal identification tests as it is stated in
chapter 2. The tests consist of fixing the sensor (accelerometer), recording the response of the
structure to successive impacts of hammer from first to last point and finally using the Data Acquisition
(DAQ) equipment with its software. Also, the factors such as types of the data to be acquired, number
and locations of impacts, dynamic range, power and processor/memory requirements, sampling

intervals and etc. should be considered.

441 Location of accelerometer

As there was only one accelerometer, it was decided to place accelerometer at top in left side of all
walls because of its high amplitude, maximum displacement and contribution in each mode. The
position of accelerometer is important to avoid the locations of zero displacement for each mode of
vibration of walls. Moreover, two tests were carried out with different position of accelerometer in one
specimen (2V2H_1) to compere discrepancy of left and right side locations that would be explained in
section5.2.1. Figure 31 shows the arranged position of the accelerometers on wall specimens. One
setup and 55 points were decided to be measured for each specimen. In addition, the coordinate
system of axis had been located in point number 11 as shown in Figure 32. Also, the impact was

carried out in X direction to simulate the load-bearing walls (here is self-weight) plus horizontal forces.
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Figure 32 - The numbers of point and coordinate system of axis in each specimen

4.4.2 Setup the Data Acquisition System and software

As it is discussed in chapter 2 and 3 about the Data Acquisition System (DAQ), Table 11 tabulates the
instrumentation and test settings used for the modal testing. For each point, two Fast Fourier
Transform (FFTs) were measured. The wall was excited by applying a horizontal impact by hammer.
In each point, the 2 impacts were applied every 3.2 seconds at same points on wall and frequency
response function (FRF) is computed for each point, Figure33. A standard modal analysis was
performed on the collected data. The set of transfer functions and modal parameters for the structure

are extracted.
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Data Acquisition Domain of Range of . Numbers
System SHTEE span (Hz) frequency (mHz) Ui &) of impacts
3050-B-060 PULSE LabShop
Briel&Kjeer Briel&Kjeer 500 312.5 32 2

Table 11 - The settings of DAQ system

~

Figure 33 - Applying 2 horizontal impacts by hammer in each point

4.4.3 Calibrating the errors

To avoid errors and calibrate the specimens, measurements were taken for 4 seconds between 2
hammer impacts in each point. In addition, coherence of 2 hammer impacts was checked among test
with PULSE LabShop Briuel&Kjeer software and sometimes the impacts were repeated 2 until 5 times
to find best coherence that is presented in Figure 34 and Figure 35. Moreover, the coherence function
is used as a data quality assessment tool which identifies how much output signal remains in
comparistonto the measured input signal. Also, if rebound condition had been happened by hammer,
the impacts were repeated to avoid errors in FRFs. Figure 36 shows the sample of rebound situations.
Furthermore, the sensitivity of range of frequency (mHz) has been setup 0.3125 Hz meanwhile the
minimum variation before and after strengthening was around 2 Hz as can be seen in chapter 5. Also,
it was tried that the tests were carrying out in silent time of laboratory during the experiment to avoid
influence of any noise.
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Figure 34 - The best coherence for 2 impacts in each point
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Figure 35 - The worst coherence for 2 impacts in each point
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Figure 36 - Rebound condition in hammer impact

4.4.4 Obtaining the Frequency Response Spectrum and Function (FRF) before
strengthening

Figure 37, Figure38 and Figure 39 are shown examples of the results of frequency versus Real,
Imaginary and Magnitude for test 2VOH_1_nonstrengthened_a in points 1, 2, 55 and all points. By
performing the Fast Fourier Transform (FFT) analysis, the results are transformed from the time
domain to the frequency domain, which are called frequency response function (FRF). The frequency
values can be obtained by picking up the peaks of the FRSs shape that would be discussed in next
chapter.
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Figure 37 - Results of Frequency versus Real for test 2VOH_1_nonstrengthened_a in points 1, 2, 55

and all points
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Figure 38 - Results of Frequency versus Imaginary for test 2VOH_1_nonstrengthened_a in points 1, 2,
55 and all points
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Figure 39 - Results of Frequency versus Magnitude for test 2VOH_1 nonstrengthened_a in points 1,

2, 55 and all points
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4.5 Strengthening the walls

In this research one of the main objectives is to evaluate the changes in the dynamic response of
brickwork walls when they are strengthened with different patterns of FRP that is intended to be
reached. In order to determine whether which patterns of FRP will be more suitable for strengthening
unreinforced masonry walls. The dynamic response of FRP patterns will be compared and discussed
in next chapter but the patterns of FRP will be designed and applied in this section. The following
sections explain the method and procedure of reinforcing the masonry specimens with 5 patterns of
FRP.

45.1 Preparing the specimens

The requirements for applying FRP for strengthening the specimens are clean surface. The surface of
walls must be smooth and clean without any extra mortar because the FRP would not be stuck with
high efficiency. Hence, the substrates were cleaned again with brush, emery and water for removing

extra mortar. The processes are presented in Figure 40.

Figure 40 - The processes of cleaning the surface

45.2 Design of FRPs patterns

It was decided to specify three main patterns to design in vertical, vertical-horizontal and diagonal. For
each category except diagonal pattern, two different numbers of FRP were used, five groups and

fifteen walls in total. Also, the walls were numbered with counts of FRPs. Also, it was decided to use

FRPs of diagonal pattern in 60 and 30 degrees due to used Golden ratio (aZ—b=%) in elements

dimension of historical constructions and monument. In addition, the below formulas are used for

numbering of specimens. Table 12 and Figure 41 are shown the 5 groups of walls.
(#Vv#H_* strengthened or nonstrengthened_a, b or ¢)

(#I1#1_* strengthened or nonstrengthened_a, b or c)
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#

Counting the number of FRPs

V, H, I

Condition of FRPs

*

Counting the walls number in each group

strengthened or

nonstrengthened

Situation of walls that is explained the FRPs are applied or not

a, b, c

counting the number of modal analysis tests

Table 12 - How to number the specimens

For instance, 3I3I_2_nonstrengthened_b: The wall has 3 diagonal FRPs in both direction and it is

second wall in groups of diagonal that is not strengthened and b is shown that the modal testing is

carried out for second time.

e
b1
T

Nl

I!I!I!I!I!I!I!I!I!I!I!‘ . |

r4

1N

7
Model: 313l

b2

Model: 3V5H Model: 2V2H

Figure 41 - Five groups of FRP patterns
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4.5.3 Measure, cut and location of the FRPs

Because of the next experiment, the vertical and diagonal FRPs were measured and cut two
centimeters lesser than height of walls without computing the supports in bottom and 6 cm for support
in top were assumed for next experiment as seen in Figure 42 and Table 13. Furthermore, the
horizontal FRPs were measured one centimeter lesser than the width of specimens because FRPs
should not be glued on walls exactly with liquid adhesive. Figure 42, Figure 43 and Table 13 are
shown the measurements. After measuring the length and angle of FRPs, they were cut for all walls.
The cuttings of FRPs are carried out with simple handsaw and prop device that is presented in Figure
44. Finally, the center locations of FRPs on each wall were calculated with dividing the dimensions of
walls per numbers of FRPs that would be used as vertically, horizontally and diagonally as shown in
Table 13. Then, the width of FRPs was marked on walls for applying them in next steps. Figure 45

shows a piece of protection layer of FRPs in one side were removed with cutter and hand to prepare

for next steps.

Table 13 - Measurements and locations of FRPs

Dimension Distance
length of | length of
Number | vertical | horizontal al bl cl a2 b2 c2 d2 e2
FRP FRP
2VOH-1 | 142.53 28.07 55.63
2VOH-2 | 144.63 28.08 55.66
2VOH-3 | 142.77 28.10 | 55.70
3VOH_1 | 143.57 20.88 | 41.27 61.65
3VOH_2 | 144.00 21.08 | 41.65 62.23
3VOH_3 | 145.03 21.08 | 41.65 62.23
2V2H 1 | 141.37 82.63 28.04 | 55.59 48.12 | 95.24
2V2H_2 | 142.60 82.50 28.00 | 55.50 48.53 | 96.07
2V2H_3 | 142.87 81.57 27.69 54.88 48.62 | 96.24
3V5H_1 | 141.30 82.13 21.03 | 41.57 62.10 2455 | 48.10 | 71.65 | 95.20 | 118.75
3V5H 2 | 141.67 81.87 20.97 | 41.43 61.90 24.61 | 48.22 | 71.83 | 95.44 | 119.06
3V5H_3 | 139.07 81.90 20.98 | 41.45 61.93 24.18 | 47.36 | 70.53 | 93.71 | 116.89
Dimension Distance
2 sides of N.1 2 sides of N.2 2 sides of N.2
Number and N.4 with and N.5 with and N.5 with rl r2 r3 r4
angles 60°-30° | angles 60°-60° | angles 30°-60°
3131_1 |83.00 104.50 | 160.50 160.50 | 102.00 81.00 | 41.25 | 82.00 | 74.17 | 147.33
3131_2 |83.00 104.00 | 162.00 162.00 | 103.00 82.50 | 41.55 | 82.60 | 74.05 | 147.10
3131_.3 |82.00 101.00 | 161.00 161.00 | 100.50 80.50 | 41.53 | 82.57 | 73.30 | 145.60
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6.00 cm

6.00 cm

0.5cm

|
Model: 2V2H Model: 313

Figure 42 - Positions of vertical and diagonal FRPs on walls

. 0.5cm

0.5cm

Model: 3V5H

Figure 43 - Positions of horizontal FRPs on walls
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Figure 45 - Removing the protection layer of FRPs for next steps

4.5.4 Applying primer

Before applying primer in specimens, it was decided to divide walls in three groups and applying
primer was carried out in three times with one package of primer because the specimens were a lot
and the process should be occurred maximum in 20 minutes at 25° C before hardening the primer.
Figure 46 are presented the main primer was polymerized from two primary primers and they were
mixed together between three to five minutes with low-speed drill (600 rpm). Then, the all primer was

separated into 3 or 4 parts to carry out the process quickly and avoid hardening the primer due to hot
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chemical activity less than 20 minutes. Finally, the positions of FRPs were brushed like painting with
primer. For normal masonry walls, the average thickness of the primer layer should be between 1 and
2 mm. These processes and date are shown in Figure 47 and Table 14. It should be mentioned the
primer of 3V5H_2 wall was painted defectively and then the hardened primer was removed completely

and the process of applying primer was carried out again.

Figure 47 - Processes of applying primer
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Date of applying primer Date of applying FRP
L7t Vertical or right | Horizontal or left | Vertical or right | Horizontal or left
to left positions | to right position | to left positions | to right position
2VOH_1 21.05.2013 22.05.2013
2VOH_2 21.05.2013 22.05.2013
2VOH_3 28.05.2013 29.05.2013
3VOH_1 21.05.2013 22.05.2013
3VOH_2 28.05.2013 29.05.2013
3VOH_3 21.05.2013 22.05.2013
2V2H_1 21.05.2013 28.05.2013 22.05.2013 29.05.2013
2V2H_2 21.05.2013 28.05.2013 22.05.2013 29.05.2013
2V2H_3 21.05.2013 28.05.2013 22.05.2013 29.05.2013
3V5H 1 28.05.2013 04.06.2013 29.05.2013 05.06.2013
3V5H_2 28.05.2013* 04.06.2013 29.05.2013 05.06.2013
3V5H_3 28.05.2013 04.06.2013 29.05.2013 05.06.2013
31311 28.05.2013 04.06.2013 29.05.2013 05.06.2013
3I31_2 28.05.2013 04.06.2013 29.05.2013 05.06.2013
3I31_3 28.05.2013 04.06.2013 29.05.2013 05.06.2013

*. Prime had been applied in 21.05.2013 but it was removed in 27.05.2013 due to apply after 20

minutes and bad quality of primer

Table 14 - Dates of applying primer and FRPs

455 Applying FRP and adhesive

This process usually was occurred 24 hours after applying primer. However, the minimum time for
applying adhesive and FRP after process of primer is around 90 minutes. Table 14 was shown the

date of process.

The adhesive was prepared with mixing two materials around 3 minutes as seen in Figure 48. Also,
the process of applying FRP and adhesive should be finished before 35 minutes at 30° centigrade for
each mixed adhesive because after that the strengthening would be started. It was decided to apply
adhesive on wall and FRP in the same time as presented this step in Figure 49. The average
thickness of the adhesive layers on FRP and walls should be between 1 and 2 millimeters, but it

should be more than 2 millimeters in some specimens that two FRPs were laid in each other.

The prepared FRPs were put on the surface of walls with rubbing FRPs on wall slowly and heavy
pressing with hands subsequently. Then, the extra adhesive was removed from both sides of FRP by

spatula as seen in Figure 50.
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L B

Figure 48 - Mixing and preparing the adhesive

Figure 49 - Process of applying the adhesive on walls and FRPs at the same time
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Figure 50 - How to apply the FRPs on walls

For specimen numbers 3V5H, 2V2H and 3I3l, two layers of FRP were needed to lay in each other.
The second layer of FRPs was usually positioned when the first layer of FRPs and adhesive were
applied and dried after minimum 4 days. However, in this experiment the second FRP was laid after
seven days. Table 14 was shown the date of this process. Also, for attaching the FRP on another FRP
should not need to use primer. However, the second protection covers just should be removed and
applied adhesive that operation is seen in Figure 51. In addition, it was decided to apply vertical FRPs
and diagonal FRPs from right to left side of walls (when you stand in front of the walls, their direction
are from northwest to southeast). Figure 52 shows the direction an turn of the second layer of FRP
over the first layer of reinforcement. In next chapter would have been seen the turn of gluing of
transverse FRPs from left to right or right to left side would have not affected on identification of the

mechanical response of strengthened brickwork walls.
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Figure 52 - Direction and turn of the second layer of FRP over the first layer of reinforcement
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4.6 Modal Testing after strengthening

The dynamic tests were occurred after strengthening and in the same location of accelerometer like
section 4.4, setup the Data Acquisition System and software, calibrating the errors and obtaining the
Frequency Response Spectrum and Function (FRF) parts. However, it was considered more about the
obtaining the FFTs and FRFs among test because the main purpose of experiment was about this.
Also, it should be indicated the strengthening and modal testing was occurred in different side of walls

because the surface of impacting must be the same before and after strengthening in modal testing.

For primary comparison, Figure 53, 54 and 55 are presented examples of the results of frequency
versus Real, Imaginary and Magnitude for test 2VOH_1_strengthened_a in points 1, 2, 55 and all.
However the all results of the frequency response spectrums (FRSs) and FRFs are shown and
discussed in next chapter. The dates of operating modal testing after strengthening are shown in
Table 15.

Date of applying FRP Modal .
Number Yertical or Horizont.al or | Testing after Dlve:jgaence of
right to left left to right | strengthening ys
positions position
2VOH-1_strengthened_a 22.05.2013 30.05.2013 8
2VOH-2_strengthened_a 22.05.2013 10.06.2013 19
2VOH-3_strengthened_a 29.05.2013 10.06.2013 12
3VOH_1_strengthened_a 22.05.2013 30.05.2013 8
3VOH_2_strengthened_a 29.05.2013 10.06.2013 12
3VOH_3_strengthened_a 22.05.2013 30.05.2013 8
2V2H_1_strengthened_a | 22.05.2013 | 29.05.2013 11.06.2013 13
2V2H_1_strengthened b | o5 o5 5013 | 29.05.2013 | 26.06.2013 28
_right side*
2V2H_2 strengthened_a | 22.05.2013 | 29.05.2013 11.06.2013 13
2V2H_3_strengthened_a | 22.05.2013 | 29.05.2013 11.06.2013 13
3V5H_1 strengthened _a | 29.05.2013 | 05.06.2013 18.06.2013 13
3V5H_2 strengthened _a | 29.05.2013 | 05.06.2013 18.06.2013 13
3V5H_3_strengthened_a | 29.05.2013 | 05.06.2013 18.06.2013 13
313I_1 strengthened_a | 29.05.2013 | 05.06.2013 18.06.2013 13
313I_2 strengthened_a | 29.05.2013 | 05.06.2013 18.06.2013 13
313I_3 strengthened_a | 29.05.2013 | 05.06.2013 18.06.2013 13

*:The accelerometer had been located on right side of wall

Table 15 - Dates of operating modal testing
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Figure 53 - Results of Frequency versus Real for test 2VOH_1_strengthened_a in points 1, 2, 55 and

all points
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Figure 54 - Results of Frequency versus Imaginary for test 2VOH_1_nonstrengthened_a in points 1, 2,
55 and all points
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Figure 55 - Results of Frequency versus Magnitude for test 2VOH_1_nonstrengthened_a in points 1,
2, 55 and all points
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5. POST PROCESS AND ANALYSIS OF DATA

After performing the 32 dynamic tests and computing the Fast Fourier Transforms (FFTs) and
Frequency Response Functions (FRFs), the results must be verified with post processing data in
ME'scopeVES software to accurately estimate the modes and damming. After that, first's modes of the
walls (in range of 0 to 500 Hz) are presented in all tests. In addition the function of modal assurance
criteria (MAC) are estimated for calibration of modes between strengthened specimen and non-
strengthened. Finally, five different patterns of FRP will be compared in three ways: amount of FRP,

influence of vertical and horizontal positions in FRP patterns and effect of angle on FRP patterns.

5.1 Post processing the experiments

Fifteen models of walls with their dimension were prepared and inserted in ME'scopeVES
configuration file to be able to animate and visualize the modal movements. After computing the FRFs
for each point that were discussed in section 4.4.4 and 4.6, all frequency response spectrums and
signals were post processed with using the 500 Hz span and 0.2 Hz range of sensitivity frequency in
software. Briefly, the final modes were estimated from three steps of curve fitting that will be explained

in below.

5.1.1 Mode indicator

The first and most critical step of modal parameter estimation is to evaluate how many modes have

been excited in a frequency range of a set of FRF measurements.
For this purpose,

1- The mode indicator will provide a best and single curve with resonance peaks for counting the

number of mode in the frequency range

2- The mode indicator will limit the data used by the Frequency and Damping curve fitting
methods to data surrounding each resonance peak. They would be used to weight the data

from each reference during Residues curve fitting (next sections).

Figure 56 is presented these purposes
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Figure 56 - Estimation peak and modes from FRF

Also, there are several methods for mode indicator. It is needed to use Complex Mode Indicator
Function (CMIF) method for this kind of experiment at first step of curve fitting. The Complex Mode
Indicator Function (CMIF) performs a singular value decomposition of the FRF data for resulting in a
set of multiple frequency domain curves. The number of mode indicator curves equals the number of
references which is 55 measured points or Traces® in these tests. Each peak in a curve is an
indication of a resonance that is shown in Figure 57. In other word, multiple CMIFs are calculated from
a multiple reference set of FRFs. Also, they will be used to locate closely coupled modes and repeated
roots that will be discussed in section 5.1.2.2.
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Figure 57 - Number of peaks for each FRF (4 modes for 1st FRF; 3 modes for 29" FRF)

2 . .
Each Trace contains values measured at a DOF(single channel measurement) on the structure

Erasmus Mundus Programme

56 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS



Non-destructive identification of the mechanical response of FRP strengthened brickwork walls with modal analysis

Furthermore, the Mode Indicator Function would be computed by processing of the Real, Imaginary

and Magnitude of FRFs which is referred to chapter 2 and is seen in Figure 58.

Real: The Real will be used when there is a single resonance peak for each mode. This
situation will happen when the response units are velocity.

Imaginary: The Imaginary will be used when there is a single resonance peak for each mode.

This situation will happen when the response units are displacement or acceleration

Magnitude: The Magnitude can be used in any conditions when there is doubt condition for

choosing valid Real or Imaginary part.
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Figure 58 - Difference of computing modes for the Real, Imaginary and Magnitude part

5.1.2 Estimating real modes

In mode indicator which is described in previous sections deals with a lot of modes that they could not
be correct because they are summation of all modes from all FRFs (55 FRFs). For solving, it is better

to build up a list of modal frequencies and damping by curve fitting in small ranges by comparing the
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imaginary and magnitude parts and choosing real modes when they are repeated in all FRFs. After
that, the results will be performed and natural frequencies and damping could be estimated by picking

the peaks manually. Figure 59 is shown this process.
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Figure 59 - Estimation frequencies and damping ratio

5.1.2.1 Damping comparison

To compare damping values between modes, the damping must be displayed in percentage value in
instead of Hz rates. A large difference among values range in modal testing is usually not expected,
unless there is a special damping mechanism that is affecting one mode more than another. In this

experiment, the huge difference of damping should be controlled by the other result of FRFs.

5.1.2.2 Repeated roots and closely coupled modes

Two modes can be in the same frequency and can have damping with different mode shapes
especially in geometrically symmetric structures. This condition is called a repeated root. Also,
structures can have two or more closely coupled modes that are very close in frequency with sufficient
damping, so their resonance peaks sum together and appear as one resonance peak in
measurements. Then name of this situation is Closely Coupled modes. Figure 60 is presented this

condition.

In general, sometimes the resulting mode shape will be looked like the summation of multiple mode
shapes in viewed animation (complex mode, a traveling wave, instead of a standing wave) if the
structure has closely coupled modes or repeated roots. Due to these situations, in the most case
would be identified one mode where there are really two or more and it is impossible to divide them.
From this experiment, it would be seen the separation of two modes will occur after strengthening

automatically because of homogenizing the masonry materials.
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Figure 60 - Estimation modes in closely coupled conditions

5.1.3 Fit function and residues

After curve fitting is completed, a red Fit Function is displayed for each Trace that was curve fit. The
Fit Function is overlaid on top of the Trace, so that is can be compared with the measurement data.
The Fit Function is zero outside of the curve fitting band and each Fit Function should closely match

its corresponding measurement over the curve fitting band as seen in Figure 61.

ME1 FRF 1X

Log Magnitude (mis2/(N)

Log Magnitude

Figure 61 - Curve fitting of mode shapes
Experimental modal parameters are estimated by curve fitting an analytical Frequency Response
Function (FRF) parametric model to a set of experimental derived data. The unknown parameters of
the parametric model are the modal frequency, damping and residues for each mode. Each mode has
a single frequency, damping estimate and a different residue estimate to each measurement that is
curve fit. Each residue is a different component of the mode shape. In other words, residues are
simply numbers that represent the "strength" of a resonance. In general, modal residues are complex
numbers. Therefore, they are listed as magnitude and phase in the modal parameters spreadsheet
and in a shape table as shown in Figure 62. Since the denominator of the FRF has units of Hertz, or

(radians / second), residues must have the following units (Eq.30).

Residue units = (FRF units) x (radians / second) (30)
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The modal residues are estimated during a separate curve fitting step on the FRF data. During residue
curve fitting, the coefficients of the numerator polynomial of each FRF are estimated by at least
squared error curve fitting process. It should be mentioned, this parameter is not used for comparing

results of this experiment; however, they were used for selecting the best mode shapes as real mode.

Vlode Indicator | Frequency & Damping | Stabiity | Residues & Save Shapes

Method

| SDOF CoQuad -

Residues | Save Shapes..

Select | Frequency Damping Damping Residue = Residue
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[ No] 40653 56148 13797, 1488 0
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Figure 62 - Example of residue parameter

5.2 Analysis and comparison of specimens

To evaluate the main objective of the experiment and make a comparison between the identification of
strengthening and non-strengthening experimental results, the fifteen specimens in five groups of FRP
patterns were considered as discussed in chapter four. Moreover, they were compared from three
aspects; amount of FRP, influence of vertical and horizontal positions in FRP patterns and effect of
angle on FRP patterns that were mentioned in section 4.5. Finally all of three aspects were compared

generally to appraise the best performance of FRP pattern.

Also it is possible to see the mode shapes and compare the data for estimation of frequencies,
damping ratio, modal assurance criterion (MAC) and value of residue. For this purpose, fifteen exact
geometric models were constructed and the points of impacts were defined with their directions.
However to see exact behavior, the grids and points just are shown because the movement of edges
and support will be following virtually from the measured points. Thus, the movements of non-

measured points were simulated and they were depending on other points.

5.2.1 Location of accelerometer

As discussed in section 4.4.1, it was decided to locate the one accelerometer at top in left side of all

walls because of its high amplitude, maximum displacement and contribution in each mode. However,
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two tests were carried out with different position of accelerometer in 2V2H_1 specimen to evaluate the

discrepancy of left and right side position for modes in specimen.

The results of test for non-strengthened and strengthened 2V2H_1 specimen at 2 positions of
accelerometer are tabulated in Figure 63 and Table 16. In Figure 63 can be estimated there are
different modes with different behavior. However, the first and second mode shapes around 74 and 84
Hz are the same in different positions of accelerometer even. Also, it should be specified the second
mode shape with right accelerometer shows similar frequency but in different nodal line. It means, the
position of accelerometer have affected on the displacement direction of wall, although, it is not
possible to discuss about damping ratio exactly that will be discussed in section 5.2.2.2. Furthermore,
the first compound mode shapes (1s lateral+1® Bending) were reached in the same frequency around
232 Hz before strengthening and 235.8 to 239.4 Hz after strengthening. In next section, it would be
discussed the 3.6 Hz is not error of accelerometer in the high range of frequency whereas the FRPs
were applied with 1 and 2 millimeters tolerance of adhesive. All of these facts confirm that the position
of accelerometer could not be important even if other position of accelerometer cannot be received

some excited modes.

Mode 1 2 3] 4 5 6
2V2H 1 L| shapeLavel st | 1stB | 2ndB | BSTEFSU 3B | astiends
Frequency Units (Hz) (Hz) (Hz) (Hz) (Hz) (Hz)
Frequency ‘ 207.550 352.830 391.640
Non-strengthened_a - -
Damping ratio (%) ‘ 1.974 1.220 1.358
Frequency | 222.940 378.360
Strengthened_a - -
Damping ratio (%) ‘ 1.960 1.231
Difference Frequency | 15.390 25.530
Damping ratio (%) -0.014 0.011
Difference % Frequency (%) 7.415 7.236
Mode 1 2 3 4
1st 1st L+2nd
2\V/2 H_l_R Shape Label st L 1st B Lo 5
Frequency Units (Hz) (Hz) (Hz) (Hz)
Frequenc 390.630
Non-strengthened_a - 9 -y
Damping ratio (%) 1.348
E 425.670
Strengthened_a r(.equent':y
Damping ratio (%) 2.161
Difference Frequency 35.040
Damping ratio (%) 0.813
Difference % Frequency (%) \ 8.970

Table 16 - Details of frequency and damping estimation for the 2V2H_1 specimen with different
position of accelerometer
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Figure 63 - Estimation the same modes and same frequencies with different position of accelerometer

52.2

strengthening for 5 FRP patterns

Identification of the mechanical response of 15 specimens before and after

At first, frequency and damping ratio estimation of the recorded data for each specimen were

compared with itself and then two other specimens to calibrate and discard the inappropriate data. In
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the processes of modal identification, the difference of frequencies in similar mode shapes was
identified to validate the results that were shown in tables and figures of each section. Also, Modal
Assurance Criteria (MAC) value is a method for quantitatively comparing two complex shape vectors.
In other words, MAC is calculated for two mode shapes from columns of the DOFs to evaluate the
coherence of mode shapes. In addition, the percentage of frequency difference, damping ratio and
residue difference of each specimen show the efficiency of patterns in each group that will be

presented in each part.
5.2.2.1 Obtaining the modal parameter and discarding the strange data
a) 2VOH specimen

Figure 64, Figure 65, Figure 66 show the results parameter of three 2VOH specimens from six tests in
non-strengthened and strengthened condition. The results were transformed from the time domain to
the frequency domain, which are called FRF. The results of the FRFs and the frequency values can be
obtained by picking up the peaks of the FRFs. From the below graphs, the FRFs for the walls have

clear peaks, so that the frequency values can be determined without difficulty.

The 2VOH_1_nonstrengthened_a shows the first and second mode shapes around 75 Hz to 95 Hz
that are close to each other and should be found from lonely FRFs or focusing on this range with
regards to repeated roots and closely coupled modes as seen in Figure 64 part a. Furthermore, the
FRFs of 2VOH_1_strengthened_a show the 18 FRFs (around 32%) were not excited in the range of

280 to 300 Hz; therefore there is no complete mode for evaluation, Figure 64 part b.

M#1 FRF 1X

Log Magnitude (m/s"2)/(N)

M#1 FRF 1X

Log Magnitude (m/s"2)/(N)
°
=)
)

Strengthened

200 300
[Hz)

Figure 64 - FRFs of 2VOH_1 specimen before and after strengthening
Figure 65 presents six modes in both tests obviously. Also, Figure 65 shows the FRFs are shifted to
the right to illustrate the effect of applying FRP on the frequency value. It can be indicated the

frequencies are increased in three specimens as seen in Table 17.
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Figure 65 - FRFs of 2VOH_2 specimen shows shift of peaks after strengthening
It can be seen in Figure 66, the four modes are obtained from FRFs for 2VOH_3 model and two peaks
are not absolutely clear. However, one peak is not complete mode shape in the
2VOH_3 strengthened_a specimen at 221.57 Hz due to location of accelerometer that discussed in
section 5.2.1 and it is not obvious after strengthening too, Figure 66 part a. The second unclear peak
is around 360 to 380 Hz that is compounded with fourth mode shape after applying FRP as seen in

Figure 66 part b.
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Figure 66 - Vague mode shapes of 2VOH_3 specimen
Table 17 and Figure 67 list the main points of results concerning the frequency values, the trend of

frequencies and the mode shape configurations. It is obvious the frequencies of strengthened walls for
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each mode have increased generally. However, the variations of frequency after strengthening for

2VHO_3 specimen are much different with regards to other specimens, especially in the first and third

modes (around 45 and 30%) as seen in Table 17. Also, this strange increasing could be effect of other

situations for the first, third and fourth mode shape that will be discussed and it is not calculated in

average (the numbers are specified with red color).

*. The columns with red color are discarded for average

Mode 4 5 6
2VO H 1 Shape Label 1st L+2nd B
— Frequency Units (Hz)
Frequenc 395.200
Non-strengthened_a - 9 .y
Damping ratio (%) 1.450
Frequency 406.930
Strengthened_a
. - Damping ratio (%) 1.380
. Frequency 11.730
Difference - -
Damping ratio (%) -0.070
Difference % Frequency (%) 2.968
Mode 4 5 6
2VO H 2 Shape Label 2nd B 3rd B 1stL+2nd B
- Frequency Units (Hz) (Hz) (Hz)
Frequency 196.580 332.210 370.420
Non-strengthened_a - -
Damping ratio (%) 1.752 1.150 1.540
F 208.460 355.210 386.220
Strengthened_a r?quen?y
Damping ratio (%) 1.628 1.051 1.239
. Frequency 11.880 23.000 15.800
Difference - -
Damping ratio (%) -0.124 -0.098 -0.301
Difference % Frequency (%) 6.043 6.923 4.265
Mode 5 6
2VO H 3* Shape Label
- Frequency Units
Frequenc
Non-strengthened_a - u -y
Damping ratio (%)
F
Strengthened_a r.equen.cy
Damping ratio (%)
F
Difference r.equen(.:y
Damping ratio (%)
Difference % Frequency (%)
2VVOH Mode istL+2nd B
Average of
Increasing value Frequency (%)

Table 17 - Summary of frequency and damping estimation for the 2VOH specimens

Figure 67 shows the frequencies of the first six modes with two ratio of divergence between non-
strengthened and strengthened walls. It can be seen that the applying FRP is increased the frequency
of all modes. The magnitude differences of two specimens are around 3 to 11 Hz or 4 to 11% of non-
strengthened specimens for first modes, although the behavior of third specimen (2VOH_3) is different

as seen in Figure 68.
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Figure 67 - Comparison of the difference of frequencies after and before strengthening for 2VVOH
specimens in Hz and percentage

Regarding to the frequency values, the influence of FRP is much more significant on the lower modes
because the lower modes have much lower frequency values than the higher modes that is associate
with maximum energy. The 2VOH_3 nonstrengthened_a and Figure 68 present the problem and the
effect of FRP in first mode. In addition, it is more significant when the wall was not constructed

carefully like drying mortar, full of small pore or other hypotheses. However, there is not real judgment
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until next experiment (eccentrically loading test) for this wall. Also, it should be mentioned some points

for homogenizing hypothesis in below and can be seen in Figure 68.

e Supposition of boundary condition is not true because the fractures of first mode shape was

solved after strengthening but the conditions of support were not changed.

e The influence of fractures in 1st mode shape is continued for 2nd, 3rd and 4th mode shape at

same location but the most effects were happened in first mode.
o After retrofitting with FRP, there are not a lot of fractures in all mode shapes

e With regards to unknown situation, the data of 1st, 3rd and 4th modes are discarded for

average percentage in Table 17.
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Figure 68 - Mode shapes of 2VOH_3 specimen

The mode shapes can be visualized and animated by using the models prepared as mentioned in
section 5.1. Figure 68, Figure 69 and Figure 70 present the results of non-strengthened and

strengthened specimens concerning the mode shape configurations through the MAC values.
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It is clear the first modal displacement for all specimens occurs in vertical direction (1% Lateral mode
shape around z-direction), while the 2" mode shape corresponds to horizontal direction (1> Bending
mode shape around y-direction). Also the third and fourth mode shapes of 2VOH_1 and 2VOH_2 are
compounded from 1% and 2" mode shapes whereas they are appeared in Mode 4 and 6 for 2VOH_3

specimens.

Figure 70 shows the third mode of 2VOH_2 specimen is 2 bending mode shape because the vertical
is changed to diagonal nodal line situation under accelerometer position as discussed before. Also the
2" and 3" bending mode shapes are not excited for the 2VOH_1 and 2VOH_3 specimens due to

location of accelerometer as can be seen in Figure 68 and Figure 69.
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Figure 69 - Mode shapes of 2VOH_1 specimen
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Figure 70 - Mode shapes of 2VOH_2 specimen

In Figure 71 the MAC Value of tests 2VOH are plotted for comparison. Most effective contribution of
MAC value is seen on all modes except 1* mode shape of 2VOH_3 due to homogenizing that
mentioned in pervious part. However, the MAC value shows the effect of strengthening is more
significant for the lower modes, when the mode is getting higher frequency after strengthening and the
MAC value is low. Hence, all mode shapes correlation is acceptable. It should be mentioned the 4"
mode shape of 2VOH_1 is low but it is independent mode shape. Finally, all of MAC values are

presented in animation of specimens when they are compared together.
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Display | MAC : SHP: 2VOH_1_nonstrengthened_a , SHP: 2VOH_1_strengthened_a|: SHP: 2VOH_2_nonstrengthened_a , SHP: 2VOH_2_strengthened_a

1.0 o

<

© SHP: 2VOH_3_nonstrengthened_a , SHP: 2VOH_3_strengthened_a

Figure 71 - Graph of MAC value for 2VOH specimens
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b) 2V2H specimens

Table 18 and Figure 72 have summarized the frequency values, increased frequencies and some

mode shape. Generally, the differences of frequencies have gone up and two mode shapes are

disappeared. The 6" mode (1% Lateral+2™ Bending) of 2V2H_1 is hidden after strengthening due to

no exciting in this location of accelerometer or increasing markedly and going out from frequency

domain. The 2™ mode (1% Bending) of 2V2H_3 is disappeared before applying FRP because the FRP

was made more homogeneous masonry, and then the 2" mode (1* Bending) is separated as

independent mode and it can be seen in Figure 72. In the 2V2H_2 specimen, the 2 Bending mode

shape in positive direction and negative direction are presented in Figure 72. It should be specified it is

not possible to say that is torsional mode shape because the top and bottom movements are in the

same direction. However, the strengthening is caused the nodal line be rotated in negative direction at

the mode 3 (2" Bending mode shape) in 2V2H_2 specimen. Due to separation of 2™ Bending mode

shape in positive and negative direction (2V2H_2 specimen), they are deleted from the difference

average values of specimens (the numbers are specified with red color in Table 18).

Mode 2 3 5 6
2V2 H 1 Shape Label ‘ 3rd B 1st L+2nd B
- Frequency Units | | +Hy | (Hz) (Hz)
Frequenc 207.550 352.830 391.640
Non-strengthened_a - d -y %Q —
Damping ratio (%) ‘ ‘ 1.974 1.220 1.358
R — Frequency | | 222,940 378.360
- Damping ratio (%) 1.960 1.231
Difference Frequency | | 15.300 25.530
Damping ratio (%) -0.014 0.011
Difference % Frequency (%) | |  7.415 7.236
Vode 4 5 6
* ind L+
2V2 H 2 Shape Label 3rd B ond B
Frequency Units (Hz) (Hz)
Frequency 311.750 368.440
Non-strengthened_a - -
Damping ratio (%) 1.753 0.823
Frequenc 337.900 386.630
Strengthened_a - au -y
Damping ratio (%) 1.623 1.795
Frequenc 26.150 18.190
Difference - a .y
Damping ratio (%) -0.130 0.971
Difference % Frequency (%) 8.388 4.937
Mode 4 5 6
2V2 H 3 Shape Label 3rd B = ngnd
B Frequency Units (Hz) (Hz)
Frequency 312.180 356.920
Non-strengthened_a - -
Damping ratio (%) 1.651 1.778
Frequenc 354.000 385.340
Strengthened_a - au 'y
Damping ratio (%) 1.423 1.751
Frequenc 41.820 28.420
Difference - d .y
Damping ratio (%) -0.228 -0.027
Difference % Frequency (%) 13.396 7.963
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2V2H Mode

Average of

0,
Increasing value Frequency (%)

*: The columns with red color are discarded for average

Table 18 - Summary of frequency and damping estimation for the 2V2H specimens
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Figure 72 - Comparison of the frequency results for three specimens of 2V2H model
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Figure 73 tabulates the difference of frequencies for the first six modes before and after strengthening
2V2H specimens. When the differences were plotted it was found that the disparity of frequency for all
2V2H specimens is steady. Among the three specimens the biggest variance magnitude is 41.82 Hz
and 13.39% of 2V2H_3 specimen in 4™ mode. However, the lowest difference magnitude is 2.15 Hz

and 3.07% of 2V2H_2 wall in the 1st mode as can be expected.
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Figure 73 - Comparison of the difference of frequencies for 2V2H specimens in Hz and percentage
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¢) 3VOH specimens

The date of 3VOH specimens are shown in Table 19. The quality of results in 3VOH_1 is perfect and 5
mode shapes is evaluated. The 3VOH_2 is presented there is a problem in mode 4 (1% Lateral+ 1%
Bending) because it could not be estimated the 1% Lateral+ 1* Bending mode before strengthening as
seen in Figure 74. Briefly, the condition of repeated roots and closely coupled modes is main reason
of this situation as discussed in section 5.2.2.1. However, it could not be considered the homogenizing
activity in masonry structure and it is needed some other health monitoring like ultrasonic test. Thus,

the results could not be included with this data.

In addition, the FRFs of 3VOH_3_strengthened_a show a compound mode shape in range of 380 to
400 Hz but as not good estimation of FRFs the MAC value is under 0.4 that is low value. So, the
results could not be considered as shown with red column in Table 19. The reason is returned to
location of accelerometer because it could not receive data from this excited mode. The Figure 74

shows the quality of FRFs.

Mode 4 5 6
3VO H 1 Shape Label 3rd B et ngnd
— Frequency Units (Hz) (Hz)
Frequency 369.150 410.420
Non-strengthened_a - -
Damping ratio (%) 1.398 1.088
Frequency 394.580 427.090
Strengthened_a - -
Damping ratio (%) 1.290 1.275
F 25.4 b
Difference r?quenFy 5.430 16.670
Damping ratio (%) -0.109 0.186
Difference % Frequency (%) 6.889 4.062
Mode 3 4 5 6
3VO H 2 Shape Label 2nd B L I‘B+1St
- Frequency Units (Hz) (Hz)
Frequenc 223.880
Non-strengthened_a - d .y
Damping ratio (%) 1.729 262.360
Frequenc 246.290 1.528
Strengthened_a - 9 .y
Damping ratio (%) 1.415
Frequenc 22.410
Difference - d .y
Damping ratio (%) -0.314
Difference % Frequency (%) 10.010
Mode 3 5 6
3VO H 3* Shape Label
— Frequency Units
Frequenc
Non-strengthened_a - au .y
Damping ratio (%)
Frequenc
Strengthened_a - au .y
Damping ratio (%)
Frequenc
Difference - au .y
Damping ratio (%)
Difference % Frequency (%)
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3VOH

Mode

Average of
Increasing value

Frequency (%)

1st L+
2nd B 3rd B ond B
10.010 6.889 4.062

*: The columns with red color are discarded for average

Table 19 - Summary of frequency and damping estimation for the 3VOH specimens
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Figure 74 - Vague mode shapes of 3VOH specimens
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d) 3V5H specimens

Considering the mode 1 (1% lateral) of 3V5H_1 specimen, difference in frequencies between two tests

(179.99%) exhibits very high values in comparison 20% or 27% of increasing frequency for other

specimens. Assuming that the geometric definition of the model is correct, source of difference can be

addressed to inappropriate estimation of masonry homogenizing. However, all of condition was

suitable for these tests and specimen. Figure 75 shows all FRFs, mode shapes and MAC values. Only

the results for the first specimen are presented by figure because the influence is significant for other

cases. However, Table 5-7 shows all of results for 3V5H pattern.

3V5H_3

Mode
3V5 H 1* Shape Label
— Frequency Units
Frequenc
Non-strengthened_a - d .y
Damping ratio (%)
Frequency
Strengthened_a - -
Damping ratio (%)
F
Difference rfzquen(.:y
Damping ratio (%)
Difference % Frequency (%)
Mode
3V5 H 2 Shape Label
— Frequency Units
Frequency
Non-strengthened_a - -
Damping ratio (%)
Frequency
Strengthened_a - -
Damping ratio (%)
F
Difference r(quuen.cy
Damping ratio (%)
Difference % Frequency (%)
Mode
Shape Label

Frequency Units

Increasing value

Frequenc
Non-strengthened_a - d 'y
Damping ratio (%)
Frequenc
Strengthened_a - d 'y
Damping ratio (%)
Frequenc
Difference - au 'y
Damping ratio (%)
Difference % Frequency (%)
3V5H e
PSR O Frequency (%)

Table 20 - Summary of frequency and damping estimation for the 3V5H specimens

5
ond B 1st L+2nd
B
(Hz) (Hz)
220.520 264.600
1.877 2.038
285.040 330.290
1.628 2.010
64.520 65.690
-0.249 -0.028
29.258 24.826
4 5 6
s s
29.084

*: The columns with red color are discarded for average
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Figure 75 - Comparison between the non-strengthened and strengthened 3V5H_1 specimen
(influence of homogenizing after strengthening)
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e) 3I3l specimens

The frequency response spectrum of 3I31_1 represented below can be used to easily evaluate the

data and to locate the peaks which indicate resonant frequencies. Before strengthening, it is possible
to identify peaks between 70-80, 200-210, 335-345, 340 and at 390 Hz although there are two peaks

in 70-80 Hz that are Closely Coupled modes. So, judging on these values natural frequencies are

expected in those ranges that are six modes. However, there are just three modes after strengthening

of 3131_1 specimen as shown in Figure 76 and Table 21. In 313]_3 specimen, it has been realized that

the second modal displacement is not excited completely (16 FRFs are excited among 55 FRFs) and

the FRFs are reached after strengthening as can be seen in Figure 76 and Table 21.

Table 21 - Summary of frequency and damping estimation for the 3131 specimens

3131_1

Mode

Shape Label

Frequency Units

3

204.420

1.861

2

4

S) 6

1st L+2nd
B

(H2)
388.970
1.674

3rd B

(H2)
339.280
1.660

Frequency
Non-strengthened_a - -
Damping ratio (%)
F
Strengthened_a rfzquen(.:y
Damping ratio (%)
F
Difference rfzquen(.:y
Damping ratio (%)
Difference % Frequency (%)
Mode
3 I 3 I 2 Shape Label

1st L+2nd

B

Frequency Units

(Hz)

385.730

1.242

491.970

1.010

106.240

-0.233

27.543

I

4

F
Non-strengthened_a r(.-:‘quen(.:y
Damping ratio (%)
F
Strengthened_a r(.-:‘quen(.:y
Damping ratio (%)
F
Difference r(.-:‘quen(.:y
Damping ratio (%)
Difference % Frequency (%)
Mode
3 I 3 I 3 Shape Label

1st B

1st L+2nd

B

Frequency Units

(Hz)

(Hz)

379.550

1.354

243.260

460.740

1.808

1.303

81.190

-0.051

21.391

3rd B

1st L+ 2nd
B

Increasing value

F
Non-strengthened_a r(.-:‘quen(.:y
Damping ratio (%)
F
Strengthened_a r(.-:‘quen(.:y
Damping ratio (%)
F
Difference r(.-:‘quen(.:y
Damping ratio (%)
Difference % Frequency (%)
313] Mode
PSR Ol Frequency (%)
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Figure 76 - FRFs of 3V3I_1 and 3I3I_3 specimens
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5.2.2.2 Damping ratio parameter

Figure 77 and Table 17 to Table 21 are presented the damping ratio as second modal parameter to be
evaluated. As can be seen, it is difficult to estimate a general relationship for damping ratio before and
after strengthening with comparison the result of other 26 tests. Also, Salawu and Williams (1995)
compared the damping parameter before and after strengthening of a concrete bridge and there was
not clear relation to be established general behavior between structural improvement and damping
ratio. Moreover, Park et al. (2006) stated that the effect of the damping change to the resonant
frequencies is negligibly small in general. The average values of difference of damping ratio
consecutively are 0.015, -0.137 and -1.00 % for 2VOH_1, 2VOH_2 and 2VOH_3 specimens.

Difference (2VOH_1) Difference (2VOH_2)
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Figure 77 - Difference of damping ratio for the 2VOH_1, 2VOH_2 and 2VOH_3 specimens
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5.2.3 Comparison the results of specimens

To compare the main objective of experiment and making a comparison between the identification of

strengthening and non-strengthening experimental results, the average percentage of increasing
frequencies are considered for five FRP patterns. For modal comparison, only the similar modes were

selected because it is necessary to be specified the frequency difference of walls in same FRP pattern

and same mode shape and also accurate estimation in experimental analysis is more important.

Table 22 and Figure 78 represent the discrepancy of six common modes with regards to five FRP

patterns. Finally, the results will be compared from three viewpoints; 1- Amount of FRP, 2- Influence of

vertical and horizontal positions in FRP patterns and 3- Influence of angle on FRP patterns.

FRP patterns

Difference of
frequencies %

2VOH
2V2H
3VOH
3V5H
313l

Table 22 - Comparison the difference average of frequencies for each mode shape
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Figure 78 - Comparison the difference average of frequencies for each mode shape
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5.2.3.1 Amount of FRP

Table 23 and Figure 79 compare the increasing frequency values obtained from the experiments
whereas the amount of FRP is important to use minimum length of FRP with high efficiency of
strengthening. The experimental results are the average values of the results from 2VOH and 3VOH

patterns.

The bar graph illustrates increasing frequency in percent for selected 2VOH and 3VOH FRP patterns.
Generally speaking, the most significant feature is that difference of frequency has boomed in almost
mode shapes from 2VOH to 3VOH. First bending mode, in the most 2" mode position, has far more
increasing frequency than any other modes in the graph, starting from 11.64% to 13.5% in 3VOH.
However, the growth of 2™ bending mode has been much more eye-catching in the modes. On the
other hand, the 1% lateral+ 2™ bending mode has the least increasing, less than 0.44% in the 2VOH
and 3VOH patterns; however, it is compound mode and can be significant in masonry walls. The
discrepancy of 3" bending mode was fixed and it is not important due to last single mode. In
summary, while most of the modes show an increase, first lateral mode still maintains its position as
the major modes of wall. In real masonry wall, it should be calculated the costs of strengthening and
average 2.79 percent increasing frequency in 1% mode shape how much would be valuable from

viewpoint of economy.

Modes
Difference of 1st L+2nd
frequencies % 2nd B 3rdB B
2VOH 6.04 6.92 3.62
3VOH 10.01 6.89 4.06
divergence | 2.79 1.86 3.97 -0.03 0.71 0.44
Table 23 - Comparison the difference average of frequencies and amount of FRP
Amount of FRP
__ 16
L u
[}
g 12 H 2VOH
Q
g 10 ® 3VOH
E 3
©
S 6
& 4
B
S
< 0
Ist L 1st B 2nd B 3rd B 1st L+2nd B 1st L+2nd B
Mode shapes

Figure 79 - Comparison the difference average of frequencies and amount of FRP
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5.2.3.2 Comparison the grid and vertical patterns

As it was discussed in chapter 3, the data and difference of frequencies should be compared in the
similar way. Table 24, Figure 80 and Figure 81 present the estimated frequency rates of single and
compound mode shapes for grid and vertical patterns. Overall, the modes of 2V2H are increased
substantially in front of 2VOH. Also, one notable trend seems to be that 2V2H pattern has steady
become stiffer as applying FRP. Having considered the Table 24, it can be deduced that in both single
and compound modes, the largest number of increasing frequency belongs to 2VOH. However, this
situation could be influence of extra FRP with regard to section 5.2.3.2. Briefly, the 2V2H grid pattern

has had an almost 2% increase in the 5 modes if the 1st bending mode is not considered.

It should be maintained the duty of vertical patterns in comparison with grid pattern is avoidance of the
bending mode shapes with regard to 1% bending mode in Figure 80 and section 5.2.3.2. Considering
Figure 81, the 1% lateral mode shape is provided the effect of 3V5H patterns is dramatically high with
respect to other modes because the first mode shape has always associated the maximum energy. In
addition, Table 24 shows the highest divergence of frequencies in 3V5H and 3VOH patterns that is
20.76%. It can be conclude the efficiency of 3V5H in comparison with 2V2H is better due to its

influence on the lateral modes and rate of difference of frequencies.

Modes
Difference of 1st L+2nd
frequencies % 2nd B 3rdB
2VOH 6.04 6.92
2V2H 7.42 9.68
divergence 0.87 -6.21 1.37 2.75
Modes
Difference of
frequencies % 2nd B 3rdB
3VOH 10.01 6.89
3V5H 29.26
divergence 17.15 6.63 19.25 16.06 20.76

Table 24 - Comparison the difference average of frequencies for grid and vertical patterns
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Comparison the grid and vertical patterns
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Figure 80 - Comparison the difference average of frequencies for grid and vertical patterns (2VOH-
2V2H)

Comparison the grid and vertical patterns
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Figure 81 - Comparison the difference average of frequencies for grid and vertical patterns (3VOH-
3V5H)

5.2.3.3 Influence of angle on FRP patterns.

The graph of mode shapes versus the difference of frequencies with 313l pattern (angles are 30-60
degrees) and 3V5H (angle is 90 degrees) was plotted based on the data obtained from the average of
difference and is seen in Figure 82. The eight bars show the increasing frequencies of the specimen
are more than 20% and close to each other. It can be noted that except 1% bending mode, the other
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modes could not be compared exactly because the trend of difference of frequency is complicated in
general and exponential trend-lines are similar. In addition, it can be mentioned 8.31 and 6.91 meters
FRP material were used for 3V5H and 313l patterns, respectively. In brief, the efficiency of 313 pattern
is higher than 3V5H because around 17% materials have been used more. Also, the rate of 1st
Bending mode in 313l pattern is 29% that can be inducted using FRP in angle patterns is much more

economical to control the dynamic behavior of masonry walls.

Modes

Difference of
frequencies %

3V5H
313l | 2144 | 2995 | | 2102
divergence -2.51 9.83 1.72 -0.36

Table 25 - Comparison the difference average of frequencies for angle (30-60 and 90)

Comparison the grid and diagonal patterns
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Figure 82 - Comparison the difference average of frequencies for angle (30-60 and 90)
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6. CONCLUSIONS

Regards to the non-destructive tests, this research was carried out to identify the mechanical
response of FRP strengthened brickwork walls with modal testing. The work was divided in three
parts: a) a review about studying the scientific basis of the modal analysis, the data acquisition
procedures and the post-processing theoretical formulation; b) defining the vibration tests and FRP
patterns; c) applying FRP, performing the tests and obtaining relevant data for the mechanical
characterization of the brickwork wall before and after the strengthening; Next, the main conclusions

from the experiment are presented with proposing feasible improvements.

6.1 Dynamic experimental testing

e It was obtained in among of this experiment (Modal Testing) that the minimum space and
equipment is required to carry out the test in comparison with other tests. Also, to measure the
elements of masonry structure it would be better the measuring starts from centroid of

elements.

e The results of non-strengthened and strengthened 2V2H 1 specimen at 2 positions of
accelerometer show that the frequency associated with each mode is independent and equal.
This condition was kept after applying FRP. However, the position of accelerometer have
affected on the displacement direction (nodal line) of walls in some modes. For avoiding and
calibrating the errors, supports of the accelerometer should be checked properly to avoid
undesired noise. Moreover, frequencies record was taken in 55 points with 2 impacts of
hammer. The coherence of 2 hammer impact and number of DOFs were checked between 2
impacts and among test. Records were pre-processed in the field to check the quality of the
measurements. Finally, the sensitivity of frequency has been setup at 0.3125 Hz to have
maximum accuracy meanwhile the minimum difference of frequency was around 2 Hz before

and after strengthening.

e The applying primer was carried out in different times and one package of primer was used for
each time because the process should be occurred maximum in 20 minutes. The best way to
apply primer is to brush surface of walls like painting. For normal masonry walls, the average
thickness of the primer layer should be between 1 and 2 mm. Then, the process of applying
FRP usually was occurred 24 hours after applying primer. It is not necessary to apply primer
for attaching two FRPs together. It should be mentioned, one package, around 5 kg primer,
was a lot for five or seven walls with these dimensions in each time. So, it is better to get help
from 6 workers for brushing. If there are not enough workers it should be painted whole of
walls instead of locations of FRP on walls because it is faster and more useful for applying
FRP with adhesive.
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Experimental dynamic identification tests should be performed with care in order to obtain
reliable data. However, it was a very effective tool in determining the dynamic properties of a
structure with regard to results of 15 specimens which was the main objective of this
experiment. As computation time and cost decrease with the advent of new technology, it is
natural that this kind of method should be developed for behavior of other masonry elements
like arch and vault. Also, input-output modal analysis can be an attractive tool for historical

construction and masonry elements.

6.2 Analysis of data and results

It is most absolutely clear that the application of FRP to unreinforced masonry structures is
feasible. The results show the masonry and historical constructions under dangerous situation
could be preserved as soon as possible. In this case, masonry walls have been reached in
strengthened condition with minimum 8 days for minimum 2.53 % frequency increasing as a

dynamic parameter.

In this experience 32 tests were carried out and there was possibility to make coherence
among 30 tests (The trend of data was similar). However, source of difference in 2 tests can
be addressed to inappropriate estimation of masonry homogenizing. This research shows if
there is problem with the material, mortar or producing, it is possible to know. In the other
hand, the system of strengthening was worked and modal testing was reacted very high. For
example one of them around 75% increasing frequency has been shown after strengthening
(3V5H_1 specimen) which is can be related to homogenizing.

Totally, the Frequency Response Function (FRF) of walls has clear peaks; therefore the
frequencies can be determined without difficulty. The first’s natural frequencies of specimens
are experimentally identified by measuring the FRF with manually applied horizontal impact.
The mode shapes should be considered in the optimization process. Due to the maximum
number of DOFs obtained in the experiments, the mode shapes were included in the
optimization process that was explained in section 5. However the post-processing was
carried out 3 times in limited time. Concerning the damping coefficient, there is a not a trend to
its increase or decrease with process of this kind of modal equipment and due to difficulties in

parameter estimation the results did not allow a final conclusion.

The specimens with 2VOH FRP patterns showed the minimum increasing frequency was
happened. The magnitude differences of specimens are around (3 to 11 Hz) or (4 to 11.6%) of

non-strengthened specimens.

For modal comparison, only the similar modes were selected because it is necessary to be

specified the frequency difference of walls in same FRP pattern and same mode shape
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e Regard to amount of FRP, the most significant feature is that difference of frequency has
boomed in almost mode shapes from 2VOH to 3VOH. While most of the modes show an
increase, the position of the first lateral mode is still important. In real masonry wall, it should
be calculated the average of 2.79% increasing in 1st mode shape how much would be

valuable from viewpoint of economy with regard to add 33% FRP laminate more.

e Regard to comparison the grid and vertical patterns, the modes of 2V2H are increased
substantially in front of 2VOH generally. The 2V2H grid pattern has had an almost 2% increase
in the 5 modes. It can be deduced the duty of vertical patterns in comparison with grid pattern

is avoidance of the bending mode shapes with regard to 1* bending mode.

For comparison between 3VOH and 3V5H in grid and vertical patterns, the 1 lateral mode
shape is provided the effect of 3V5H patterns is dramatically high with respect to other modes
because the first mode shape has always associated the maximum energy. It can be conclude
the efficiency of 3V5H in comparison with 2V2H is better due to its influence on the lateral

modes and rate of difference of frequencies.

e With respect to influence of angle on FRP patterns, the 313l and 3V5H was compared in 30-60
and 90 degrees, respectively. The trend of difference of frequency is complicated and close to
each other in general and exponential trend-lines are similar. However, it can be mentioned
8.31 and 6.91 meters FRP were used for 3V5H and 313l patterns, respectively. In brief, using
FRP in angle of 30-60 degrees pattern is much more economical to control the dynamic

behavior of masonry walls.

To sum it up, it has to be said that the main aim of this research has been achieved. The performance
of modal analysis at determining the vibrational response of FRP strengthened brickwork walls has
been demonstrated. In addition, the influence of the different strengthening patterns has been noticed

with this non-destructive testing method.

6.3 Future works

e For identification of the mechanical response of FRP strengthened brickwork walls, it seems
that measuring the modal analysis is a good approach for the success of the dynamic
parameter identification analysis. However, this experiment should be carried out in real
structures. In addition, research needs to develop for behavior of other masonry elements like
arch and vault and producing some software or toolbars under MATLAB software to predict
the behavior of masonry wall after strengthening. Also, this experiment should be expended

with applying FRP on both side of wall regard to load bearing research.
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