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Abstract

Damage assessment and condition evaluation of existing civil infrastructure systems are
essential to the decision making in routine structural maintenance and disaster remedi-
ation. To determine internal conditions using surface strain measurement is a critical,
real-life engineering problem, in view of the popularity of using surface strain mea-
surement for structural health monitoring. The objective of this study is to develop

a damage detection methodology to relate surface measurement (e.g., strain) with the
internal condition (e.g., healthy or damaged) of structures using a singly-reinforced
concrete beam as an example. Numerical approach is applied in conducting a para-
metric study in this research. A finite element model of a benchmark singly-reinforced
concrete beam specimen was created using a commercial finite element analysis pack-
age, ABAQU®. The model was validated in laboratory four-point bending test, using
fiber optic strain sensor measurement. Artificial damages were modelled by rebars vol-
ume reduction, and four types of artificial damages are considered. From the simula-
tion results, relationships between the change in surface strain and intensity of internal
damage are developed. It is found that damage introduced in the rebar embedded in
a reinforced concrete beam can be accurately located using the surface sfegss di
ence. Nonsymmetric damages yield more contour area of surface stress change than

the symmetric damages.
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Chapter 1

Introduction

Civil infrastructure systems are built to be sustainable for many years. Structural dam-
ages can occur by mistakes in planning and construction, and due to aging of materials,
excessive use, overloading, severe climate conditions, inadequate maintenance, and
chemical attacks. Damage assessment and condition evaluation of existing civil infras-
tructure systems are essential to be decision making in routine maintenance and disaster
remediation. Many nondestructive techniques are available to detect damages in struc-
tures, including visual inspectioe.g, boroscope and binocular), opticalg, optical

fiber, speckle, infrared thermography, and endoscopic), digital image correlation (DIC)
techniques, acoustic emission, electromagnetic, and ultrasonic. Measurable quanti-
ties by nondestructive testing sensors are: a) mechanical quarditieslisplacement,
length, volume, acceleration, and strain), b) thermal quantides (emperature and

heat), c) electromagnetaptical quantities €.9. frequency and magnetism), and d)
chemical quantitiese(g, moisture and pH value). In this study, measurements of me-
chanical quantities (surface strain) is used to determine internal damage in a structure.
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Strain studies in civil structures are pivotal in avoiding unexpected catastrophic fail-
ures. Over the past few decades, fiber optic sensor (FOS) and DIC have emerged as
suitable, accurate, and codtextive tools for strain measurement. FOS can measure
surface and subsurface strains, while DIC can only measure surface strain. For exam-
ple, Maalejet al. (2004) [21] demonstrated the feasibility to monitor corrosion-induced
damage in reinforced concrete (RC) structures using embedded FOS where visual in-
spection is not possible. Another example, Kestelal. [15] measured strain in rebars
throughout the length of a RC structure; any unusual strain at a location indicates the
presence of damage. However, the commercial use of embedded FOS started in last
decade of twentieth century [35]. Thus, there are many structures without embedded
FOS. In addition, installation and maintenance of embedded FOS are expensive and
tedious. For existing structures, surface strain can be precisely measured by FOS. DIC
can also measure surface strain in a zone of interest. But structural health of RC struc-
tures depends on the internal condition. To determine internal condition using surface

strain measurement is a critical, real-life engineering problem.

In this research, the determination of the internal condition of a RC beam using
surface strain measurement is an inverse problem. In solving inverse problems, knowl-
edge developed from solved forward problem is necessary. As described by Kubo
(1988) [17], a direct problem involves determining the response of a system given the
following information: the domain of a problem and its boundaries, governing laws or
equations, and the boundary conditions and forcing functions. In practice, this informa-
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tion may not be complete, making a direct analysis of a problem infeasible. However,

if additional information, such as a prescribed system response, is specified, an inverse
problem is constructed to determine the required input for the direct problem. An in-
verse problem can be solved using a theoretical approach, experimental approach, and
numerical approach. The numerical approach is suitable for parametric studies. The
parametric studies develop knowledge for solving an inverse problem using solutions

of forward problem.

In numerical approach for damage detection, measurements of system variables
such as displacement and strains are available, while the physical properties of the
system itself are unknown. Typically, the solution of inverse problems consists of an
iterative process with multiple solutions of changing forward problem. It is expected
that the iterative process will converge to the true solution by minimizing the error be-

tween the predicted and measured quantities (geometry of the structure).

Therefore, it is advantageous to determine internal damages in a structure using

surface measurements and a numerical approach.

1.1 Research Objective

The research objective of this study is to develop a damage detection methodology
to relate surface measurement (e.g., strain) with internal conditions (e.g., healthy or
damaged) using a singly RC beam as an example.

3



1.2 Thesis Approach

This study proposes a condition assessment methodology to identify, locate, and quan-
tify internal damages in a RC structure using surface strains. A commercially available
FE package, widely used ABAQUSis used to create finite element models of RC

structures for the numerical simulation advantages.

In the first phase of the study, a FE model of a benchmark beam specimen, a singly
RC beam, is developed using ABAQ®SIn the FE model, the concrete section is con-
sidered to be homogenous, uniform and intact (no initial cracks) throughout the length
of the RC beam. Three dimensional rebars are modelled in the continuum concrete
section.Linear material properties are considered in FE models. Strains obtained from
the FE model are compared with the theoretical calculations. To validate the FE model

experimentally, a series of four-point bending tests is designed.

A benchmark RC beam specimens is constructed to perform the series of four-point
bending tests. In four point bending tests, a monotonic cyclic load is applied on the
simply supported benchmark RC beam. The maximum load in the monotonic cyclic
loading is selected in such a way that internal moment due to applied load in criti-
cal section of the benchmark beam specimen is kept below the theoretically calculated
cracking moment. The testing involves measuring the surface strains using FOS and
DIC techniques during the cyclic monotonic loading. FOSs are installed at several dis-
crete points in compression zone of the benchmark beam specimen and DIC system is

4



used to measure on plan (perpendicular to cross-sectional area of the specimen) surface

strains.

The physical parameters of the tested benchmark beam specimen (Young’s mod-
ulus, density, geometric dimensions, etc.) are updated in the FE model. In addition,
the mesh sizes, support conditions, and loading conditions of the FE model are tuned
such a way that it can generate results (ststiiass magnitude in longitudinal direction)
tended to experimental measurements. To select the mesh size computational expenses
and research objectives are carefully preserved. Eventually, the FE model is validated

by the experimental results.

In the second phase, in the validated FE model, artificial internal damages in the
benchmark beam specimen are introduced by reducing rebar cross sections. An area
(zone) of interest is selected on the surface of FE model which is perpendicular to
damaged rebars. The surface stresses on the area of interest are mapped from both
intact and damaged models which created two stress matrixes for each case of damage,
and then subtraction of stress matrixes yielded a matrix of surface stfés®iices.

From the matrix of surface stresstérences, a contour area below a certain surface
stress dierence and maximum surface stresfedence are found. By considering
many damage cases, the area of contour and pick stréesedce are presented as
functions of rebar volume reductions in percentile. Another correlation is established

between contour volume of stressfdrences and rebar volume reductions.



In this research, the research tasks are
- To develop a FE model of an intact RC beam

- To construct the RC beam and experimentally measure surface strains using FOS

and DIC
- To validate the FE model using the experimental surface strain measurements

- To develop damaged RC beam models by introducing damages on steel rebars in

validated FE model of RC beam

- To determine relationships between surface strain change and internal artificial

damage intensity using simulated results

- To propose a damage detection methodology to detect internal damages in RC

structures

Fig. 1-1 illustrates the research activities required to solve the inverse problem of

detecting internal damage in a RC structure using surface strain measurement.

1.3 Organization of the Thesis

The organization of this thesis is in the following.

Chapter 2 reviews the literature related to the research objective. The literature review
is divided into three parts. First, to survey suitable methodologies for solving inverse
problems corresponding to determine intefsabsurface condition using surface in-
formation. Secondly, investigate the applicability and reliability of FE commercial

6
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are discussed in the strategy part.




Chapter 4 describes specifications and manufacturing procedure of a RC beam. It

also contains the description of materials testing and four-point bending tests.

Chapter 5 reports experimental and numerical results. Validation of FE model (in-
tact RC beam) is included. Simulated responses of artificially damaged models are dis-
cussed. From the FE analysis results, relationships are developed between the change

in surface strain-fielgtress-field and intensity of internal damages.

Chapter 6 summarizes research findings, contributions and the future work in this

study.



Chapter 2

Literature Review

2.1 Introduction

The literature review is divided into three parts. First, to survey suitable methodolo-
gies for solving inverse problems corresponding to determine infeueurface con-
dition using surface information. Secondly, investigate the applicability and reliability
of FE commercial packages (particularly ABAQ®Sor simulating RC structures un-

der bending test. In addition, review material parameter extraction methods using the
standard material tests. Thirdly, survey measurement techniques (FOS and DIC tech-

niques) for detecting surface strain precisely.

2.2 Internal Damage Assessment:

As described by Kubo (1988) [17], a direct problem involves determining the response
of a system given the following information: the domain of a problem and its bound-
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aries, governing laws or equations, and the boundary conditions and forcing func-
tions.In practice, this information may not be complete, making a direct analysis of
a problem infeasible. However, if additional information, such as a prescribed sys-
tem response, is specified, an inverse problem may be constructed to determine the
required input for the direct problem. Researchers used both numerical and theoretical

approaches to solve the inverse problem.

1. Wanget. al. (2001) [34] studied damage identification algorithm using static test
data and change in natural frequencies. They used damage signature matching
(DSM) techniques to locate damage in structures by properly defining measured
damaged signatures (MDS) and predicted damage signatures (PDS).

A beam with two fixed ends and planer truss in damaged and intact conditions
were used in experiments and FE simulation. In experiment, static displacement
at different locations in the structures were measuredfigrdnt loading condi-
tions. The experimentally obtained results were de-noised using wavelets from
MATLAB ® and compared with numerically obtained results. Damage location

was determined using normalized damaged index (NDE).

2. Nazmulet. al. (2007) [25] studied practical and theoretical approaches to mea-
sure crack opening displacement (COD) and rebar force of a reinforced concrete
(RC) beam. A theoretical derivation proposed by the author in 2003 was used to
compute a theoretical COD profile, and a practically measured COD profile was
yielded from the image analysis. The rebar force was calculated using the inverse
analysis of practical and theoretical CODs. Rebar location was determined from

10



the calculated rebar force. A four point bending test was performed to illustrate
the applicability of the method.

A size of 10cm x 10cm x 40cm, eight RC beams were casted in laboratory for
the study. Compressive strength of concrédf¢ &nd tensile strength of deformed
steel rebar fy) were determined 30 MPa (4.35 ksi) and 345 MPa (50 ksi) respec-
tively. The RC beams were casted under reinforced using two 6mm diameter
steel rebars. 20mm side cover was provided, when clear cover varied 25-35 mm
among the specimens. 3mm wide and 10mm depth notches were created at bot-
tom face of the RC beams to ensure the crack location at middle.

A displacement controlled universal testing machine was used to perform four-
point static bending tests. Service loading range was split by several intervals
(16.9 kN, 18.9 kN, 24.6 kN, and 27.9 kN) to take pictures by microscope. Raw
COD data computed from image analysis were filtered (linear) to get smoothened
COD profile. Theoretical COD profile was computed from fracture mechanical
approach proposed by author in 2003. Analytical solution also presented con-
sidering addition of slippage of steel rebar. Moreover, the integral solution also
computed by using numerical to get numerical solution. To calculate rebar force,
the author used his proposed method to solve inverse problem. The rebar force
also computed from the practical CODs. A peak rebar force indicates the center
of a rebar.

Practically obtain CODs depends on the image resolution, when computed rebar
force accuracy depends on accuracy of CODs data, accuracy in prediction of ma-
terial properties and correct choice of regularization parameters. The proposed

11



method should be applicable to health monitoring of existing structures; since
COD and rebar force estimation do not depend on cross sectional parameters in

the proposed method.

. Nazmulet. al. (2004) [24] applied inverse analysis to obtain a rebar force from

a surface measurement of crack opening displacement (COD) using fracture me-
chanics base approach for a reinforced concrete beam. Embedded sensor can
measure rebar force. The proposed method is applicable to obtain rebar force
of the structure without embedded sensor. For the first time, COD was used to
obtain the re-bar force without cross sectional details of a structure. The method
efficiency was demonstrated in a numerical example.

To generate crack profiles using Castigliano’s theorem, weight function (to deter-
mine stress intensity factors), and Heaviside step function (to obtain distribution
of bridging stress), several assumptions were made: (i) linear elastic materials re-
sponse, (ii) total stress transformation occurs between steel and concrete between
two crack surfaces, (iii) ignore all micromechanical parameters, (iv) bridging
stress due to post peak strain softening was neglected. Computation of varia-
tion of strain energy functional with an imaginary point loading at any location
yielded crack profiles in a RC beam. An inverse analysis was used to obtain re-
bar forces. Since the transformation of COD and rebar force was opposite of an
integral function; thus a small error in COD can induce an unacceptable error in
rebar force values.

A RC beam with a cross section of 250mm x 554mm, and three layers of steel

12



were used in a numerical example. Steel cross sections of three layers were 900
mn¥, 400mn?, and 200mn? with concrete clear covers of 25 mm, 65 mm, and
101mm respectively. A RC beam section was cracked under a pure bending of
176 kN-m, when 20 MPa compressive strength of concrete and 200 GPa Young’s
modulus of elasticity were considered. Crack profiles were determined using
forward analysis. Depressions were observed at rebar locations in COD profile.
Random numbers of Gaussian distribution were added to generate noisy COD
profiles with error at a range of 1.32% to 7.25%. Using Tikhonov method, the
rebar forces were calculated from noisy COD profiles.

It was revealed that higher noise in COD introduced higher inaccuracy in re-bar
force calculation using inverse analysis (e.g., very lower level of noise retrieved
the exact stress obtained from the theoretical calculation using a forward analy-
sis). Since rebar calculation was highly sensitive to COD profile noise level, high
accuracy sensor should be used to acquire data and thereafter an accurate analysis
process to retrieve CODs from the field measurement. The study was limited in
terms of considering ideal case of single edge cracked specimen, and monotonic

loading condition.

. Coxet. al. (1991) [6] applied inverse analysis method to obtain bridging stress
(p)-opening displacement (u) using Tikhonov regularization when p was consid-
ered to be a continuous function of u. The feasibility of the method was demon-
strated in a simulation using synthetic data. Since the original fungiornwas
known as it was numerical simulation, the accuracy of the inverse problem was

13



easily assessable.

A convenient formulay(x) = éf: fos G(t, s, W)oa(t) — [p[u(t)]ore(t)]dtG(x, s, w)ds,
where 2c is the crack length, w is specimen dimension, E’ is combination of elas-
tic constant, G is a weight function obtainable from handbooks for specimen, was
linearize by expanding?(u) = Y.I, «;i fi(u) where{fi} is Legendre polynomials
and{fi} is codficients. To obtain i experimental datx;, u;, j = 1, 2,....} need

to use; the experimental data always contain some level of experimental noise.
But the solution ofy; is very sensitive to noise level, even in some case unstable.
Tihonov’s regularization was used to overcome thHadlilty.

A numerical simulation was performed to illustrate the feasibility of proposed
method using synthetic data. In the numerical simulation, some known typical
function p(u) was used. Gaussian distribution, zero mean value with a varying
width (w), was added to simulate experimental noise;inTwo different crack
patterns were considered in the numerical testing i) cracks without notches, and
i) cracks growing from a notch. Bridging track was successfully obtained from a
noisy data. Accuracy to obtain p(u) was reasonably accurate when noise level w
~ 0.01 in both cases of cracks without notches and cracks growing from a notch.
For a large crack, such as crack mount opening displacement of a 3” straight edge
crack in typical reinforced concrete is approximately 3mm, is liberal. In case of
experimental data, Monte Carlo approach is a viable and straight forward method

to estimate the accuracy due to unavailabilitypd) function.
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The above survey show that theoretical solution requires very precise local mea-
surement when location of interest is known or given [25, 24]. But numerical result can
predict the global response. Recently, sensitivity-based FE updating methods, which
overcome the limitations of the direct methods, have been frequently used for damage

identification purposes [34].

2.3 FE Modelling of RC Beam

Creating numerical model of RC structures is complicated due to the followings:

— RC structures are made up of twdtdrent materials, concrete and steel, which

have dfferent physical and mechanical properties.

— Concrete mechanical properties are complicated. For example, compressive and
tensile stress behavior of concrete under uniaxial, biaxial, and triaxial #ee-di

ent.

— Interaction of reinforcing rebars and concrete is complex in terms of bond-slip

and aggregate interlocking.

Researchers used ABAQBSa commercial FE package, to study behaviors of RC

beam structures. FE models were validated using experimental results.

1. Sinaeiet. al. (2012) [30] studied numerical solution of behavior of RC concrete
beam using commercial finite element package ABA®QUShey validated the
FE model using experimental results. The experiment was conducted by Kach-
lakevet. al. (2001) [13].
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In this study, they modeled the RC beam used in the experiment. The RC beam
was 6095mm long with 770mm x 305mm uniform cross-sectional area. The
beam had only longitudinal reinforcement (main rebars, no shear rebar). The
beam was subjected to four-point bending where tfecave span was 5485mm

and 1825mm apart concentric loads were applied symmetrically.

An elastic perfectly plastic material was used for the steel bar with equal behavior
in tension and compression as proposed bgtlLial. (2006) [20] and Poisson’s

ratio was assigned to be 0.3. The transfer of load across the concrete cracks
through the rebars was defined by tensiofiexting proposed by Hu et al (2010)
[12]. The concrete damaged plasticity model proposed by Lee and Han (1998)
[19] was used to simulate concrete material behavior in the inelastic range.

All the elements in the model were meshed in a same size that ensured sharing
of same node by two fferent materials. 3-D solid, C3D8R, and 2D truss, T3D2
were selected as mesh element for concrete box and rebar, respectively.

FE result such as displacement, tension strain of the main rebars, compression
strain of concrete and crack pattern had good agreement with experimental re-

sults.

. Alih et. al. (2012) [1] studied tension $fening behavior of a RC beam where re-
inforcing was provided by inoxidable (stainless) steel rebars. FOS was installed
to measure strains of embedded rebars in the RC beam during a four-point bend-
ing test. A FE model of the RC beam was developed using ABAQUSE
simulation results were compared with experimental result to verify the tension
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stiffening numerical model used in the FE model.

The RC beam specimen size was 150mm x 280mm x 2950mgR02-ebars

in tension zone and 28 stainless steel rebars in compression zone were placed.
Reinforcement of the beam also included shear reinforcing. Both of the rebars
in tension zone were equipped with FOSs at sfedéent locations throughout

the length. The RC beam specimen was subjected to a four-point bending test.
Loading condition in the test were 2700miffiextive span and equally spaced two
concentrated load at the mid-span. The maximum loading level was 80kN. Dis-
placement at the mid-span of the RC beam specimen was recorded using LVDT.
All six fiber optic strain sensors were used to measure strain on embedded rebars.
To simulate the material property of stainless steel, experiments were conducted
to obtain full scale stress-strain behavior of two types of stainless steel. They
proposed a numerical models to obtain full scale stress-strain diagrams of the the
stainless steels. The numerical models were compared with the Ramberg-Osgood
models [32]. The transfer of load across the concrete cracks through the rebars
was defined by tension fiening proposed by Rim and Hayder (1998) [28].
ABAQUS®standard version 6.4 was used to model the beam. 8-node 3-D solid
element was select to model concrete box and 2-node embedded bar was used to
simulate rebars in the structure. Meshing scheme was selected such way that the
model produced 396 elements.

Experimental results (e.g., displacement at the mid-span and strains from six fiber
optic strain gauges) were compared with numerically obtained results. Strains
obtained from FE simulation were higher than the experimental results, since the
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tension stifening model only considered input parameter of concrete strength

rather than the actual behavior of interaction between rebars and concrete.

. Wahalathantret. al(2011) [31] studied numerical modelling of material proper-
ties for a commercial FE package, ABAQ®SThe models were validated using
different experimental results of RC beam structures.

Experimentally verified Hsu and Hsu (1994) [11] numerical method was used to

obtain complete stress-strain curve for concrete under uniaxial compression.

Oc=————0w (2.1)

where,
5= 1
- Ocu
1+
&Eo

€ = 8.9x 100, +3.28312x 103

Eo, = 1.12432x 100, + 3.28312x 10° 8 = A dependent parameter

€ = Strain at peak stress

E, = Peak tangential modulus

o= compressive stress value

o= Ultimate compressive stress

€= compressive strain

Required parameterg.Q.,inelastic strain, damage parameter, plastic strain) to
simulate nonlinear behavior of concrete in ABAQ®®%ere obtained from the
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following expressions:

€N = e — €2 (2.2)
: dio

Pl ——< 2.3
EC eC (1 _ dt)Eo ( )

in
¢ =< (2.4)

€

where,e5, = £, inelastic strain= ¢, and plastic strair: e

To validate Eq. (2.3) in the FE package #fehave to be increasing and positive
wheno is increasing. They used tensionfi&ning model proposed by Nayal

and Rasheed [27] with a minor modification.

Load vs. displacement results of a three point bending test of a RC beam were
reported by Peeters et al (2006) [26]. In his loading configuration the RC beam
was supported at 1.2m distance from either of the edges and loaded at the cen-
tre. The compressive strength of concrete was 51.2 MPa. A FE model of the
beam was created using ABAQ®SMaterial properties was obtained from the
numerical model of material properties (e.g. stress-strain under uniaxial loading,
tension stifening behivor) were used in the FE model. The FE modeling results
and test results showed good agreement.

A four-point bending test reported by Maeck (2003) [22] were also used to val-
idate the FE model. RC beam was supported at 1.15m and 5.85m and loaded at
2.0m and 4.0m from the of the left edges of the beam with 4kN point load. The
reported experimental results and FE model result had good agreement.

The input from numerical models of material properties performed well by vali-
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dating FE model of the reported [22, 26] three-point and four point bending tests.

FE model can simulate the behavior of RC beams. FE model results (e.g., displacement
and strain) shows good agrement with experimental result. The literature study also

shows that a FE model can simulate strain pattern on embedded rebars.

2.4 Surface and Subsurface Strain Measurement Tech-
niques:

FOS can be used to measure external as well as internal strain of a structure element on
discrete points or on a line when DIC system can measure strain on a plane. In addition,

the DIC system can also measure out of plane strain.

241 FOS

1. L. Deng and C.S. Cai (2007) [8] performed a literature review on applications of
FOS in civil engineering.
Typical FOSs were classified in three types:1) strain sensors, 2) crack sensors,
and 3) corrosion sensors. Many researchers used crack sensors to measure crack
opening displacement, detection of formation of cracks, and crack locations etc.
Strain sensors are used to measure strain either by embedding or attaching onto
surface of structures or test specimens. It had been proved that FOSs can suc-
cessfully measure strains below 4@@0lt is also noteworthy that the fiierence
between FOSs and ESGs were always below 5%fferdint observations.
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In this literature reviews, they (authors) mentioned several existing problems with
FOSs: (1) strain and temperature discrimination, (Bas of coating materials
on strain measurement, (3) the bonding of FOSs, and f{érteof embedded

optical fibers on properties of the hos material.

. Yanget. al. (2009) [35] proposed several packaging and embedding in concrete
techniques. Performances of pre-embedded FOS in concrete specimens were
evaluated by one-dimensional and two-dimensional press experiments.

Three types of pre-embedded bar sensors were introduced: (1) steel bar sensor,
(2) epoxy bar sensor, and (3) concrete bar sensors. Concrete bar sensors shapes
could be regular rectangular, cylindrical, corrugated rectangular and cylindrical
corrugated etc. A 25mm x 25mm x 120mm concrete bar sensor with 100mm fiber
gauge length was embedded in a 200mm x 100mm x 300mm concrete specimen.
A testing machine was used to conduct one-dimensional press test. Also, 160mm
x 160mm x 160mm specimen was used to conduct two-dimensional press test.
Theoretical prediction and mechanical behavior of concrete had a good agree-
ment.

Practical pre-embedded FOSs were successfully installed and tested. However,
this paper also mentioned that in laboratory, it is possible to directly embed the

FOS within concrete specimen or structures.

. Kesavaret. al. (2010) [16] proposed a technique to embed FOS in concrete, and
evaluate thef@icient of the proposed method.
Two types of embedment techniques (protective measures) were introduced: (1)
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steel rod encapsulation, and (2) cast epoxy sheet encapsulation. In first technique,
a 10mm FOS sensor was protected by a 60mm long steel tube with flanges and
relevant sealing materials. The flanges were made of 4mm thick 25mm diameter
steel dishes. Both types of embedment techniques were applied to embed FOSs
in the cores of 150mm diameters and 300mm long cylinders. The cylinders also
were equipped with Electrical Resistance Strain Gauges (ERSG). Standard com-
pression tests and high-stress, low-cycle loading test were performed using an
UTM to measure strain at core and surface. Also, grad M45 cylinders along with
embedded sensor were used to perform fatigue test using servo-controlled UTM,;
where loading range was 8.49 to 14.1 MPa at a frequency of 10 Hz. In addi-
tion, sensors were embedded in a 150mm x 200mm x 1500mm beam to perform
bending test to measure internal strain when surface strain was measured using
electrical resistance strain gauges.

In compression test, the embedded sensors measured maximume 200Ghowed
only within 1% deviation with ERSGs measurement of strain up to the elastic
limit. In fatigue test, 2% variation was found between the measurements of strain
from embedded FOSs and ERSGs. 2 million cycles were used to assess the evalu-
ation of FOSs. In high-stress, low-cycle loading test, FOSs were measured strain
up to 150@e In beam test, the deviation of 7% was found between the mea-
surement of FOSs and ERSGs. All in one, the embedded FOSs using both of
techniques were performing well in axial compression test, high-stress low-cycle

loading test, fatigue test, and bending test.
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4. Kenelet. al. (2005) [15] measured strains along reinforcing bars embedded in a
reinforced concrete beam subjected to four-point bending using wavelength mul-
tiplexed optical fiber brag grading sensors. Bond shear stress between rebar and
concrete was calculated using stress gradient along the rebar and compared it with
three bond shear stress-slip model. Moreover, a deflection calculation method of
partially cracked beams was proposed, providing lower and upper bounds corre-
sponding to maximum and minimum theoretical crack spacings, respectively.

A 4000mm long along with a 2000mm x 200mm uniform cross section through
the length reinforced concrete beam was used in four-point bending. Both lat-
eral, mm @ 300mm/c, and longitudinal, 4- mm, reinforcement was provided.
An optical fiber with a total 286 Bragg grading spacing at 10.4mm was installed
onto one 10mm rebar. A 1mm long and 1mm wide groove was created along
the 10mm rebar to epoxy-glue the fiber. The beam was placed upside down;
supports were provided 600mm apart from the centerline and a deformation con-
trolled loading system were placed to load the beam 200mm from each edge of
the beam. Loading was divided into 14 loading stages (24.4kN maximum). Each
loading stage crack widths and deflection were measured by demountable strain
gauges (deformeters). At the beginning and end of each loading stage, fiber-optic
strain measurements were taken.

Optical fiber Bragg grating sensor successfully measured maximum straime2800
(28 millistrains), and maximum strain gradient, 2 millistrain per millimeter. The-
oretical, tension cord model, and experimental deflection values were in good
agreement. An additional suggestion to minimize the eccentrifiieciein ex-
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perimental measurements was made: sensors should be used in symmetric pair

creating two groves opposite of each other in a rebar.

24.2 DIC

1. Mulle et. al. (2009) [23] studied mechanical behavior of a composite beam un-
der bending tests by usingftérent techniques. They also used FEA to compare
results with experimental results. Prime objective of the study was to compare
global and local mechanical measurements obtained fréereint techniques for
instance FBG, DIC, and FEA.

A beam type specimen was used to execute 3 and 4 points load tests. The speci-
men was made of a carbolymeric Hexply M21 T700. 300 mm long specimen

had central reinforced zone and thinner side zone. The central reinforced zone
was constructed by 28 plies (7.7 mm thick), on the other hand thin latter zone
thickness was 5.6 mm which contained 20 plies. Laminated FBGs were installed
in 4 different layers during stacking. 3 and 4 points bending test were executed
on the test specimen by using Instron mechanical testing machine. The testing
machine accuracy precision was 10-6. Loading measurement was taken for each
2mm displacement, the process continued until the upper cylinder displacement
of 16mm. Two rigid bound cameras, Quimaging Retiga 1300 CCD, captured
digital images, 1280 x 1024 pixel resolution, in each 2mm displacement inter-
val. 3-D digital image correlation technique was implemented by using Vic-3D
commercial software. SAMCEF software was used to execute three dimensional
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FEA. All the mechanical properties used as input in software obtained from stan-
dard testing.

In global scale, experimental results showed a linear evolution up to a certain dis-
placement. Thereafter nonlinear behavior of the materials may be cause of more
deviation from FEA. In local scale, each technique showed linear behavior but
different slop. 3-D DIC measurement of strain only agreed with FBG and FEA in
the lower part of the specimen (tension zone). Since 3D-DIC delivered informa-
tion of surface strain while FGB can provide the core strain, two measurements

can be expected to beffirent, this study proved it as reality.

. Destrebecet. al. (2011) [9] studied crack detection and measurement tech-
nique, to measure beam deflection and curvature of a full scale reinforced con-
crete beam after 25 years of service in severe industrial environment by using
DIC techniques. Authors revealed existence of a compressive force in beam and
compared with theoretically obtained values from Eurocode 2.

Test specimen was 7,840 mm long, and cross sectional area was 160 x 450 mm2.
The specimen had4¢14mm longitudinal deformed rebar ap@mm web rein-
forcement at the rate of 170 mm center to center. Rebar were not corroded. Me-
chanical properties of concrete found from a standard compression test of cylin-
der, drilled out from companion beam: compressive strength 29.8 MPa 1.7Mpa,
and actual longitudinal Young modulus of elasticity 30.1 GPa 0.8 GPa. A resid-
ual deflection was about 2.6mm. In specimen, a region of interest (ROI) with 718
x 102 mm at tension zone in the middle of two loading was assigned to use DIC
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technique. The ROI was divided into 10 x 10 pixels zone of interest (ZOI). They
used a 2D image correlation system with 12 bits dynamic Philips camera. The
CCD camera had 1024 x 1024 pixels. A SeptD developed by Vacher was used
to process the captured images. Moreover, LVDT sensor was placed at mid span
to measure the beam deflection. The specimen was tested in four points bending
the upside down with 7000 mnffective span. Two hydraulic jacks located at a
distance of 700 mm both sides of the mid-span of the beam exerted required load
with 5 kN gradual increment and downgrading. Authors used 5 cycle loading, in
last cycle the beam was crashed.

By processing the image taken by DIC system, displacement values were ac-
quired by one ZOlI line only. Longitudinal displacement discontinuity revealed
appearance of crack, the vertical amplitude of discontinuity correlates crack open-
ing. It also observed from the study that the cracks did not completely close
upon unloading due to interlocking phenomenon. Since the cracking on concrete
strain should have a strong influence on vertical displacement values, the average
vertical displacement of six vertical lines located between adjacent cracks were
considered as local deflection. Thereafter, a second degree polynomial fitting
was used in this study to illustrate the average deflection line along the beam.
Maximum deflection value found at mid span. From the theoretical calculation
of crack opening, the authors observed that crack opening rate was much lower
than expected in pure bending. The appearance of a longitudinal compressive
force in the beam may responsible for the delay.

DIC technique is suitable for early crack detection and measurements. DIC mea-
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surement has fair agreement with values measured by LVDT sensor. DIC should

also be suitable for in situ damage detection.

3. Hild et. al. (2006) [10] proposed an approach to evaluate mode | and Il stress
intensity factor by combining image correlation and elastic displacement field
identification.

In case of brittle materials, crack length and crack opening measurement to quan-
tify the stress intensity factor and toughness. Thus determining crack tip location
is amajor challenge. The authors used DIC to acquire the goal. In test set up, they
used sandwich beam to obtain stable crack propagation. The sandwich beam was
made of place silicon carbide (SiC) specimen in between two steel beams. Since
the crack is complex and depending on complex geometry and surface friction,
authors did not use analytical or numerical identification of the stress intensity.
Two CCD cameras were used to take 1008 x 1016 pixels resolution picture. 6
nm physical crack was detected. Also the test results showed that the error were
2%, 3%, and 10% for 10-3, 5 x 10-4, and 2.5 x 10-4 strain.Finally, using known
values of elastic properties of silicon carbide £#10 GPaj;y= 0.15), they cal-
culated stress intensity factor by using crack opening displacement.

The authors claimed that the technique can almost perfectly measure crack open-
ing displacements in perspective of accessing scales were well below light wave-
length. It reveals the way to crack identification and even quantify toughness

measurement.

4. Kamayaet. al. (2011) [14] determined a procedure to find true stress-strain
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curve. They also proposed a procedure to measure post necking strain. They
used hourglass type specimens, which material was carbon steel plate for welding
structures. Three specimens each of which hdi@mtint notch radius, 10mm,
5mm and 2mm, along with minimum diameter of 6mm were used in tension test.
Tension test were execute in ambient air at room temperature. Tension test speed
was fixed as 0.2mm per minutes. Couple of 5M-pixel CCD cameras was used
to determine nominal strain distribution and local displacement. The specimens
were dot painted to implement digital image correlation technique.

In this study, they used general purpose program ABAQUS standard version 6.9,
to conduce finite element analysis (FEA). Material properties, Young's modulus
and Poisson’s ratio, were provided to software. They modeled quarter of the
specimen, since the specimen was geometrically symmetric. J2 flow law was
bestowed to simulate stress triaxiality. Initialty, was assumed to get a certain
straine;, thusPega Was found.Peea Was compare witlPe, ando; was modified

till Pre approached t&y, This procedure was repeated in each sampling points.
Total number of sample points was 57, and number of FEA was 294. The validity
of the estimated stress-strain curve can be confirmed by comparing experimental
and FEA. The study result revealed that the test had been simulated successfully.
From this study, it may conclude that the power low equation should provide a

comprehensive approximation of the true stress-strain curve.

. Wuet. al(2011) [33] examined the properties of the fracture process zone (FPZ)
in concrete using DIC. FPZ defined as the microcracking region ahead of the
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traction-free crack tip in concrete. This study correlates FPZ length with load
and specimen parameters.

The author investigated 6ftierent size and notch depth concrete specimens. The
specimen manufacturing composition was 44@mkg cement, 593 kign3 sand,

and 1102 kgn3 coarse aggregates, and water to cement ratio was 0.48. Mechan-
ical properties of concrete were: Young’s modulus of elasticity3%&0 GPa,
compressive strength at 28 daysel2.9 MPa, and poison’s ratig, = 0.2. A
universal testing machine exerted 0.005 /mim loading on specimens during
testing. A clip gauge installed at the center of the notch to measure the crack
mouth opening displacement (CMOD). A camera was placed 1.5m apart perpen-
dicular to the test specimen to capture image at each second till the failure of the
specimen, the image was processed by post-processing device. 1024 x 768 pixels
resolution was adopted.

Authors concluded that DIC measurement to obtain development and length of
FPZ is reasonably accurate. During crack propagation, the FPZ length increase;
in contrast, FPZ length decrease after the FPZ is fully developed at a crack exten-
sion length to ligament length ratio of about 0.91. If the length of the specimen
increase, the peak load and maximum FPZ length increases; on the other hand,

the length decrease in case of increment of notch depth to specimen height ratio.

. Lecompteet. al. (2006) [18] investigated detection of crack on prestressed con-
crete beam using DIC technique and LED-CCD technique. Authors used Green-
Lagrange strain expression to calculate deformation. Since classical experimental
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techniques, strain gauge, extensometers, etc., do not proviaeent illustration

to comprehend local damage mechanism which is responsible for structural fail-
ure, authors used full field measurement techniques focused on a given region of
interest (ROI) of the target.

A 17.6 m long prestressed beam specimen. Four point bending was performed on
the specimen, where the two bending points are decoupled. Four loading unload-
ing cycle were performed where 45, 65, 76, 95 kN respectively were exerted from
per jack. In DIC technique, images were taken every 10 kN loading interval. Sub-
sequently, the displacement and deformation field at the surface of object were
calculated on the basis of comparing between imagedtateint loading steps.

The image was divided into a number of subsets where the subset size was 7 x 7,
11 x 11, or 15 x 15 pixels. The software determined the displacement values of
the centers of the subsets.

The study showed that crack detects appearance and evolution of cracks before
the cracks become visually detectable. DIC system can be utilized to accurately

locate the crack in the Zone of Interest (ZOl).

. Bayet. al. (1988) [3] reported three dimensional version of two dimensional dig-
ital correlation. An X-ray topography was used to generate digital image volume.
Displacements were calculated by tracking a corresponding subvolume. Gradi-
ent displacement technique was used to calculate strains from the displacement
fields. In this study, a bone near the knee was investigated. This method also has
significant implementation in the field of traditional engineering; for instance, a
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non-destructive inspection of internal flaws and damages.

A trabecular bone with 15mm of diameter and 18mm of height was used as a
specimen. The specimen was placed within a stepper-motor-controlled loading
system that has an X-ray transparent polycarbonate stade to mount axial
loading. Area projections were collected through 3600 rotation of the sample. A
cone beam algorithm was used to reconstruct the image volumes. The algorithm
reconstructed a 520 x 520 voxel image volume.

A correlation between the loaded and unloaded image volumes provided a dis-
crete displacement vector. Three contend requirements had to be mitigated in
the algorithm for displacement measurement: speed, accuracy, and robust mini-
mization. The correlation pattern matching relied on variation of voxel intensity.
The correlation problem can be described simply as finding the best matches de-
formed shape produced from an unreformed subvolume.

The strain tensor field was calculated from the displacement vectors in two steps:
(1) smoothing the displacement field by using local polynomial fit, (2) approxi-
mation of strain tensor. C code was used to develop all the algorithms.

The digital image correlation technique was upgraded to digital correlation for
certain class of materials. The approximate precision reported in this study was

0.0003 (30Qe).

The literature reviews in the above show that FOS can measure strain on a discrete
point as well as on a discrete line. The FOS internal and external strain measurements
also showed good agrement with FE models. While DIC system can measure strain
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on a surface. The surface measurements showed good agreement with FE models. X-
ray topography can provide internal strain measurement. However, X-ray topography

techniques are not applicable for concrete structures.

2.5 Summary

In this literature review, a survey was conducted to find a suitable method to solve in-
verse problems. This survey contains the numerical and theoretical approaches to solve
inverse problems. It was found that the numerical approach is advantageous to solve

the inverse problem in this research.

Another survey was conducted on applicabilities of FE package ABARDIISIim-
ulate the behavior of RC structures. The survey reveals that many researchers used
ABAQUS® to model RC structures under four-point bending tests. In addition, several
empirical models to predict the material properties and interaction between steel rebars
and concrete were investigated. The focus of the investigate was to use the empirical
models to determine required parameters in ABAQUS& model the materials and in-

teractions.

Two techniques (FOS and DIC) to measure surface and subsurface strains were
studied. The applicabilities and reliability of the techniques were the focuses on the
reviews.In the next chapter (Chapter 3), applied numerical approach is introduced based

on the literature reviews and additional objectives of this research.
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Chapter 3

Finite Element Modelling

3.1 Introduction

In this chapter, applied numerical approach in this research is introduced. At the begin-
ning of the chapter, a very brief overview of the FE modelling theory is discussed. The
prime focuses of this chapter are discussing the strategies to create a FE model of a RC
beam, define several artificial damage scenarios of the RC beam, and simulating the
damage scenarios using a commercial FE package, ABAQUB=ometry, meshing
scheme, boundary conditions, and material properties are discussed in the strategy part.
In Chapter 2, a literature survey has been conducted to find required standard materials
testing and suitable empirical models to predict materials properties. In this chapter,
necessary empirical models are used to yield suitable input for ABAQIdSimulate
materials properties. Four artificial damage scenarios are defined and illustrated. FE
modelling strategies of the damaged structures are described.
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3.2 Finite Element Methods

The standard FE equation [29, 4] for a static analysis:
[K{u} = {f} (3.1)

In Eq. (3.1), [K] is the assembled globalfitiess matrix{u} is the nodal displacement
vector, andf} is the nodal force vector. The displacement veétpican be calculated
using{u} = [K]7Y{f}.

Damage in the structure can cause change in tff@ess matrix by an amounfK].

Eq. (3.1) converts to the following:
([KT + A[KD{u} = {f} (3.2)
A[K]in Eq. (3.2) [34] can be determined by applying the following equation:
ND B 5
A[K] = > Bl AK'B (3.3)
i=1

In Eq. (3.3),B; is Boolen matrix corresponding to ith element, ND indicates the number
of damage finite elements andk’. Expression to determingk’ is Ak" = a;E;Ak;.

where,a; = the damage fraction of the element, = the undamaged $iiness prop-
erty in element i and\k; involves with geometric quantities or terms containing the
Poisson’s ratio.
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3.3 Finite Element Modelling Strategies

Three-dimensional finite element analysis is conducted to determine the surface stress
on a RC beam using ABAQUS The RC beam was made of concrete which is inter-
nally reinforced with steel rebars. A 6” x 6” x 33" deformable solid box was created to
model the concrete part of a RC beam. Two 0.5” diameter and 33” long circular bars
were created to model-2#4 rebars. The modeled rebars are embedded in the concrete
elements, since ABAQUS provides a solid-in-solid embedding option. Interaction
module was used to constrain the embedded region. Absolute and frictional tolerance

method was considered where fractional exterior tolerance was selected to be 0.05.

The most commonly used finite element families in a stress analysis are contin-
uum, shell, beam, rigid, membrane, infinite, connector, and truss elements. The con-
crete is modeled using continuum elements (a quadratic element C3D20). Typically,
in ABAQUS®, reinforcement in concrete structures is provided by means of rebars,
which are one dimensional rods can be defined singly or embedded in oriented surface
[7]. In this study, a continuum (solid), C3D8, element was used to model reinforcing
steel rebars. Fig. 3-1 illustrates the elements used in this study.

In order to select suitable mesh size to be used, the finite element model was meshed
into different numbers of elements. The meshing scheme was selected depending on
the computational capacity and research objective (to observe the local sfiexende
due to damage(s) introduced on the embedded rebars). In process, 0.3” x 0.3” x 0.3”
mesh size was selected for the concrete part. The selected rebar meshed element size
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C3D20 (Quadratic continuum element) C3DS8 (linear continunm element)

Figure 3-1: Continuum elements used in FE modeling

was 0.25” x 0.25” x 0.25”. The total number of finite elements in the model was 45,056
and the total number of nodes was 193,095. In this meshing scheme, the simulation
consists of 579,285 variables. The number of variable is determined by the degree of
freedom plus the maximum number of Lagrange multiplier variable. Fig. 3-2 shows the
meshing scheme.

In the FE simulation the RC beam was simply supported with two point loads at one-

Figure 3-2: Meshing scheme of the RC beam model

third and two-third span from one end. Thé&drence between two point loads was 12”.
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The applied loads were distributed evenly on constraint area to minimize the localiza-
tion effect. The size of the constraint loading area was 0.125” x 6” and the maximum
load on each area was 2.2 kips. The loading procedure was divided into four steps. In
the chronological order, the highest loading levels in four steps was 0.5 kip, 1.0 kip, 1.5
kips, and 2.2 kips. To simulate the loading procedure the whole time frame (1.0) was
divided evenly into four steps (each time stef®.25). Fig. 3-3 illustrates the loading

scheme and boundary conditions.

Figure 3-3: Loading scheme and boundary conditions of the RC beam model

In this study, elastic materials were used to simulate the behavior of the RC beam.
The loading levels were selected to keep the strain within elastic limit of the materi-
als. Materials’ properties were determined from standard materials tests and empirical
equations (numerical formulae). The elastic parameters of concrete and steel used in
the finite element simulation are:
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Young’s modulus of concret&. = 4.5 x 1(° psi

Poisson’s ratio of concrete, = 0.16 [5]

Young's modulus of steeks = 30x 10° psi

Poisson’s ratio of steels = 0.3

The interaction between steel rebars and concrete was simulated using a tension
stiffening model proposed by Nayal and Rasheed (2006) [27] with a minor modifica-
tion proposed by Walhalathantet. al. [2011] [31]. Fig 3-4 illustrates the tension
stiffening model used in the FE model of the RC beam to simulate interaction between
the rebar and concrete.

The Table 3.1 shows the tensionf&hing input parameters used in ABAQ®STo

Table 3.1: Tension dtening input parameters in ABAQS

Stress, Strain,e,t  Elastic strain, Cracking Damage pa- Plastic strain,

o €l strain, e rametersg;, €

604.669 1.48E-04 1.48E-04 0.0e60 0.00E-00 0.00E-00
465.595 1.85E-04 1.14E-04 7.10E-05 3.84E-01 7.09E-05
272.101 5.91E-04 6.65E-05 5.25E-04 8.88E-01 5.17E-04
60.467 1.29E-03 1.48E-05 1.27E-03 9.89E-01 -7 ABE

obtain the values tabulated in Table 3.1, Eq. (3.4), Eq. (3.6), and Eq. (3.5) were used.

etCk =€ — egtl (3.4)

dio
pl — ck _ tC t 35
AR AT (©9)
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An experimentally verified Hsu and Hsu (1994) [11] numerical method was used to

obtain the complete stress-strain curve for concrete under uniaxial compression.

Fig. 3-5 illustrates the predicted stress-strain curve of the concrete using Hsu and
Hsu numerical method, where ondy, value was known (obtained from ASTM stand
cylinder compression test, C&B9M). Eq. (2.1) is used to obtain Fig. 3-5. The exper-

iment is reported in Chapter 4.

The Table 3.2 shows the inelastic strain and damage parameter input parameters
used in ABAQU®. To obtain the values tabulated in Table 3.2, Eq. (2.2), Eq. (2.4),
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Figure 3-5: Complete stress-strain curve of concrete whge: 6.5 ksi

and Eg. (2.3) were used.

The numerical model of the complete stress-strain curve of concrete is compared
with response of a 6” x 6” concrete cube FE model under uniaxial loading. In this
loading scheme the loading range was from 0 psi to 6,500 psi. Fig. 3-6 shows the

comparison.

The materials property of steel was modelled as a perfectly elastic-plastic material.
The yielding stressdfy) of steel was determined by a standard tension test. The test
result is reported in Chapter 4.
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Table 3.2: Inelastic strain and damage parameter in ABAQUS

Stressg. | Damage parameters, | Inelastic straine®
3.25E+03 0.00E+00 0.00E+00
3.56E+03 8.69E-03 6.20E-05
3.72E+03 1.01E-02 7.24E-05
3.88E+03 1.17E-02 8.38E-05
4.03E+03 1.35E-02 9.64E-05
4.17E+03 1.54E-02 1.10E-04
4.31E+03 1.74E-02 1.25E-04
4.45E+03 1.96E-02 1.41E-04
4.58E+03 2.20E-02 1.58E-04
4. 71E+03 2.45E-02 1.76E-04
4.83E+03 2.72E-02 1.95E-04
4.95E+03 3.01E-02 2.16E-04
5.06E+03 3.31E-02 2.38E-04
5.17E+03 3.63E-02 2.61E-04
5.27E+03 3.96E-02 2.85E-04
5.37E+03 4 .31E-02 3.11E-04
5.47E+03 4.68E-02 3.37E-04
5.55E+03 5.06E-02 3.65E-04
5.64E+03 5.46E-02 3.94E-04
5.72E+03 5.87E-02 4.24E-04
5.79E+03 6.30E-02 4.55E-04
5.87E+03 6.75E-02 4.88E-04
5.93E+03 7.20E-02 5.21E-04
5.99E+03 7.67E-02 5.56E-04
6.05E+03 8.16E-02 5.91E-04
6.11E+03 8.66E-02 6.28E-04
6.16E+03 9.17E-02 6.65E-04
6.20E+03 9.70E-02 7.04E-04

3.4 Atrtificial Damage Scenarios

Artificial damages on steel rebars were introduced by making two concave parabolic
longitudinal boundaries in the damage length. The cross sectional redutghig

calculated in percentile.
Ao — A
AAg = % x 100(%) (3.7)

SO
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Figure 3-6: Stress-strain response from FE model vs. material model provided in sim-
ulation

The cross sectional reduction at the center of the damage used in this study were 10%,
15%, 20%, 25%, 30%, and 36%. Two damage lengths were considered: a) 1 inch
and b) 5 inches. The intact diameter of the steel rebar as shown in Fig. 3-7 is 0.5
inch (As, = 0.196in?) and rebar diameter at the center of the damage is 0.4 inch
(Asr = 0.125). Using Eqg. 3.7, calculatedAq is 36%.

Due to the reduction of cross sectional area, the rebars wane volume. Fig. 3-8 illus-
trates a slice of lost volume. The slice create$d&tgles at the center of the steel rebar.
The relative volume changes are tabulated in table 8V, in table 3.4 is calculated
according to Eq. 3.8.

Vso— V.

AVs = = % 100(%) (3.8)
VSO
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Table 3.3: Imperial models for FE simulations
Model Purpose Year
Hsu and Hsu [11] To obtain a complete stress strain994
curve of concrete
Nayal and Rasheed [27]To simulate interaction between re2006

model modified by Walhat bars and concrete &2011(Modi-
lathantri et. al.[31] fied)

Perfect elastic-plastic materialTo simulate the stress-strain behavjor

property of steel

0.5 in
%Ddﬂ in

Cross section
SCALE4 1

CLTAIL &

SCALL 2 ;1 __1ir|___

Largitudiral saction
SCALE2:1

Figure 3-7: Schematic of a 1-in long artificial damage

In this study, four types of damages were introduced in the FE model of RC beam.

The definition and illustration are shown in the following:

1. Type I: Cross sectional reduction of aré# of the rebars at the mid-span and
the center of the damage are 36%, 30%, 25%, 20%, 15%, and 10%. The damage
length is 1 inch. Type | is classified into two categories: a) symmetric damage
(Type I-1) and b)nonsymmetric damage (Type I-11). In Type I-I damage, an ar-
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Figure 3-8: A slice of lost volume of the rebar

Table 3.4: Cross sectional reduction vs. volume reduction of the rebars
AAs(%) | Vso— Ve(in®) | AVs (1-in damage) AVs (5-in damage
10 0.013 6.633 5.736
15 0.020 10.204 8.768
20 0.026 13.265 11.402
25 0.033 16.837 14.419
30 0.040 20.408 17.836
36 0.048 24.48 21.635

tificial damage is introduced to both rebars while in Type Il only one rebar has
the damage. Fig. 3-9 and Fig. 3-10 illustrate Type I-I and Type I-Il damage,

respectively.

. Type II: Cross sectional reduction of ar@&s of the rebars at 8.5 inches from

the right support and the center of the damage are 36%, 30%, 25%, 20%, 15%,
and 10%. Damage length is 1 inch. Type Il is classified into two categories: a)
symmetric damage (Type lI-I) and b)nonsymmetric damage (Type lI-ll). In Type
II- damage, an artificial damage is introduced to both rebars while in Type 1l-1I
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Figure 3-9: Artificial damage Type I-I

one of the rebars has the damage. Fig. 3-11, and Fig. 3-12 illustrate Type II-l and

Type lI-Il damage, respectively.

. Type lll: Cross sectional reduction of aréeds of the rebars, one at 8.5 inches
from the right support and another one 8.5 inch from left support and the center
of the damages are 36%, 30%, 25%, 20%, 15%, and 10%. The damage length is

1 inch. Fig. 3-13 illustrates the Type Ill damage.

. Type IV: Cross sectional reduction of aréa of the rebar at the mid-span and
the center of the damages are 36%, 30%, 25%, 20%, 15%, and 10%. The damage
length is 5 inches. Type IV is classified into two categories: a) symmetric damage
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Figure 3-10: Artificial damage Type I-1I

(Type IV-l) and b)nonsymmetric damage (Type IV-II). In type IV-l damge, an
artificial damage is introduced to both rebars while in type IV-II only one rebar
has the damage. Fig. 3-14 and Fig. 3-15 illustrate Type IV-1 and Type IV-II

damage, respectively.

From Fig. 3-9 to Fig. 3-15 define beam sidesfdsandA,. The side definition

will be used in Chapter 5 to illustrates the FE results.
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Figure 3-11: Artificial damage Type II-I

3.5 Finite Element Modelling of Artificial Damages

The damages in rebar were simulated in the FE model of the RC beam according to
the geometric change in the rebar(s). The meshing scheme of rebars and concrete were
kept identical to the intact model. The interaction between rebars and concrete was also

kept identical to the intact model.

3.6 Summary

FE modelling strategies of a RC beam were discussed. Several empirical models of
material properties were used to determine materials parameters required in the FE
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A
Figure 3-12: Artificial damge Type Il-lI
Table 3.5: A sketch of artificial damages
Type | Damage length Location Subcatagories
I lin Midspan Symmetric & Non-symmetrig
I lin 8.5 in from right support Symmetric & Non-symmetrig
1] lin one rebar 8.5 in from right and an- No
other rebar 8.5 in from left support

\ 5in Midspan Symmetric & Non-symmetrig

simulate of the RC beam using ABAQ®S Use of a suitable model to simulate the
interaction between concrete and rebars was illustrated. Four damage scenarios of the
RC beam were defined along with the FE modelling strategies. To validate the FE
model a series of Four-point bending tests on the RC beam were conducted. The details
of the four-point bending test is illustrated in the next chapter. Chapter 4 also contains

the description of the standard material tests.
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Figure 3-13: Artificial damage Type llI

Figure 3-14: Artificial damage Type V-1

49

-



Figure 3-15: Artificial damage Type IV-II
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Chapter 4

Experimental Work

4.1 Introduction

In this chapter, the specifications and manufacturing procedure of a test specimen (the
RC beam), materials testing, and a details of a four-point bending test are described.
The materials testing results are processed to yield required parameters for the FE pack-
age, ABAQU® to simulate the behavior of the cast RC beam. The materials testing
results are also used to determine the theoretical capacity (e.g., nominal moment ca-
pacity, cracking moment capacity) of the RC beam. The cracking moment of the RC
beam is calculated to determine the maximum loading level in the four-point bending
test. Experimental setup of the four-point bending test is illustrated and surface strain
measurements from the collected raw data are briefly discussed. The FE model devel-
oped in the Chapter 3 will be validated using the four-point bending test results in the
Chapter 5.
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4.2 RC Beam Specimen

In this experiment, the RC beam specimen size was 6” x 6” x 35”. Mix proportion was
1:1.5:3 (Cement: Fine Aggregate: Coarse Aggregate) and feameent ratio was 0.50.

Two #4 steel rebars were used. Fig. 4-1 illustrates the dimensions of the RC beam.

AV

6.00
35.00
I @.50 @.50
5.00 \ 6.00
LE ] \)
Side view
SCALE1/ 4
—4.00—

Crass section
SCALE1/2

Figure 4-1: Dimensions of the RC beam specimen

4.2.1 Materials Testings

Two 4” x 8” cylinders were cast to determine the compressive strength of congfete (
Measurements of, and the tensile strength of sted))(were important to determine

the loading levels of the experiment without introducing cracks to the RC beam on the
tension side. The materials testing results are also processed to yield required parame-

ters for the FE package, ABAQ¥3o simulate the behavior of the cast RC beam.
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Tension Test of the Steel Rebar

Specimen specifications:

- Length=14 inches

- Size= #4 steel rebar (Cross-sectional ardgs 0.2in?, and diameter=0.5 in)

A FOS was used to find a true stress-strain diagram of the steel rebars using in the
RC beams. A FOS, 0s3110-1552-1UT-1UT manufactured by Micron Optics, Inc., was
attached with rebar as shown in the Fig. 4-2. The rebar surface was grinded to make
a smooth surface to attach the FOS. Regular epoxy (Welder Contact Adhesive) was
used to attach the sensor onto the rebar. The Rebar was mounted, attachment points
distance was 7.5 inch, on Instron 1332 fatigue testing machine (maximum capacity
approximately 22.5 kips) to conduct a conventional tension test. The maximum load
was selected to be 15 kips. The maximum load was selected such a way that it should
exit the yielding point but should not exit the fracture load. The test was load con-

trolled;loading rate was 2000 Ibs per minutes (prefixed).

Fig. 4-3 illustrates the time vs. loading. A double check of loading rate was made

(1035954 — 843026)
(307.98— 25038)

from the slope of the straight line = 33.49 llysec= 2009.66

Ib/min.

Fig. 4-4 represents the load vs. the total elongation of the re-bar. An approximation
of stress-strain can be made considering that cross sectional area of the rebar was 0.2
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Figure 4-2: FOS attached with rebar

in? and length to be elongated was 7.5 inch. However, this approximation should be
erroneous, since the true length to be elongated is a unknown quantity, also the cross
sectional area was selected from a standard chart. Moreover, the machine has machine

compliances. Therefore, FOS should provide the true strain.

FOS sensor provided a time domain strain measurements. The time domain curve
can be easily converted to the load domain curve and eventually can be converted to
stress domain. Conversion equation is B(§x t where s is load increment rate, found
from figure 2 (33.49 lfsec) and stress P/As. Fig. 4-5 represents the time domain
strain measurement. Above mentioned conversions were made to determine the stress-
strain graph of the rebar; Fig. 4-6 represents the strain-stress graph of the rebar.
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Figure 4-3: Loading rate of Instron 1332 fatigue testing machine

Compressive Test of Concrete

Two 4” x 8” cylinders were tested to determine compressive strength of concrete ac-
cording to ASTM C3%C39M. 6488 psi and 6608 psi compressive strength were found
with an average of 6548 psi. The values satisfied the ASTM C39 [2] precision state-
ment. Thus, 6500 psi was used as a compressive strength of concrete to calculate

cracking moment of the RC beam specimen.
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Figure 4-4: Load Vs. elongation

4.2.2 Theoretical Calculation of the RC Beam Capacity

From Euler-Bernoulli beam theory,

Mint = Elg (4.1)

where, E= elastic modulus, £ moment of inertia, ang = curvature

From the Fig.4-7¢ = & ; o _ % By replacingy in Eq. (4.1),
Mint = E15- (4.2)
y
Lok Minty
L€ =, (4.3)

Effective flexural rigidity, El in Eq. (4.3) can be computed using layer by layer
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Figure 4-5: FOS sensor response
integration (Eq. 4.4). A layer distribution is shown in Fig. 4-8.
El = SNLE (4.4)

Here, NL is number of layer considered. For uncracked section an equivalent area

approach can be used.

El = Ec{% +bhe + (n- 1)AEl} (4.5)

By modifying Eqg. (4.3), cracking momentA;,) of the RC beam specimen is calculated
using Eq. (4.6)

Me: = (4.6)
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Figure 4-6: Stress-strain graph of the specimen rebar

where,
or = 7.54/f{ = 604.66 psi

E; = 570004/T{ = 4.59% 10° psi

Es = 30x 1P psi

Es 30
n= EC = 4—59 = 6.53
y= (bh?/2)(n - 1)(Asd)

bh+ (n - 1)As

bh? h., 2 -
lg = R + Al(é) +(n—-1)Ad-y) =108+ 0.36+ 7.28 = 11564 in
oo Mer = 24.11 k-in

If the loading point, where applied load is P, and support distance is considered 10.5
inches in four point bending test configuration, bending moment at midsection of the
RC beam specimen is BXx P. If 10.5x P = 24.11 which yields - 2.29 kips at each
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Figure 4-8: Layers to findféective rigidity

point, no crack should be induced. SelBct 2.2 kips, thereforél = 10.5x2.2 = 23.1

k-in.

M
= Cih, = o= ——— 4.7
M = Cnhy = wofbnhy .. o oz (4.7)
M
M = Tnhy = 0sAghy . 07 = (4.8)
Agnhg
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? = 1o breE, T AghoEs) (4.10)
_ M 1
f=gEl==T g - (4.11)

{ }

ho YbIEE; * AgihoEs
where,

ho,=distance between rebars center and the outmost compression fiber of the section or
effective depth of the section

w = Normalization factor ofr.. In elastic case is 0.5

& =Codfticient ofh, to find compression zone.

n= Codficient to find moment arm

es = Strain in steel at tension zone

€ = Strain in concrete at compression

B = Variable reduction factor

E. = Elastic modulus of concrete

E. = Elastic modulus of steel

x = Average strain cdécient of compression concrete.
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4.2.3 Procedure to Cast a RC Beam Specimen

The RC beam specimen was cast. Specimen size was 6” X 6” X 35" reinforced by
2-#4 steel rebar at 1” concrete cover from the bottom. Mixture proportion (volumet-

ric) used for the casting was 1:1.5:3 (Cement: Fine aggregate: Coarse Aggregate), and
0.5 water to cement weight ratio was used. Ordinary Portland cement, surface dried
sand and surface dried crushed stones were used for the cement, fine aggregates, and
coarse aggregate, respectively. As ingredients, 0.205 cft cement, 0.307 cft sand, 0.614

cft crushed stones, and 9.00 pounds of water were used to cast the test specimen.

Firstly, crashed stones were washed by drinkable water, thereafter it was air dried
for around 3 hours. Finally, the coarse aggregates (CA) were toweled to ensure surface

dryness.

A mixture machine was used to perform the mixing process. Approximately 10
rotations of the dry mixture were performed to ensure the proper dry mixing before
adding water. To ensure a good mixing and to avoid segregatidigient amount of
rotation were considered for wet mixing. During placing the concret@cgnt rod-
ding was conducted. After placing the concrete, the curing process was started after

approximate 14 hours.
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Figure 4-9: Casting of the RC beam

4.3 Mechanical Testing of the RC Beam Specimen

Equipments and equipments’ specifications are described below which were used in the

mechanical four-point testings of the RC beam.

1. Load cell: Load cell, Lebow 3175 manufactured by Inter Technology, Inc., used
in the mechanical testing. The capacity of the load cell is 50,000 Ib. Creep is (in
20 minutes of rated output) 0.025%. Usable temperature range of the equipment
is -50 C to+93 C while temperaturefiect on output is 0.002%. Fig. 4-10 shows

the model used in the mechanical test.

2. FOS: A FOS model, 0s3110 manufactured by Micron Optics, Inc., was used to
determine the surface strain of the RC beam. The specification of the FOS are

tabulated in the Table 4.1.

Mechanically induced strains are calculated using Eq. (4.12). In EqQ. (4348
found from Eq. (4.13).
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Figure 4-10: Load cell, Lebow 3175

Table 4.1: Specification of FOS, 0s3110

Variable Description Value Units
FG Gage Factor 0.89 @ 22C -
C1 Gage Constant 1 | 6.156 @ 22C | um/m-°C
Cc2 Gage Constant 2 0.70 um/m-°C
AT Temperature Change Measured °C
CTEs | CTE of Test Specimen User defined| um/m-°C
A Wavelength Shift Interrogated nm
Ao Nominal Wavelength| Initial Value nm
€= Féil - % 10° — &0 (4.12)
C1
€10 = AT[% + CTEs-C2] (4.13)

3. DIC: Two dimensional DIC is an optical measurement technique that uses pattern
recognition algorithms to track features in a series of digital images. To perform
DIC, DIC software partitions the image into overlapping square groups of pixels
called facets or subsets. Tracking these facets is the foundation of DIC. The DIC
software identifies the pattern of each facet based on the light intensity values
of the pixels in the facet. The software searches successive images in the series
for pixel groups that match the light intensity values of the facet in the original
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image. The geometric center of each facet can be interpolated and tracked though
out the image series permitting the calculation of strain and displacement fields.
Typically a high contrast stochastic pattern is applied to the surface to form more
distinct patterns and therefore increase the accuracy of the pattern recognition
process.Camera resolution of the system is 408672.GOM™ is used as 3D

DIC data processing software.

A FOS sensor was installed at the side of the RC beam in compression zone, dis-
tance from the top most fiber of the concrete and middle of the FOS was 0.5 inch, to
measure the surface stain. The sensor was calibrated by Micron Optics, Inc., the cali-
bration data was attached. To measure the surface strains of the side of the RC beam
using DIC technique, proper dots were painted on the test specimen.The DIC system

was calibrated to take the measurements accurately.

RC beam specimen was placed on the load frame and point loads were placed as
illustrated in Fig. 4-11. Support condition was simply supported. Fig. 4-12 illustrates a

layout of the four point bending test.

In the four loading cycles, the maximum load mounting was limited to 2.2 kips
(each loading point). The mounting increment rate was 0.5 kips (each loading point),
and unloading rate was a similar decrement rate. Fig. 4-13 illustrates an exemplary

loading cycles of the four-point bending tests.
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Figure 4-11: RC beam specimen setup for four points bending

The FOS took strain measurements at each 0.5 second while the DIC was mea-
suring the surface strain at each 5 seconds throughout the test. The FOS was taking
measurement at a discrete location where it was attached. In contrast, the DIC system
took measurement of the side (the whole side that was facing to the DIC system) of the

RC beam.

4.4 Summary

Casting of a RC beam was described in this chapter. Rebar tension test and concrete
compression test were reported. The test results were used to yield required parameters
in FE package. The materials testing results were also used to determine the maxi-
mum loading level in the four-point bending test. The RC concrete beam was used in
a four-point bending test undergoes a monotonic cyclic loading (four cycles). The test
specimen instrumentations and boundary conditions of the experiment were illustrated.
Loading conditions and levels were illuminated in this chapter. Data acquitting resolu-
tions were mentioned. The collected data from the four-point bending test will be used
to valid the FE model of the RC beam specimen in the next chapter, Chapter 5.
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Figure 4-12: The four-point bending beam test layout
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Figure 4-13: Loading cycles of the four-point bending test
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Chapter 5

Experimental and Numerical Results

5.1 Introduction

In this chapter, results of the four-point bending tests on a RC beam and simulated
responses of RC beam models are reported. The experiment results (surface strain
measurement using FO&g) are used to validate the FE model of an intact RC beam.
Thereafter, FE analysis results offdrent damage scenarios are discussed. From the
simulated response of the damaged RC models, relationships are developed between the
change in surface stress-figdtiain-field and the internal intensity of damages. Even-

tually, a procedure is proposed to identify internal damages(s) in the RC beam.

5.2 Experimental Results

Fig. 5-1 shows the FOS configuration in the experiments. The loading cycles in the
experiments were shown in Fig. 4-13. The FOS measurements during the monotonic

68



cyclic loading are shown in Fig. 5-2. A low pass filter, parameters used in the filter de-
sign: Fp (frequency at the edge of the passban@.p1; Fst (frequency at the beginning

of the stopband} 0.25, Ap (passband ripple in dB)0.2, and Ast ( stopband attenua-

tion in dB) = 60, Zero-phase filtering (filtfilt function in MATLAB®) used to prevent

phase shift from the fixed time domain, was used to reduce noises in the FOS measure-
ments. Both loading and FOS measurement raw data were in time domain. However,
FOS measurements of surface strain due to a known loading level were determined
using the FOS measurements during the loading pauses. The FOS measurements at
various loading levels were collected using filtered FOS datp Fig. 5-3). The FOS
surface strain measurements afeatient loading levels were used to validate the FE

model of the RC beam.

10.50 12:00 10.50

0.50
[

iFOS

Figure 5-1: FOS configuration during the experiments (all units in inch)

5.3 Numerical Results

Modelling of the RC beam was discussed in the Chapter 3. Fig. 5-4 shows the 3D ge-
ometry of the strain fieldeg3). Fig. 5-5 illustrates the 3D geometry of the strain field on
steel rebars. Fig. 5-6 confirms the theoretical relation between rebar stress and concrete
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Figure 5-2: FOS response in the beam on January 25, 2013

E
stress, @s3)s = N(o33)c, Wheren = ES
C
Fig. 5-7 illustrates a good correlation among theoretical calculations, FOS mea-
surements, and FE analysis results. In theoretical calculatiowas computed using
Eq. (4.3). Fig. 5-8 compares FE analysis results with FOS measurements at loading

levels of 0.5 kip to 2.2 kips. Thus, the intact FE model of the RC beam was validated.

5.4 Artificial Damage ldentification

The surface stress matrix{)” of both longitudinal sides of the modelled intact RC
beam were extracted from ABAQ@Sanalysis results. Surface stress matn'a&)(dn
the sides of the RC beam afi@girent damage level&\As were 36%, 30%, 25%, 20%,
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Figure 5-3: FOS response and filtered data

15%, and 10%) in dierent damage types were also acquired from the FE analysis

results. Stress fference 4;0) are calculated using Eq. (5.1).

AiGy = &) - 50 (5.1)

In Eq. (5.1), superscriptegl in ‘~7|; presents the level of the damageA;). By
plotting thecr]j(, the corresponding location of the damage can be determined. Using
Ajd , contour maps were created for each damage level. The contoulasgaf the
side of the RC beam of a certain stres§atence in each damage level was calculated.
The highest stress deferen@at,,y) in each matrix was determined. Eventually, the
volume losses of the rebak¥s) as defined in Eq. (3.8) were expressed as the functions
of Ay, and Aoax for each damage case. The general form of the relationships are
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(5.2)

AVs = a(Anr)" + B(Arr)" + C(Asr)" 2 + e + @L(AL,) + Co

(5.3)

General form of the relationship is a poly-

2) can be replace from Eq. (5.4) and a relationship

(5.

in Eq

can be established.

ANVae)" + B(Vaor)" + C(Vag)" 2 # coveee. + AL(Vao) + C3

(5.4)

Ao —

A
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AVs = P(ATma)" + AQ(ATman)™ L + F(ATman) 2 + oo + PLATmay) + Co
From the relationship equations (Eq. (5.2) and Eq. (5.3)), damage type and damage

A relation between contour areAy,) and contour volumeée\{,.,) of the stress-field

difference is establish for damage Type I-

Eq. (5.2) and Eq. (5.3).
intensity can be determined.
nomial in Eq. (5.4).Ax

betweemM\Vs andV,,,
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Figure 5-5: Geometry of 3D strain-fielde§g)s) of the rebars at M= 23.1 k-in

5.4.1 Damage Type |

Damage Type | is classified into two categories: a) symmetric damage (Type I-I) and

b) nonsymmetric damage (Type I-I1).

For damage Type I-I, the cross sections of the both rebars at the mid-span were
reduced by 36%, 30%, 25%, 20%, 15%, and 10%. Fig. 3-9 illustrates the artificially
introduced damages and locations of the damages. Fig. 3-10 illustrates the artificially
introduced damages and locations of the damage Type I-ll. In damage Type I-ll, one
rebar has damaged. Fig. 5-9 illustrates a zone of interest for Type I-1.

Fig. 5-10 shows théss07, the the artificial internal damage location (36% cross
sectional loss of rebar) can be identified.

In Fig. 5-11, (a) and (b) preseaf anda:° in damage Type I-1, respectively. Using
Eq. (5.1),Aj0« can be determined ((c) in Fig. 5-11). The shaded contour areﬁﬂ(ﬁor ~
Fig. 6.1 was calculated, and maximum streskedences in the-lj:were determined.
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Figure 5-8: Numerical vs. experimentg} values at dierent loading levels

It is observed that thefiiected area (stressftérence) is larger when the damage is
nonsymmetric (Type I-Il). In Fig. 5-13); is considered. In symmetric case (Type I-I),
the relationship between the contour area of stresrdnces and the rebar volume

reduction (poly3 in Fig. 5-13) can be expressed in the following:

AVs = 0.00963A3 - 0.05696;, + 2.169A,, + 0.01394 (5.5)

In the nonsymmetric (Type I-1l) case, the relationship between the contour area of
stress dterences and rebar volume reduction (‘linear’ in Fig. 5-13) can be expressed

in the following:

AVs = 1.922A,, + 0.094 (5.6)
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Figure 5-10: Surface stresdigirence due to damage Type ks, (damage intencity
was 36% cross sectional reducton on both rebars)

In Type I-I and Type I-ll, the relationship between maximum value on the contour
area of stress fferences and rebar volume reduction can be expressed in Eqg. (5.7) and

Eq. (5.8). InFig. 5-14, Eq. (5.7) and Eqg. (5.8) are poly2 and poly2-non-sym.
AVs = —0.039M 072, + 3.442A0 nax + 0.04076 (5.7)

AVs = —0.0344N072 ,, + 3.37A0 max+ 0.04028 (5.8)

Figs. 5-15 to 5-18 illustrate the relationships/f, &}, &2 on both sides of the
RC beam.
The contour volume\{,,) of Ajo were computed. Fig. 5-20 illustraié,, when
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Figure 5-11: Stresses in ZOl in damage Type I-I

AAs = 36% in damage type I-I. A relation betweén, andV,, of the stress-field
difference was established. Fig. 5-19 illustrates the relationship be#ygeandV,,,.
poly2 in the Fig. 5-19 can be expressed by Eq. (5.9). By replagipgrom Eqg. (5.9)

to EqQ. (5.5), relationship betwe&fi, andAV; can be established.

Aso = —0.002891¥,,)2 + 0.2977{s,) + 2.156 (5.9)

5.4.2 Damage Type Il

Cross sectional reduction of are®s of the rebars at 8.5 inch from the right support
and the center of the damage were 36%, 30%, 25%, 20%, 15%, and 10%. Damage
length was 1 inch. Type Il was classified into two categories: a) symmetric damage
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Figure 5-12: Contour area of 1 psi stresatience in damage Type I-AAs = 36%)

(Type 1I-1) and b) nonsymmetric damage (Type II-Il). In Type II-l damage, an artificial
damage was introduced to both rebars while in Type II-1l one of the rebars had the dam-

age. Fig. 3-11 and Fig. 3-12 illustrate Type II-1 and Type lI-1l damages, respectively.

Fig. 5-21 shows thé\s50, the the artificial internal damage location (36% cross
sectional loss of rebar) can be identified.

In Fig. 5-22, (a) and (b) preseaf ands3° in damge Type -1, respectively. Using
Eq. (5.1),Aj0« can be determined ((c) in Fig. 5-22). The shaded contour areﬁﬂ(ﬁor ~

Fig. 5-23 was calculated, and maximum stregtedénces in the-"were determined.

It is observed that theffiected area (stress magnitudéetience) is larger when the
damage is nonsymmetric (Type llI-11). In Fig. 5-24, is considered. In the symmetric
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Figure 5-13: Relationship between rebar volume reduction and contour area of stress
differences in damage Type I-1 and Type I-1l (on sAig

case (Type lI-I), the relationship between contour area of stréfsehces and rebar
volume reduction (poly3 in Fig. 5-24) can be expressed in the following:
AVs = 0.02307A3 - 0.2155A% + 3.069A,,, + 0.05642 (5.10)

In the nonsymmetric (Type lI-1l) case, the relationship between the contour area of
stress dierences and rebar volume reduction (‘linear’ in Fig. 5-24) can be expressed

in the following:

AV = 2.316A,, + 0.4188 (5.11)

In Type lI-1 and Type II-11, the relationship between maximum value on the contour
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Figure 5-14: Relationship between maximum value on the contour area of sttess di
ences and rebar volume reduction of Type I-1l and Type I-Il (on gige

area of stress fferences and rebar volume reduction can be expressed by Eg. (5.12)

and Eqg. (5.13). In Fig. 5-25, Eq. (5.12) and Eq. (5.13) are poly2 and poly2-non-sym.

AVs = —0.05026\02 + 4.1590 max + 0.03931

AVs = —0.078M02_, + 4.307A0 max + 0.06134

(5.12)

(5.13)

Figs. 5-26 to 5-29 illustrate the relationships\gfr, &i,&g on both sides of the RC

beam.
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Figure 5-15: Relationship between rebar volume reduction and the contour area of
stress dterence in the damage Type I-I

5.4.3 Damage Type Il

Cross sectional reduction of are®\s of the rebars, one at 8.5 inches from the right
support and another one 8.5 inches from left support and the center of the damages
were 36%, 30%, 25%, 20%, 15%, and 10%. The damage length was 1 inch. Fig. 3-13

illustrates the Type Il damage.

Figs. 5-30 and 5-31 show th&seo¢ on both side of the RC beam, the artificial
internal damage location (36% cross sectional loss of rebar) can be identified using the
these figures.

Relationships oAVg, Ay, andAomax 0N both sides of the beam are identical to the
relationships in Eq. (5.10) and Eq. (5.12).
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Figure 5-16: Relationship between rebar volume reduction and the maximum of stress
difference in damage Type I-I

5.4.4 Damage Type IV

Cross sectional reduction of aree\s of the rebar at the mid-span and the center of the
damage were 36%, 30%, 25%, 20%, 15%, and 10%. The damage length was 5 inches.
Type IV was classified into two categories: a) symmetric damage (Type IV-1) and b)
nonsymmetric damage (Type IV-II). In type V-1 damage, an artificial damage was in-
troduced to both rebars while in type V-1l only one rebar had the damage. Figs. 3-14

and 3-15 illustrate Type IV-l1 and Type IV-Il damage, respectively.

Fig. 5-32 shows th&zs0, in which the the artificial internal damage location (36%
cross sectional loss of rebar) can be identified.
In Fig. 5-33, (a) and (b) show?"ands%° in damage Type V-1, respectively. Using
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Figure 5-17: Relationship between maximum value on the contour area of sttess di
ences and rebar volume reduction of Type I-1I

Eq. (5.1),Aj0« can be determined ((c) in Fig. 5-22). The shaded contour are;ﬂ(ﬁor

Fig. 5-34 was calculated and maximum stresiedences in th@lj( were determined.

It is observed that thefiected area (stress magnitudéelience) is larger when the
damage is nonsymmetric (Type IV-1l). In Fig. 5-3%&, is considered. In the symmetric
case (Type IV-1), the relationship between the contour area of stréesatlices and the

rebar volume reduction (poly3 in Fig. 5-35) can be expressed by:

AVs = 0.0017173 - 0.04166A% + 0.5687A,, + 0.002163 (5.14)

In the nonsymmetric (Type IV-11) case, the relationship between the contour area of
stress dterences and rebar volume reduction, (‘linear’ in Fig. 5-35), can be expressed
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Figure 5-20:V,. in the damage Type |-l whehA = 36%
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Figure 5-21: Surface stresdigirence due to damage Type IAkgcx (damage intencity
was 36% cross sectional reducton on both rebars)

by:

AV = 0.005145\20_ + 0.1077As, + 0.1344 (5.15)

In Type IV-1 and type IV-II, the relationship between the maximum value on the
contour area of stressftBrences and the rebar volume reduction can be expressed in
Eq. (5.16) and Eq. (5.17). In Fig. 5-36, Eq. (5.16) and Eq. (5.17) are poly2 and poly2-
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Figure 5-22: Stresses in zone of interest in damage Type II-I
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non-sym.

AVs = —0.002078\02_, + 0.7823 0 max + 0.006746 (5.16)

AV = —0.00183% 02, + 0.784A0 yax + 0.006225 (5.17)

5.5 Proposed Methodology to Identify Damages in RC

structures

In this methodology, a FE model of a RC structure need to create according to design
specifications and material properties. A load test of the intact RC structure need to
conduct to collect surface strain measurements. The FE model may need to fine tune to
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Figure 5-23: Contour area of 1 psi stres§atience in damage Type II-AA; = 36%)

achieve simulated behaviors of the RC structerg,(displacement and surface strain).
Potential damages need to introduce to get a data base of surface strain change patterns
against the damage types. Relationship between the damage intensity and internal dam-
ages need to establish for each damage type. The RC structure should monitor regular
interval. If there are any surface strain change observe, a pattern recognition algorithm
should use to recognize the damage type. After detecting the damage type, using the
relationship between the surface strain change and internal damage intensity, the inten-
sity of internal damage can be detected. A flow chart in the Fig. 5-37 shows a proposed

methodology to identify damage type, location(s), and intensity.

Flow chart in Fig. 5-38 illustrates a technique to identify the damage type.
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5.6 Summary

Surface measurements from the FOS during the four-point bending tests were reported.
FE models of an intact RC beam were validated using the fiber optic surface strain
measurements. FE analysis results of the four damage scenarios (Four damage scener-
ies were defined in Chapter 3. The damages were modelled by rebars volume loss)
were reported. The volume loss of the rebaYy) was expressed as functions Ay,
andAomaxin each damage case. The expressions can be used to determine the internal
damage intensities. A methodology is proposed to identify internal damage(s) in the

RC beam.
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Figure 5-26: Relationship between rebar volume reduction and the contour area of
stress dference in the damage Type lI-I
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Figure 5-27: Relationship between rebar volume reduction and the maximum of stress
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Figure 5-30: Surface stresdldirence due to damage Type Il on siflg Azgok (dam-
age intencity was 36% cross sectional reducton on both rebars)
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Figure 5-31: Surface stresdi@drence due to damage Type Ill on sillg Azgox (dam-
age intencity was 36% cross sectional reducton on both rebars)
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Figure 5-32: Surface stressfldirence due to damage Type IVAgso« (damage in-
tencity was 36% cross sectional reducton on both rebars)
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Figure 5-33: Stresses in zone of interest in damage Type V-
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Figure 5-34: Area of least 1 psi magnitude change when damage was 36% reduction in
rebars cross section in damage Type V-
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Figure 5-35: Relationship between rebar volume reduction and contour area of stress
differences in damage Type V-l and Type V-1l (on silg
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Figure 5-37: Proposed methodology to identify damage in RC structures
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Chapter 6

Conclusions

In this chapter, research findings, contributions and the future work of this study are

reported.

6.1 Research Findings

The research findings of this study are in the following:

e Behavior of a RC beam can be simulated using a commercial FE package ABAQUS

e FOS provides consistent measurements of surface strain during four-point bend-
ing tests. For example, FOS surface strain measurements during the four point

bending test and FE simulation results are in good agreement.

e Simulated RC beam model response reveals that surface/stiraissfield of a
RC beam changes due to the presence of internal damage.
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e Damage introduced in the rebar embedded in a RC beam can be accurately lo-

cated using the surface stresff@ience.

¢ Relationships developed between surface stress-field change (inelgdesa,)

and subsurface damage intensiyf) for four damage types (tabulated in Ta-

ble 6.2 and 6.1) can be used to predict damage intensity.

¢ Nonsymmetric damages yield more contour area of stress change than the sym-

metric damages (in Type [, Type Il, and Type V).

e Maximum stress change both in symmetric and nonsymmetric damage scenarios

are close (5% change).

Table 6.1 shows the céiients of Eq. (6.1) for dierent damage Types. Table 6.2

shows the caéicients of Eq. (6.2) for dferent damage types.

AVs=pA +qgM +T1As +Cy

AVs = AAo

2
max

+ BAO-maX + C2

Table 6.1: Relationships betweén,, andAVs

Damage typg p q r Cy
Type |-l 0.00963| -0.0569| 2.1690| 0.0139
Type I-II 0.00000| 0.0000 | 1.9220| 0.0940
Type lI-I 0.02307| 0.2155| 3.0690| 0.0564
Type lI-lI 0.00000| 0.0000| 2.3160| 0.4188
Type llI 0.02307| 0.2155| 3.0690| 0.0564
Type IV-I 0.00200| -0.0416| 0.5687| -0.00216
Type IV-1I 0.00000| 0.0080| 0.1800| 0.1344
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Table 6.2: Relationships betweaAnr,x andAVs

Damage type A B C,

Type I-1 -0.0394 | 3.4420| 0.04076
Type I-1I -0.03449| 3.3700| 0.04028
Type lI-l -0.05026| 4.1590| 0.03931
Type lI-lI -0.07840| 4.3070| 0.06134
Type -0.07840| 4.3070| 0.06134
Type V-1 -0.00208| 0.7823| 0.00674
Type IV-1I -0.00183| 0.7849| 0.00622

6.2 Contributions

Internal damage in a singly RC beam can be identified and quantified using the sur-
face stress change. In this study, the simulated response of damaged RC beam mod-
els demonstrated relationships between internal damage intensity and surface stress

change.

e A damage detection procedure and a methodology are proposed to identify inter-

nal damages in a RC structure using its surface strain measurement.

e The relationships established between internal damage intensity and external
strainstress field change can be used to determine artificial internal damage in-

tensity on the rebars using the surface strain measurements.

¢ Applied FE modelling technique to simulate internal damage for modelling cor-

rosion of steel rebars in RC structures.

6.3 Future Work

e Conduct experiment to confirm surface strain change patterns of RC structures.
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e Develop a pattern recognition algorithm using the database of simulated surface
stress change patterns vs. damage types to recognize experimental change pat-

terns.

e Explore more damage types.g¢. honeycomb in concrete and slippage between

concrete and rebars).
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