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LIST OF SYMBOLS

a = smaller edge length of the rectangular NSM strip (mm); or constant of curve fitting;
or = concrete edge distance (mm);

A = experimental parameters obtained by regression analysis;

A = cross-sectional area of NSM reinforcement (mm?);

Ac = cross-sectional area of concrete joint specimen (mm?);

b,de = larger edge length of the rectangular NSM strip (mm);

be = width of FRP plate (mm);

bp = width of concrete block (mm);

B = experimental parameters obtained by regression analysis;

c = constant of curve fitting;

Ci,C2 = constants determined from concrete tensile tests;

Ci1,Co, D1, D2, D3, Ds, E1, E2 = coefficients from regression analysis;
Ci,C)land Cs' = introduced constants of the i element;

da = maximum aggregate size (mm);

do = rod diameter (mm);

de = depth of the adhesive cover (mm); or concrete damage variable in compression;
dg = depth of concrete groove (mm);

d = concrete damage variable in tension;

dx = constant interval between two consecutive strain gages (mm);

dei, de(X) = difference in strain readings of two consecutive strain gauges;
B = experimental parameter obtained by regression analysis;

D = damage variable of cohesive element;

Eo = initial concrete elastic modulus (MPa);

Ea = Young’s modulus of epoxy adhesive (MPa);

viii



Ec = Young’s modulus of concrete (MPa);

Ef = Young’s modulus of NSM FRP reinforcement (MPa);

Enn, Ess, Ext elastic tensile or shear stiffness of cohesive element (MPa);

Ens, Ent, Est = coupling stiffness term of cohesive element (MPa);

Ep = Young’s modulus of FRP plate (MPa);

Es = concrete secant modulus at oy (MPa);

fe = concrete compressive strength (MPa);

fe = tensile strength of FRP reinforcement (MPa);

fi = concrete tensile strength (MPa);

f = tensile strength of adhesive (MPa);

F = applied cyclic load (N); or evolution of the CDP yield function;

Fi = post-failure friction force (kN);

f = average post-failure friction (MPa);

G = non-associated potential plastic flow;

Gi, G, G = local stress coefficient at interfaces;

Ga = adhesive shear modulus (GPa);

Gt = interfacial fracture energy per unit area (N/mm);

Gr = fracture energy absorbed per unit crack area in widening the crack from zero to We
(N-m/m?);

hc = height of free concrete edge (mm); or crack band width (mm);

i = location index of local bond stress; or index of the finite element;

K = the ratio of groove size (width or depth) to FRP reinforcement dimension;

Ke = ratio of the second stress invariant on the tensile meridian, grm), to that on the

compressive meridian, q«cwm);

Kan

stiffness in the normal direction of cohesive element (MPa/mm);

Knn®

stiffness of epoxy adhesive in the normal direction (MPa/mm);

X



Kl = stiffness of CFRP strip in the normal direction (MPa/mm);

Kss, Kit = stiffness in the first and second shear direction of cohesive element (MPa/mm),
respectively;

le = edge length of a concrete element (mm);

LL = bond length (mm);

La = debonding length that is close to the loaded end (mm);

Lq' = debonding length at the 1* fatigue cycle (mm);

Lo = debonding length at the k™ fatigue cycle (mm);

Lett = effective bond length over which the bonded joints provides at least 97% of the

maximum theoretical bond strength (mm);

Lt = bond failure limit (mm);

Lp = perimeter of the failure plane or the NSM reinforcement (mm);

Lr = fatigue load range (kN);

LRmax = maximum fatigue load ratio (%);

Ls = bond length within the softening stage (mm);

L' = softening length at the 1* fatigue cycle (mm);

L = softening length at the k™ fatigue cycle (mm);

Lsm = softening length corresponding to the maximum pull-out force of the bonded joints (mm);
L' = softening length corresponding to the maximum theoretical bond strength (mm);
Lsu = ultimate softening length (mm);

n = empirical parameter; or modular ratio between concrete and adhesive;

ni, n2, n3 = notation to indicate the number of elements in different bond regions;

N = number of fatigue cycles;

Nt = number of fatigue cycles to failure or fatigue life;

) = hydrostatic pressure stress (MPa);



P, Ps
Pt exp
Pt model
Pmax
Pmax"
Pmin

q

S

Shin
Simax
ta
tn
£,0
ts, tt

ts, t°

td, tw

tr

Tforce

Tslip

Uc

Us

pull-out force of the joint specimen (kN);

pull-out force of specimens on average obtained from the DPT (kN);
pull-out force predicted by the analytical model (kN);

magnitude of upper limit of the applied fatigue load range (kN);
theoretical load-carrying capacity of the bonded joints (kN);
magnitude of lower limit of the applied fatigue load range (kN);

Mises equivalent effective stress (MPa);

cyclic mean bond stress range (Smax - Smin) (MPa); or predicted stress by the linear elastic
traction-separation relationship for the current strain without damage (MPa);

smallest cyclic bond stress (MPa);

largest cyclic bond stress (MPa);

thickness of epoxy adhesive layer (mm);

normal traction of cohesive element (MPa);

peak value of the nominal stress in the normal direction to the interface (MPa);

shear traction, along the local 1- and 2-direction of cohesive element (MPa), respectively;
peak value of the nominal stress in the first and second shear direction (MPa),
respectively;

vertical and horizontal distance of the failure plane that develops into the substrate
concrete from the groove (mm), respectively;

half width of CFRP strip (mm);

thickness of FRP plate (mm);

force tolerance (N);

slip tolerance (mm);

axial displacement of concrete block (mm);

axial displacement of FRP reinforcement (mm);

X1



\

We

Xo

Xe

Xi-1, Xi
Xn1
Xn2
Xn3

Xk, Xk-1

SL

o, Oi
o1
Ot
Ofe

5’

550, 6’(0

AS

lateral deformation of concrete (mm);

lateral deformation of concrete at which the normal stress in adhesive reaches its tensile
capacity (mm);

concrete crack opening displacement (mm);

critical concrete crack opening displacement (mm);

width of concrete groove (mm);

free end of the bond line (mm);

coordinate of the strain gage at the free end (mm);

distance from the free end (mm);

start and end coordinate of the i element (mm);

boundary between elastic and softening bond region at the 1*' fatigue cycle (mm);
boundary between elastic and softening bond region at the 1*' fatigue cycle (mm);
loaded end of the bond line at the 1* fatigue cycle (mm);

coordinates of immediate neighboring strain gauges measured from the loaded end (mm);
distance measured from the free end (mm);

reduction coefficient due to edge distance;

reduction factor due to bond length;

groove height-to-width ratio;

relative slip between NSM FRP reinforcement and concrete (mm);

relative slip corresponding to the local bond strength (mm);

relative slip at debonding (mm);

relative slip at the free end (mm);

relative displacement between the top and bottom of the cohesive layer corresponding to
t” (mm);

relative displacement corresponding to ts’ and t” (mm), respectively;

difference between the predicted stress and actual softening stress (MPa);

Xii



&0 =

el
&£0c =

c‘,‘OteI =
&6 =
&c =
&c =
8cp| =
én =
k-1, &k =
&s, &t =
8tCk —
&c =

|
& =

P =
Y -
ALR =
AP =
Ao =

YRy

oo =

Oc =

eccentricity;

concrete compressive strain corresponding to oo;

elastic compressive strain corresponding to the undamaged concrete
elastic tensile strain corresponding to the undamaged concrete;
strain at the free end;

concrete compressive strain;

concrete inelastic strain in compression;

concrete plastic strain in compression;

normal strain of cohesive element;

strain readings from immediate neighboring strain gauges;

shear strain of cohesive element;

concrete cracking strain;

elastic compressive strain corresponding to the damaged concrete;
elastic tensile strain corresponding to the damaged concrete;
concrete plastic strain in tension;

ultimate concrete strain at crushing failure;

fatigue load range ratio (%);

amplitude of fatigue load (kN);

stress amplitude (MPa);

= introduced symbols to simplify the expression;
coefficient of friction at the FRP/adhesive interface; or viscosity parameter of the CDP
model in ABAQUS

maximum concrete compressive stress (MPa);

initial biaxial compressive yield stress (MPa);

concrete compressive stress (MPa);
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O max

Ot0

T1

T1max
T1max,static
Ta

Tavg

Tf

Tf static
7(N)

Ti

Ti(0)
Tr
Tr,static
'(N)

4

= effective compressive cohesion stress (MPa);

initial concrete yield stress in compression (MPa);

axial stress of NSM FRP reinforcement (MPa);

maximum principal effective stress (MPa);
concrete tensile stress (MPa);

= effective tensile cohesion stress (MPa);

uniaxial concrete tensile stress at failure (MPa);

ultimate concrete stress at crushing failure (MPa);

local bond stress (MPa);

local bond stress near the loaded end (MPa);

fatigue bond strength of 71 (MPa);

= static bond strength of 71 (MPa);

shear strength of adhesive (MPa);

average bond stress (MPa);

local bond strength (MPa);

static local bond strength (MPa);

local bond strength for the i finite element at the N™ fatigue cycle (MPa);
average local bond stress between two consecutive strain gauges at the FRP and adhesive
interface (MPa);

local bond stress-slip relationship for the i finite element (MPa);

residual local bond strength (MPa);

static residual bond strength (MPa);

residual local bond strength for the i™ finite element at the N™ fatigue cycle (MPa);
dilation angle of the concrete measured in the meridian plane at high confining

(hydrostatic) pressure (°);
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Pp

aspect ratio of the failure plane; and

Macaulay bracket which yields the number inside the bracket only if it is positive

otherwise yields zero.
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Fatigue Bond Characteristics and Modeling of Near Surface Mounted FRP Reinforcements in
Concrete

ABSTRACT

Reinforced concrete (RC) has been extensively used for construction of building and bridge
infrastructures for over a century, yet the corrosion of steel reinforcement may significantly limit the long-
term performance of these structures. Instead of demolition and reconstruction, retrofitting and
strengthening of the existing structures to extend their service life and upgrade their load-carrying capacity
to accommodate the modern demand is often more cost efficient and practical. In this realm, fiber-
reinforced polymer (FRP) composite materials have shown more potential than steel plates because they
are corrosion-free, higher in strength and stiffness to weight ratios, lightweight and more durable. In the
recent years, using the near-surface mounted (NSM) FRP composites to strengthen the deficient structures
has attracted broad research attention, as a promising alternative to the externally bonded (EB) FRP method.
However, research on the characteristics of bond between NSM FRP and concrete under fatigue loading is
still lacking, and a comprehensive study focusing on the bond level is necessary prior to the practical
implementation in the field.

This research aims to significantly advance our understandings of the bond development and failure
mechanism of NSM carbon FRP (CFRP) reinforcements in concrete under fatigue loading, as well as the
influence on the local bond characteristics induced by the key parameters. A total of 84 NSM CFRP-to-
concrete joint specimens, with a dimension of 350 x 300 x 150 mm, were constructed and tested under a
single shear direct pull-out configuration, including 24 specimens under static loading and 60 specimens

under fatigue loading. Investigated variables in the experiment include: different cross-sectional shape
(rod vs. strip), surface treatment of NSM reinforcement (roughened, sand -coated, sand-coated and spirally

wound), adhesive type (one three-component epoxy and three two-component epoxies), concrete strength
(two concrete batches) and fatigue load range (10-50%, 10-60%, and 10-70% of the corresponding static

load-carrying capacity Pr). The local bond degradation was observed for all the specimens under fatigue
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loading. In general, the bond regions closer to the loaded end of the specimen were firstly developed to
resist the applied fatigue load. With the gradual local bond degradation within these regions, more bond
regions were further developed along the bond line toward the free end during the fatigue cycles. This
phenomenon was accompanied by a peak local bond stress migration from the loaded end to the free end
of the specimen. The specimen failed when the residual load-carrying capacity was unbale to balance the
applied fatigue load.

The test results also indicated that the fatigue cycles changed the failure mechanism of CFRP rod
specimens from concrete and epoxy breakage under static loading to interfacial debonding between FRP
and adhesive by different extents, but the CFRP strip specimens had the same interfacial debonding failure
mode in both loading cases. In addition, under the same 10-60%Ps fatigue load range, specimens using
CFRP strip with sand-coated and spirally wound surface and three-component epoxy had a better resistance
to fatigue degradation and longer fatigue life. Furthermore, a higher fatigue load range (i.e., 10-70%P%)
significantly shorten the fatigue life of specimens, but the concrete strength did not noticeably affect the
fatigue bond behavior.

An analytical model adopting the finite element method (FEM) was proposed based on a trilinear
local bond stress-slip law (representing the distinctive linear elastic, softening and debonding stages), and
it provided good agreement with the experimental data under both static and fatigue loading cases. The
model well captured the migration of the peak local bond stress toward the free end of the NSM FRP-to-
concrete bonded joints during fatigue cycles, and it visualized the bond development and failure procedure
because of the local bond degradation. Additionally, the parametric study based on the analytical model
confirmed the importance of the local bond strength, as well as the positive effect induced by a higher
residual bond strength ratio and a higher Young’s modulus of FRP reinforcements on the fatigue life of
specimen.

To supplement the experimental study, a three-dimensional (3D) finite element (FE) modeling using
the concrete damaged plasticity (CDP) model in ABAQUS was adopted to simulate both NSM CFRP rod
and strip joint specimens under the static direct pull-out force. The concrete breakage failure of CFRP rod
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specimen and interfacial debonding failure of CFRP strip specimen were successfully reproduced in the
analysis. The parametric study from the numerical simulation showed that a higher dilation angle and
concrete strength could increase the load-carrying capacity of the specimen, but the influence caused by
groove dimension was negligible.

To sum up, this research conducts a thorough investigation on the fatigue bond characteristics of
NSM FRP-to-concrete joint specimens both experimentally and analytically. Model predictions in terms
of pull-out force, distribution of FRP strain and local bond stress, and relative slip between FRP
reinforcement and concrete are verified by the experimental study. The proposed strategy of FE modeling
also provides an efficient alternative to the static direct pull-out test to study the bond performance of NSM

CFRP reinforcements in concrete.
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CHAPTER ONE

1 INTRODUCTION

1.1 Motivation and research background

The near-surface mounted (NSM) technique of using fiber reinforced polymer (FRP) composites,
has been considered as a promising approach to increase the load-carrying capacity of existing reinforced
concrete (RC) structures which are substandard according to the current specifications. It has demonstrated
many superior features over the existing externally bonded (EB) technique such as: (1) faster installation
due to reduced work of surface preparation; (2) less prone to debonding failure thus more efficient use of
FRP materials; (3) better endurance to environmental corrosion and less visual impact (De Lorenzis and
Teng 2007; Coelho et al. 2015).

To ensure the bond quality which is critical to the full utilization of FRP materials, a great number
of experimental studies have been carried out focusing on the bond behavior and failure mechanism of
NSM FRP-adhesive-concrete bonded joints which primarily focuses on the bond length or groove
dimensions (Seracino et al. 2007a; Oehlers et al. 2008; Novidis and Pantazopoulou 2008; Galati and De
Lorenzis 2009; Soliman et al. 2011; Sharaky et al. 2013), concrete strength (Seracino et al. 2007b; Al-
Mahmoud et al. 201 1; Douadi et al. 2019), multiple parameters such as FRP material (glass, carbon, basalt),
FRP cross-sectional shape (round, strip, rectangular), FRP surface treatment (smooth, roughened, grooved,
ribbed, spirally wound, sand-coated, sand-coated and spirally wound) and type of adhesive (De Lorenzis et
al. 2004 ; Barros and Costa 2010; Bilotta et al. 2011; Palmieri et al. 2012; Ceroni et al. 2012; Lee et al. 2013;
Khshain et al. 2015; Torres et al. 2016).

However, most of these studies only aimed at the static or short-term performance of NSM FRP
strengthened concrete structures. Other aspects related to their durability and long-term performance have
not been comprehensively investigated. The fatigue performance of transportation infrastructures, e.g.,
bridges, has a significant influence on their service life since the moving vehicle loads applied to bridges

could cause a frequent stress variation in the strengthened structures using NSM FRP reinforcements. The



cyclic loading creates microcracks at the interface between FRP and epoxy adhesive, and this damage could
accumulate progressively and finally lead to failure (Yun et al. 2008; Carloni and Subramaniam 2013;
Fernandes et al. 2015). Although a considerable number of studies on the bond using either direct pull-out
test (DPT) or beam pull-out test (BPT) have been reported in the literature, investigation of the
aforementioned parameters and construction details to better understand their behavior under fatigue
loading is rather limited. Sena Cruz et al (2006) carried out a series of BPT to assess the bond behavior of
NSM CFRP strip-to-concrete bonded joints with different bond lengths (60, 90 or 120 mm) under both
monotonic and cyclic loading. Specimens being applied by 10 unloading/reloading cycles with a fixed-
load level (60, 75 or 90%) had negligible influence on their ultimate pull-out force. However, a significant
post-peak load decrease of the bond stiffness was observed. Yun et al. (2008) developed a double shear
DPT configuration to compare the fatigue bond behavior of four different FRP bonding systems, including
EB, NSM, fiber anchored (FA) and hybrid bonded (HB) techniques. It was concluded that the NSM system
had the smallest bond stiffness, fastest bond development under fatigue loading but could produce a higher
ductility in the structural members. Based on test results on bond and slab specimens under fatigue loading,
Fernandes et al. (2015) reported progressive degradation of the bond stiffness that was observed from the
DPT specimens during the fatigue cycles. Chen and Cheng (2016) conducted a series of DPT for both
CFRP rod and strip specimens under fatigue loading. The test results revealed significant degradation in
the local bond strength although the average bond strength only displayed a small decrease. Al-Saadi and
Al-Mabhaidi (2016) tested DPT specimens for fatigue life using smooth and roughened NSM CFRP strips.
A longer fatigue life was obtained in specimens using roughened CFRP strip and the fatigue load range
showed a drastic influence on the fatigue life of the DPT specimens. However, none of these studies
systematically investigated the local bond characteristics and degradation under fatigue in the aspect of
various key parameters, e.g., details of FRP, epoxy and concrete, as per those have been comprehensively
studied in the static DPT.

Studies on the fatigue bond behavior of NSM FRP-adhesive-concrete joints is the key to
comprehend the response and failure mechanism of structural members under fatigue loading. Although
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analytical models to predict full-range local bond behavior has been proposed in the past (Yuan et al. 2004),
the only available model to predict the fatigue bond behavior of NSM FRP bonded joints was constructed
by Chen and Cheng (2016) and it was based on the bilinear local bond-stress slip relationship and theory
of cohesive zone. However, this bilinear relationship ignores the residual bond stress that exists after the
local deboning occurs according to many experimental observations (Soliman et al. 2010; Lee et al. 2013;
Al-Saadi et al. 2018). Excluding the contribution of such a post-debonding residual bond stress, the local

bond stress-slip or load-slip relationship of the NSM FRP-to-concrete joints declines immediately after

the local debonding occurs, resulting in an underestimation of the bond capacity.
1.2 Scope and methodology

In view of the current gap in knowledge regarding the bond behavior of NSM FRP in concrete
under fatigue loading, this research aims at systematically assessing the influence on the fatigue bond
performance induced by different parameters, including the cross-sectional shape of NSM CFRP
reinforcement, surface treatment of CFRP reinforcement, type of epoxy adhesive, fatigue load range and
concrete strength. A total number of 84 CFRP-to-concrete joint specimens were casted in the lab and tested
through the single shear direct pull-out configuration to measure their local bond characteristics under both

static and fatigue loading case.

In the meantime, analytical models are proposed to predict both the static and fatigue bond behavior
of the NSM CFRP-to-concrete bonded joints. The static portion of the model was revised from an existing
model developed by Yuan et al. (2004) but improved by using a more realistic three-stage local bond stress-
slip relationship measured and validated by the experiment. The fatigue portion of the model, on the other
hand, adopted the finite element method (FEM) to simulate the progression of damaged bond regions and
predict the development of local bond behavior under fatigue loading. The local bond degradation laws
under fatigue cycles for both CFRP rod and strip specimens were derived from the experimental study to

form the basis of the analytical model.



In addition, due to the intrinsic complexity of bond issue for NSM FRP in concrete because of the
combined use of three different materials (i.e., FRP, adhesive and concrete) and two interfaces (i.e.,
interface between FRP and adhesive, interface between adhesive and concrete), the local bond behavior of
the NSM CFRP-to-concrete joints is hard to accurately predict and the stress variation within substrate
concrete is even more difficult to collect. As a result, three-dimensional finite element models using the
software package ABAQUS were built in this research adopting the concrete damaged plasticity (CDP)
model, as a supplement to the experimental study, to further explore the failure mechanism of the concrete
specimens under the static direct pull-out force for both NSM CFRP strip and rod cases. Parameters such
as the dilation angle of concrete, concrete strength, groove width and different interfacial stress-slip models
were focused to explore their influence on the overall bond behavior of the NSM CFRP reinforcement in

concrete.

1.3 Dissertation organization

This dissertation contains seven chapters and has been organized in the following sequence:

Chapter 1 presents the motivation and background of this research, as well as its scope and
methodology.

Chapter 2 introduces the basic concepts of both EB and NSM FRP system and presents the state-of-
art reviews on their bond behaviors under fatigue loading. Current research issues and possible future
directions are summarized.

Chapter 3 introduces the analytical models proposed in the literatures to predict the stage-by-stage
bond behavior of NSM FRP-to-concrete joints. Semi-empirical prediction equations corresponding to
different failure modes are proposed as well and calibrated by the NSM FRP DPT database in the literatures.

Chapter 4 elaborates the experimental study on the NSM FRP bond characteristics under fatigue
loading. Test observations and results of the 84 specimens are discussed in detail. The influence on the

fatigue bond behaviors induced by cross-sectional shape of CFRP reinforcement, surface treatment of



CFRP reinforcement, type of epoxy adhesive, fatigue load range and concrete strength are presented. The
local bond degradation laws are derived as well.

Chapter 5 proposed an analytical model based on the concept of FEM to predict the bond behavior
of NSM CFRP in concrete under fatigue cycles. The trilinear local bond stress-slip relationship is adopted
representing a typical three-stage bond development observed in the experimental study. A comparison
between the analytical model and the test results obtained in Chapter 4 is presented. Parametric studies on
the local bond strength, residual bond strength ratio and Young’s modulus of FRP reinforcement are
conducted as well to investigate their influence on the fatigue bond behavior of NSM FRP in concrete.

Chapter 6 presents a three-dimensional FE modeling procedure of the NSM FRP-to-concrete bonded
joints. Theoretical background and modeling strategies are introduced in the chapter. The failure
mechanism of both CFRP rod and strip case under the static direct pull-out force observed in the experiment
are successfully reproduced in the numerical simulation. The effect of dilation angle, concrete strength,
and groove width on the overall bond performance has been studied.

Chapter 7 draws the main conclusions of this research and provides an overview on the potential
research directions in the future.

1.4 Research significance

This research conducts a comprehensive experimental study on the bond characteristics of NSM
CFRP in concrete under fatigue loading. The effect of cross-sectional shape of FRP reinforcement, surface
treatment of FRP reinforcement, type of epoxy adhesive, fatigue load range and concrete strength are well
investigated. Test results on the local bond behaviors of NSM CFRP in concrete during fatigue cycles are
documented and illustrated, which help understand the local bond degradation and failure mechanism of
NSM FRP applied to concrete structures under fatigue loading. Both semi-empirical equations and
analytical models are proposed to predict the load-carrying capacity and failure modes of the NSM FRP in
concrete, as well as the local bond behavior (i.e., distributions of local bond stress, FRP strain and relative
slip, etc.) under both static and fatigue loading cases. The methodology established in this study can also

be applied to future research on the flexural or shear strengthening cases of structural members by using
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NSM FRP. Various parameters affecting the bond performance of NSM CFRP in concrete under fatigue
loading are studied and discussed, and the conclusions can facilitate the field application of NSM FRP in
the long run. The three-dimensional finite element simulation of NSM FRP-to-concrete bonded joints
provides a good alternative to the experimental study to estimate the overall bond performance under the
static direct pull-out force, and it visualizes the development of damage in the substrate concrete. The
modeling strategy can be further utilized in the numerical analysis of NSM FRP strengthened concrete

structures under more complicated loading scenarios.



CHAPTER TWO

2 LITERATURE REVIEW

2.1 Overview

This chapter starts with the basic concept of FRP-based techniques implemented in
retrofitting concrete structures, namely, externally bonded (EB) and near-surface mounted (NSM)
technique. Relevant issues of the NSM FRP technique are further discussed. This state-of-the-art
review primarily focuses on the bond performance of NSM and EB FRP reinforcement in concrete
under fatigue loading. The review provides essential background information to the subsequent
chapters and highlights the significance and unique contribution of this research.

2.2 FRP systems

Research on implementation of FRP composites in strengthening and retrofitting of existing
structures began as early as mid-1980s (Hollaway 2011). Due to their high strength, low self-
weight and good resistance to corrosion, FRPs have been considered as a promising alternative to
traditional strengthening techniques, such as steel plate bonding, section enlargement and external
post-tensioning. A FRP system is typically composed of fibers and resin used to create the
composite laminate, where the resin is used to bond the FRP to concrete substrate and applicable
coatings are used to protect the constituent materials (ACI 2008).

The Externally Bonded (EB) technique is a common method for its easy handling and
transportation, less false work needed during installation, etc. In this method applied to beam
strengthening, FRP plates or laminates are attached to the tensile surfaces and/or the side surfaces
of the beam by virtue of adhesives in conjunction with extra FRP jacketing for anchorage at beam
ends to enhance the bond (Fig. 2.1). Comprehensive research has been conducted on the EB
systems (Khalifa et al. 1998; Bonacci and Maalej 2001; El-Hacha et al. 2001; Kang et al. 2012;
Oudah and El-Hacha 2013) where increased flexural capacity, shear capacity and fatigue life were

observed. However, several drawbacks still exist in the EB FRP method, such as the delamination



issue under uneven bonding surface, irresistible feature to fire, risk of vandalism and performance

degradation when exposed to severe environment (Hollaway 2011).

Anchorage

EB FRP plate

EB FRP plate Cross section
Fig. 2.1 Typical EB FRP strengthening system for concrete beams
As an altemative to the EB FRP, the near-surface mounted (NSM) technique was proposed
in the early 2000s (Pellegrino and Sena-Cruz 2016), which revealed many unique advantages over
the traditional EB method. In this method, the NSM reinforcement is embedded in the precut
grooves or slots in the concrete cover of the structural members, followed by filling the grooves or
slots with resins or mortars up to the concrete surface (Fig. 2.2). A better bond performance
between the reinforcement and the concrete is achieved (Lee and Cheng 2011) and the durability

issues are alleviated as well.

NSM FRP

Adhesive reinforcement
‘ - =
NSM FRP reinforcement
(inside concrete) Cross section

Fig. 2.2 Typical NSM FRP strengthening system for concrete beams
2.3 Research background of NSM FRP
Substantial research has been conducted in the recent decades to investigate the behavior of
RC members strengthened with NSM FRP, including flexural and shear strengthening of RC beams,
seismic retrofitting, prestressing techniques, bond behavior and durability performance subjected

to environmental exposures, etc. Some representative studies are summarized below.



The experimental study conducted by El-Hacha and Rizkalla (2004) indicated a significant
increase in load-carrying capacity, flexural stiffness and ductility of RC T-beams strengthened with
NSM FRP reinforcements. A full composite action between the CFRP strips and concrete was
achieved for beams strengthened with NSM method, and these beams were failed by CFRP rupture.
However, for beams strengthened with EB method, they failed at a much lower load level because
of the debonding failure mode of CFRP strips. Likewise, Lee and Cheng (2010) tested 11 full-
scale RC slab overhang specimens strengthened in negative bending moment regions with various
types of NSM FRP reinforcements. The test results verified the efficiency of NSM technique in
increasing the flexural capacity of RC slabs. And specimens strengthened with NSM FRP
reinforcements with pretreated surface (e.g., textured, sand-coated, and ribbed) and square cross-
section shape displayed better performance in the experiment.

In terms of shear strengthening of using NSM FRP reinforcement, Dias and Barros (2010)
conducted a series of RC T-beams shear strengthened with either NSM CFRP laminates or U-
shaped EB CFRP sheets. They concluded that the NSM method was more effective than the EB
method in increasing the beam shear resistance as well as the deformation capacity at failure.
Besides, beams strengthened with NSM CFRP laminates at an inclination angle of 45° behaved the
best among all the specimens. Al-Mahmoud et al. (2015) confirmed the effectiveness of using
NSM CFRP rods to strengthen the rectangular RC beams in shear, with either epoxy resin or mortar
as the filling material of the groove. They also verified the model proposed by De Lorenzis and
Nanni (2001) to estimate the shear contribution by FRP reinforcements. Moreover, based on the
Simplified Modified Compression Field Theory (SMCFT), Baghi and Barros (2017) proposed a
new model to predict the beam shear strength strengthened with NSM FRP and this model agreed
well with the database collected from the open literatures.

On the other hand, to examine the seismic response of RC structures strengthened with NSM
FRP reinforcements, experimental efforts have also been made focusing on different structural
components. For example, Kaya et al. (2017) tested seven full-scale exterior beam-column joint
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specimens strengthened with NSM and ETS (embedded through section) CFRP ropes under cyclic
lateral loading but only found small improvement in strength and energy dissipation capacity,
though NSM method performed better than ETS method. Fahmy and Wu (2016) used NSM basalt
FRP (BFRP) bars to enhance the seismic performance of existing RC columns with deficient lap-
splice zones. Test results indicated a substantial increase in both energy dissipation and ultimate
strength of columns under cyclic lateral loading, and the strengthening efficiency was higher using
BFRP bars with spirally roughened surface than the smooth ones. In addition, pseudo-static cyclic
loading test on the reinforced masonry (RM) walls strengthened with NSM FRP reinforcements
was conducted by Al-Jaberi et al. (2018). A remarkable increase in both the flexural capacity and
dissipated energy of the strengthened RM walls was observed compared to the controlled group.

Last but not the least, the study on the RC members strengthened with NSM reinforcements
under severe environment is important to assess the long-term performance of structures. Hence,
Omran and EL-Hacha (2014) investigated the combined effect of sustained load and freeze-thaw
cycles on the RC beams strengthened with prestressed NSM CFRP strips. Although test
observations indicated the reduced flexural cracks of specimens strengthened with NSM CFRP
strips, they were more prone to debonding under the combined freeze-thaw exposure and sustained
load. Al-Mahmoud et al. (2014) also tested concrete beam specimens strengthened with either EB
CFRP laminate or NSM CFRP rod, after the exposure of 300 freeze-thaw cycles or the immersion
in 3.5% salted tap water for 120 days. Specimens strengthened with EB CFRP laminate had a
significant drop in load-carrying capacity in either environmental condition, however, only
negligible changes were found for specimens strengthened with NSM CFRP rods.
2.4 Bond performance of NSM FRP under fatigue load

Unlike the short-term behavior, the long-term performance of NSM strengthened structures
has not been fully investigated. Since the NSM FRP reinforcements are protected by the concrete
cover, corrosion due to ambient environment is not usually considered in this strengthening

technique. According to some limited exposure experiments for NSM FRP in concrete (Al-
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Mahmoud et al. 2014; Silva et al. 2014; Garzon-Roca et al. 2015), minor changes have been found
of specimens strengthened with NSM reinforcements when exposed to severe exposures, such as
freeze-thaw cycles, wet-dry cycles and immersion in chlorides.

Although the precut grooves provide larger bonding arca between the NSM FRP
reinforcement and concrete, reducing the bond degradation under various loading conditions,
fatigue issues still exist for the NSM FRP and the strengthened structures. Fatigue loading may
compromise the durability of the NSM system and lead to deterioration and/or weakening of the
individual components of the composite structure, e.g., steel bar, concrete or FRP reinforcement
(Yost et al. 2007). In particular, the interface between concrete and adhesive and the one between
FRP and adhesive are at a higher risk of debonding under the fatigue loading. However, the
corresponding mechanism of debonding are still not fully understood. Very few studies have been
carried out focusing on the bond performance of NSM FRP system under fatigue loading. Reliable
fatigue bond prediction models for the NSM FRP reinforcement in concrete are still limited and
need to be further investigated (Oudah and El-Hacha 2013). A thorough review of the existing
literatures along with the available conclusions regarding bond performance of NSM FRP in

concrete under fatigue loading are summarized in the following subsections.

2.4.1 Configuration of direct pull-out test

To directly capture the bond behavior under fatigue loading, experimentally studies using
direct pull-out test (DPT) were primarily adopted by researchers. Configurations of DPT can be
categorized into four major types (Coelho et al. 2015), as illustrated in Fig. 2.3. These
configurations are designed to study the different aspects of the NSM FRP-to-concrete bonded
joints for different research purposes and determined by the feasibility in the laboratory. In view
of the eccentric location for the NSM FRP implemented in beam flexural strengthening, the single
shear with the concrete block being under tension [Fig. 2.3(b)] is the most representative one among

these configurations. However, to prevent the out-of-plane overturning or side sway during the
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fatigue loading (Chen and Cheng 2015; Yun et al. 2008), the single shear with clamped concrete

block [Fig. 2.3(a)] is more widely adopted in practical experiments.

T T
A A
FRPL
C i T
block block
(a) Single shear, compression (b) Single shear, tension
Concrete
block
T T T T
FRP|
1T
Concrete o+ » o« - o Concrete
blOCk blOCk
(c) Double shear, compression (d) Double shear, tension

Fig. 2.3 DPT configurations for NSM FRP under fatigue loading
2.4.2 Bond length and groove dimensions

The bond length, Ls, is a major parameter that affects the bond fatigue life of NSM FRP
system. It should be longer than the development length, Lq, which is defined as the critical length
to develop sufficient bond strength of FRP under designed load to prevent premature failure mode
(ACI 2008). It has been found that for DPT, the average bond stress at the interfaces will increase
with the increase of Lo up to a threshold (Ld), after which it decreases (Coelho et al. 2015). Although
the effective development length depends on many parameters, such as groove dimensions, type of
FRP reinforcement, surface treatment of FRP reinforcement, adhesive type, concrete strength, etc.,

the threshold is usually taken as 100 mm (Coelho et al. 2015).
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The effect of groove dimensions on the bond strength has not been fully understood due to
both the intrinsic complexity of bond failure mechanism and the influence caused by various
parameters mentioned above. Some conclusions were drawn based on experimental observations.
For example, Al-Mahmoud et al. (2011) found that the width of the groove showed a positive effect
on the ultimate pull-out force when it was less than 2.5d» (where db is the rod diameter), after which
it caused negative effect. Lee and Cheng (2013) proposed the optimum groove sizes by means of
the Classification and Regression Trees for different test configurations. The optimal groove
dimensions of 1.5dvx 1.5db or 2.0ds%2.0ds (width x depth) were recommended for most cases.

The bond lengths adopted in representative literatures for NSM FRP in concrete under fatigue
loading are summarized in Table 2.1, in conjunction with the corresponding groove dimensions
and FRP details. In general, due to the accumulated bond damage under fatigue loading, e.g.,
micro-cracks propagation at interfaces or relative slip between FRP reinforcement and adhesives,
the bond length is more conservative than the static counterpart to prevent any premature failure.
Nevertheless, the bond length used in Fernandes et al.’s testing series was only 60 mm, which yet
still utilized 82% of the ultimate capacity of the CFRP strip under the monotonic loading
(Fernandes et al. 2015).

Table 2.1 Summary of groove and FRP details for NSM FRP bond tests under fatigue loading

FRP Bond | Young’s | Groove dimensions
Group fR}; Fﬁga:rlgii?e dimensions | length | Modulus | lengthxdepthxwidth
P (mm) (mm) | (GPa) (mm)
Yénogg‘;l' OFRP i 16 100 | 64 400%25%25
Sand-coated
Chenand | STRP | and spirally 10 250 147 350x25%15
rod
Cheng wound
(2015) Csfrlif Roughened | 4.5x16 | 250 180 350x25%15
Fernandes
ctal. | TRV Smooth | 14x10 | 60 | 1695 200%15%5
(2015) P
Al-Saadi et CFRP Smooth 1.4x10 180 212 180x15%5
al. (2016, ;
2017) strip | Roughened 1.4x20 180 212 180%30x5
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2.4.3 Other parameters

In addition to a major contribution by bond length and groove dimensions, the bond
performance under fatigue loading for NSM FRP-to-concrete bonded joints is affected by many
other parameters, such as different FRP materials, cross-sectional shape of FRP reinforcement,
surface treatment of FRP reinforcement, and adhesive type, concrete strength, etc. However,
because a coupling effect among these parameters exists, the independent influence due to any of
these factors on the fatigue bond behavior is indeterminate. However, some useful observations
from the experiments have been provided by previous studies.

Among different types of surface treatment, the sand-coated and spirally wound rod was
found to result in a fatigue life almost three times as long as the roughened strip due to the additional
friction and mechanical interlocking on the surface (Chen and Cheng 2015). Moreover, the
roughened CFRP strip presented a better fatigue life than the smooth CFRP strip (Al-Saadi and Al-
Mahaidi 2016). Specimens using an innovative high-strength, self-compacting, cementitious
adhesives (IHSSC-CA) showed a better bond performance with a longer fatigue life than specimens
with polymer cement-based adhesive (Al-Saadi et al. 2017). It was also found that the axial
stiffness was effective in limiting the size of the damage zone of NSM CFRP bond during the
fatigue cycles, but it did not have a significant effect on the fatigue crack propagation (Chen and
Cheng 2016). Considerable heat was generated at high fatigue frequency (8 Hz), which

substantially decreased the fatigue life of the FRP systems (Adimi et al. 2000).

2.4.4 Local bond stress distribution

In general, the bond development and local bond stress distribution of NSM FRP-to-concrete
interface under fatigue loading along the entire bond length is nonlinear, where the local bond stress
mainly depends on the relative slip between the FRP reinforcement and concrete. Some
representative local bond stress-slip laws are presented to better understand the bond development

(Coelho et al. 2015), as illustrated in Fig. 2.4, where 7 is the local bond stress, z is the local bond
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strength, J is the relative slip between FRP reinforcement and concrete, d1 is the relative slip
corresponding to r, and or is the relative slip at debonding. It should also be noted that the ACI
model (ACI 2008) simply adopted a constant value (6.9 MPa) for the local bond stress and the SA
(Standards Australia, SA 2008) model is based on an assumption represented by a single
descending line.

Due to the local bond stress-slip laws, the local bond stress at the loaded end of the NSM
FRP-to-concrete bonded joints generally increases during the early cycles of the fatigue loading,
assuming the upper fatigue load limit is small. As the number of fatigue cycles increases, the
relative slip at the loaded end accumulates to the value of 1, followed by a gradual decrease in
local bond stress. In the meantime, if the bond length Ls is longer than the development length La,
indicating a fully development of the local bond stress, the peak stress will migrate toward the free
end, as illustrated in Fig. 2.5. This unique development of the stress distribution during the fatigue
cycles was observed and reported by different research groups (Bizindavyi 2003; Soliman et al.
2011; Chen and Cheng 2015; Fernandes et al. 2015). Note that the peak value of the local bond
stress was reported to decline as the number of fatigue cycles increased (Chen and Cheng 2015),
which could be possibly explained by the progressive bond degradation at the interfaces of the

FRP-to-concrete bonded joints during the fatigue cycles.

7 (MPa) A ACI

SA
Bilinear without plateau
Bilinear with plateau

>
0 (mm)

Fig. 2.4 Local bond stress-slip laws for NSM FRP-to-concrete bonded joints (Coelho et al. 2015)
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Fig. 2.5 Migration of peak local bond stress under fatigue loading for NSM FRP-to-concrete

bonded joints (adapted from Chen and Cheng 2016)
2.4.5 Relative slip vs. the number of fatigue cycles at the loaded end

As aforementioned, the local bond stress depends on the relative slip between the FRP
reinforcement and concrete; therefore, the relative slip serves as an effective measure of the local
bond degradation under fatigue loading. A typical three-stage curve representing the relative slip
vs. the number of fatigue cycles at the loaded end has been proposed in different studies (Fernandes
etal. 2015; Al-Saadi and Al-Mahaidi 2016). As conceptually depicted in Fig 2.6, the slip increases
drastically within the first several cycles during the first stage, which is followed by a more stable
progressive slip growth during the second stage. The slip increases rapidly again during the third

stage until the NSM FRP-to-concrete bonded joints reaches its fatigue life.

A

Stage | Stage Il Stage 11

{

R

Relative slip at loaded end

Number of fatigue cycles Fatigue life
Fig. 2.6 Relative slip vs. number of fatigue cycles at the loaded end for NSM FRP-to-concrete

bonded joints (adapted from Fernandes et al. 2015)
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2.4.6 Failure modes

The major failure mode reported by relevant publications for NSM FRP fatigue bond tests
was the debonding failure at the FRP/adhesive interface (Chen and Cheng 2015; Fernandes et al.
2015; Al-Saadi et al. 2017). Limited by the small database of fatigue bond tests for NSM FRP
systems, the rupture failure mode of FRP reinforcement was only observed in one study, where the
rupture occurred outside the bonded region near the loaded end because of the good bond achieved
between the CFRP strip and the surrounding epoxy adhesive (Al-Saadi and Al-Mahaidi 2016).

Despite the different mechanisms leading to the bond degradation, the types of failure mode
of NSM FRP-to-concrete bonded joints under fatigue loading should be similar to that under
monotonic loading. Coelho et al. (2015) summarized four major bond failure modes for NSM FRP
systems: (1) failure at the FRP/adhesive interface; (2) failure at the adhesive/concrete interface; (3)
cohesive failure in adhesive; and (4) cohesive failure in concrete (Fig. 2.7). Notice that when the
bond is strong enough to prevent these failures by measures of using sufficient long bond length,
solid surface treatment of FRP reinforcement (to reach good mechanical interlocking), appropriate
groove dimensions and high-performance adhesives, etc., the rupture of FRP is possible.
Nevertheless, the specific failure mode of NSM FRP reinforcement in concrete is still unpredictable
due to the lack of satisfactory analytical models to estimate the bond strength corresponding to
different type of failure mode.

Failure at the FRP/adhesive interface

* , “ N W |
j “ s S S . %/%%%%% e —Failure at the
. 4 : g %% . .
) R L adhesive/concrete
SR - g interface
- ., Concrete block . .
T, s ~—Cohesive failure
R :\A s / in adhesive
. /////////////// . Cohesive failure
s n \l . / ////////////////%‘ in concrete
Adhesive Concrete

Fig. 2.7 Typical bond failure modes of NSM FRP-to-concrete bonded joints (Coelho et al. 2015)
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2.4.7 Post-fatigue performance

For specimens survived the designated number of fatigue cycles (upper limit), their post-
fatigue performance can be obtained by applying the monotonic load till failure. Yun et al. (2008)
found that for NSM FRP strengthened specimens under high-level loading, the post-fatigue test
revealed a reduction in the bond stiffness compared to the control group, yet the ultimate strength
was even higher because of a longer curing time of epoxy. The post-fatigue monotonic test
conducted by Fernandes et al. (2015) also showed a similar observation that the initial bond
stiffness of the NSM FRP strengthened specimens dropped significantly under fatigue loading but
their ultimate pull-out force was only slightly smaller (i.e., 6%) than that of the control group.
Likewise, the post-fatigue test results from Al-Saadi and Al-Mahaidi (2016) indicated a negligible
effect on the bond performance of NSM FRP strengthened specimen under fatigue loading when
the fatigue load range was low.

2.5 Bond performance of EB FRP under fatigue load

To better understand the NSM FRP-to-concrete bonded joints under fatigue loading, bond
tests of EB FRP in concrete under fatigue loading are reviewed in this section regardless of the
difference in failure mechanism and testing configuration. Although the NSM FRP system
involves more parameters such as groove dimensions, cross-sectional shape and surface treatment
of FRP reinforcement, which inevitably complicates the bond failure mechanism under applied
load, the EB FRP and NSM FRP systems still share many similarities in both experimental

observations and theoretical advancement.
2.5.1 EB FRP bond tests

Similar to the NSM FRP DPT, several different setup configurations have been adopted to
investigate the bond performance of EB FRP-to-concrete bonded joints. Fig. 2.8 illustrates the four
representative types, where T and C represent the tensile and compressive force, respectively, and

L is the bond length of FRP plate attached to the concrete block. It can be seen from the illustration
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that the concrete is under tension for both case (a) and (c), but under compression for both case (b)
and (d). In view of the same reason previously described for the NSM FRP technique, the single
shear pull-out test should be the most representative configuration. Nevertheless, due to the
advantage of symmetry, the double shear pull-out test has been mostly adopted, followed by the

second most popular setup, which is the single shear pull-out test due to its simplicity (Chen et al.

2001).
T < FRP plate =—L— T < FRP plate ~—L—~
L “Concrete "4_» T C o IAConqcrete’A d
(a) Single shear, tension (b) Single shear, compression
FRP plate
T = e < T = T -
FRP plate | ~° Concrete  * T C— - Concrete *° <«
= —L—+ h= FRP plate =—L——=
(c) Double shear, tension (d) Double shear, compression

Fig. 2.8 Typical configuration of DPT for EB FRP under fatigue loading (Chen et al. 2001)

2.5.2 Bond length

Following the same concept as in the NSM FRP system, the bond length also plays a pivotal
role in the bond performance of EB FRP-to-concrete bonded joints. This bond length should be
longer than the development length or effective bond length, Lq, a threshold beyond which any
further extension in the bond length is unbale to increase the bond strength, to guarantee a fully
development of the joint and improve the ductility of the failure process (Chen and Teng 2001;
Yuan et al. 2004). In addition, the available analytical models of predicting the bond strength are
typically based on the assumption that the bond length should be long enough or even infinite to
achieve the full-range bond behavior (Wu et al. 2012).

As a result, the bond length should be selected conservatively in the test to obtain a complete
debonding process and verify the reliability of proposed models. Karbhari et al. (2006) summarized
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and compared different bond strength models based on fracture mechanics for EB FRP system and
indicated that the FRP plate stiffness Eptp has a positive effect (where Ep and tp are the Young’s
modulus and thickness of FRP plate, respectively). The compressive strength of concrete fe, on the
other hand, has a negative effect on the development length for all collected models. Karbhari et
al. (2000) also calculated various development lengths by using these models with a concrete
strength range of 20-60 MPa while maintaining other material properties constant (width of FRP
plate be = 305 mm, width of concrete block bp = 300 mm, ratio between adhesive shear modulus
and thickness Ga/ta=1.73 GPa/mm, and Eptp = 77.4 GPa-mm). The minimum value thus obtained
was larger than 80 mm. A similar development length of 100 mm was also reported by Iwashita et
al. (2007). Table 2.2 summarizes the bond length adopted by available EB FRP-to-concrete DPT
tests under fatigue loading in the literatures, in conjunction with the details of the FRP material
used. It should be noted that all the bond lengths used were long enough to prevent the premature
failure during the fatigue cycles.

Table 2.2 Bond length for EB FRP fatigue bond tests

. . Modulus of
Dimensions of FRP plate .. Bond length
Group FRP type widthx thickness ( nlzm ) elasticity (mm)g
(GPa)

GFRP 25.4x1 29.2 220, 300
Bizindavyi et al. 25.4x0.33 300
(2003) CFRP 50.8x0.33 75.7 160
50.8x0.66 300

Iwashita et al. a
(2007) PBO 50%0.128 235 200
Car(lggig al- 1 crrp 25%0.167 230 152
Zheng et al 50%0.23 220-232 100, 150,250

(2014) ) CFRP 40, 60x0.23 - 250
50%0.46 - 250

*PBO = poly-p-phenylenebenzobisoxazole.
2.5.3 Other parameters

Except for loading factors such as fatigue load amplitude, the effect on the bond fatigue life

is not fully understood due to material properties and specimen geometries related to FRP laminate,
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adhesive and concrete block. Bizindavyi et al. (2003) reported that a longer bond length and a
wider FRP laminate width contributed to a lower FRP stress level which led to a longer fatigue life.

On the other hand, debonding mechanisms of FRP-to-concrete bonded joints under static
loading have been investigated extensively and different fracture mechanics-based models have
been proposed to estimate the bond strength. Some of these findings are beneficial for the design
of specimen configurations for EB FRP bonded joints under fatigue loading. Chen and Teng (2001)
pointed out that the width ratio of the FRP plate to concrete block, bp/be, has a significant effect on
the ultimate bond strength, where a smaller bp/bc resulted in a higher ultimate bond strength. Yuan
et al. (2004) observed a slight increase in the applied load even after the initiation of debonding,
which could be explained by the aggregate interlocking and friction in the debonding zone. Based
on fracture mechanics, Dai et al. (2005) suggested that the interfacial load-carrying capacity should
be determined by the interfacial fracture energy Gr, which depended on the properties of concrete,
adhesives and FRP stiffness. Using adhesives with lower shear stiffness could substantially
improve Gr and the ductility of the joint but decrease the maximum bond. Wu and Jiang (2014)
also drew similar conclusions that the maximum bond strength and the development length was
mainly controlled by three factors, namely, FRP stiffness, concrete strength, and width factor. Yao
et at (2005) conducted an experimental study focusing on the effect of height of free concrete edge
hc and loading offset. Their results indicated that a smaller hc led to a lower bond strength, and the
loading offset had a significant effect on the bond strength for short bond length but insignificant

for long bond length.
2.5.4 Crack propagation and strain distribution

A three-stage crack propagation was identified during the bond fatigue experiment for EB
FRP by Bizindavyi et al. (2003), as illustrated in Fig. 2.9. Stage I occurred over the region I near
the loaded end of the specimen during the initial 10-15% of the fatigue life, after which the crack

suddenly developed into the concrete substrate. For stage II, the crack continued to propagate along
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the adhesive/concrete interface gradually in region II, which took place during approximately 50-
75% of the fatigue life. Stage III highlighted the ultimate failure of the joint, where the crack
propagated rapidly into a certain depth of the concrete substrate. Stage I1I occupied the last 10-15%

of the entire fatigue life.

FRP plate

~—— <F N

A1~
<

A

<
p Concrete 4

< 4 <

Fig. 2.9 Three-stage crack propagation of EB FRP-concrete joints under fatigue cycles
(Bizindavyi et al. 2003)

In addition, a similar three-stage strain distribution along the EB FRP laminate during the
fatigue cycles was obtained by Bizindavyi et al. (2003), Iwashita et al. (2007) and Zheng et al.
(2014), which corresponds well to the three-stage crack propagation described above. As shown
in Fig. 2.10, during stage [, the local bond stress only exists in a limited region next to the loaded
end, which is also referred to as the stress-transferring zone (STZ). It should be noted that the slope
of'the FRP strain is proportional to the local bond stress. Then the STZ propagates gradually toward
the free end during stage 11, similar to the “migration” phenomenon observed in the peak local bond
stress as illustrated in Fig. 2.5. Finally, when the residual bond strength becomes unable to balance

the applied load, the debonding failure occurs during stage III.

A

Increase number of cycles

FRP laminate strain

— =

Loaded end Free end
Fig. 2.10 Schematic strain distribution of EB FRP laminate under fatigue loading
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2.5.5 Relative slip vs. the number of fatigue cycles at the loaded end

Zheng et al. (2014) reported test results of relative slip development during the fatigue cycles
at the loaded end for EB FRP-to-concrete bonded joints and a qualitative three-stage relative slip
vs. the number of fatigue cycles curve was recorded in the similar way to that of the NSM FRP
system (Fig. 2.6). The relative slip at the loaded end for the EB FRP system also has a rapid
increase of slip during the initial stage, a stable increase during the second stage and a drastic

unstable increase of slip leading to failure during the ultimate stage.
2.5.6 Failure modes

The failure modes of EB FRP in concrete under fatigue loading are not easy to predict due
to uncertainties caused by many factors including material properties, type of test configuration,
loading scheme and construction quality of specimens, etc. As illustrated in Fig. 2.11, the observed
failure modes in practical fatigue tests can be summarized in a sequence of their occurrence rates
from high to low (Bizindavyi et al. 2003; Iwashita et al. 2007; Carloni et al. 2012; Zheng et al.
2014): (1) failure at the adhesive/concrete interface; (2) failure on the concrete substrate (debonding
into cement mortar or aggregate); (3) failure in the adhesives; (4) FRP delamination between plies;
and (5) FRP rupture. It should be noted that the failure mode (4) only occurs in specimens
reinforced by two or more plies of FRP and the failure mode (5) only occurs when the maximum
applied cyclic stress level approaches the static strength of the FRP laminate (Bizindavyi et al.
2003). However, the failure at the FRP/adhesive interface has not been reported yet in the
literatures, which could be due to the small database on the EB FRP fatigue bond tests.

FRP rupture )
FRP laminates ,— FRP delamination
Ply 2

Ply 1 Failure in adhesives

L L L ﬂ

Failure at the

Cement mortar adhesive/concrete interface
e e e

Aggregates Failure on the concrete substrate

Fig. 2.11 Typical failure modes of EB FRP in concrete under fatigue loading
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2.5.7 Post-fatigue performance

For specimens that survive the expected number of cycles and do not fail under fatigue
loading, the DPT is typically applied to estimate their post-fatigue bond strength. The post-fatigue
behavior of these specimens is compared with the control group, which is loaded monotonically up
to failure (static). The post-fatigue test conducted by Carloni et al. (2012) revealed a significant
decrease in the stiffness of EB FRP strengthened specimens after the fatigue cycles. When the
residual bond length was still longer than the development length regardless of some debonding of
the EB FRP in concrete after fatigue cycles, the load-carrying capacity remained unchanged as
compared to the static case. The strain distribution along the FRP laminate at the same load level
was not significantly influenced either by the fatigue cycles. Although the post-fatigue test was
not conducted in some of the studies, a trend of stiffness decrease in the EB FRP laminate in
concrete was also observed as the increase of the fatigue cycles (Bizindavyi et al. 2003; Zheng et
al. 2014), which was in agreement with the post-fatigue test results of NSM FRP reinforcement in
concrete.

2.6 Fatigue life models

It is a common practice to use stress (S) vs. number of fatigue cycles to failure (N) relationship
in a logarithmic scale, also known as the S-N curve, to describe the dependency of fatigue life on
the stress level of material. This S-N curve is usually applied to both concrete and steel
reinforcement to estimate the fatigue life of material under cyclic loading (ACI215R-92). However,
for NSM FRP-to-concrete bonded joints, the governing factor to determine its fatigue life is
complicated. The FRP stress, bond stress at interfaces, shear stress of adhesive, and concrete stress
can all affect the fatigue life of the joint, and they are closely related to the different failure modes
described above. In addition, the lack of DPT for NSM FRP-to-concrete bonded joints under
fatigue loading leads to the insufficient understanding of the debonding mechanism of NSM FRP

reinforcement with respect to the number of fatigue cycles. Most of the existing models are based
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on regression analysis, which is similar to the EB FRP case. Therefore, the fatigue bond behavior
has not been well understood and the analytical models capable of predicting the fatigue life of
NSM FRP-to-concrete bonded joints are extremely limited. Nevertheless, the existing fatigue life
models available in the open literature for both NSM and EB FRP in concrete are reviewed in the

following subsections.
2.6.1 Models for NSM FRP-to-concrete bonded joints

(a) Chen and Cheng (2015) model

Chen and Cheng (2015) realized the importance of local bond strength at the interface between
NSM FRP reinforcement and adhesive in the fatigue bond behavior of the joint. They conducted
a series of DPTs of the boned joints and measured the degraded local bond strength at a target
number of fatigue cycles. The degradation laws of the local bond strength with respect to the
number of fatigue cycles were derived in relation to the static bond strength as below. However,

these two equations are unable to predict the fatigue life of the bonded joints directly.

D _ 01965 log,, N +1 for circular NSM rod @.n
T] max,static
Dimsx () 1985 log,, N +1 for rectangular NSM strip (2.2)

7’-1 max,static
where N = number of fatigue cycles; 71 =local bond stress near the loaded end (MPa); 71max = fatigue

bond strength of 71 (MPa); 7imaxstatic = static bond strength of 71 (MPa). 71 can be calculated by:

d, _ deq(x) .
r=—E, for circular NSM rod (2.3)
4 dx
ab d & (X) .
E for rectangular NSM strip (2.4)

T= f
2(a+b) dx
where db = diameter of the circular NSM rod (mm); Er = Young’s modulus of FRP reinforcement

(MPa); dex(x) = difference in strain reading between the two consecutive strain gauges on the NSM

25



FRP reinforcement; dx = distance between the two consecutive strain gauges on the NSM FRP
reinforcement (mm); and &, b = smaller and larger edge length of the rectangular NSM strip (mm),
respectively.

(b) Al-Saadi et al. (2016, 2017) model

Al-Saadi et al. (2016, 2017) tested a series of NSM CFRP-to-concrete bonded joints under fatigue
loading. The fatigue load range Lr was determined as a portion to the static pull-out force Py, with
a maximum fatigue load Pmax varying from 60%Ps to 90%Ps and a fixed 10% fatigue load ratio
(Pmin/Pmax) where Pmin is the minimum fatigue load. Fatigue models are calibrated from the test

data points of specimens with different CFRP strip dimensions and adhesive types as follows.

L, =26.465-1.7587log,)N,  for FSIOE 2.5)
L, =34.916—-1.15391og,, N,  for FS20E (2.6)

L, =32.48-2.4442log,,N,  for FRIOE 2.7)
L, =47.634-3.03831log,) N,  for FR20F 2.8)

L, =5.546—0.3854log,, N,  for FS10C 2.9)
L, = 6.9058—0.4168log,) N,  for FS20C 2.10)
L, =10.078—0.6825log,, N,  for FR10C 2.11)
L, =21.678—1.4506log,)N,  for FR20C (2.12)
L, =88.284—11.874log,, N,  for FR20IC 2.13)

where Lr =(Pmax - Pmin) = fatigue load range (kN); Nt = number of fatigue cycles to failure. The
specimen designation, e.g., FS10E in Eq. 2.5, was referred to the following definitions where F =
fatigue test; S = smooth CFRP strip; R = rough CFRP strip; 10, 20 = width of CFRP strips (10 mm
and 20 mm), respectively; E = epoxy adhesive; C = polymer cement-based adhesive; and IC =

innovative high-strength self-compacting cementitious adhesive (IHSSC-CA).
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2.6.2 Models for EB FRP-to-concrete bonded joints

(a) Bizindavyi et al. (2003) model

Bizindavyi et al. conducted an experimental study on the EB FRP-to-concrete bonded joints under
cyclic loading. Investigated parameters includes the type of FPR material (i.e., glass and carbon
fiber), bond length, width of FRP laminate and cyclic bond stress level. The fatigue life of the
tested specimen was interpreted as a typical S-N format as below.

InS=a-clnN; (2.14)

=F

minOr max

/(bL) (2.15)

min or max
where S = (Smax - Smin) = cyclic mean bond stress range (MPa); F = applied cyclic load (N); b =
width of FRP laminate (mm); L = bond length of FRP laminate (mm); and &, C = constants obtained
by curve fitting from the test data.

(b) Iwashita et al. (2007) model

Iwashita et al. (2007) used the maximum fatigue load ratio, which equals to the applied maximum
fatigue load over the static pull-out force P, to estimate the fatigue life of the EB FRP-to-concrete
bonded joints. The maximum fatigue load ratio tested varied from 20% to 70% with a constant
minimum load ratio as 10%, and the fatigue model was given as follows.

LR,.. =a—clog,, N; (2.16)

where LRmax = maximum fatigue load ratio (%); @, C = constants obtained by curve fitting from the
test data.

(c) Zheng et al. (2014) model

Likewise, Zheng et al. (2014) tested 20 EB CFRP-to-concrete bonded joint specimens using a
double shear configuration under both static and fatigue loading. The studied parameters included
bond length, width and thickness of CFRP laminate, and different fatigue load levels. The proposed
fatigue models depend on either the amplitude of fatigue load or the CFRP stress amplitude, and

they were presented as below.
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AP =41.687-4.491In N, (2.17)
log,, Ac =3.488—-0.115log,, N (2.18)

where AP = amplitude of fatigue load (kN); and Ag = CFRP stress amplitude (MPa).
2.6.3 Regression analysis

Although the fatigue life models proposed in these literatures agreed well with their
corresponding experiment results, they are not applicable to other experiments across the literatures
because of different specimen configurations and loading scenarios. General fatigue life models
for both NSM and EB FRP in concrete are needed for the design of strengthened concrete structures.
Some insights are provided into the bond fatigue behavior in the aforementioned studies, where the
fatigue life models can be categorized into three types: (1) a linear relationship between the fatigue
load range and the logarithmic fatigue life; (2) a linear relationship between the average bond stress
range and the logarithmic fatigue life; and (3) a linear relationship between the maximum fatigue
load ratio and the logarithmic fatigue life. However, due to different specimen configurations and
material properties used in those studies, neither the fatigue load range nor the average bond stress
range is reliable for being used to predict the fatigue life of any strengthened specimens. Therefore,
the relationship between the fatigue load range ratio (or the maximum fatigue load ratio) and the
logarithmic fatigue life is more reasonable for adoption to perform a regression analysis using the
database collected from the literature. Specimens that did not fail within the target fatigue cycles
(upper limit), e.g., 200 or 300 million cycles, are not considered herein to ensure that all specimens
included in the database had reached their true fatigue life. In this case, 72 DPT specimens for
NSM FRP and 16 DTP specimens for EB FRP are included herein and their corresponding trend
lines are presented in Figs. 2.12-2.15. The prediction equations of fatigue life for both NSM FRP
and EB FRP are thus derived in the following form, respectively:

ALR =-2.62In N; +90.72 for NSM FRP (2.19)
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LR =-2.46InN, +99.73 for NSM FRP (2.20)

max

ALR=-5.59In N, +102.61 for EB FRP (2.21)

LR, =-5.84InN, +116.19 for EB FRP (2.22)

where ALR = fatigue load range ratio (%); and LRmax = maximum fatigue load ratio (%).

It can be seen that the prediction equations (Eqs. 2.19-2.22) provide a lower accuracy as
compared with the corresponding experiment data. As previously mentioned, the bond fatigue
performance for both NSM and EB FRP in concrete depends on many factors mentioned.
Therefore, a general fatigue life model should not simply depend on the fatigue load ratio or the
fatigue load range ratio, but also need to take into account the contribution from the FRP properties,
adhesive type, surface treatment of FRP reinforcement, groove size, concrete strength, etc. On the
other hand, the inaccuracy and unreliability of the current fatigue life models can also be attributed

to the small database of the bond tests for both NSM and EB FRP in concrete under fatigue loading.
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Fig. 2.12 Relationship of fatigue load range ratio vs. fatigue life for NSM FRP in concrete (Eq.

2.19)
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Fig. 2.14 Relationship of fatigue load range ratio vs. fatigue life for EB FRP in concrete (Eq.

221)
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Fig. 2.15 Relationship of maximum fatigue load range ratio vs. fatigue life for EB FRP in

concrete (Eq. 2.22)

2.7 Summary and future research

2.7.1 Summary

Two major FRP-based strengthening techniques using EB and NSM FRP systems are
reviewed in this chapter. As an altemative to the EB FRP, the NSM FRP emerges with a better
durability by embedding the FRP reinforcement into the concrete groove and covered by adhesives.
Extensive studies have been conducted on the NSM FRP technique in various aspects including,
but not limited to, flexural or shear strengthening for RC beams, seismic retrofitting, prestressing
techniques, bond behaviors and durability issues. Although some experiments have been carried
out, which demonstrated the good performance of the NSM FRP-to-concrete bonded joints exposed
to severe environments, the fatigue-related issues associated with the deterioration of bond
performance are not well investigated and hence deserve more comprehensive study.

The existing experiments are collected that are directly associated with the bond performance
and interfacial crack propagation under fatigue loading for both NSM and EB FRP in concrete.
Observations of the bond behavior during fatigue tests are summarized in terms of the local bond

stress or FRP strain distribution along the bond line, the relationship of loaded end slip vs. the
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number of fatigue cycles, the failure modes and the post-fatigue performance. Based on the

theoretical analysis and the experimental studies reported in literatures, the influence on bond

performance of FRP-to-concrete bonded joints induced by either geometric or material variables

can be summarized as follows:

The bond length of both EB and NSM FRP should be longer than the development length Lg
to obtain sufficient bond strength and prevent premature debonding failure during DPT. The
threshold of development length Ld for both EB and NSM FRP in concrete is around 100 mm;
An appropriate groove dimension has positive influence on the ultimate pull-out force of NSM
FRP-to-concrete bonded joints. The optimal groove dimensions are suggested as 1.5dbx1.5ds
or 2.0dpx2.0ds (width x depth). For EB FRP system, a smaller width ratio of FRP plate to
concrete block bp/be leads to a higher ultimate bond strength;

Surface treatment of the FRP reinforcement has a significant effect on the fatigue life of NSM
FRP in concrete. The sand-coated and spirally wound rod surface shows a better performance
than the roughened strip. The smooth strip shows the weakest bond performance. NSM FRP
specimens using innovative high-strength self-compacting cementitious adhesive (IHSSC-CA)
show better bond performance with a longer fatigue life than those using polymer cement-
based adhesive. The axial stiffness of NSM FRP is effective in limiting the size of the damage
zone under fatigue loading but it does not have a significant effect on the fatigue crack
propagation. High fatigue frequency (8 Hz) substantially decreases the fatigue life of FRP-to-
concrete bonded joints;

For EB FRP in concrete, the interfacial fracture energy Gt plays a vital role in the bond strength,
which is controlled by the properties of concrete and adhesive, as well as the FRP stiffness.
The height of free concrete edge he of concrete block and the loading offset significantly
influence the bond test result;

A migration phenomenon of the peak local bond stress or FRP strain toward the free end of
bond line exists in both EB and NSM FRP in concrete under fatigue loading. A three-stage
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crack propagation is reported by researchers, which is in agreement with a three-stage strain
distribution along FRP laminate during the fatigue cycles for EB FRP in concrete;

= A typical three-stage loaded end slip vs. the number of cycles response is observed for both EB
and NSM FRP-to-concrete bonded joints. In general, it starts with a rapid increase of slip
during the initial stage and is followed by a stable increase during the second stage. Then the
slip increases rapidly again until the debonding failure occurs during the third stage;

= Different failure modes exist for EB and NSM FRP DPT. Despite some rare cases of FRP
rupture due to high fatigue load levels, the major failure modes in DPT are: (1) failure at the
FRP/adhesive interface; (2) failure at the adhesive/concrete interface; (3) cohesive failure in
adhesive; and (4) cohesive failure in concrete;

= Similar post-fatigue performance is observed for both EB and NSM FRP systems. The FRP
bond stiffness decreases significantly after fatigue cycles but the ultimate load-carrying
capacity remains unchanged (or only slightly reduces) when the residual bond length is still
longer than the development length; and

= The fatigue life models for both EB and NSM FRP systems in the literature can be categorized
into three types: (1) a linear relationship between the fatigue load range and the logarithmic
fatigue life; (2) a linear relationship between the average bond stress range and the logarithmic
fatigue life; and (3) a linear relationship between the maximum fatigue load ratio and the
logarithmic fatigue life. However, none of the existing fatigue life models is capable of
providing a reliable prediction for the fatigue life of EB or NSM FRP-to-concrete bonded joints

with a satisfying accuracy.
2.7.2 Future research

The bond fatigue performances of both EB and NSM FRP in concrete are vital for their
service life, and the corresponding theories should be well established to provide a reliable

estimation of the bond capacity before practical design and applications. Few experiments have
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been carried out focusing on the fatigue behaviors of EB and NSM FRP in concrete on bond level,

which is critical for retrofitted structures. Moreover, with such a small database on bond fatigue

tests, the accuracy of the proposed empirical model is questionable. In light of this research gap,

the following aspects regarding the bond fatigue performance of EB and NSM FRP in concrete

deserve further attention:

= The concrete compressive strength and the groove dimensions (for NSM FRP) or width ratio
(for EB FRP) have been verified to have significant effect on the maximum local bond strength.
Reliable models to quantify this effect is, however, still limited in static case let along the
condition under fatigue cycles;

= Although parameters such as the axial stiffness of FRP reinforcement and the shear stiffness of
adhesives are reported to have some minor effects on the bond behavior under static loading,
their influence under fatigue loading is still unknown;

= The local bond-slip behavior under fatigue loading is important to the derivation of analytical
solution of the local bond stress distribution and the prediction of fatigue life for FRP-to-
concrete bonded joints. However, the mechanisms of local bond degradation under fatigue
cycles are not well established yet. As a result, it is necessary to identify a rational relationship
between the local bond strength and the number of fatigue cycles before any analytical study;

= The local bond stress or FRP strain distribution along the bond line is hard to capture during
the experiment due to the large scattering, which adds to the difficulty of building a solid local
bond-slip relationship. An alternative is to use the finite element method, but obstacles exist
to simulate the debonding process at the bond interfaces of FRP-to-concrete bonded joints and
few studies have yielded reliable results. Nevertheless, it could be a viable approach; and

= The current analytical models are highly dependent on the failure modes since they are
essentially related to the final state of'the specimens. Hence, it is preferable to define a standard
categorizing these failure modes observed during the direct pull-out test for FRP-to-concrete
bonded joints.
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CHAPTER THREE

3 ANALYTICAL MODELS TO PREDICT BOND PERFORMANCE

AND FAILURE MODES OF NSM FRP-TO-CONCRETE BONDED

JOINTS

3.1 Overview

Analytical models to predict the bond strength of both EB and NSM FRP-to-concrete bonded
joints under static loading have been comprehensively studied in the recent decade (Yuan et al.
2001; Yuan et al. 2004; Seracino et al. 2007a; Ceroni et al. 2012; Zhang et al. 2014; Biscaia et al.
2016). Asan early attempt, Yuan et al. (2001) derived the theoretical solution for the load-carrying
capacity of EB FRP in concrete based on different interfacial constitutive laws. Yuan et al. (2004)
then presented a closed-form analytical solution to describe the full-range behavior of EB FRP-to-
concrete bonded joints by using the bilinear local bond stress-slip relationship. Overall, the
predicted load-slip curve at the loaded end agreed well with the experiment results. Years later,
when the NSM FRP technique emerged as a promising alternative to EB FRP, researchers applied
these theories to the NSM FRP with some modifications. Seracino etal. (2007a) proposed a general
expression to estimate the load-carrying capacity for both EB and NSM FRP in concrete by means
of an idealized linear descending local bond stress-slip relationship. An important definition of the
debonding failure plane for both EB and NSM FRP cases was also provided. This semi-empirical
expression was later adopted by the SA (Standards Australia, SA 2008). Zhang et al. (2014)
proposed another bond strength model for the NSM CFRP strip-to-concrete bonded joints based on
a nonlinear local bond stress-slip law via a 3D meso-scale FE model. The model was compared to
the Seracino et al.’s model (2007a) where the accuracy was verified by a test database collected
from the literature. Although these models are capable of predicting the bond strength of the NSM

FRP reinforcement in concrete and the predictions agree with the test results to certain extent, they

35



are restricted to scenario where the cohesive failure in concrete dominates. Yet most test
observations have revealed the complex failure mechanisms of NSM FRP-to-concrete bonded
joints, failure modes such as FRP rupture, adhesive splitting, debonding at the FRP/adhesive or
adhesive/concrete interface and concrete splitting could occur predominantly or in a mixed mode.
Analytical models capable of differentiating these different types of failure mode of NSM FRP in
concrete are still limited. In light of this research gap, this chapter intends to provide a strategy to
estimate the bond strength associates with different types of failure mode, as well as to predict the
potential failure mode of the bonded joints based on material properties and specimen geometries
for NSM FRP reinforcement in concrete.

3.2 Analytical model and governing equations

As mentioned in Chapter 2, the direct pull-out test (DPT) is widely considered by researchers
as an effective way to investigate the bond performance of NSM FRP in concrete. In such a case,
a typical analytical model based on the compressive DPT configuration is described below to
introduce the fundamentals for NSM FRP-to-concrete bonded joints (Yuan et al. 2004; Seracino et
al. 2007a).

As shown in Fig. 3.1(a), it is a typical single shear DPT with the concrete block under
compression. The dimensions of the FRP reinforcement, groove (adhesive) and concrete block
remain constant throughout modeling. The Young’s modulus of FRP reinforcement and the
concrete block is defined as Er and Ec, respectively. The cross-sectional area of the FRP
reinforcement and the concrete block is defined as Arand Ac, respectively. The following important
assumptions are adopted to derive the governing equations of the model:

(1) Both the FRP reinforcement and concrete are homogenous and linear elastic;

(2) The bending effect of the analytical model is neglected;

(3) The axial stress is uniformly distributed over the cross-section for both FRP reinforcement
and the concrete block; and

(4) The bond length is long enough to perform the full-range bond behavior.
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(a) Compressive DPT setup for NSM FRP system (b) Failure planes of bonded joints
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O¢ H FRP reinforcement H o tdo,
12 | Adhesive layer

Concrete "

dx

- -

(c) Deformation of bonded joints under load (d) Stress transfer from FRP reinforcement to concrete
Fig. 3.1 Analytical model of DPT for NSM FRP system

Therefore, if the FRP reinforcement and concrete block have sufficient capacity to resist the
applied load, the most possible failure mode will be the mode II interfacial fracture (shear) failure.
But the potential failure planes could be located within the FRP/adhesive interface, the
adhesive/concrete interface or the interface between adhesive and concrete substrate. To facilitate
this, a key parameter Lp is defined herein as the perimeter of the failure plane (Oehlers et al. 2008;
Ali et al. 2008) [Fig. 3.1(b)]. As shown in Fig. 3.1(c), the shear deformation of the adhesive layer,
which includes both the actual adhesive and the materials adjacent to the adhesive, helps transfer
the applied load from FRP reinforcement to concrete block. Thus, the representative element can

be illustrated in Fig. 3.1(d) and the corresponding equilibrium equations can be derived as:

doy by G.1)
dx A '
oA +o A =0 (3.2)
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where 7= local bond stress; of = axial stress of FRP reinforcement; and oc = axial stress of concrete
block.

The constitutive laws for the adhesive layer, FRP reinforcement and concrete block are given

as:
T 27(5) (3.3)
o=U; —Uu, (34)
du,
o, =E, o (3.5)
0.~k (3.6)

where 0 = relative slip between FRP reinforcement and concrete block; ur = axial displacement of
FRP reinforcement; and Uc = axial displacement of concrete block.
By substituting Egs. 3.2-3.6 into Eq. 3.1, the governing equation for this NSM FRP bonded

joints under applied load can be derived as:

2
(;Xf ~1’r=0 (3.7)
where
A= Lp( ! +LJ (3.8)
Af Ef 'A%Ec

Since all the material properties are considered as known parameters, the theoretical solution to this
secondary differential equation can be easily solved if the local bond stress-slip relationship z(d) is
given.
3.3 Local bond stress-slip relationship

Similar to the constitutive law of concrete or steel, the local bond stress-slip relationship
depicts the essential behavior of the bonded joints with respect to the capacity of load transfer from
the FRP reinforcement to the surrounding concrete. Two major categories of bond stress-slip
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models have been proposed by researchers: (1) linear bond stress-slip relationship; and (2)
nonlinear bond stress-slip relationship. Models of the former category are widely accepted for
design purposes and some representative ones have already been introduced in Chapter 2 (Fig. 2.4).
The mathematical descriptions of these linear models are illustrated as follows:

Linear Model I — This model is basically linear elastic in that the local bond stress 7 increases
linearly with the increase of the relative slip [Fig. 3.2(a)]. When the interfacial fracture energy Gt
of the bonded joints is reached, the stress drops down to zero immediately without any softening

behavior.

s foro<s<s,
7(8)=19, (3.9)

0 foro>9,
where 7t = local bond strength; Jt = maximum slip of the bonded joints; and Gt = interfacial fracture
energy which is defined as the area under the local bond stress-slip curve and indicates the energy

required for this bonded joints to fail in the shear mode.

T T

T¢

G,

J 5 5, P)

(a) Linear ascending model (b) Bilinear model

5, 5

(c¢) Linear descending model (d) Trilinear model

Fig. 3.2 Linear local bond stress-slip models for NSM bonded joints
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Linear Model II — This bilinear model has two stages, the bond stress 7 ascends with the increase
of'the relative slip before the local bond strength 7t is reached [Fig. 3.2(b)]. The following softening
stage indicates the interfacial fracture process with a linear descending trend until the debonding
failure occurs. The bilinear model is a rational model representing the local bond characteristics
observed in the physical bond tests and has been adopted by many researchers (e.g., Yuan et al.

2004, Diab et al. 2009, Ceroni et al. 2012, Chen and Cheng 2015).

T for0<o <o,

SIS

5
r, fors <o<s, (3-10)

1(5):

~

for 6 > o,

where Jt = slip at the loaded end corresponding to the local bond strength .

Linear Model III — In view of the small value of 1 as compared to ¢ observed in the physical
bond tests, the ascending stage of the bilinear model could be neglected and thus a more simplified
descending model is yielded [Fig. 3.2(c)]. Note that for the same local bond strength z and
maximum relative slip Jr, the area under the local bond stress-slip curve with respect to all these
three linear bond stress-slip models (I, IT and III) is the same. In other words, the interfacial fracture
energy Gt is an inherent property of the bonded joints and independent of the local bond stress-slip

model that being considered.

(l—ijrf for 0< o <0,
S

1(5):

(3.11)
0 foro>o

Linear Model IV — This trilinear model was proposed by Chen and Cheng (2017) by taking the
small amount of residual bond stress into account, which is contributed by the interlocking and

mechanical friction at the failure interface. Despite that slight difference in residual bond strength
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after debonding, the entire local bond stress-slip relationship for the trilinear model before the

maximum slip is the same as that of the bilinear model.

irf for0<o6 <9,
%
={ 0,0
7(9) ! (rf —rr)+ 7, foro, <o<9,; (3.12)
5f _51
T, for 6 > o,

where 7 = residual local bond stress after the maximum slip Jr has been reached.

Nonlinear Model I — Similar to the linear descending model, this exponentially descending bond
stress-slip relationship describes a softening stage starting from the local bond strength 7+ and
nonlinearly drops down to zero with the increase of relative slip [Fig. 3.3(a)]. The area under the

curve should be a constant property the same as other models and equals to the interfacial fracture

energy Gr.
(e
r(8)=re " (3.13)
T T A
7, s
G, -
5 5o
(a) Exponentially descending model (b) Nakaba et al. (2001)’s model
A A
Ty
(c) Dai et al. (2005)’s model (d) Zhang et al. (2013)’s model

Fig. 3.3 Nonlinear bond stress-slip models for NSM bonded joints
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Nonlinear Model II — This model was derived from the curve-fitting of experimental data by
Nakaba et al. (2001). It contains both the ascending and softening stages with a nonlinear bond

stress-slip relationship [Fig. 3.3(b)].

7(6) =1, {é n } (3.14)

where n = empirical parameter.

Nonlinear Model I1I — This exponential model was proposed by Dai et al. (2005) and agreed well
with the practical experimental results [Fig. 3.3(c)]. The theoretical solution to estimate the bond
behavior and load-carrying capacity of the bonded joints based on this local bond stress-slip model

was provided by Biscaia et al. (2016).
T(5)=2BGf (8_85—6_285) (3.15)

where B = experimental parameter obtained by regression analysis.

Nonlinear Model IV — This expression was proposed by Zhang et al. (2013) by means of a 3D
meso-scale FE model [Fig. 3.3(d)]. For the ascending branch, the slope magnitude decreases
continuously until the bond strength is reached. For the descending branch, the slope magnitude

increases firstly but followed by a decreasing trend with the further increase of relative slip.

2
r(5)=A 2B-0 sin z 2B-0 with 5 <2B (3.16)
B 2 B

where A and B = experimental parameters obtained by regression analysis.
3.4 Theoretical bond behavior under static load

Given the governing equations of the assumed bonded joints model and local bond stress-
slip relationship, the full-range bond behavior under the applied static load is derived next. In this
context, the theoretical solution to the secondary ordinary deferential equation (ODE) represented
by Eq. 3.7 depends on the selection of the local bond stress-slip model. There is no doubt that the

model should capture the characteristics of the bond stress-slip relationship and be both accurate

42



and representative when compared to the laboratory test results. The description of the model
should also be concise and allow for the availability of mathematical derivation explicitly based on
the governing equations. In addition, the expressions to predict the distribution of local bond stress,
relative slip between FRP and concrete, and FRP stress along the bond line should be practical for
design purpose. Therefore, the bilinear local bond stress-slip relationship, which is the most widely
adopted model by researchers, is selected herein to perform the theoretical derivation (Yuan et al.
2004). An important premise of the following derivation process is that the bond length should be

long enough to perform the full-range bond behavior of the bonded joints.

3.4.1 Linear elastic stage I

Assume the free end of the bond line is the origin (i.e., X = 0) and the loaded end is X = L,
where L = the bond length of the bonded joints [Fig. 3.1(a)]. When the slip at the loaded end is
less than ¢1, the entire bond line is within the linear elastic stage. By substituting the term of Eq.

3.10 for 0 < 0 < 41 into the governing equation Eq. 3.7, the secondary ODE is obtained as follows:

d’s

e - A6=0 (3.17)
where
L
p=le L1 (3.18)
51 Af Ef A:EC
The boundary conditions of stage I are:
o (0)=0 (3.19)
0. (0)=0 (3.20)
P
o,(L)=— 3.21
(L) A (321
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By using these boundary conditions, the explicit solutions to the ODE problem (Eq. 3.17) can be
obtained. Expressions of the relative slip, the local bond stress and the axial stress of FRP

reinforcement are described as follows:

5 - P54, cosh(4,x)

'L, sinh(4L) (322

T :%M (3.23)

'L, sinh(4L) '
P sinh(4x) (324

o =——""7—"%
" A sinh(AL)
A representative local bond stress distribution along the bond line is presented in Fig. 3.4(a). The

ultimate state of stage I is when the local bond stress at X = L equals to the local bond strength

[Fig. 3.4(b)]. The maximum pull-out force of stage I can also be obtained as:

Lz
P, =—"tanh(4L) (3.25)
A
(L) =7,
t(l) <z,
[ | !
x=0 x=L x=0 x=L
(a) Linear elastic stage 1 (b) Ultimate state of stage 1
t(L-Lyy) = 7,
t(L-Ly) = 7, |
[0 I (L) =0
x=0 x=L x=0 | X=L
L — L
(c) Elastic-softening stage II (d) Ultimate state of stage II
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t(L-LsLy) =17, 7(0) = 7,

II I II I
x=0 x=L  x=0 x=L
Fil_s;’"l_d" - Lsu"‘*Ld"
(e) Elastic-softening-debonding stage 111 (f) Ultimate state of stage III
7(0) <z,
LI I
x=0 X=L

- Loy—Lg-

(g) Softening-debonding stage IV

Fig. 3.4 Local bond stress distribution and propagation under static load
3.4.2 Elastic-softening stage 11

With the increase of the applied load, the relative slip at X = L reaches 1 and initiates the
softening stage II starting from the loaded end. As illustrated in Fig. 3.4(c), state I and state II exist
concurrently along the bond line. For the region of'state I, the governing equation remains the same
by Eq. 3.17. For the region of state II, by substituting the term of Eq. 3.10 for 1 < < Jt into the

governing equation Eq. 3.7, the following ODE is obtained:

d*s
v ;6 =216, (3.26)

where

7. L 1 1
Ay =—-" [ + J (327)
4 f 51 Af Ef 'A% Ec
The boundary conditions of stage II change to:

o:(0)=0 (3.28)

o,(0)=0 (3.29)
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S(L-L)=6 orr(L-L,)=1, (3.30)

do . :
— iscontinuous at X =L~ L (3.31)
dx

o is continuous at X =L — L (3.32)

P
o (L) = (3.33)
f

where Ls = softening length. The solutions for the region of state I (X € [0, L - Ls]) are derived

as follows:
cosh(4x)
0, =0 .
b cosh| 4 (L-L,)] 339
B cosh (4x)
T, =74 cosh[ﬂq(L— Ls)] (3.35)
_L,izy  sinh(Ax) (336)

“1 A cosh[ 4 (L-L)]

The solutions for the region of state II (X € [L - Ls, L]) are derived as follows:

f 1

5, =(5 —cﬂ){%tanh[ﬂﬁ(L—LS)]sin[/iz(x—L+ L,)]—cos[ 4, (x—L+ LS)]+55f5 }(3.37)
T, =7, {%tamh[ﬂ1 (L—L,)]sin[ 4, (x=L+L,)]-cos[ 4,(x—L+ LS)]} (3.38)

O Z;p—;;{%tanh[&(L—LS)]cos[iz(X—L+ LS)]+sin[ﬂa(x—L+ LS)]} (3.39)

f

The pull-out force in terms of the softening length Ls for stage II can be derived by using both

Eq.3.33 and Eq. 3.36 as:

P:%{%tanh[ﬂq(L—LS)]cos(/lst)+sin(ﬂqLS)} (3.40)
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The maximum pull-out force for stage Il appears when the first derivative of P with respect to the

softening length Ls equals to zero, namely, 0P / 0Ls = 0 and yields the following expression:

tanh[ 4 (L-L,)]= %tan(ﬂstm) (3.41)

where Lsm = softening length corresponding to the maximum pull-out force of the bonded joints.
Then by substituting Eq. 3.41 into Eq. 3.40, the expression for the maximum pull-out for stage II,

which is also the bond strength of the bonded joints, is derived as:

P _p - Lprf o
max m2 A,Z 5f —é‘]

sin(4,Ly,) (3.42)

For an infinite bond length L, Eq. 3.41 could yield the softening length Lsn" corresponding to the

maximum theoretical bond strength for the given bonded joints as:

A

" 1
L, =—atan— (3.43)
22 /12

If one defines the effective bond length Les as the length over which the bonded joints provides at
least 97% of the maximum theoretical bond strength, for an ideal joint with an infinite bond length,

the effective bond length Lert can be derived in the following format:

P —0.97P" — 0.97% 5 5:_““(% Ly ) = sin(ZL57) = 0.97sin(4Ls,) - (G44)

max sm
f 1

0, 5 - 5
Such that L = L asin| 0.97 |2 =2 (3.45)
e S

By substituting Eq. 3.45 back into Eq. 3.41 and it yields:

L, = %atanh[%tan(ﬂ? L7 )] + L7 (3.46)
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3.4.3 Elastic-softening-debonding stage 111

The debonding initiates when the relative slip at X =L increases to the maximum slip dr which
also implies that the local bond stress at the loaded end decreases to zero [Fig. 3.4(d)]. In such a
case, by using Eq. 3.38 with the boundary condition zu (L) = 0, the softening length Lss with respect

to the start of debonding state 111 can be derived as the following equation:

tanh[ 4 (L-Ly)|= ;ticot(iz L) (3.47)

2
During the debonding process, as illustrated in Fig. 3.4(e), three different stress distribution modes
coexist along the bond line. For the regions of state I (X € [0, L - Ld - Ls]) and state I (x € [L - Ld -
Ls, L - La ]), the theoretical solutions of the relative slip, local bond stress and axial stress of FRP
reinforcement remain the same as those in stage II, except replacing the bond length L by the

residual bond length (L - L4) as follows:

cosh(,x)
o) =0, .
: "cosh| 4 (L-L, —L,)] G49)
T,=7 COSh(/%X) (3.49)

"cosh[ 4 (L-Ly-L,)]

L sinh (4,X)
A cosh[ 4 (L-L,-L,)]

(3.50)

8, =(5 -@){%tanh[,y(l_— Ly — L) ]sin[ A4 (x—L+L, + L) ]-cos[ 4, (x—L+ Ly +L,) ]+ 5:?_*51} (3.51)

T, =T, {%tanh[/y(L— Ly — L) ]sin[ 4, (x—L+L, +L)]—cos[ A, (x—L+L, + LS)]} (3.52)

o :;p—;;{%tanh[il (L-Ly—L)]cos[ 4, (x—L+Ly+L,)]+sin[ 4, (x—L+L,+ LS)]} (3.53)

where the debonding length L4 could be derived from the boundary condition zn (L - La) = 0 as

follows:
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1
L,=L-L, ——atanh[icot(}szS )} (3.54)
A A
Since the debonding region is unable to provide any extra resistance towards the external load, the

pull-out force in term of the softening length Ls for stage III can be derived by using the boundary

condition om (L - La) = P/Ar as follows:

P :%{%tanh[ﬂl (L—Ly — L )cos(A,L,)]+sin (4L, )} (3.55)

For the region of state 11, by substituting the term of Eq. 3.10 for J > Jr into the governing equation

Eq.7, the third ODE is obtained as follows:

d?s
=0 3.56
pve (3.56)
Likewise, the boundary conditions for state III are:
S(L-Ly)=6, (3.57)
do
i is continuous at X =L — L (3.58)

Therefore, the solutions for the region of state III (X € [L - Lq, L]) are derived as follows:

=ﬂ’2(5f_51)x+5 _ﬂz(&_é‘l)(l-_l-d) (3.59)

Sy . f :
sin(4,L) sin(4,L,)

7y =0 (3.60)
P
O'tm =A_ (3.61)

f
The ultimate state of stage 11 is when the relative slip at the free end reaches the maximum slip o,
and it also indicates the end of the linear elastic state I on the bond line [Fig. 3.4(f)]. In this
circumstance, the relationship between the bonded and debonding region can be presented by:
L,=L-L (3.62)

S
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Substituting Eq. 3.62 into Eq. 3.54, the ultimate softening length L is obtained as:

L, =— (3.63)

3.4.4 Softening-debonding stage IV

During the last the softening-debonding stage IV, the propagation of debonding region stops
and the softening length maintains constant as Ls.. Meanwhile, the local bond stress at the free end
continues to decrease until the bonded joints is unable to bear any load. The local bond stress
distribution mode for stage IV is the combination of state II and state III. The governing equation
for each state is the same as Eq. 3.26 and Eq. 3.56, respectively, but the boundary conditions are

different and described as follows:

&, (0)=0 (3.64)

o (L) = Aﬂf (3.65)
5.(0)=0 (3.66)

5(Ly) =4, (3.67)

‘Z—f is contimious at X = L, (3.68)

Accordingly, the theoretical solutions for the region of state II (X € [0, Lsu]) and state I (X € [Lsu,

L]) are derived as follows:

P4 (5, -0,
5,=6, —%cos(ﬂix) (3.69)

p“f

7 ZFIJ_—AZCOS(AQX) (3.70)
p
P .

o =A—sm(ﬂ?x) (3.71)
f
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Sy=——t Uyigs -2 U (3.72)
L,z 2L,z
7y =0 (3.73)
p
O = N (3.74)

3.4.5 Load-carrying capacity of bonded joints

The aforementioned four stages describe the analytical full range behavior of the NSM FRP-
to-concrete bonded joints based on the bilinear local bond stress-slip relationship. Presumably, if
the bond length L is larger than the effective bond length Let (Eq. 3.46), the full range behavior
should be expected and hence a typical load-slip relationship at the loaded end is presented as Fig.
3.5. Segment AB, BC, CD and DE represents the linear elastic stage I, elastic-softening stage II,
elastic-softening-debonding stage III and softening-debonding stage IV, respectively. It should be
noted that when the bond length is longer than the threshold value of Let, the load-carrying capacity
of the bonded joints is almost identical, and the peak load always exists within stage II (BC) before
debonding happens. In addition, with a further increase of the bond length, the emergence of the
peak load will migrate from the near end of stage II to the ultimate state of stage I, which could be
explained by Eq. 3.41 and Eq. 3.47. Because when the bond length L increases to infinite, Eq. 3.41

and Eq. 3.47 are identical and the corresponding values of Lsm and Lsd are also the same.

A

Peak load‘

C

Applied load P
)

\/

Increase the bond length

>
Relative slip 6 at loaded end
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Fig. 3.5 Typical full range load-slip relationship at the loaded for NSM FRP-to-concrete bonded
joints with a sufficient bond length
Therefore, one can assume that when the bond length L is larger than the effective bond
length Ler, the theoretical load-carrying capacity of the bonded joints is equivalent to Pmax", which

can be derived by substituting Eq. 3.43 into Eq. 3.42 as follows:

L o
P ZPTTf 5, _f51 :\/Lp7f5f /(I/Af E +1/A;Ec) (3.75)

Eq. 3.42 is applicable to the bonded joints adopting either the local bond stress-slip bilinear
model or linear descending model [Figs. 3.2(b) and (c)] with a sufficient bond length. Because the
7iof term in Eq. 3.75 is equal to 2Gy, which is considered as an inherent property of a bonded joints.
If the values of the local bond strength 7+ and the maximum slip Jr are the same for the bilinear
model and the linear descending model, their corresponding theoretical bond strengths are identical.
As a result, for a bonded joints with given geometry and material properties, the theoretical
prediction of the pull-out force of DPT depends only on Lp, 7 and dr. As aforementioned, the
potential failure planes for a bonded joints can be located at the FRP/adhesive interface, the
adhesive/concrete interface, or the adhesive and concrete substrate [Fig. 3.1(b)]. Also, the three
key parameters Lp, 7t and Jr may vary for different failure planes, which will be discussed in detail
in the following sections.

3.5 Bond strength for different failure mode

Because of the precut concrete grooves and thicker adhesive layer, failure modes for the
bonded joints of the NSM FRP in concrete are distinct from that of the EB FRP. A more efficient
utilization of FRP reinforcement for NSM system leads to a possibility of FRP rupture during the
DPT, which is rarely observed in the EB bond test. The existing semi-empirical models proposed
to estimate the load-carrying capacity of NSM FRP-to-concrete bonded joints in the literature are

restricted to the situation of cohesive failure in the concrete adjacent to the epoxy layer (Seracino
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et al. 2007a; Zhang et al. 2014). Although this failure mode is most preferable from the design
perspective, the lack of design measures to prevent other failure modes makes the experimental
result unpredictable. To address this issue, some efforts have been undertaken to estimate the bond
strength at different failure planes either analytically or semi-empirically, based on the available

DPT data in the open literature for NSM FRP in concrete.
3.5.1 FRP rupture

The occurrence of FRP rupture is supposed to be rare when the specimen configuration for
DPT is well designed, but it has been reported by many researchers in laboratory experiments for
NSM FRP-to-concrete bonded joints with sufficient bond length (Seracino et al. 2007b; Oehlers et
al. 2008; Soliman et al. 2011; Bilotta et al. 2011; Seo et al. 2013; Lee et al. 2013; Khshain et al.
2015; Torres et al. 2016). The expression to estimate the pull-out force at FRP rupture can be
simply presented as follows:
P, =1, A (3.76)
where fr = tensile strength of FRP reinforcement.

3.5.2 Cohesive failure in concrete

The cohesive failure in concrete is an ideal failure mode because it maximizes the
strengthening effectiveness as failure occurs in the existing structure rather than in the
strengthening system (Zhang et al. 2013). For concrete specimens using NSM FRP strip
(rectangular shape), which provides a larger perimeter-to-area ratio, the utilization of FRP material
is generally higher provided that the bond length is sufficient long. As a result, the cohesive failure
in concrete is expected as the predominant failure mode, which has been validated by many
experiments (Seracino et al. 2007a; Oehlers et al. 2008; Seo et al. 2013; Khshain et al. 2015).

Seracino et al. (2007a) concluded that for NSM FRP in concrete, a larger aspect ratio of

failure plane increased the confinement of the joint, allowing stress transfer across the concrete
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crack via aggregate interlocking and friction. In addition, since the failure occurs within the
substrate concrete, the concrete compressive strength contributes to the local bond strength zr. Thus,
semi-empirical models for the two key parameters, 7t and dr, were proposed by regression analysis

from test data as follows:

7, =(0.078¢, +0.802) £, (3.77)
_0.976p0 578)
" (0.078¢, +0.802) '

where ¢p = aspect ratio of the failure plane; and fc = concrete cylinder compressive strength (MPa).
For FRP strip condition without adhesive cover, the aspect ratio ¢p of the failure plane was
defined as (Seracino et al. 2007a):

- dg+td

?, (3.79)

w, +2t,

where dg = depth of concrete groove; Wy = width of concrete groove; ta and tw = vertical and
horizontal distance of the failure plane that develops into the substrate concrete from the groove

[Fig. 3.6(a)], respectively; and ts = tw =1 mm as recommended by Seracino et al. (2007a).

FRP strip FRP strip Adhesive cover
T T dlc
‘ : | ~Adhesive
d i : Failure plane ] Adhesive
o /_ Failure plane
S s o SIS
L 1 t

T
tw"‘ b—wg-l b—tw

Concrete Concrete
\/\ \/\

(a) NSM FRP strip without adhesive cover (b) NSM FRP strip with adhesive cover

Fig. 3.6 The failure plane for cohesive failure in concrete substrate
For NSM FRP strip condition with adhesive cover, where the entire NSM strip has been

embedded into the groove and accordingly the confinement of FRP reinforcement can be enhanced
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by extra adhesive cover [Fig. 3.6(b)]. The revised models of both the local bond strength zr and the

maximum slip Jt were proposed by Oehlers et al. (2008) as follows:

0.65
d +d
7, =(0.078¢, +0.802) fc‘”’( Cd gj (3.80)
g
0526 0.55
5, - 0.976¢! d, +d, G
(0.078¢, +0.802)( d,

where dc = depth of the adhesive cover.

Zhang et al. (2013) proposed the local bond stress-slip model via numerical simulation by
using the 3-D meso-scale FE model (Eq. 3.16). It was assumed that both the interfacial fracture
energy Gt and the local bond strength 7t were functions of the concrete strength and groove height-
to-width ratio. Thus, exponential equations for Gf and 7+ were derived based on the numerical

results and regression analysis as follows:

(3f — 0.47/0.422 f00.619 (382)

7, =115y 008 (3.83)

where v = groove height-to-width ratio.
Since for either bilinear local bond stress-slip model or linear descending model, a general

equation of Gr= 0.57dr is always valid. Thus, d was derived as:

5f — 0‘77/0,284 fCO.OOG (384)

3.5.3 Cohesive failure in adhesive

Except for the common debonding failure in adhesive mentioned above, the splitting crack
in epoxy was reported by many researchers (De Lorenzis et al. 2004; Galati and De Lorenzis 2009;
Soliman et al. 2011; Lee and Cheng 2013; Sharaky et al. 2013; Torres et al. 2016). However, the
effect of splitting in adhesive can be eliminated or minimized by setting an appropriate parameter

k, which is defined as the ratio of groove size (width or depth) to FRP reinforcement dimension.
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De Lorenzis and Teng (2007) summarized that for specimens with k> 1.5, the splitting in adhesive
could be prevented and this conclusion was validated by Bilotta et al. (2011) in the experiment.
Therefore, the splitting failure of epoxy is not considered as a major failure mode herein.

For cohesive failure in adhesive, the local bond strength highly depends on the shear strength
of adhesive. But the deformation in the concrete normal to the NSM FRP reinforcement, which is
caused by the stress transfer within the development length, also contributes to the local bond
strength in adhesive layer. Blaschko (2003) carried out approximately 100 DPTs for NSM FRP
strip specimens with different concrete edge distance ar. For specimens with ar > 100 mm, FRP
rupture was found to be the predominant failure mode. For specimens with FRP strip embedded
very close to the concrete edge (e.g., or <20 mm), the splitting of edge concrete was observed. All
the rest of specimens failed inside the adhesive layer. Both the local bond stress-slip relationship
at different distance away from the loaded end and the lateral deformation of surrounding concrete
were recorded during the test. It was confirmed that the local bond behavior of adhesive were
affected by the lateral concrete deformation. Thereafter, a local bond strength model in the
adhesive layer associated with the deformation of lateral concrete was proposed as follows:

3 v
T, =1, 1+[0.4vl] e (3.85)

9

where 7a = shear strength of adhesive; v = lateral deformation of concrete; and vq = lateral
deformation of concrete at which the normal stress in adhesive reaches its tensile capacity.
Based on the test results, two semi-empirical equations intended to predict the pull-out force

for the cohesive failure of NSM FRP strip-to-concrete bonded joints was also proposed by Blaschko

(2003) as follows:
P, =d,7,4a L, (0.4-0.0015L,) for Ly< 115 mm (3.86)
P, = dffaa/a(26.2+0.065 tanh(%j(Lb -1 15)) for Ly > 115 mm (3.87)
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where dr = depth of NSM FRP strip; and or < 150 mm.

Rashid et al. (2008) also conducted an experiment to investigate the concrete edge effect on
the bond strength of NSM FRP in concrete. A reduction coefficient fe was proposed to modify the
pull-out force Ps of NSM FRP-to-concrete bonded joints with a sufficient edge distance, assuming

no edge effect, i.e.,

5, =O.283:—'+0.196£1 (3.88)

f

In this case, for the common range of FRP strip depth from 10 to 40 mm, the critical edge distance
beyond which the edge effect can be neglected is from 28.4 to 113.6 mm.

Galati and De Lorenzis (2009) also reported similar observations that for NSM FRP
specimens with edge distance larger than twice the size of concrete groove, there was no reduction
in bond strength compared to the control group with sufficient edge distance.

Expect for the experimental studies intended to investigate the edge effect, most DPT
specimens collected in this research had a sufficient edge distance and placed the FRP
reinforcement in the center line of concrete block. In this circumstance, the edge effect is not

considered in this research for simplicity.
3.5.4 Failure at the FRP/adhesive or adhesive/concrete interface

Up to now, there is only one model proposed in the literature to estimate the local bond
strength at either the FRP/adhesive or adhesive/concrete interface. Although Hassan and Rizkalla
(2004) assumed a constant bond stress along the bond line of NSM FRP in concrete, which was not
representative compared to the local bond stress-slip relationship observed in real tests, their
research shed light on the bond mechanism at the FRP/adhesive or adhesive/concrete interface.
That is, the mechanical interlocking provided by the lugs (surface treatments) of FRP reinforcement
is believed to help transfer the stress from FRP reinforcement to the surround materials, e.g.,

adhesive and concrete. To balance the stress gradient of FRP reinforcement, radial stress emerges
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around the FRP reinforcement to provide the friction force needed. Hence, the resultant force is
inclined by an angle of friction ¢ with respect to the radial direction of FRP reinforcement, in which

tang equals to the coefficient of friction u at the FRP/adhesive interface (Fig. 3.7).
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Fig. 3.7 Stress transfer from FRP reinforcement to adhesive at the FRP/adhesive interface
(adapted from Hassan and Rizkalla 2004)

The radial stress applied to the surrounding adhesive creates high tensile stress zones at the
FRP/adhesive interface as well as the adhesive/concrete interface. Assuming this scenario is a
typical plane strain problem, a two-dimensional finite element approach (Hassan and Rizkalla 2004)
was adopted to obtain the tensile stress distribution within the FRP-adhesive-concrete region in the

transverse direction with respect to the longitudinal FRP reinforcement, as illustrated in Fig. 3.8.
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Fig. 3.8 Tensile stress distribution induced by the radial stress of FRP reinforcement (adapted

from Hassan and Rizkalla 2004)
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By conducting a series of 2D FE model analysis varying the groove dimensions, the material
properties of adhesive and concrete, a design chart for the selection of coefficient Gi, G2 or G2' was
obtained as Fig. 3.9. It should be noted that the elastic modular ratio n between concrete and
adhesive was important to the numerical results. Increasing the stiffness of concrete increased the
tensile strength at the adhesive/concrete interface. Likewise, increasing the stiffhess of adhesive
increased the tensile strength at the FRP/adhesive interface. To obtain the most critical situation
for both interfaces, an elastic modular ratio n of 40 was used to calculate Gi, and 5 to calculate G2
or G2' due to the practical range of n for most cases of concrete and adhesive types (Hassan and

Rizkalla 2004).

C/d for G, and/or G curves

4 35 3 25 2 1.5 1 0.5
14 ; e P S T 1.6
__: - ___‘: . G; :Com:lete I }_ sl o s!d i
12 i i i Epoxy o = .
- \<1|'=l,5d — G,and/or G, 'd_l_ % I w=20d) JA
= L T T ST ) T T T T T y o |
1 j w=2.0d ! s e _'_! “‘ 1.9¢ /’:/ * 1.2 &
R T T KA
~ 038 ; L : - 7:“ ;5
O ! ey .~
i =
(s
&)

It

=)
¥y
—
—
ol
[§]
J
4
2
'
=

Fig. 3.9 The design char for Gi, Gz or G2' with various groove dimensions (Hassan and Rizkalla
2004).
If the tensile stress at the FRP/adhesive or adhesive/concrete interface reached the tensile
strength of the material, the maximum allowable radial stress of FRP reinforcement was obtained
which finally led to the local bond strength 1 at the FRP/adhesive or adhesive/concrete interface as

follows:

a

uf,

Ty = ——————~ for the FRP/adhesive interface (3.89)
Max[G,,G; |
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f
T, = Ho for the adhesive/concrete interface (3.90)

G,
where Max [Gz, G2'] = larger between G2 and Go'; 1 = coefficient of friction at the FRP/adhesive
interface; fi* = tensile strength of adhesive; and fi = tensile strength of concrete.

However, regardless of the accuracy of the proposed model, the NSM FRP strip case had not
been considered for either the FRP/adhesive or adhesive/concrete interface. De Lorenzis and Teng
(2007) pointed out that the normal stress produced by FRP strip reinforcement was mostly
perpendicular to the depth of strip because the strip width was very small compared to that of rod.
Consequently, the vertical tensile stress applied to the surrounding adhesive was negligible, and
the failure at both interfaces were less likely to happen. This also contributed to the fact that the
dominant failure mode of NSM FRP strip-to-concrete bonded joints was cohesive failure in
concrete (Seracino et al. 2007a; Seracino et al. 2007b; Khshain et al. 2015).

3.6 Comparison between the model prediction and DPT database

Models of load-carrying capacity summarized in this research can be assessed by using the
DPT database of NSM FRP in concrete collected from the open literature up to date (De Lorenzis
et al. 2004; Seracino et al. 2007a; Seracino et al. 2007b; Oehlers et al. 2008; Novidis and
Pantazopoulou 2008; Galati and De Lorenzis 2009; Barros and Costa 2010; Al-Mahmoud et al.
2011; Soliman et al. 2011; Bilotta et al. 2011; Palmieri et al. 2012; Seo et al. 2013; Sharaky et al.
2013; Lee et al. 2013; Khshain et al. 2015; Torres et al. 2016). Specimen configurations and test
results from 373 specimens are categorized by the different failure modes mentioned above, and
the range of key parameters required to estimate the load-carrying capacity of the bonded joints are
presented in Table 3.1. Analytical models introduced in the previous sections are further modified
based on the DPT database corresponding to different failure modes, respectively, to enhance their

accuracy to the best extent.
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3.6.1 FRP rupture

For the failure mode of FRP rupture, because of the discrepancies in the FRP tensile strength
between the manufacturer’s data and the laboratory test results, Eq. 3.76 was further modified and
calibrated from the DPT database for specimens failed by FRP rupture, as follows:

P,=CfA +C, (N) (3.91)

where Ci = 0.88 and C2 = 1551 (N) are coefficients obtained from regression analysis. The
comparison between the predicted ultimate pull-out force by Eq. 3.91 and the experiment results
of DPT specimens failed by FRP rupture is shown in Fig. 3.10. It can be seen that the model agrees
well with most test data, and the observed large deviations at a few data points might be caused by
the scatter of FRP tensile strength.
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Fig. 3.10 Comparison between the model and test results for the failure mode of FRP rupture
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3.6.2 Failure at the FRP/adhesive interface

Regarding the failure at the FRP/adhesive interface, the model proposed by Hassan and
Rizkalla (2004) (Eq. 3.89) is adopted and further modified by considering the modular ratio n
between the concrete and adhesive. A regression analysis is conducted to calibrate the coefficients

needed for the modified model based on the DPT database, and the equations are obtained as

follows:
pfl
T, = 3.92
" Max[G,,G;](Dn+D,) (3.92)
P, =D,z L L,+D, (N) (3.93)

where D1 = 0.131, D2 = 0.0635, Ds = 0.674 and D4 = 8448 (N) are coefficients derived from the
regression analysis; Lp = perimeter of the FRP rod; y is related to the FRP surface treatment and
measured as 0.33 for smooth surface (Hassan and Rizkalla 2004), 0.39 for roughened surface, 0.52
for spirally wounded or ribbed surface, 0.63 for sand-coated surface, 0.74 for sand-coated and
spirally wounded surface and infinite for grooved surface (GFRP) by an independent friction test
in the laboratory (Zhang 2018). The comparison between the predicted ultimate pull-out force by
Eq. 3.93 and the experiment results of DPT specimens failed at the FRP/adhesive interface is shown
in Fig. 3.11. It seems that the model predictions reach a good agreement with the test data.
However, due to the scatter of the FRP surface roughness, as well as the two-dimensional FE
approximation used to determine G2 and G>', larger differences can still be observed at a higher

load level.
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Fig. 3.11 Comparison between the model and test results for failure at the FRP/adhesive interface
3.6.3 Cohesive failure in adhesive or failure at the adhesive/concrete interface

Due to the lack of key parameters reported in the literature for the failure mode at the
adhesive/concrete interface, very few specimens can be used to validate the model proposed by
Hassan and Rizkalla (2004) (Eq. 3.90). Therefore, this model was not adopted by the current
research. Alternatively, because of the similarity between the cohesive failure in adhesive and the
failure at the adhesive/concrete interface, a semi-empirical equation to predict the pull-out force by
correlating to the adhesive shear strength is proposed based on the regression analysis for both
failure modes as follows:

P, =EzrL,LL,+E, (N) (3.94)
where E1 = 0.095 and E> = 17250 (N) are calibrated coefficients; Ly = perimeter of the centerline

between the groove and FRP reinforcement for cohesive failure in concrete; and perimeter of the

64



concrete groove for failure at the adhesive/concrete interface. The comparison between the
predicted pull-out force by Eq. 3.94 and the experiment results of DPT specimens failed by either
failure mode is presented in Fig. 3.12. This model successfully captures the trend of the test data,
and it also confirms the strong correlation between the shear strength of adhesive and the pull-out
force for those test specimens failed in the adhesive layer. However, the shear strength of adhesive
usually refers to the manufacturer’s product specification and it can fluctuate in the filed application
by different extents. It contributes the larger deviation between the model and the test data as

shown in the plot.
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Fig. 3.12 Comparison between the model and test results for cohesive failure in adhesive or

failure at the adhesive/concrete interface
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3.6.4 Cohesive failure in concrete

Lastly, the local bond strength and the maximum slip model proposed by Oehlers et al. (2008)
(Eq. 3.80 and Eq. 3.81) and the model proposed by Zhang et al. (2013) (Eq. 3.83 and Eq. 3.84) in
conjunction with Eq. 3.75 are evaluated using the experiment results of DPT specimens failed in
concrete. To take into account of the effect due to bond length L, a reduction factor L is proposed

as follows:

B = Lo (3.95)
Lef'f

where Leit = effective bond length described in Eq. 3.46.

In addition, the model proposed by Zhang et al. (2013) (Eq. 3.83 and Eq. 3.84) is slightly
modified to consider the contribution from the adhesive cover, similar to the modification made by
Oehlers et al. (2008) to the model by Seracino et al. (2007a). Thus, the updated model by Zhang

etal.’s (2013) can be expressed as:

0.65
d.+d
T, =1.15y°”8fc°-“3[ - gj (3.96)
dg
0.55
d.+d
§f 20.77/0.284 fco.o% [%J (3.97)
9

Accordingly, the model to estimate the load-carrying capacity of NSM FRP specimen failed

in concrete is derived as follows:

P =By, [(1/AE, +1/AE,) (3.98)

The comparison between the predicted pull-out force using Oehlers et al.’s (2008) model (Eq.

3.80 and Eq. 3.81] or the modified model based on Zhang et al.’s (2013) (Eq. 3.96 and Eq. 3.97)
and the experiment results of DPT specimens failed in concrete is displayed in Fig. 3.13 and Fig.
3.14, respectively It is evident that the analytical estimation based on the local bond strength and

the maximum slip model proposed by Zhang et al. (2013) reaches a better agreement with the
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experimental data. As a result, the modified Zhang et al.’s (2013) model is further selected to
predict the load-carrying capacity of NSM FRP specimen expected to fail in concrete.
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Fig. 3.13 Comparison between the model and test results for cohesive failure in concrete by using

Oehlers et al.’s (2008) model
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Fig. 3.14 Comparison between the model and test results for cohesive failure in concrete by using

Zhang et al.’s (2013) model
3.6.5 Prediction of bond strength and failure mode

Models proposed in the open literature and further modified based on the categorized NSM
DPT database corresponding to various failure modes are assessed using the existing experimental
data. The predicted pull-out forces are calculated with respect to each of the five different failure
modes, using Eq. 3.91 for FRP rupture, Eq. 3.93 for failure at the FRP/adhesive interface, Eq. 3.94
for cohesive failure in adhesive or failure at the adhesive/concrete interface, and Eq. 3.98 for
cohesive failure in concrete with the provided geometry and material parameters, respectively. The
smallest pull-out force predicted by the five different models becomes the one that governs the
load-carrying capacity of the NSM FRP-to-concrete bonded joints, along with the associated failure

mode. The comparison between the model prediction and the experimental data of all NSM DPT
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specimens in the database is presented in Fig. 3.15. The accuracy of predicted failure mode
compared to the observed failure mode in experiment is approximately 60%, as summarized in
Table 3.2. It should be noted that only 342 specimens are included in Table 3.2 for the failure mode

prediction due to the lack of test information of other specimens.
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Fig. 3.15 Comparison between the model and test results for all NSM DPT specimens

Table 3.2 Summary of predicted failure modes vs. the experiment results

Failure mode® FRP | F/A | Adhesive | A/C | Concrete
Number of specimens (Model) 14 38 53 26 211
Number of specimens (Experiment) 29 78 59 45 131

*FRP = FRP rupture; F/A = failure at the FRP/adhesive interface; Adhesive = cohesive failure in

adhesive; A/C = failure at the adhesive/concrete interface; Concrete = cohesive failure in concrete.

69



It can be seen that the modified models in this study capture the overall trend of the behavior
according to the comparison with the test data, however, the reliability is still not satisfactory. In
addition, the predicted load-carrying capacity is conservative to some extent because the trend line
is below the diagonal dashed line, which represents the equivalent boundary between the model
predictions and the experimental data. The accuracy of predicting the failure mode of NSM FRP
in concrete under pull-out force is relatively low, which could be partially due to the lack of some
key material properties of the test specimens, e.g., shear strength of adhesive, accurate coefficient
of friction of FRP reinforcement, as well as the small database regarding different failure modes
except for the cohesive failure in concrete.

3.7 Summary

The analytical model to understand the bond behavior of NSM FRP-to-concrete bonded
joints is presented in this chapter, along with the goverming equations and solutions based on the
local bond stress-slip relationship. Representative linear and nonlinear local bond stress-slip
models from the literature are summarized herein. Based on the bilinear local bond stress-slip
relationship, the theoretical bond behavior of the NSM FRP-to-concrete bonded joints under
applied load is predicted using the analytical solutions of the distribution of relative slip, local bond
stress and axial stress of FRP reinforcement along the bond line at different development stages.
Theoretical equations of the effective bond length, load-carrying capacity of the NSM bonded joints
are derived as well, which form the basis to predict the ultimate pull-out forces with respect to
different failure modes.

Based on the existing literature, no systematic strategy has been proposed to predict the
failure mode of NSM FRP-to-concrete bonded joints under applied load. Semi-empirical models
have been developed to estimate the bond capacities with respect to the cohesive failure in adhesive,
cohesive failure in concrete, failure at the FRP/adhesive or adhesive/concrete interface. A
comprehensive NSM DPT database categorized by different failure modes is collected from the

literature to further modify the existing prediction models. All the modified models based on
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regression analyses from the categorized DPT database present good agreement with the

experiment results to some extent yet not perfect.

These modified models are then used to estimate the load-carrying capacities of the DPT
specimens in the database. The minimum ultimate pull-out force among the predicted results using
these models is determined as the governing load-carrying capacity and is further compared with
the test result. The comparison validates the method proposed by this research as the model
captures the overall trend of the behavior on the collected NSM DPT data. However, the deviation
between model predictions and the experimental data is still relatively large and the accuracy to
predict the failure mode is not satisfactory. Many factors can be counted to result in such condition
and some measures should be taken into account to further improve the reliability of the model.

o Although the coefficient of friction u at the FRP/adhesive interface was experimentally
obtained in this study via an independent friction test in the laboratory, the type of FRP surface
treatment tested could not represent all the available products on the market. The roughness
and quality of the FRP surface treatment could also vary from batch to batch let alone the
different production technique adopted by different manufactures. If the manufacturer could
provide a quantified roughness of FRP surface treatment, e.g., coefficient of friction x, the
reliability of the model will be improved with no doubt;

e The model for the failure at the FRP/adhesive interface derived from the 2D finite element
method is only applicable to FRP rod. Although such a failure mode is less common for FRP
strip or rectangular cross-section (likely due to the different normal stress distribution pattermn
compared to FRP rod), a more rigorous theoretical background is needed to verify this
phenomenon;

e The shear strength of adhesive is vital to predict the bond strength of specimen failed in
adhesive or at the adhesive/concrete interface. However, for most NSM FRP direct pull-out
tests, only the tensile and compressive strengths of the adhesives are available in the open

literature. Although some manufacturers provide the shear strength of their adhesive products,
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only a minimum value is recommended in their product specification instead of the typical
average value, which leads to a larger deviation of the bond strength predicted by the models;
The local bond strength models for the cohesive failure in concrete are originally developed
for NSM FRP strip case and the coefficients used in these models are calibrated from the DPT
specimens using FRP strips. Consequently, the prediction of the load-carrying capacity for
specimens using FRP rods via these two models could be inappropriate to some extent. To
validate the reliability for the FRP rod case, the database of specimens using NSM FRP rods
failed by cohesive failure in concrete should be extended;

The categorization of the failure modes for NSM DPT specimens is important yet has rarely
been discussed by researchers. In laboratory experiments, a mixed failure mode is very
common, e.g., splitting cracks occurs in adhesive, localized crash of concrete and partial
debonding of FRP reinforcement at the loaded end, etc. This phenomenon complicates the
decision for a major failure mode. In some cases, a partial failure mode is even less likely to
be discovered without cutting the specimen open for post-failure inspection such as the failure
at the adhesive/concrete interface. Thus, a better methodology should be employed to detect
and differentiate these failure modes;

The bilinear local bond stress-slip relationship adopted in this study is a conservative model
since it neglects the mechanical friction between the two debonding layers when the local
debonding occurs at interfaces. Although the trilinear model introduced in section 3.3
considers the post-debonding stage, no experiment so far has accurately measured such a
residual bond strength within the debonding region of NSM FRP-to-concrete bonded joints.
This requires a well-designed experimental study to validate the reliability of the trilinear

model.
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CHAPTER FOUR
4 BOND CHARACTERISTICS OF NSM CFRP IN CONCRETE

UNDER FATIGUE LOADING

4.1 Overview

This chapter focuses on the fatigue bond performance of various NSM CFRP in concrete
using the direct pull-out (DPT) test. A total number of 84 concrete joint specimens from 28 sets,
with three identical specimens per set, were tested by a single shear, compressive DPT
configuration. The dimension of the concrete block was designed as 350 mm in length, 300 mm
in width and 150 mm in depth. Among the 28 specimen sets, 8 sets were static counterparts under
the monotonic loading, where they were loaded up to failure to obtain their static load-carrying
capacity. The other 20 fatigue specimen sets were tested under a sinusoidal waveform cyclic load
range of 10-50%, 10-60% or 10-70% of their corresponding static ultimate pull-out capacity.
Investigated in this part of the study was the effect on the bond strength and local bond
characteristics due to different cross-sectional shape (rod vs. strip), surface treatment of NSM
reinforcement (roughened, sand-coated, sand-coated and spirally wound), adhesive type, concrete
strength, and fatigue load range. The behavior of the bond degradation at the interfaces for both
the CFRP strip and rod specimens were measured by strain gauges during the fatigue cycles.
Empirical models were proposed using the test data accordingly to correlate the local bond strength
to the number of fatigue cycles.

4.2 Experimental program
4.2.1 Material properties

Two batches of normal weight concrete were cast with different mix proportion for different
targeted concrete strengths, as described in Table 4.1. The mixing proportion of the concrete by

weight (cement: fly ash: sand: coarse aggregate: water) is 1: 0.17: 2.57: 3.46: 0.53 for the first batch
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of concrete (N) and 1: 0: 1.81: 2.81: 0.5 for the second batch (H), respectively. The first batch was
commercial ready-mix concrete ordered in a large quantity while the second batch adopted a
smaller size coarse aggregate in conjunction with a lower water-cement ratio targeting a higher
compressive strength. The compressive and splitting tensile strength for the first batch of concrete
on the day of static DPT was obtained as 46.45 MPa (with a standard deviation of 1.03 MPa) and
2.51 MPa (with a standard deviation 0f0.45 MPa) per ASTM C39/C39M (ASTM 2017) and ASTM
C496/C496M (ASTM 2017), respectively. This compressive strength was higher than the targeted
design level of the order (i.e., 31 MPa at 28-day), as illustrated in Fig. 4.1 with a 7-day interval of
concrete strength growth. The strength for the second batch of the concrete was not able to reach
a much higher level than that of the first batch due to the use of a lower efficiency mixer on the
small quantity needed for the number of specimens in its category. Therefore, the compressive
strength was 52.31 MPa (with a standard deviation of 6.1 MPa) and the splitting tensile strength
was 2.72 MPa (with a standard deviation of 0.43 MPa), only 12.6% and 8.4% higher than that of
the first batch, respectively. Likewise, the average compressive and splitting tensile concrete
strength over the 7.5-month fatigue testing period was 45.02 MPa (with a standard deviation of
1.63 MPa) and 2.07 MPa (with a standard deviation of 0.44 MPa) for the first batch of concrete,
and 49.11 MPa (with a standard deviation of 6.13 MPa) and 2.64 MPa (with a standard deviation
0f 0.33 MPa) for the second batch.

Table 4.1 Mix proportions and material properties of concrete

At 28-day On the day of test
Batch (1:\/1 g(Aprgpc():rgorle Compressive Tensile Compressive Tensile
T strength strength strength strength
(MPa) (MPa) (MPa) (MPa)
First®  1:0.17:2.57:3.46:0.53  39.1 (2.24)"  2.08 (0.50)  46.5 (1.03) 2.51 (0.45)
Second® 1:0:1.81:2.81: 0.5 41.8 (2.15) NA® 52.3 (6.1) 2.72 (0.43)

’C = cement; FA = fly ash; S = sand; CA = coarse aggregate; W = water;
"Coarse aggregates with a maximum dimension of 25 mm were used;
‘Coarse aggregate with a maximum dimension of 10 mm were used;
dAverage value of 3 samples (standard deviation); and

‘Not available due to improper loading rate.
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Fig. 4.1 Concrete strength development for the first batch of concrete during the 28 days

As illustrated in Fig. 4.2, four different types of NSM CFRP reinforcement were used: CFRP
strip with roughened surface (S-RO), CFRP rod with roughened or textured surface (R-RO), CFRP
rod with sand-coated surface (R-SC), and CFRP rod with sand-coated and spirally wound surface
(R-SCSW). These selected types represent the commonly used ones for surface treatment and
cross-sectional shape in the market for NSM CFRP reinforcements. The tensile strength and elastic
modulus of these NSM CFRP reinforcements were obtained experimentally per ASTM
D7205/D7205M (ASTM 2016), and the properties are listed in Table 4.2 based on the average of
three specimens per set. Generally, rupture of FRP reinforcement should be expected as the failure
mode in FRP tensile test, and yet delamination of CFRP was observed simultaneously with the
initiation of carbon fiber rupture for tested R-SC specimens and led to a premature failure.

FRP designation

1. S-RO: CFRP roughened strip
2. R-RO: CFRP roughened rod

3. R-SC: CFRP sand-coated rod
4. R-SCSW: CFRP sand-coated

L] and spirally wound rod

Fig. 4.2 Four types of CFRP reinforcement for DPT

16195 mn 10 95
— > > —
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Table 4.2 Material properties of CFRP reinforcement

Cross- . . . Ultimate
. . b . Perimeter- | Elastic Tensile .
FRP Dimension® | sectional tensile
. . a to-area | modulus | strength . Source
designation (mm) area ratio (GPa) (MPa) strain
(mm’) (%0)
124 2172 1.75 MEFR®
S-RO 16x4.5 71.26 0.57 2532 d
168 (61519 1.51 LAB
124 2172 1.75 MFR
R-RO 9.5 71.26 0.42 117 1617 138 LAB
130 2300 1.77 MFR
R-SC 10 78.54 0.40 1489
113 (160.02) 1.32 LAB
2172
R-SCSW 9.5 71.26 0.42 124 (83.63) 175 MFR
129 2372 1.84 LAB

*The same labeling scheme as aforementioned in Fig. 4.2;

"Width and thickness for CFRP strip and diameter for CFRP rod;

‘Standard deviation except for CFRP reinforcement R-RO since the data is extracted from Lee et
al. (2013);

dManufacturer’s data; and

‘Laboratory testing results.

In addition, four types of typical epoxy resin-based adhesives were selected to investigate
their influence on the fatigue bond behavior of NSM FRP-to-concrete joints. To minimize the
possible premature debonding at adhesive layer, these four epoxy adhesives all have high shear
(bond) strength: Al (Pilgrim-Magmaflow Grout-Pak CF), A2 (Sikadur-32 Hi-Mod), A3 (Simpson-
ETI-GV), and A4 (BASF-MasterEmaco ADH 327) with the mechanical properties summarized in
Table 3 according to manufacturers’ data. It should be noted that A1 is the only three-component
epoxy resin with properly graded sand added, i.e., component C (aggregate), while the rest is the
typical two-component epoxy resin, i.e., component A (resin) and component B (curing agent).
Furthermore, the provided adhesive properties are obtained by following the corresponding
instructions, i.e., mix proportions and speed, and tested per different ASTM standards, and sensitive

to curing time and environmental temperature. Thus, the deviation of adhesive properties is

inevitable in the field application, and the data presented in Table 4.3 is for reference purpose only.
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Table 4.3 Material properties of epoxy adhesives

Shear Tensile Compressive Young’s
Label Name strength strength strength modulus
(MPa) (MPa) (MPa) (MPa)
Pilgrim-Magmaflow
Al Grout-Pak CF 524 14.8 122 12411
A2 Sikadur-32 Hi-Mod 43 48 81.4 1449
A3 Simpson-ETI-GV 27.54 Not available 80 2779
BASF-MasterEmaco
A4 ADH 327 345 13.8 552 2800

4.2.2 Concrete specimen

A total of 84 concrete blocks in 28 sets (3 identical specimens per set) were cast, each with
the dimensions of 350 mm in length, 300 mm in width and 150 mm in depth. These dimensions
were selected to be the same as the specimen size in several relevant studies in the existing literature
for consistency (Seracino et al. 2007a; Lee et al. 2013; Chen and Cheng 2015). The width of
300mm was also considered to be sufficient to prevent concrete edge effect (Blaschko 2003).
Plywood formworks were constructed to cast both two batches of concrete in the lab, as presented

in Fig. 4.3.

(a) Plywood formworks

(b) Normal weight concrete  (c) Higher strength concrete
Fig. 4.3 Concrete casting for two batches of concrete blocks
Grooves were first cut on the top surface of the concrete specimens using diamond blade
cutting saw and then cleaned thoroughly using pressure washer and compressed air before the
embedment of the NSM CFRP reinforcement. The size of the grooves was set as 15 mm in width
and 25 mm in depth for CFRP strips, and 20 mm in both width and depth for CFRP rods by

following the recommendations of previous studies (Al-Mahmoud et al. 2011; Lee and Cheng

2013), as illustrated in Fig. 4.4(a). The grooves were cut along the entire length of the concrete
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blocks but only the middle 250 mm region was filled with adhesive for the bond length. This 250
mm bond length was selected to ensure the full development of the bond strength along the bond
length so as to maximize the utilization of CFRP reinforcement (Lee et al. 2013; Chen and Cheng
2015). The remaining 50 mm unbonded region (without adhesive) at each end of the groove was
created using rubber putty tapes to prevent the potential edge effect of the concrete block.

The testing parameters in this study included: (1) cross-sectional shape of NSM CFRP
reinforcement of round for rod (R) and rectangular for strip (S); (2) CFRP surface treatment of
roughened or textured (RO), sand-coated (SC), sand-coated and spirally wound (SCSW); (3) epoxy
adhesive type of Pilgrim-Magmaflow Grout-Pak CF (A1), Sikadur-32 Hi-Mod (A2), Simpson-ETI-
GV (A3) and BASF-MasterEmaco ADH 327 (A4); (4) fatigue load range of 10-50%, 10-60% and
10-70% of the corresponding static load-carrying capacity; (5) number of fatigue cycles of 10, 100,
1000 and 10,000 or fatigue failure (F); and (6) concrete strength from the first batch (N) and the
second batch (H). This exact sequence was then followed in designating the specimens in the test.
For example, specimen set R-SCSW-A1-N was tested monotonically to failure, it represents the
specimens using sand-coated and spirally wound CFRP rod, adhesive type Al and normal weight
concrete (the first batch). Likewise, specimen set S-RO-A1-1060-1E3-N was tested under fatigue
load, it represents the specimens using roughened CFRP strip, adhesive type Al and normal weight
concrete (the first batch), undergoing fatigue load range of 10-60% of the corresponding static
capacity (ultimate pull-out force of S-RO-A1-N) up to 1000 cycles. The testing matrix of the 84
specimens is presented in Table 4.4, in which specimen Sets 12-15 and 23-26 aimed to measure the
fatigue degradation of local bond strength while other sets focused on the different parameters as

described above.
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4.2.3 Test preparation

Five foil strain gauges, with a gauge length of 5 mm, were installed on the surface of each
CFRP reinforcement with a constant interval of 50 mm to measure the strain distribution of CFRP
within the bonded region during the test [Fig. 4.4(b)]. No strain gauge was installed at the free end
due to the commonly adopted zero-strain assumption at the free end (Sharaky et al. 2013; Chen and
Cheng 2016). Standard procedures had been followed to install the strain gauges on the CFRP
surface per user’s manual and a thin layer of wax protection was brushed on top of strain gauge to
ensure its proper functioning after the CFRP reinforcement were embedded into the groove. The
least wax protection also mitigates the influence of strain gauges on the surface characteristics of

CFRP reinforcement.

1 Pull-out force

20mm [e]
i =20mm Loadedend f™——— | Unbonded region
SG-1 (&) 14 —P( T
CFRP rod 150mm 171 v 50mm
SG-2 ()1
(—7>  50mm | Bonded region
SG-3 (91 —
350mm —7  50mm
SG-4 (e)H
25mm (I f-7 50mm
—= =—]5mm SG-5 (£5)—F
CFRP strip 150mm S SOTm .
g=0 ;7 1 Unbonded region
Freeend” |Jl— |
fe————300mm———= e——300mm———=
(a) Cross-section and groove dimension (b) Strain gauges distribution

Fig. 4.4 Concrete specimen configuration
To avoid potential slippage in the grip using steel jaw during the DPT, the free end of the
NSM reinforcement was inserted into a steel tube, 600 mm long schedule 40 steel tube (sleeve)
with an outside diameter of 26.7 mm and wall thickness of 2.87 mm, filled with epoxy adhesives.
That free end of NSM rod or strip was further treated by cutting indentations on the surface prior

to the installation to prevent the undesired slippage of NSM near the grip during the direct pull-out.
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Due to the low surface friction of the NSM strip, a sand-coating layer was also applied onto the
surface of the strip at the gripping end in addition to the surface indentation. These additional
preparation measures were based on the trial-and-error experience of the sample tests in the
laboratory. The concrete groove was carefully washed out with no aggregate debris or dust and
further dried out by compressed air to prevent the potential debonding at the interface between
adhesive and concrete. Once the filling material of the steel tube was fully cured, the other end of
CFRP reinforcement was placed into the groove. Rubber putty tapes were then used to separate
the unbonded region of the groove and hold the CFRP reinforcement centered and level for
adhesive casting. Different types of epoxy adhesives were mixed by following the product
specifications and poured into the grooves of designated concrete blocks with caution. Once the
epoxy adhesives were fully cured, specimens were set up under the hydraulic testing machine with

the designed configuration to conduct the direct pull-out test.
4.2.4 Test setup

During the DPT, the end of the NSM reinforcement with the steel tube was firmly clamped
by the steel jaw, which was connected to the hydraulic head with a built-in load-cell (Fig. 4.5).
Two pairs of steel channel plates were fixed on the loading frame, serving as the reaction beam for
the concrete specimen hanging below. A thick steel plate and a rubber pad were placed underneath
the steel channel plates to evenly distribute the compression load from the reaction beam to the
concrete block. As illustrated in Fig. 4.6(a), a pair of push bolts were installed on both the front
and back side of the concrete block to balance the moment produced by the eccentric single shear
pull-out force on one side, maintaining the specimen vertical throughout the entire test. One linear
potentiometer (LP) was mounted at the bottom of concrete block via an aluminum frame to capture
the relative displacement between the concrete block and CFRP reinforcement at the free end [Fig.
4.6(b)]. The aluminum frame was fastened to the concrete block moving together with the block

to alleviate any potential reading error in the LP for direct measurement. Experimental data
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including load, displacement and strain were collected simultaneously using a National Instruments
data acquisition system with the LabVIEW software, and the sampling rate was set as 200 Hz for

all the data channels.

Load cell
Steel jaw

Channel plate

Channel plate

CFRP reinforcement

222"
e Steel plate

Push bolts L Rubber pad

Steel angle plate Steel angle plate

L

Concrefe block |: ey E Push bolts

Linear potentiometer
(a) Design illustration (b) Frontal image
Fig. 4.5 Test setup configuration

Among the 28 sets of DPT concrete specimens, the first 8 sets were tested monotonically
prior to the fatigue test on the remaining 20 sets (Table 4.4). For the static test, specimens were
loaded monotonically until failure under the displacement-control mode using a constant loading
rate of 0.02 mm/s to obtain their static capacity, which was used to determine the load range for the
subsequent fatigue test. For example, specimen set S-RO-A2-N is the static counterpart of set S-
RO-A2-1060-F-N, and set R-RO-A1-N is the static counterpart of set R-RO-A1-1060-F-N. For
the fatigue test, a sinusoidal waveform loading profile at a frequency of 2 Hz was used under the
load-control mode for safety considerations. This frequency was adopted according to many
existing researches on direct pull-out tests using either EB or NSM reinforcement (e.g., Yun et al.
2008; Iwashita et al 2007; Fernandes et al. 2015). To assess the local bond deterioration under

fatigue, a load range of 10-60% of the corresponding static capacity was mainly adopted,

82



representing a typical strain level experienced in bridge structures (Wang and Belarbi 2010; Wahab
et al. 2012; Yun et al. 2008; Al-Saadi and Al-Mahaidi 2016). Different load range of 10-50% or
10-70% was also applied to both CFRP rod and strip specimens as well to explore their influence
on the local bond behavior. For fatigue specimens, since no significant deterioration was actually
observed in many of those specimens up to one million cycles, the upper limit of the fatigue test
was set to be one million cycles considering the time constraint and the large number of fatigue
specimens in this study. In other words, if a specimen did not experience significant deterioration
after one million fatigue cycles, the fatigue loading was terminated followed by a post-fatigue direct
pull-out test on the same specimen for the remaining capacity. Likewise, for specimens designed
to be loaded up to an expected number of fatigue cycles, i.e., specimen Sets 12-15 and 23-26, the
post-fatigue test was conducted at the target number of cycles and the post-fatigue local bond

behavior was recorded to derive the degradation law.

(a) Push bolts and aluminum frame (b) LP at the free end

Fig. 4.6 Push bolts and LP setup for the test specimen

4.3 Test observation and results

4.3.1 Test observation

Static

The specimen sets using CFRP rods (Sets 1-3 in Table 4.5) and the sets using roughened

CFRP strip (Sets 4-8 in Table 4.5) showed noticeable differences in both the failure mode and the
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pull-out force under the monotonic load. The CFRP rod specimens, with roughened (RO), or sand-
coated (SC) or sand-coated and spirally wound (SCSW) surface treatment, failed predominately in
the concrete substrate followed by the breakage and splitting of the epoxy adhesive (CEB+ES) to
different extents (Fig. 4.7). Visible concrete cracks initiated near the adhesive at the loaded end at
approximately 50-60% of the ultimate pull-out force. As the load increased, the crack propagated
from the surrounding concrete into the epoxy adhesive in the direction perpendicular to the groove.
Meanwhile, the concrete crack also propagated longitudinally toward the free end on both sides of
the groove, along with the splitting developing on the top surface of the epoxy. The specimen
failed abruptly with a loud explosive noise with small pieces of concrete spalling off. Among all
the three sets of concrete specimens using CFRP rods, specimen set R-SCSW-A1-N (Set 3) reached
the highest average pull-out force of 78.54kN, followed by set R-RO-A1-N (Set 1) with 77.69kN
and set R-SC-A1-N (Set 2) with 70.54kN. In addition, the severity of the concrete breakage and
epoxy splitting varied from set to set, among which the ones using SCSW rods experienced the
most concrete and epoxy cover spalling on top of the CFRP reinforcement [Fig. 4.7(a)] while the
ones using RO rods had minor concrete spalling [Fig. 4.7(b)]. In comparison, the specimen set
using SC rods experienced the least amount of concrete cracking but more localized to the loaded
end, as shown in Fig. 4.7(c). Based on the results, the sand-coated and spirally wound (SCSW)
treatment prevailed over the roughened (RO) and sand-coated (SC) treatment as expected.
Regardless of these slight differences, these three surface conditions all presented favorable bond
efficiency with an average pull-out force close to each other.

Table 4.5 Direct pull-out test results for monotonic loading case

Pull-out force Ps Average bond Local bond strength Failure
Set ID (kN) strength tavg (MPa) tt (MPa) mode?
Value Average Value Average Value Average
R-RO-A1-N-1 81.10 10.87 13.76 CEB+ES
1 R-RO-A1-N-2 81.26 77.69 10.89 10.41 12.40 13.18 CEB+ES
R-RO-A1-N-3 70.72 9.48 13.38 CEB+ES
R-SC-A1-N-1 66.27 8.44 15.86 CEB
2 R-SC-A1-N-2 70.27 70.54 8.95 8.98 15.96 16.61 CEB
R-SC-A1-N-3 75.08 9.56 18.01 CEB+ES
3 R-SCSW-A1-N-1 64.81 78.54 8.69 10.53 15.76 17.30 CEB+ES
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R-SCSW-A1-N-2 90.39 12.11 17.43 CEB+ES
R-SCSW-A1-N-3 80.42 10.78 18.70 CEB+ES
S-RO-A1-N-1 51.62 5.04 10.31 F/A
4 S-RO-A1-N-2 62.92 54.39 6.14 5.31 10.88 10.42 F/A
S-RO-A1-N-3 48.62 4.74 10.07 F/A
S-RO-A2-N-1 50.40 4.92 13.71 F/A
5 S-RO-A2-N-2 34.11 5291 333 5.16 8.94 11.35 F/A
S-RO-A2-N-3 74.22 7.24 11.41 F/A+CEB
S-RO-A3-N-1 46.18 4.51 7.36 F/A
6 S-RO-A3-N-2 22.80 34.10 2.22 3.33 4.27 5.77 F/A
S-RO-A3-N-3 33.32 3.25 5.67 F/A
S-RO-A4-N-1 37.53 3.66 6.76 F/A
7 S-RO-A4-N-2 31.34 3447 3.06 3.36 5.69 6.22 F/A
S-RO-A4-N-3 34.55 3.37 6.22 F/A
S-RO-A1-H-1 79.01 7.71 12.12 F/A+CB
8 S-RO-A1-H-2 65.91 62.46 6.43 6.09 12.05 11.11 F/A+CEB
S-RO-A1-H-3 42.46 4.14 9.14 F/A

*CB = concrete breakage; CEB = concrete and epoxy breakage; ES = epoxy adhesive splitting; F/A
= FRP/adhesive interfacial debonding.

(a) R-SCSW-A1-N-3 (b) R-RO-A1-N-1 (¢) R-SC-A1-N-2

Fig. 4.7 Typical failure mode of concrete specimens using CFRP rods under static load
(CEB+ES)

The CFRP strip specimens, using different types of epoxy adhesives (Al1-A4 for Set 4-7) or
higher strength concrete (Set 8), experienced a premature interfacial debonding failure at the FRP
and epoxy interface (F/A), as illustrated in Fig. 4.8. In general, no visible crack was observed in
concrete and adhesive until the load reached approximately 60-80% of the ultimate pull-out force
where sliding noise at the interface was heard. The specimen failed abruptly accompanied by a
loud noise and a significant drop in the applied load with a sudden increase in relative slip at the

free end. A close inspection after the test revealed a delamination of the FRP surface layer within
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the bonded region as shown in Fig. 4.8(a). Minor concrete and epoxy breakage (CEB) or concrete
breakage (CB) were also observed at the loaded end for three specimens which reached a higher
load level, i.e., S-RO-A2-N-3, S-RO-A1-H-1 and S-RO-A1-H-2, as presented in Figs. 4.8(b) and
(¢). The average pull-out force of specimen sets using Al and A2 was much higher than those
using A3 and A4, i.e., 54.39 kN (S-RO-A1-N, Set 4), 52.91 kN (S-RO-A2-N, Set 5), 34.10 kN (S-
RO-A3-N, Set 6) and 34.47 kN (S-RO-A4-N, Set 7). It can be seen that the pull-out force for these
specimen sets had a direct correlation to their corresponding shear strength of the epoxy adhesive
used (Table 4.3). The stronger the shear strength of the epoxy adhesive, the higher the theoretical
interfacial bond strength with the adoption of other identical parameters in the specimens. On the
other hand, although all CFRP strip specimens failed predominately at the interface between FRP
and epoxy (F/A), the specimens using higher concrete strength (S-RO-A1-H, Set 8) obtained a 15%
higher ultimate pull-out force (62.46 kN) than that of the set with lower concrete strength (S-RO-
Al1-N, Set 4, 54.39 kN). These differences in both the bond capacity and the failure mode (minor
CB for Set 8) implied that the bond efficiency of the NSM FRP-to-concrete joints was enhanced as
a result of using concrete with higher compressive strength. Nevertheless, all these strip specimens
(Set 5-8) yielded much lower pull-out force than that of the rod specimens (Set 1-3) because of the
premature debonding failure, regardless of a higher perimeter-to-area ratio of the CFRP strip than
that of the CFRP rod. This premature debonding failure in the strip specimens was also reported
in similar DPT studies (e.g., Chen and Cheng 2016) but not in others (e.g., Lee et al. 2013; Khshain
et al. 2015). One possible explanation is that the quality of the roughened or textured CFRP strip
varied from different production batches, where some poor-quality ones created weakened surface
layers on the FRP reinforcement for the full development of the bond strength and the utilization
of the FRP. This was also the probable cause for a larger deviation of the pull-out force in the same

specimens in the set using the CFRP strip than other sets using the CFRP rod.
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(a) S-RO-A1-N-2 (F/A)  (b) S-RO-A2-N-3 (F/A+CEB) (c) S-RO-A1-H-1 (F/A+CB)
Fig. 4.8 Typical failure mode of concrete specimens using CFRP strips under static load

However, unlike the CFRP rod specimens of which the load-carrying capacity depleted after
failure, those CFRP strip specimens could still sustain a low residual load capacity after interfacial
debonding. This was due to the mechanical friction force existed at the interface between the CFRP
strip and epoxy adhesive, and the magnitudes of post-failure residual friction forces of those strip
specimens are summarized in Table 4.6, as well as the fatigue specimens. It should be noted that
the specimen S-RO-A1-1060-1E3-N-2 is not included because it failed by a different mechanism
with both concrete and epoxy damaged and led to an unexpected high pull-out force. One possible
explanation is the CFRP strip used in this specimen had a more solid surface texture which
enhanced the bond to epoxy adhesive. The average post-failure friction was calculated by the
following equation:

Ff
L,L

f= @.1)

where Fi = post-failure friction force; Lp = perimeter of failure plane (CFRP strip cross-section); L
= bond length (250 mm). It can be seen that the recorded post-failure friction force is proportional
to the ultimate pull-out force of the same strip specimen. In short, CFRP strip specimens could
sustain approximately 40-60% of its corresponding pull-out force after failure at the interface

between FRP and adhesive by a sliding friction mechanism.
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Table 4.6 Post-failure residual friction forces for CFRP strip specimens for both monotonic

loading case and post-fatigue pull-out testing series

Pull-out force Pt

Post-failure friction

Average post-failure

Set 1D kN) force Fr (kN) friction f (MPa)
Value Average Value Average Value Average
S-RO-A1-N-1 51.62 NA® NA
4 S-RO-A1-N-2 62.92 54.39 26.10 23.87 2.55 2.33
S-RO-A1-N-3 48.62 21.65 2.11
S-RO-A2-N-1 50.40 25.88 2.52
5 S-RO-A2-N-2 34.11 5291 20.93 23.40 2.04 2.28
S-RO-A2-N-3 74.22 NAP NA
S-RO-A3-N-1 46.18 20.94 2.04
6 S-RO-A3-N-2 22.80 34.10 14.17 17.56 1.38 1.71
S-RO-A3-N-3 33.32 17.56 1.71
S-RO-A4-N-1 37.53 16.63 1.62
7 S-RO-A4-N-2 31.34 34.47 16.44 16.72 1.60 1.63
S-RO-A4-N-3 34.55 17.09 1.67
S-RO-A1-H-1 79.01 35.67 3.48
8 S-RO-A1-H-2 65.91 62.46 26.76 31.45 2.61 3.07
S-RO-A1-H-3 42.46 31.91 3.11
19 S-RO-A2-1060-F-N-3 50.20 - 29.08 - 2.84 -
S-RO-A3-1060-F-N-1 37.47 17.50 1.71
20 S-RO-A3-1060-F-N-2 39.04 40.61 26.57 22.14 2.59 2.16
S-RO-A3-1060-F-N-3 45.33 22.33 2.18
S-RO-A4-1060-F-N-1 38.31 18.89 1.84
21 S-RO-A4-1060-F-N-2 37.98 38.61 14.04 15.66 1.37 1.53
S-RO-A4-1060-F-N-3 39.55 14.05 1.37
S-RO-A1-1060-1E1-N-1 43.47 34.05 3.32
23 S-RO-A1-1060-1E1-N-2 65.44 62.20 29.32 31.68 2.86 3.09
S-RO-A1-1060-1E1-N-3 77.69 NAP NA
S-RO-A1-1060-1E2-N-1 62.85 23.96 2.34
24 S-RO-A1-1060-1E2-N-2 40.23 55.38 31.07 27.19 3.03 2.65
S-RO-A1-1060-1E2-N-3 63.05 26.55 2.59
5 S-RO-A1-1060-1E3-N-1 61.62 29.75 5 2.90 24
> S-RO-A1-1060-1E3-N-3 53.13 3738 21.36 336 2.08 49
S-RO-A1-1060-1E4-N-1 48.08 31.14 3.04
26 S-RO-A1-1060-1E4-N-2 50.95 56.39 34.60 30.05 3.38 293
S-RO-A1-1060-1E4-N-3 70.15 24.40 2.38
S-RO-A1-1050-F-N-1 48.53 32.18 3.14
27 S-RO-A1-1050-F-N-2 65.69 52.74 28.38 31.00 2.77 3.02
S-RO-A1-1050-F-N-3 44.00 32.44 3.16

*Not available due to loss of data; and

°Not available due to concrete and epoxy breakage failure mode.

Fatigue

Noticeable differences in the fatigue bond performance of CFRP rod and strip specimens

were observed during the cyclic direct pull-out test, including the local bond characteristics, failure

mode, fatigue life, degradation law and post-fatigue behavior. On account of the fact that the

magnitudes of the fatigue load range were determined by the static test results, the consistency of
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the fatigue bond behavior varied from one set to another for both CFRP rod and strip specimens.
As a result, fatigue test results of CFRP rod and strip specimens are reported separately but will be
discussed and compared in detail later in this chapter. Note that specimen R-SCSW-A1-1060-F-1
in Set 11 was loaded up to two million cycles instead of one million because it was the very first
specimen for the attempt of obtaining its true fatigue life, after which the upper limit was changed
to one million cycles for the rest of the specimens for the rationales provided earlier.

For the rod specimens tested for fatigue life (Sets 9-11 and Sets 16-17), failure at the
FRP/adhesive interface (F/A) was also experienced in all specimens in addition to the concrete
failure with breakage and splitting of epoxy (CEB+ES), which was the predominant failure in the
static case. This implies that the fatigue cycles specimens underwent weakened the FRP/adhesive
interface at different stages. The specimens using sand-coated and spirally wound (SCSW) rods
(Set 11 and 16) survived the loading target of one million cycles and failed during the subsequent
monotonic direct pull-up test due to CEB+ES followed by FRP/adhesive interfacial failure (F/A).
The same failure mode was also observed in Set 17, specimens using SCSW rods, but failed at an
early number of fatigue cycles due to a higher fatigue load range of 10-70%P+, as presented in Fig
4.9(a). In contrast, the specimens using roughed (RO) and sand-coated (SC) rods (Set 9 and 10,
respectively) had the F/A dominated failure mechanism with minor damage in the concrete and
epoxy adhesive near the free end (F/A+CEB+ES) [Figs. 4.9(b) and (¢)]. Therefore, the weakening
effect due to fatigue cycles was more significant in specimens using RO and SC rods than the ones
using SCSW rods. This was further confirmed by a close examination of the specimens after failure.
For example, the roughened surface of RO specimens and the thin sand coating layer on SC
specimens were both smoothed out at fatigue failure, while the SCSW specimens did not show
obvious damage after one or two million fatigue cycles under the same load range. This indicated
that the sand-coated and spirally wound (SCSW) surface treatment had a better resistance to fatigue
degradation than the roughened (RO) or sand-coated (SC) treatment. On the other side, for rod
specimens aimed to measure the local bond degradation under fatigue cycles (Sets 12-15), the post-
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fatigue failure mode was identical to the static counterpart because of the limited number of fatigue
cycles they experienced (i.e., up to 10,000 cycles).

For the strip specimens (Sets 18-28), the failure mechanism was dominated by the failure at
the FRP/adhesive interface, similar to their static loading case, as shown in Fig. 4.10 and Table 4.8.
In general, no visible crack was observed during the fatigue cycles in either the concrete substrate
or the epoxy adhesive. Damage was accumulated at the FRP/adhesive interface under the constant
fatigue load range, and the local bond strength at the failure plane degraded with the increase of
fatigue cycles. As aresult, the load-carrying capacity of the specimen declined gradually until the
specimen reached the critical state where the residual capacity was unable to resist the applied
fatigue load and the CFRP strip was pulled out from the groove. It is also necessary to clarify that
the fatigue bond degradation not only existed at the FRP/adhesive interface but lied in adhesive and
substrate concrete as well. But in this test, the FRP/adhesive interface was the weakest link among
the CFRP strip-to-concrete bonded joints. Details of the local bond degradation of CFRP strip

specimens (Set 23-26) will be discussed later in this chapter.

(a) R-SCSW-A1-1070-F-N-3 (CEB+ES+F/A) (b) R-RO-A1-1060-F-N-2 (F/A+ES) (c) R-SC-A1-1060-F-N-2 (F/A+CEB+ES)

Fig. 4.9 Typical failure mode of concrete specimens using CFRP rods under fatigue load
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(a)S-RO-A1-1070-F-N-2 (F/A) (b) S-RO-A2-1060-F-N-2 (F/A+CB) (c) S-RO-A1-1060-1E1-N-3 (F/A+CEB)

Fig. 4.10 Typical failure mode of concrete specimens using CFRP strips under fatigue load
4.3.2 FRP Strain distribution
Static

As aforementioned, five strain gauges were installed on the surface of the FRP reinforcement
within the bonded region for all the specimens with a constant interval of 50 mm. Assuming zero
strain of the FRP reinforcement at the free end of the joint specimen, typical distributions for the
strain in both the CFRP rod and strip along the bond length are illustrated in Figs. 4.11 and 4.12,
respectively. Each plot contains five curves representing five different load levels with respect to
the specimen’s corresponding ultimate pull-out force (20-100%Ps). Note that in Figs. 4.11(b) and
(c), some data points at 100%Pr were missing because of the strain gauge damage when the
specimen was close to failure.

For the CFRP rod specimens, the FRP strain at all locations along the bond length increased
proportionally to the load level ranging 20-100%Ps. The strain near the free end (i.e., 150-250 mm
away from the loaded end) was negligible at load levels lower than 60%P:x. However, as the
increase of the load level from 60%Ps to 100%P, strain increased drastically toward the free end.
In addition, the slopes of line segments connecting two immediate neighboring strain data points

close to loaded end, e.g., 0-50 mm, 50-100 mm, or even 100-150 mm firstly would become steeper
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then followed by a trend of getting flatter with the increase of load level. By contrast, for the line

segments near free end, e.g., 150-200 mm and 200-250 mm, their slopes were always growing with

the increase of load level. Since the slop of a line segment is proportional to the local bond stress,

this observation was caused by an uneven local bond strength within the bonded region, where a

higher local bond strength was always found to be near the free end. More details will be discussed

in the following subchapters. Moreover, comparing these rod specimens to the strip specimens,

i.e., S-RO-A1-N-2 in Fig. 4.12(a), the features of strain distribution for strip specimens were almost

identical but only smaller in magnitudes due to the premature debonding failure at the

FRP/adhesive interface.
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Fig. 4.11 Typical FRP strain distributions for CFRP rod specimens under static load

For the CFRP strip specimens, the trend of the FRP strain distribution was consistent with

those CFRP rod specimens except for S-RO-A2-N-1 [4.12(b)], of which regions near the free end,
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e.g.,150 mm or further away from the loaded end, had almost negligible strain throughout the entire
loading process. However, the strain level of specimen S-RO-A2-N-1 at the loaded end was still
comparable to that of S-RO-A1-N-2 [Fig. 4.12(a)], indicating similar mechanical properties of
epoxy adhesive A2 compared to Al. On the other hand, the development in FRP strain of
specimens using epoxy adhesive A3 [Fig. 4.12(c)] and A4 [Fig. 4.12(d)] was similar but smaller in
the strain level than the specimens using epoxy adhesive Al and A2. It can also be seen that
adopting a higher strength concrete [Fig. 4.12(e)] was beneficial to the NSM CFRP strip-to-
concrete bonded joints, which improved its bond performance even though these specimens did not
fail by concrete breakage. These differences in strain distribution for specimens using various types

of epoxy adhesive and concrete with higher strength are consistent with their load-carrying capacity

as described in Table 4.5.
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Fig. 4.12 Typical FRP strain distributions for CFRP strip specimens under static load
Post-fatigue

Likewise, typical distributions for the strain in both the CFRP rod and strip along the bond
length after 10, 100, 1000 and 10,000 fatigue cycles were recorded and presented in Figs. 4.13 and
4.14, respectively. In Fig. 4.13, some data points were missing at 80% or 100%Ps, especially for
specimen R-SCSW-A1-1060-1E4-N-1 [Fig. 4.13(d)] of which the strain gauge at 50 mm away
from the free end was damaged at the beginning of post-fatigue DPT due to the higher number of
fatigue cycles it experienced.

For the CFRP rod specimens, when compared to the static ultimate pull-out forces recorded
in Table 4.5, the fatigue cycles up to 10,000 cycles did not develop much negative effect on the
post-fatigue load-carrying capacity. In fact, all the four sets of CFRP rod specimens (Set 12-15 in
Table 4.7) reached even higher ultimate pull-out forces on average than their static counterpart (Set
3 in Table 4.5). Two reasons could be provided to explain this phenomenon: (1) the scatter of
concrete strength resulted in different load-carrying capacities of specimens of which the failure
mode was concrete and epoxy breakage; and (2) the solid sand-coated and spirally wound (SCSW)
surface treatment had a good resistance to fatigue degradation, and hence the 10,000 fatigue cycles
only had an insignificant effect on the entire load-carrying capacity. Nevertheless, the strain
distribution still revealed some evidence of local bond degradation of CFRP rod specimens. For

example, under the static loading case, the strain reading at 150mm away from the loaded end was
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almost negligible before 80%Ps [Fig. 4.11(c)]. However, after 1000 or 10,000 fatigue cycles [Figs.
4.13(c) and (d)], the strain at the same location was no longer negligible even at 40%P+. It indicated
a higher development of the bonded region closer to the free end than the static loading case. In
addition, the slop ofthe line segment connecting two immediate neighboring strain data points had
the tendency of flattening out with the increase of fatigue cycles, e.g., 0-50 mm of R-SCSW-Al-
1060-1E3-N-2 [Fig. 4.13(c)].

For the CFRP strip specimens, the fatigue cycles up to 10,000 cycles did not have a negative
effect on the post-fatigue load-carrying capacity as well (Set 23-26 in Table 4.8). The post-fatigue
ultimate pull-out forces were only slightly higher than that of the static counterpart (Set 4 in Table
4.5) which might be attributed to the further curing of epoxy adhesive in the groove. Unlike the
CFRP rod specimens, the increased fatigue cycles did not change the strain level drastically of the
bonded region closer to the free end. However, the slope of the line segment connecting two
immediate neighboring strain data points was significantly influenced by the number of fatigue
cycles. The slope of the line segment 0-50 mm, for instance, was becoming more stable with the
increase of applied load from 20%Pr to 100%Ps under higher fatigue cycles, as illustrated in Figs.
4.14(b) and (c¢). This tendency was even more noticeable for S-RO-A1-1060-1E4-N-2 [Fig. 4.14(d)]
and was also extended to the line segment 50-100 mm. On the other hand, the slope of the line
segment 100-150 mm or 150-200 mm was flattened out with the increase of fatigue cycles [Figs.
4.14(c) and (d)].
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Fig. 4.13 Post-fatigue FRP strain distributions for CFRP rod specimens
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Fig. 4.14 Post-fatigue FRP strain distributions for CFRP strip specimens
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4.3.3 Local bond stress distribution

Assuming a perfect linear elastic behavior for CFRP reinforcement, the average local bond
stress 7i at the FRP/adhesive interface between two consecutive strain gauges can be derived by the

following equation (Lee et al. 2013; Chen and Cheng 2015):

T_AfEfd_g
' L dx

p

4.2)

where i = location index oflocal bond stress; Ar= cross-sectional area of NSM reinforcement; Es=
Young’s modulus of NSM reinforcement; Lp = perimeter of the failure plane or the NSM
reinforcement; dei = difference in strain readings of two consecutive strain gauges at locations
shown in Fig. 4.4(b); and dx = constant interval (50 mm) between two consecutive strain gages.
The notations for 7 (71, 72, 73, 74, and 7s) represent the local bond stress at locations 25, 75, 125, 175

and 225 mm away from the loaded end, respectively.
Static

Typical distributions for the local bond stress along the bond length for both the CFRP rod
and strip specimens are shown in Figs. 4.15 and 4.16, respectively. Following the same labeling
scheme of the FRP strain distribution, each plot contains five curves representing five different load
levels with respect to the specimen’s corresponding ultimate pull-out force (20-100%Pr). Note that
in Figs. 4.15(b) and (c), some data points at 100%Ps were missing because of the strain gauge
damage when the specimen was close to failure.

For the CFRP rod specimens, as shown in Fig. 4.15, the local bond stress near the free end
(125-225 mm on the horizontal axis) was insignificant at lower load levels up to 40%P:. However,
with the increase of the load level from 60%Ps to 100%Ps, the local bond stress was more evenly
developed along the bond length with the peak local bond stress migrated quickly towards the free
end at failure (100%Pr). In addition, the local bond stress near the loaded end would drop at a

higher load level (80%Pr), which was attributed to concrete and epoxy breakage in this region.
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Likewise, the development and distribution pattern of the local bond stress for the CFRP strip
specimens using the same epoxy adhesive Al were very similar to that of CFRP rod specimens,
regardless of a lower local bond stress due to premature debonding at the FRP/adhesive interface,

as presented in Fig. 4.16(a).
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Fig. 4.15 Typical local bond stress distributions for CFRP rod specimens under static load
For the CFRP strip specimens under static load, however, the characteristics of the local bond
stress distribution varied among specimens using different types of epoxy adhesive. Specimens
using epoxy adhesive Al [Fig. 4.16(a)] performed the best among all, with the highest local bond
stress level and evenly developed bonded region represented by the migration of peak local bond
stress from the loaded end at a lower load level to the free end at a higher load level. This local
bond performance is consistent with the static DPT results (ultimate pull-out forces) as described
in Table 4.5 although specimens using epoxy adhesive A2 had almost identical pull-out forces

compared to the specimen set S-RO-A1-N. The peak local bond stress was always located at the
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loaded end through the entire static loading process. In other words, the bonded region 150 mm or
further away from the loaded end provided almost negligible resistance to the applied load, as
shown in Fig. 4.16(b). This uneven performance in local bond stress could be caused by either the
imperfect casting of epoxy adhesives during specimen construction, e.g., partial leakage of epoxy
near the free end because of its high flowability, or the unstable epoxy properties due to the possible
deviation in mix proportion. By comparison, the strip specimens using epoxy adhesive A3 and A4
behaved similarly with a much smaller local bond stress within the bonded region and these results
agreed with their FRP strain distribution discussed in Chapter 4.3.2, which could be further
explained by the weaker shear strength of the used epoxy adhesives (Table 4.3). The pattern of
local bond stress distribution for specimen S-RO-A1-H-1 [Fig. 4.16(¢e)] was almost identical to that
of specimen S-RO-A1-N-2 [Fig. 4.16(a)], but the peak local bond stresses at different load levels
were slightly higher. Thus, it was safe to conclude that the concrete strength also contributed to

the local bond strength of CFRP strip specimens failed by interfacial debonding.
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Fig. 4.16 Typical local bond stress distributions for CFRP strip specimens under static load
Post-fatigue

The typical post-fatigue local bond stress distributions for both the CFRP rod and strip
specimens after 10, 100, 1000 and 10,000 cycles were measured and illustrated in Figs. 4.17 and
4.18, respectively. Note that the strain gauges of CFRP rod specimens near the loaded end were
all damaged when the specimen was close to failure under post-fatigue DPT. Likewise, the strain
gauge of specimen R-SCSW-A1-1060-1E4-N-1 at the location 50 mm away from the loaded end
was damaged during the experienced fatigue cycles. As a result, some data points were missing at
80% or 100%Ps or through the entire post-fatigue DPT in Fig. 4.17. Furthermore, the data point
at 50 mm of Fig. 4.17(d) is the average local bond stress of the bonded region ranging 0-100 mm
from the loaded end.

In Fig. 4.17, noticeable difference was observed in the development of bonded regions close
to the free end with the increase of fatigue cycles. At the load level less than 80%Ps, the static
CFRP rod specimens [Fig. 4.15(c)] and specimens experienced 10 or100 fatigue cycles [Fig. 4.17(a)
and (b)] only had an insignificant local bond stress of the bonded region ranging 150-250 mm from
the loaded end. However, after 1000 or 10,000 fatigue cycles, the local bond stress of the 150-250
mm bonded region was noticeable even at 40%P, indicating a further development of the bonded
regions near the free end. Although the post-fatigue load-carrying capacity of the CFRP rod

specimens was higher than that of the static counterparts (Table 4.7) due to the scatter of concrete
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strength, the local bond stress within the 0-150 mm bonded region presented a slight degradation,

as shown in Figs. 4.17(c) and (d).
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Fig. 4.17 Post-fatigue local bond stress distributions for CFRP rod specimens

On the other side, a significant change in the local bond stress distribution was observed for
the CFRP strip specimens, as shown in Fig. 4.18. Except for the region closest to the free end (i.e.,
200-250 mm), the peak local bond stress levels along the bond line degraded to different extents
especially for the specimens experienced 10,000 fatigue cycles [Fig. 4.18(d)]. Among all these
locations, the local bond stress level at the 100-150 mm bonded region dropped the most, whilst
the local bond stress level at the 0-100 mm bonded region was relatively stable with only little
degradation. This unevenness in the local bond degradation was probably caused by the variation
in roughness of the CFRP strip surface treatment and its sliding friction failure mechanism at the

FRP/adhesive interface.
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Fig. 4.18 Post-fatigue local bond stress distributions for CFRP strip specimens

4.3.4 Local bond stress-slip relationship

The local bond stress-slip relationship is featured as the constitutive law for NSM FRP-to-
concrete joints under direct pull-out test, as previously discussed in Chapter 3. The area under the
local bond stress-slip curve is usually detonated as the interfacial fracture energy, G, required for
the bond to fail in shear per unit area (Blaschko 2003; Seracino et al. 2007b; Barros and Costa 2010;
Soliman et al. 2010; Palmieri et al. 2012; Lee et al. 2013) since the load at failure is reported to be
a function of the interfacial fracture energy (Yuan et al. 2004). In general, the pull-out force is
transferred from the FRP reinforcement at the loaded end to the concrete substrate in conjunction
with the deformation of intermediate adhesive. The intensity of load transferred is quantified as
the local bond stress (Eq. 4.2). In addition, the relative slip at the free end was measured by a linear
potentiometer (LP), as illustrated in Fig. 4.6(b). Assuming the deformation of the concrete block

is negligible as compared to the elongation of the FRP reinforcement, the relative slip between FRP
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reinforcement and concrete at different locations can be calculated by integrating the experimental
strain readings along the bond line plus the relative slip at the free end as follows (Ceroni et al.

2012; Palmieri et al. 2012; Lee et al. 2013; Chen and Cheng 2015):

6
1
5 = Zg(gk—l+€k)(xk_xk—l)+5fe 4.3)
k=i+1
where di = relative slip between FRP reinforcement and concrete; de = relative slip at the free end;
&1, & = strain readings from immediate neighboring strain gauges [Fig. 4.4(b)]; & = strain at the

free end (zero); Xk, Xk1 = coordinates of immediate neighboring strain gauges measured from the

loaded end; and xs = coordinate at the free end (i.e., 250 mm).
Static

By combining Eq. 4.2 and Eq. 4.3, the local bond stress-slip relationships under DPT for both
the CFRP rod and CFRP strip in concrete were obtained, as illustrated in Figs. 4.19 and 4.20,
respectively. Each plot contains five curves representing the responses at five locations, each at
the midpoint of two consecutive strain gage locations, i.e., 71, », 73, © and 75 at locations 25, 75,
125, 175 and 225 mm away from the loaded end, respectively [Fig. 4.4(b)]. It should be noted that
not all the curves were able to reach the final failure stage due to the loss of some damaged strain
gages upon specimen failure especially near the loaded end. Additionally, SG-5 near the free end
of R-SCSW-A1-N-1 was damaged during epoxy casting and thus zs was missing [Fig. 4.19(g)].

In Figs. 4.19 and 4.20, the local bond stress-slip relationships for both the CFRP rod and strip
cases are characterized by a general three-stage development, similar to other studies (De Lorenzis
2004; Lee et al. 2013; Al-Saadi et al. 2018). At the beginning stage, the local bond stress increased
with the slow increase of the relative slip in a mostly linear elastic manner. After the local bond
stress reached its peak magnitude, it gradually decreased with further increase of the relative slip,
which is considered as the second softening stage. The decrease rate of the local bond stress then

slowed down until it reached a plateau (residual bond stress), indicating the initiation of the local
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debonding at the interface, referring to the last debonding stage. The magnitude of the governing
parameters such as the peak local bond stress (zr), residual bond stress (zr) and stress changing rate
in both the elastic and softening stages depended on the type of materials used in the joints (i.e.,
NSM FRP reinforcement, concrete and adhesive).

For the CFRP rod specimens, the average local bond strength of the specimen set R-RO-A1-
N (Set 1), R-SC-A1-N (Set 2) and R-SCSW-AI1-N (Set 3) was 13.18 MPa, 16.61 MPa and 17.30
MPa, respectively, as presented in Table 4.5. Note that the local bond strength was calculated
based on the perimeter of CFRP rod cross-section, yet all the CFRP rod specimens failed by
concrete breakage under the direct pull-out force. Although the average local bond strength of R-
RO-A1-N was lower than that of R-SC-A1-N, the pull-out force of R-RO-A1-N was approximately
10% higher. This result could be explained by a more gradual softening behavior of R-RO-A1-N
in the second stage rather than the steep drop of the local bond stress observed for R-SC-A1-N, as
well as a higher residual bond strength of R-RO-A1-N, as shown in Figs. 4.19(a)-4.19(f). In
addition, it can be seen that the local bond strengths at different locations of the bond length were
not identical. The local bond strength was generally higher at the bonded region closer to the free
end (i.e., 75) than that at the loaded end (i.e., 71). However, this conclusion of variation in local
bond strength was not always true. For example, specimen R-SC-A1-N-2 [Fig. 4.19(e)] and
specimen R-SCSW-A1-N-2 [Fig. 4.19(h)] were two exceptions in which 71 and w was the peak
number, respectively. The uneven distribution of the local bond strength might be influenced by
various factors including, but not limited to, difference in confinement of surrounding concrete,
scatter of material properties, uncertainty induced by manual mixing and casting of epoxy adhesive,
and changing in environmental conditions, etc. Nevertheless, among the specimens using the same
type of concrete (N) and adhesive (A1) [Fig. 4.19 and Figs. 4.20(a)-4.20(c)], the specimens using
sand-coated and spirally wound (SCSW) CFRP rods [Figs. 4.19(g)-4.19(i)] overall showed a higher
local bond stress than the other specimens using roughened (RO) rods [Figs. 4.19(a)-4.19(c)], sand-
coated (SC) rods [Figs. 4.19(d)-4.19(f)] and roughened (RO) strips [Figs. 4.20(a)-4.20(c)].
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Among all the CFRP strip specimens, on the other hand, the average local bond strength of
the specimen set S-RO-A1-N (Set 4), S-RO-A2-N (Set 5), S-RO-A3-N (Set 6), S-RO-A4-N (Set
7), and S-RO-A1-H (Set 8) was 10.42 MPa, 11.35 MPa, 5.77 MPa, 6.22 MPa and 11.11 MPa,
respectively, as reported in Table 4.5. The type of adhesive epoxy had a significant influence on
the local bond strength where the specimens using Al prevailed over all other specimens with a
strong local bond strength and the best ductile behavior during softening stage. In addition, the
specimens using A2 reached the highest local bond strength but was weaker in uniformity of the
local bond performance along the bond length. The specimens using A3 and A4 performed
similarly to the specimens using A1 with a consistent three-stage local bond stress-slip relationship,
however, both the local bond strength and residual bond strength were much smaller than that using
Al or A2. Furthermore, the NSM FRP strip-to-concrete bonded joints took the benefit of adopting
a higher strength concrete [Figs. 4.20(m)-4.20(0)], which enhanced both the local bond strength

and the load-carrying capacity.
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Post-fatigue

The post-fatigue local bond stress-slip relationships for both the CFRP rod and strip
specimens after 10, 100, 1000, and 10,000 fatigue cycles are shown in Figs. 4.21 and 4.22,
respectively, as well as their static counterparts for direct comparison. Note that for the CFRP rod
specimens, when the experienced fatigue cycles were close to 10,000, the strain gauge near the
loaded was damaged and thus the data of 71 was missing during the post-fatigue DPT [Fig. 4.21(m)-
4.21(0)]. In addition, the average post-fatigue local bond strengths (ta) and the local bond
strengths (1) for both the CFPR rod and strip specimens are summarized in Tables 4.7 and 4.8,
respectively. The local bond strengths were calculated from the strain gauge readings only within
the bonded regions that experienced softening stage (i.e., post-peak stress stage) during the fatigue
cycles. It is assumed in this study that if the bond region sustained within the linear elastic stage
during the fatigue cycles, its local bond performance was intact under the fatigue load.

In Fig. 4.21, with the increase of the experienced fatigue cycles, the local bond strength near
the loaded end degraded to different extents for some rod specimens, e.g., 71 of R-SCSW-A1-1060-
1E2-N-2 [Fig. 4.21(h)] and R-SCSW-A1-1060-1E3-N-2 [Fig. 4.21(k)], = of R-SCSW-A1-1060-
1E4-N-1 [Fig. 4.21(m)] and 73 of R-SCSW-A1-1060-1E4-N-2 [Fig. 4.21(n)]. However, no
substantial degradation in average bond strength was observed and the post-fatigue pull-out forces
were even higher than that of their static counterparts because of the growth in concrete strength.

For the CFRP strip specimens, however, more significant degradation in local bond strength
was observed, as illustrated in Fig. 4.22. Although inconsistency still existed within the same
testing set of three identical specimens, the local bond strength of S-RO-A1-1060-1E1-N-1 [Fig.
4.22(d)] was only approximately half of that of S-RO-A1-1060-1E1-N-3 [Fig. 4.22(f)]. The local
bond strength of S-RO-A1-1060-1E3-N-2 [Fig. 4.22(k)] was exceptionally high after 1000 fatigue
cycles. Specimen S-RO-A1-1060-1E4-N-3 [Fig. 4.22(0)] still had a comparable local bond

strength compared to the static counterparts, and the average local bond strength overall dropped
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with the increase of fatigue cycles. Additionally, after a specific number of fatigue cycles, the local
bond stress at the location near the loaded end was prone to keeping stable after reaching its peak
magnitude with only minor softening behavior if not negligible, for instance, 71 after 100 fatigue
cycles [Figs. 4.22(g)-4.22(0)] and =2 after 1000 fatigue cycles [Figs. 4.22(j)-4.22(0)]. The probable
reason was the sliding friction failure mechanism of CFRP strip specimens. As the fatigue cycles
increased, the relative slip near the loaded end at the FRP/adhesive interface accumulated until it
reached a threshold where the interfacial debonding finally occurred, however, residual friction still

existed at the interface and sustained the local bond stress with slow degradation under fatigue load.
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4.4 Local bond performance during fatigue cycles

Readings from the five strain gauges and linear potentiometer were recorded throughout the
fatigue cycles until specimen failure or the one million cycles threshold for those specimens tested
for fatigue life. To visualize the development of the local bond stress (zi) under the maximum
applied fatigue load (Pmax) during the fatigue cycles, as well as the degradation in stiffness of the
concrete specimen, the test results are plotted for both the CFRP rod and strip specimens and are
categorized by different cross-sectional shape, surface treatment, adhesive epoxy, fatigue load
range and concrete strength, as presented in Figs. 4.23-4.46. The local bond stress was calculated
by using Eq. 4.2, and the relative slip between the FRP reinforcement and concrete at the loaded
end during the fatigue cycles was derived from Eq. 4.3.

In addition, the development of the local bond stress 7i at different locations along the bond
line during the entire fatigue loading process is presented in a semilogarithmic scale, e.g., Fig. 4.23,
where the five curves in each plot represent the local bond stress 71-zs throughout the fatigue cycles
(with a logarithmic base of 10 in the X axis for the number of fatigue cycles). Note that some of
the strain gages near the loaded end was damaged at earlier cycles while those near the free end
survived a much larger number of fatigue cycles. The logarithmic scale is commonly adopted in
representing the number of fatigue cycles when relating the stress or load range to the fatigue life.

Moreover, for the illustrations of the development in the local bond stress distribution during
the fatigue cycles (e.g., Fig. 4.24) and the applied fatigue load range vs. relative slip at the loaded
end during the fatigue cycles (e.g., Fig. 4.25), the multiple curves in each plot represent the test
results corresponding to different percentages of the fatigue life (Nr) with a logarithmic base of 10,
i.e., 0-100%logNs with a 10% interval. The distribution of the local bond stress helps indicating
the utilization of the bond length under the fatigue cycles, whilst the change in the relative slip

within each fatigue cycle marks the accumulated fatigue bond damage or degradation.
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4.4.1 Influence of cross-sectional shape

Test results for specimen set R-RO-A1-1060-F-N (Set 9 in Table 4.7) and set S-RO-Al-
1060-F-N (Set 18 in Table 4.8) are illustrated and compared in Figs. 4.23-4.26. Except for the
cross-sectional shape, these two specimen sets were mostly identical with the same cross-section
area, surface characteristics, epoxy adhesive, concrete material and applied fatigue load range
corresponding to their static counterpart. Notice that even though the bond performance of set R -
RO-A1-N exceeded set S-RO-A1-N in almost every aspect, e.g., higher average pull-out force,
higher local bond strength and better utilization of concrete material with no premature sliding at
the FRP/adhesive interface. Its fatigue behavior under the same percentage range (10-60%Pr) was
not comparable to that of the roughened CFRP strip specimen.

In terms of the local bond stress development under Pmax as shown in Fig. 4.23, specimen set
R-RO-A1-1060-F-N degraded much faster than set S-RO-A1-1060-F-N with the increase of fatigue
cycles though the local bond stress level of R-RO-A1-1060-F-N was still higher on average. This
was mainly caused by a weaker roughened texture on the CFRP rod which was worn out more
rapidly than that of the CFRP strip during the fatigue cycles. As a result, the specimens using
roughened CFRP rod failed with an average fatigue life 0f 82,043 cycles while the specimens using
roughened CFRP strip failed on average at 969,085 cycles (excluding the first specimen in the set
that failed much earlier due to its a noticeable poor quality in the surface treatment).

For the development in local bond stress distribution under Pmax, these two sets had similar
behavior in many aspects, as illustrated in Fig. 4.24. They both followed the distribution pattern
that the peak local bond stress gradually migrated from the region near loaded end to the regions
near free end. Besides, the stress level at each location along the bond line decreased to a low
magnitude if not zero after reaching its peak stress. Except for the local bond stress zs which
remained relatively high near the fatigue failure, all the other local bond stresses (i.e., 71 - 74)

dropped significantly comparing to their peak stress magnitudes. It implied that the 250 mm bond
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length had almost been fully utilized through the fatigue cycles and a good consistency of bond
performance along the bond length for both two sets. However, the initial stress distribution of
these two specimen sets were not the same. At the first fatigue cycle (labeled by 0% in the diagram),
the peak local bond stress of set S-RO-A1-1060-F-N was located at 25 mm away from the loaded
end, by contrast, it appeared at 75 mm away from the loaded end for set R-RO-A1-1060-F-N. This
meant that a longer bond length had to be developed to balance the applied 60%Ps for set R-RO-
A1-1060-F-N than set S-RO-A1-1060-F-N at the first fatigue cycle, which also contributed to the
shorter fatigue life of the former specimen set.

Moreover, the relative slip at the loaded end under both Pmin and Pmax within one fatigue cycle
is plotted in Fig. 4.25, along with their applied fatigue load range through the fatigue cycles for
both two specimen sets. It could be seen that the magnitude of the relative slip of set R-RO-Al-
1060-F-N was only slightly larger than that of set S-RO-A1-1060-F-N before 80%logNs, however,
the difference in the relative slip rapidly increased after 80%logNr, and the maximum slip of set R-
RO-A1-1060-F-N was almost triple of that of set S-RO-A1-1060-F-N. This indicated a larger
relative slip close to failure at the FRP/adhesive interface of set R-RO-A1-1060-F-N and the result
was consistent with its interfacial debonding failure mechanism. Meanwhile, in Fig. 4.25, the slope
of each line represents the overall stiffness of the NSM FRP-to-concrete bonded joints during the
fatigue cycles and is further illustrated in Fig. 4.26. Two represented specimens were selected to
compare the stiffness change under the fatigue loading. It is obvious that, the stiffness of set R-
RO-A1-1060-F-N was always smaller than that of set S-RO-A1-1060-F-N even though these two
sets had the same trend of reduction in bond stiffness. This phenomenon was not surprising because
the set R-RO-A1-1060-F-N had a much shorter fatigue life. This was caused by the change in
failure mechanism from cohesive failure in substrate concrete under static load to failure at the

FRP/adhesive interface under cyclic load.
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Fig. 4.26 Stiffness of NSM FRP-to-concrete bonded joints during the fatigue cycles for CFRP

specimens of different cross-section
4.4.2 Influence of surface treatment

Figs. 4.27-4.30 show the effect of different types of surface treatment of the NSM CFRP rod
(RO, SC, SCSW) on the fatigue bond behavior of the rod specimens (Sets 9-11 in Table 4.7) that
used the same adhesive type under the same fatigue load range, respectively. As previously
discussed in Chapter 4.3.1, these three sets of CFRP rod specimens varied in failure mechanism
under fatigue cycles. Both specimen sets R-RO-A1-1060-F-N (set 9) and R-SC-A1-1060-F-N (set
10) failed much earlier under fatigue load because their textured or sand-coated surface were wormn
out quickly and, hence, interfacial sliding occurred. Specimen set R-SCSW-A1-1060-F-N (set 11),
however, survived much longer and reached the predefined upper limit of fatigue cycles without
significant degradation at the FRP/adhesive interface. This difference in failure mechanism was
again confirmed and quantified by their local bond stress development under Pmax during the fatigue
cycles, as presented in Fig. 4.27. Herein, the local bond stress development for specimen set R -
RO-A1-1060-F-N and R-SC-A1-1060-F-N were similar in terms of degradation pattern and rate,
as well as the peak local bond stress at approximately 15 MPa under the fatigue cycles. By
comparison, the peak local bond stress of specimen set R-SCSW-A1-1060-F-N was about 20 MPa

on average. Although 71 and 72 of specimen set R-SCSW-A1-1060-F-N dropped rapidly in the
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early cycles before 10*, similar to that of the other two sets, the development of 73, 74 and 75 were
all much slower. For example, s of specimen sets R-RO-A1-1060-F-N and R-SC-A1-1060-F-N
reached their peak at around 10° fatigue cycles or earlier while zs of set R-SCSW-A1-1060-F-N
were still in the process of climbing, especially for R-SCSW-A1-1060-F-N-1 in which s had just
started to increase [Fig. 4.27(g)].

As for the development in the local bond stress distribution under Pmax during the fatigue
cycles (Fig. 4.28), all the three specimen sets behaved similarly. At the beginning of the fatigue
loading (the first cycle), the peak local bond stress occurred at a location between 50 mm and 100
mm away from the loaded end. Then the peak magnitude gradually migrated toward the free end
until the residual bond strength was unable to resist the applied fatigue load. The only difference
existed in the degradation rate and the magnitude value of the peak local bond stress. With a slower
degradation rate and a higher local bond stress level especially within the region between 200 and
250 mm away from the loaded end, the specimen set R-SCSW-A1-1060-F-N reached a much
higher fatigue life than the other two sets.

In addition, the applied fatigue load range vs. relative slip at the loaded end during the fatigue
cycles for these three sets are illustrated with a constant 10%]logNr interval in Fig .4.29. It should
be noted that all the data were derived and plotted up to the failure of the embedded strain gauges.
Therefore, not all the curves could reach 100% fatigue life. It could be seen that specimen set R -
RO-A1-1060-F-N had the largest relative slip increase at the loaded end over 90%logNs [Figs.
4.29(b) and (c)]. This sudden increase in the relative slip of set R-RO-A1-1060-F-N implied the
switch in failure mode from concrete breakage to interfacial sliding when the textured surface was
mostly worn out. But due to the lack of data beyond 90%logNs of specimen set R-SC-A1-1060-F-
N and beyond 70%logNs of specimen set R-SCSW-A1-1060-F-N, it is difficult to compare the
severity of relative slip at the loaded end for these three sets. Nevertheless, the typical development
in stiffness of these three types of NSM FRP-to-concrete bonded joints could still be derived and
compared in Fig. 4.30. The plot presented a very close bond stiffness and degradation rate of these
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specimens which was not surprising because they only differed in the surface treatment of CFRP
reinforcement. It implied a low relevance between the bond stiffness and surface treatment of
CFRP reinforcement though the type of surface treatment was proved to be important in the fatigue

bond behavior of NSM FRP-to-concrete bonded joints.
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Fig. 4.30 Stiffness of NSM FRP-to-concrete bonded joints during the fatigue cycles for CFRP

specimens of different surface treatment
4.4.3 Influence of epoxy adhesive

Figs. 4.31-4.34 show the effect of epoxy-based adhesive type (Al, A2, A3 and A4) on the
fatigue bond behavior of the strip specimens (Sets 18-21 in Table 4.8) that had the same surface
treatment of the CFRP strip under the same fatigue load range. It should be noted that specimen
S-RO-A2-1060-F-N-1 failed unexpectedly at the first cycle of the fatigue loading. Specimen S-
RO-A1-1060-F-N-1 showed relatively low local bond stress for the region near the loaded end (0-
150 mm) at the first cycle of fatigue loading [Fig. 4.32(a)], which led to a much earlier failure as
compared to the other specimens in the same set. This inconsistency and variation in local bond
strength did exist when deviation of product quality, including epoxy adhesive and CFRP
reinforcement, was relatively high and could become more significant with improper construction
process. These two specimens are therefore excluded from the comparison discussed herein. Of
course, with proper mix proportion of epoxy adhesive and meticulous embedment process,
specimen set S-RO-A2-1060-F-N could still reach fatigue life as high as those of set S-RO-Al-
1060-F-N, e.g., S-RO-A2-1060-F-N-2 and S-RO-A2-1060-F-N-3 as summarized in Table 4.8.

The specimen set using epoxy adhesive Al (Pilgrim-Magmaflow Grout-Pak CF) showed a

smooth increase followed by a gradual decrease pattern in the development of the local bond stress
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at all locations within the bond length [Figs. 4.31(b) and (c)]. The local bond stress of specimen
set using epoxy adhesive A2 (Sikadur-32 Hi-Mod), however, behaved more stagewise with either
a sudden drop or increase during the fatigue cycles [Figs. 4.31(e) and (f)], indicating a more brittle
behavior of the bond under fatigue as compared to the specimen set using epoxy Al. Note that this
specimen set could still survive up to one million cycles with a considerable post-fatigue load-
carrying capacity, i.e., 50.20 kN for S-RO-A2-1060-F-N-3. On the other hand, the specimen sets
using epoxy adhesive A3 (Simpson-ETI-GV) and A4 (BASF-MasterEmaco ADH 327) both
survived the targeted one million cycles, after which they were loaded statically up to failure for
their post-fatigue or residual capacity. It can be seen that the development of their local bond stress
during the one million cycles were fairly steady [Figs. 4.31(g)-4.31(1)]. Except for the location
near the loaded end (71) where some minor degradation was observed, all other regions showed
only small increase in the stress level, indicating insignificant deterioration of the bond along the
bond length. Although it is noted that the post-fatigue capacity of some specimens was slightly
higher than their static counterpart as shown in Table 4.8, it could be due to the variation of material
and construction quality in addition to the 3-month time difference between the static and fatigue
test during which additional curing allowed the gain of some extra strength in the materials.
Regardless, it consistently supported the insignificant degradation of the bond under fatigue as
previously discussed. Interestingly, in comparison with the epoxy type Al and A2, A3 and A4
have a lower shear strength (Table 4.3), attributing to a weaker local bond strength in the specimens
but also slower degradation of the bond under the same fatigue load range.

In Fig. 4.32, the development in the local bond stress distribution under Pmax during the
fatigue cycles was consistent with the results of the fatigue life observed for those CFRP strip
specimens. For example, the peak local bond stress of the specimen sets using epoxy adhesive Al
and A2 migrated from the loaded end to the locations near the free end, showing a full utilization
of the bond length under the applied fatigue load range [Figs. 4.32(a)-4.32(f)]. By contrast, except
for S-RO-A4-1060-F-N-1, the local bond stress distribution of specimens using epoxy adhesive A3
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and A4 were relatively stable throughout the entire one million cycles. The peak local bond stress
did not show much evolvement toward the free end under the applied 10-60% fatigue load range
[Fig. 4.32(g)-4.32(1)].

On the other hand, the relationship of the applied fatigue load range vs. the relative slip at
the loaded end at both upper and lower limit in one fatigue cycle for the CFRP strip specimens is
plotted in Fig. 4.33. The relative slips at both upper and lower limit gradually increased during the
fatigue cycles regardless of the type of epoxy adhesives. By comparison, specimen sets using either
epoxy adhesive Al or A2 had higher growth rate in relative slip at the loaded end than sets using
A3 or A4. Neither specimen set using A3 or A4 had maximum relative slip larger than 0.2 mm at
one million cycles while specimen set using Al or A2 could reach approximately 0.6 mm at fatigue
failure. This result reconfirmed a more significant degradation in bond for specimen set using Al
or A2 than specimen set using A3 or A4. Moreover, the overall stiffness of the NSM FRP-to-
concrete bonded joints during the fatigue cycles for those CFRP strip specimens are derived and
compared in Fig. 4.34. It should be noted that only one representative specimen in each set was
plotted for concise illustration. The overall stiffness of specimen set S-R0O-A3-1060-F-N and S-
RO-A4-1060-F-N were close in magnitude and higher than that of specimen set S-RO-A1-1060-F-
N and S-RO-A2-1060-F-N. Among these four CFRP specimen sets, only minor decrease in
stiffness was observed for specimen set S-RO-A3-1060-F-N and S-RO-A4-1060-F-N, while
specimen set S-RO-A1-1060-F-N presented the most significant drop in stiffness especially after

10" fatigue cycles.
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Fig. 4.34 Stiffness of NSM FRP-to-concrete bonded joints during the fatigue cycles for CFRP

specimens of different epoxy adhesives
4.4.4 Influence of fatigue load range

Test results of the CFRP rod and strip specimens under fatigue loading case for different
fatigue load ranges are illustrated and compared in Figs. 4.35-4.37 and Figs. 4.38-4.40, respectively.
The experimental data are collected up to the failure of the strain gauges to ensure the accuracy of
the readings. It is obvious that the higher fatigue load range accelerated the local bond stress
degradation, especially for the local bond stress near the loaded end. For example, 7> of the CFRP
rod specimens dropped down to zero much faster under 10-70% fatigue load range at approximately
10° cycles [Figs. 4.35(g)-4.35(i)] while it reached zero at around 10* cycles under 10-60% [Figs.
4.35(e) and (f)] or even at 10° cycles under 10-50% fatigue load range [Fig. 4.35(b)]. The same
trend was observed for the CFRP strip specimens, for example, the magnitude of 71 and » were
both less than 3 MPa at 10 cycles [Figs. 4.38(g)-4.38(i)] under 10-70% fatigue load range but 7
was still as high as about 10 MPa under 10-60% fatigue load range [Fig. 4.38(f)]. Of course, due
to the scatter of material properties and inevitable variation in both the groove size and the
roughness of CFRP strip, the test results within the same set were not identical. But it is
undoubtable that the fatigue load range had a significant effect on the local bond performance of

NSM FRP-to-concrete bonded joints. In terms of the local bond stress distribution, the bond length
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was fully developed for all the three sets of CFRP rod specimens when the specimen failed or
reached one million cycles (Fig. 4.36). The difference mainly lied in the extent of bond
development of 7s. For example, zs of the CFRP rod specimen sets under both 10-60% and 10-70%
fatigue load range experienced a stress decline, whilst 75 of specimen set R-SCSW-A1-1050-F-N
was still growing or remaining stable. It also implied that the bonded region close to the free end
(200 mm away from the loaded end or further) had a stronger resistance to fatigue degradation
under lower fatigue load range. This observation was consistent with the fact that zs usually had
the largest local bond strength during the static pull-out test. However, no decrease in 75 was
noticed for the CFRP strip specimens near fatigue failure and the stress level of 7 was still low for
specimen set S-RO-A1-1050-F-N, indicating the bonded region was not fully developed yet [Fig.
4.39(a)-4.39(c)]. It appeared that the CFRP strip specimens were more sensitive to the fatigue load
range in the aspect of the local bond degradation rate which could be explained by their interfacial
sliding failure mechanism.

Figs. 4.37 and 4.40 present the relationship between the fatigue load range and the
corresponding relative slip at the loaded end throughout the fatigue cycles for the CFRP rod and
strip specimens, respectively. For the CFRP rod specimens, the difference in magnitude of
maximum slip at 70%IlogNr were small between the fatigue load range 10-50% and 10-60% cases.
However, when the fatigue load range increased to 10-70%, the maximum slip reached as high as
over 1.5 mm. For the CFRP strip specimens, on the other hand, the maximum slip at failure for
both fatigue load range 10-60% and 10-70% were almost equivalent at about 0.6 mm. But the
maximum slip at 100%logNr under fatigue load range 10-50% was less than 0.4 mm. This result
confirmed that sand-coated and spirally wound CFRP rod specimens were more resistant to fatigue
degradation with a better ductility at failure and could still sustain considerable bond strength at
one million fatigue cycles under the 10-60% fatigue load range. By contrast, the safety threshold
of fatigue load range for the roughened CFRP strip specimens should be 10-50% to ensure a fatigue
life of at least one million. In addition, the typical development of bond stiffhess during the fatigue
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cycles are shown in Figs. 4.41 and 4.42 for both the CFRP rod and strip specimens, respectively.
It is not surprising that with a higher fatigue load upper limit, the bond stiffness was smaller because
more bonded regions would develop into softening stage to resist the larger applied load. For the
CFRP rod specimens, the decline rate of bond stiffness increased with the increase of fatigue load
range. But for the CFRP strip specimens, all the three curves are almost paralleling to each other,
indicating a similar decrease rate in bond stiffness. Moreover, the stiffness of CFRP strip
specimens were mostly larger than that of CFRP rod specimens under the same fatigue load range,

which could be attributed to the more ductile bond behavior of CFRP rod specimens.
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strip specimens of different fatigue load range
4.4.5 Influence of concrete strength

Test results for the CFRP strip specimen sets S-RO-A1-1060-F-N and S-RO-A1-1060-F-H
are presented and compared in Figs. 4.43-4.46. These specimens were cast by two batches of
concrete with different mix proportions and ended up with about 9% difference in strength on
average over the 7.5-month fatigue testing period (45.02 MPa and 49.11 MPa, respectively). It
should be noted that specimen S-RO-A1-1060-F-H-3 performed an early interfacial sliding failure
between the FRP and epoxy under fatigue loading (125 cycles, Table 4.8). Meanwhile, as
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illustrated in Fig. 4.44(f), the peak local bond stress under Pmax for S-RO-A1-1060-F-H-3 started
from the free end at the first fatigue cycle, which was similar to specimen S-RO-A1-1060-F-N-1
as described above. This phenomenon indicated a poor bond resistance for most regions along the
bond line of this specimen, and a significant interfacial sliding already existed at the first fatigue
cycle (0.6 mm in relative slip under Pumax) as shown in Fig. 4.45(f). The unexpected premature
failure was caused by the inconsistency in the quality of the CFRP strip textured (roughened)
surface, because delamination of the top surface was confirmed in post-test inspection by cutting
open the epoxy groove. Thus, both specimen S-RO-A1-1060-F-N-1 and S-RO-A1-1060-F-H-3
were disregarded in the following discussion.

The general trends of the local bond stress development under Pmax for both specimen sets
were similar where 71 remained decreasing since the start of the fatigue cycles, and 72- 74 increased
gradually followed by stress decline as the fatigue cycles went up (Fig. 4.43). They all failed by
interfacial debonding not long after zs reached the maximum followed by a rapid plunge. Both the
results of peak local bond stress level (approximately 10-12 MPa) and the average fatigue life
(969,085 and 856,289 cycles) were close for the two specimen sets under the same percentage range
(10-60%Ps). In terms of the development of the local bond stress distribution under Pmax, as shown
in Fig. 4.44, the migration of the peak local bond stress from the loaded end at early cycles to the
free end near failure was noticed for both specimen sets. The slight difference exited in the location
of peak local bond stress at initial fatigue cycles, where it was 25 mm away from loaded end for
specimen set S-RO-A1-1060-F-N but was further (75 mm) for specimen set S-RO-A1-1060-F-H.
It was probably caused by a larger applied fatigue load magnitude for specimen set S-RO-A1-1060-
F-H under the same percentage range (10-60%Ps) due to its higher static bond strength, hence, more
bonded regions were developed.

In addition, test results for the applied fatigue load range vs. relative slip at the loaded end
during the fatigue cycles were plotted for both specimen sets, as illustrated in Fig. 4.45. Although
relative slip data for specimen set S-RO-A1-1060-F-H was unavailable near failure (100%logNfs),

153



the magnitude of the relative slip for both specimen sets were very close up to 90%logN:. Moreover,
it seemed reasonable from the observations that 0.6 mm in the relative slip between the FRP and
concrete block was the threshold beyond which fatigue life would be reached shortly. The slope
of each subplot in Fig. 4.45 represents the equivalent bond stiffness at a specific fatigue cycle, and
it was evident that, with the increase of fatigue cycles, the bond stiffness gradually decreased.
Representative curves of the bond stiffness vs. fatigue cycle from the two specimen sets were
plotted in Fig. 4.46, where both specimens revealed comparatively stable stiffness before 10°
fatigue cycles with only minor drop in magnitude. However, the rate of stiffness deterioration sped
up after 10* fatigue cycles or so, and it dropped down to less than half of the original bond stiffness
at failure. All in all, these two specimen sets behaved very alike with respect to the bond stiffness
and degradation rate. It appeared that, except for the higher static bond strength by using the higher
strength concrete, there is no significant difference in the fatigue bond behavior by using the two
different batches of concrete under the same percentage range. This conclusion was reasonable
since both specimen sets failed at the FRP/adhesive interface because of interfacial sliding under
fatigue loading case, concrete strength did not contribute much to the fatigue bond performance

especially with such small difference in strength.
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Fig. 4.46 Stiffness of NSM FRP-to-concrete bonded joints during the fatigue cycles for CFRP
strip specimens of different concrete strength

4.5 Local bond degradation

From the fatigue test results discussed in this chapter, especially those specimen sets (Sets
12-15 and Sets 23-26) intended to obtain the post-fatigue local bond stress-slip relationships after
a specific number of fatigue cycles, degradation of the local bond strength was observed for both
the CFRP rod and strip specimens under fatigue cycles. Although the variation in the local bond
strength existed within the same set, especially the range of its fluctuation was sometimes too large
to differentiate it from the bond degradation of CFRP rod specimens (Sets 12-15), test results from
Section 4.4 still confirmed the gradual declining tendency in the local bond strength of the CFRP
rod specimens, as shown in Figs. 4.27(g)-4.27(i). To quantify the rate of the degradation in the
local bond strength for both the CFRP rod and strip specimens under the same 10-60% fatigue load
range, the normalized local bond strength at arbitrary number of fatigue cycles after degradation
was derived from the experiment results by using the regression analysis, as presented in Fig. 4.47
and Fig. 4.48, respectively.

For the CFRP rod specimens (Sets 12-15), the post-fatigue local bond strength was measured
after 10, 100, 1000 and 10,000 fatigue cycles, respectively, and the magnitude recorded in Table

4.7 was the average of designated peak local bond stress zi (i =1, 2 or 3) along the bond line, where
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the selected i must had bond degradation throughout the entire past fatigue cycles (Fig. 4.21). In
other words, only the local bond strength of regions near the loaded end was included to obtain the
post-fatigue local bond strength. Besides, because the actual fatigue life of specimen set R-SCSW-
A1-1060-F-N was not reached and the strain gauges were unable to survive the upper limit of
fatigue cycles, the average bond strength obtained from the post-fatigue test at one million fatigue
cycles was selected as the data point to derive the degradation law. As shown in Fig. 4.47(a), the
logarithmic function using a base of 10 for the local bond strength fits perfectly with the test results,
yielding a R? factor equals to 0.9595. However, unlike the local bond strength which could be
directly obtained from experiment by strain gauges, the residual bond stress needs to be calibrated
from the full-range local bond behavior predicted by the analytical model. As a result, a similar
logarithmic degradation law is proposed for the residual bond strength of CFRP rod specimens
because the local bond stress 71 dropped rapidly in early cycles but was able to hold a relatively

low value for a long fatigue period, as observed in the experiment [Figs. 4.27(g)-4.27(1)].
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Fig. 4.47 Local bond degradation law for CFRP rod specimens (R-SCSW-A1-1060)
For the CFRP strip specimens (Sets 23-26), a similar strategy was adopted to derive the
degradation law for the local bond strength. The post-fatigue local bond strength after 10, 100,

1000, and 10,000 fatigues was collected and summarized in Table 4.8, respectively. According to
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the test results from specimen set S-RO-A1-1060-F-N, an average fatigue life of 969,085 was
obtained, neglecting the first specimen which failed prematurely because of the delamination of its
pretreated roughened surface. The average post-failure residual friction of those CFRP strip
specimens using epoxy adhesive Al (Table 4.6) is selected as the ultimate local bond strength at
969,085 fatigue cycles, which equals to 2.7 MPa. Herein, the degradation law proposed for CFRP
strip specimens is the same logarithmic function used by the CFRP rod specimens, but it is
characterized by a more rapid degradation rate with a R* factor equals to 0.9507. On the other hand,
a linear interpolation function is proposed as the degradation law for the residual bond strength of
CFRP strip specimens, assuming the residual bond strength will vanish completely when fatigue
failure occurs. The linear function is determined by the nature of degradation for local bond stress

71 during the fatigue cycles, where it dropped steadily up to near fatigue failure as illustrated in Figs.

4.23(e) and (f).
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Fig. 4.48 Local bond degradation law for CFRP strip specimens (S-RO-A1-1060)
The local bond degradation law proposed for both the rod and strip specimens quantify the
local bond deterioration of the NSM FRP-to-concrete bonded joints under fatigue cycles, which
agrees well with the experiment results. Besides, it provides the basis for theoretical analysis which

aims to explain the fundamental mechanism of local bond development under fatigue cycles.
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Assumptions and derivation process of this analytical model will be introduced in detail in the next
chapter.
4.6 Summary

This chapter systematically introduces the experimental study of fatigue bond performance
of NSM FRP-to-concrete bonded joints through the direct poll-out test, which contains preparation
and construction of 84 test specimens, test setup, data acquisition, test observations and test results.
Failure mechanism of both static and fatigue DPT of NSM FRP-to-concrete bonded joints has been
elaborated. Representative test results measured by embedded strain gauges have been presented
under both static and fatigue loading cases, including FRP strain distribution, local bond stress
distribution and local bond stress-slip relationship. In addition, the effects on the local bond
performance under fatigue cycles due to cross-sectional shape, surface treatment of CFRP, epoxy
adhesive type, fatigue load range and concrete strength have been comprehensively discussed.
Lastly, the local bond degradation laws under fatigue cycles have been proposed for both the CFRP

rod and strip specimens. The following conclusions can be made based on this chapter:

The static bond strength of the CFRP rod specimens prevailed over the CFRP strip specimens,
indicating a more efficient utilization of CFRP material of round cross-section, under the
circumstance that the test setup only restrained the loaded end of concrete block;

e For the CFRP rod specimens, the fatigue cycles under the applied load ranges changed the
failure mechanism from concrete and epoxy breakage as observed in the static case to
slippage/debonding at the FRP/adhesive interface by different extents. However, the strip
specimens experienced similar failure mechanism (F/A) in both loading cases;

e Under the same fatigue load range (10-60%Ps), the CFRP strip specimens could resist more
fatigue cycles than CFRP rod specimens;

e Forthe CFRP rod specimens, all the three typical surface treatments including roughened (RO),

sand-coated (SC) and sand-coated and spirally wound (SCSW) provided reliable mechanical
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interlocking to prevent interfacial sliding between FRP and adhesive under static loading case.
Among the three surface conditions, sand-coated and spirally wound (SCSW) had been
confirmed as the most efficient with both higher local bond strength and better utilization of
concrete material;

The rod specimens with sand-coated and spirally wound (SCSW) surface treatment showed
higher local bond strength and slower degradation rate as compared with the ones with
roughened (RO) or sand-coated (SC) treatment under fatigue loading case. The roughened
texture and sand coating on those specimens were worn out quickly during the fatigue cycles,
leading to a much shorter fatigue life;

The shear strength of epoxy adhesive had a significant influence on the bond strength. For the
CFRP strip specimens of which failure was the interfacial sliding, the pull-out force was
proportional to the material property of epoxy adhesive under static loading case. The three-
component epoxy adhesive Al (Pilgrim-Magmaflow Grout-Pak CF) had been verified as the
most reliable adhesive with its highest bond strength, good consistency in material property
and satisfying fatigue performance of specimens;

Concrete strength had a positive effect on the local bond strength and the load-carrying capacity
of the NSM FRP-to-concrete bonded joints under static loading case. Even if the failure did
not occur in concrete substrate, the bond performance took the benefit of using a higher strength
concrete. However, it did not noticeably affect the fatigue bond behavior under the same
fatigue load range (10-60%Ps); and

The fatigue load range had significant influence on the local bond behavior. The higher fatigue
load range (e.g., 10-70%Px) accelerated the local bond degradation drastically which resulted

in a much shorter fatigue life for both CFRP rod and strip specimens.
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CHAPTER FIVE

5 BOND DEGRADATION MODEL OF NSM FRP IN CONCRETE

UNDER FATIGUE LOADING

5.1 Overview

The local bond stress-slip model describes the relationship between the local bond stress and
the relative slip between concrete and FRP reinforcement at the failure plane under DPT. This is
the fundamental law to predict the bond behvior of NSM FRP-to-concrete bonded joints. As
presented in Chapter 3.4, the full range bond behavior based on the bilinear local bond stress-slip
model was developed by revising the analytical model for the FRP-adhesive-concrete bonded joints
initially proposed by Yuan et al. (2001). However, observations from both previous bond tests
(Soliman et al. 2011; Lee et al. 2013; Al-Saadi et al. 2018) and static direct pull-out tests conducted
in this research (Figs. 4.19 and 4.20) verified that residual bond stress existed after the local
debonding occurred. Yet, most reported studies (Seracino et al. 2007a; Oehlers et al. 2008; Bilotta
et al. 2011) adopted either the linear descending or the bilinear local bond stress-slip model for
their analytical predictions rather than the more representative trilinear model. To this end, a
trilinear local bond stress-slip model was proposed based on the test results for different specimen
sets. The analytical full-range local bond behavior was then derived and assessed using
experimental results.

In addition, although some efforts have been made to correlate the relationship between the
fatigue life and the fatigue load range (ratio) or the maximum fatigue load (ratio), the accuracy of
the empirical models derived from regression analyses were unsatisfactory as pointed out in
Chapter 2.6.3 for NSM FRP-to-concrete bonded joints. Regarding the experimental and analytical
research on the more essential local bond stress degradation under fatigue loading, Chen and Cheng
(2015, 2016) are the only available references in the open literature. Therefore, this chapter aims

at developing the trilinear local bond stress-slip model that is adaptable to fatigue cycles and predict
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the local bond behavior of the NSM FRP-to-concrete bonded joints under fatigue. Analytical
results based the one-dimensional finite element (FE) model are also presented and compared with
the fatigue test results, which included the FRP strain distribution, local bond stress distribution

and relative slip, etc.

5.2 Bond model for NSM FRP under static loading case
5.2.1 Trilinear local bond stress-slip model

As mentioned in Chapter 4.3.4, the local bond stress-slip relationship recorded in this
experimental research could be featured as a three-stage development. Therefore, to simulate the
full-range local bond behavior of NSM FRP-to-concrete bonded joints, the local bond stress-slip
relationship for each specimen was idealized as the trilinear model expressed by Eq. 5.1 and Fig.

5.1 below.

\J

érf for0<s5<s, (a)
5
=1 0,-0
7()=1 2 (rf—r,)+ r, fors,<5<6, (b) ©-1)
5 =,
T, for6>6, (c)

where 7 = local bond stress; o = relative slip between FRP reinforcement and concrete block; 7t =
peak local bond stress; d1 = relative slip at peak stress; zr = residual bond strength and Jr = relative
slip at debonding. The latter four key parameters were calibrated from the experimental local bond
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stress-slip results from the DPT in this study (Figs. 4.19 and 4.20) and are summarized in Table 5.1
for each type of applicable specimen. In addition, the governing equation for the NSM FRP-to-

concrete bonded joints under single pull-out force is derived as Eqs. 5.2 and 5.3 below, i.e.,

-A’7(8)=0 (5.2)

1 1
= — 53
g \/Lp(AfEf_FA:Ec} o

where Ac = cross-sectional area of concrete block; and Ec = Young’s modulus of concrete. By

substituting Eq. 5.1 into Eq. 5.2 and applying appropriate boundary conditions, such as the external
boundary conditions and the internal continuities for the relative slip (the first derivative of the
relative slip and FRP stress), an analytical solution to this ordinary differential equation (ODE) can
be obtained at different stages of the bond development. Details of the mathematical derivation
procedure can refer to the theoretical model based on the bilinear local bond stress-slip relationship,
which have already been elaborated in Chapter 3.4 and hence are not repeated herein. The major
difference lies in the debonding stage where the residual local bond strength 7r is adopted in this

study, and hence the debonding region still contribute to the bond resistance after debonding occurs.
5.2.2 Full range local bond behavior

Based on the trilinear local bond stress-slip model, the distribution along the bond line of the
relative slip between FRP and concrete block d, the local bond stress 7, and the FRP stress or at
different bond development stages under pull-out force are derived in the expressions by Eqs. 5.4-
5.23 below.

Linear elastic stage | — This stage starts with the beginning of monotonic loading under the pull-

out force P and develops to the elastic-softening stage II when d(L) = 1.
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5 PoA cosh(A4X)

f 0,L
L, s (A1) or xe[0,L] (5.4)
T:%M for x [0, L] (5.5)
L, sinh(AL)
o, _P S.mh(/hx) for xe[0,L] (5.6)
A; sinh(4L)
where
T, 1 1
— [_f R TR 5.7
8 \/51 Lp£AfEf+'A\:Ecj o

Elastic-softening stage 1l

cosh (4, x)
: cosh[/i1 (L- LS)]

%tanh[&(L—Ls)]

for xe[0,L—L,]

o=1._ (5,-3) |- sin[& (x-L+L,)] (58)
LA for x e [L,, L]
T, -1, —cos[iz(x—L+ LS)]
N T(0; — 7,0,
Ty (5f _51)
cosh(4X)

T, cosh[ A (L-L.)] for xe[0,L—L,]

3 -
- /%tanh[/@(L L,)] 59
—r {esin[ 4, (x=L+L)] { forxe[L,L]

—cos[/”t2 (x—L+L, )]
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Lz, sinh(4X)
A4, cosh[ 4 (L-L,)]
4 _
n-{ &tanh[/L(L L,)] 510
i ecos| 4,(x-L+L,)]p forxe[L,L]

Af
& +sin[ 4, (x—L+L,) ]

for xe[0,L—L,]

where

PRy L, 1 (.11)
o; =6, AE;  AE

Elastic-softening-debonding stage Il — The elastic-softening stage Il keeps developing until the

boundary condition J(L) = di is reached which indicates the start of the elastic-softening-debonding

stage III.
1 cosh(4x) for xe[0,L-L, - L]
cosh[ﬂq(L—Ld_Ls)]
%tanh[&(L—Ld_Ls)]
_ 5. =5 ) esn| A (x—L+L,+L,)
s M [ d ] fOfXE[L_Ld_Ls’L_Ld] (5.12)
7 -7, |—cos[ 4, (x—L+L,+L,)]
Ty (5f—51)
0575 + Ax+B for xe[L—L,,L]
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cosh(4,x)
i cosh[ 4 (L-L,-L,)]

%tanh[ﬂl(L—Ld -L)]

esin[ A4, (x—L+Ly+L,)]
—cos[ 4, (x—L+L,+L,)]

Lpz'f

sinh (4,X)
A2 cosh[ 4 (L-L,-L,)]

ﬁanh L-L, —L
i [A(L-L-L)]

Lprf

%) ecos[ 4, (x—L+Ly+L,)]

+sin[ 4, (x—L+L,+L,)]

L
—olr X—L+ P
A L,z

where

Ty §f_5l|: T
NS G

l—icos(ﬂQLS ):I

for xe[0,L— Ly — L]

for xe[L-L,-L,L-L,] (5.13)

for xe[L—Lg, L]

for xe[0,L-L, - L,]

for XE[L—Ld —LS,L—Ld] (5.14)

for xe[L-Lg, L]

-4 (L-Ly) (5.15)

ST

B, =-0.54(L-L,) ~A(L-L,)+5,

] (5.17)

1 1
=7L +
23 ' p(AfEf

sin(4,L;)

AE,

(5.16)

Softening-debonding stage IV — When the bonded region at the free end further develops and

reaches the critical local bond strength, i.e., 7(0) = =, the softening-debonding stage IV initiates in

conjunction with a rapid drop in the residual bond strength until complete failure.
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o (5f —51) cos(4,X) 07y = I,

+ for xe |0, L,
5= (rf —Tr) cos(AL) 7, -7, <[0.L]
0.54,x> + AX+B, for x e[L,, L]
rrm for xe[0,L,]

r=1 "cos(AL,)

T for xe[L,, L]

r

L,z sin(ﬂQX)
A2, cos(AL,)

for x [0, L, ]

A T

por

o =1,
—iE{x—L+—E—] for xe[L,.L]
where
P=L,, {L— L, +itan(ﬂaLS)}

A2=Mtan(us)—us
(7 -=)

B,=-054L> - AL, +3,

(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

where X = distance measured from the free end; L = bond length; Ls = bond length within the

softening stage; and L4 = debonding length that is close to the loaded end.

5.2.3 Comparison between bilinear and trilinear model in full range load-slip behavior

Based on the full range local bond behavior of the trilinear local bond stress-slip model, the

representative curve of the load vs. relative slip at the loaded end is presented in Fig. 5.2. The

theoretical solution based on the bilinear local bond stress-slip model is illustrated in the same

figure. Both curves are derived by providing the same appropriate material properties and

sufficiently long bond length, where the residual bond stress r is set as 20% of the local bond

strength zr for the trilinear model.
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It is obvious that both curves are featured as linear elastic at lower load level and then develop
nonlinearly with the increase of the relative slip, indicating the softening mechanism ofthe material
beyond the elastic limit. The major difference between these two models lies in the bond behavior
after debonding occurs (stage I1I) where steady drop in applied load is observed for bilinear model
whilst extra load is obtained for the trilinear model because of the residual bond strength.
Theoretically, the bonded joints will fail not long after reaching the load-carrying capacity under
the displacement-control mode, which has been confirmed by the test observations in this research.
Therefore, the stage III and IV of the bilinear model only exist under the ideal loading scenario.
However, the full-range behavior based on the trilinear model has the advantage of considering the
contribution by the residual bond strength, which is closer to the actual load-slip response recorded
during the monotonic DPT. In addition, because of the further increase in the applied load in stage
IIT for the trilinear model, the bonded joints will reach its maximum capacity later with some
debonding region exists already. This feature is highly consistent with the static DPT result and
make the trilinear model more appropriate for the analytical development of the predictive model,

which will be discussed in detail in the following chapters.

Trilinear model

1

Q, Bilinear model

=

<

=

=

2

B

>

<
Stage 1
Stage 2
Stage 3
Stage 4

Relative slip ¢ at loaded end

Fig. 5.2 Full-range load-slip behaviors for both bilinear and trilinear local bond stress-slip model
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5.3 Model verification

The comparison for the pull-out force between the analytical predictions using the proposed
trilinear local bond stress-slip relationship and the experimental data is summarized in Table 5.1.
It can be seen that good correlations were obtained for all specimens with the absolute differences
less than or equal to 1%, where the difference was calculated by (Pt model — Pt exp)/Ptexp X 100,
provided that the average key parameters of the trilinear model, i.e., =, d1, 7r and Jt, were set properly
for each set. Variations of these parameters certainly existed within the same set due to the
fluctuation of material properties, CFRP surface roughness and groove qualities etc. More effort
should be taken to ensure a better consistency of the local bond performance during the construction
procedure.

Table 5.1 Comparison between analytical predictions and experimental results.

Local bond Si Residual bond S5 Pull-out force
Set D strength zf (mm) strength zr (mm) Pt exp® Pimode®  Difference®

(MPa) (MPa) (kN) (kN) (%)
1 R-RO-AI1-N 13.2 0.08 9.44 0.30 77.7 77.8 0.07
2 R-SC-A1-N 16.6 0.06 6.39 0.30 70.5 70.6 0.05
3 R-SCSW-A1-N 17.3 0.08 7.18 0.45 78.5 77.7 -1.02
4 S-RO-A1-N 10.4 0.05 3.37 0.21 54.4 54.1 -0.50
5 S-RO-A2-N 114 0.09 3.24 0.19 52.9 52.3 -1.09
6 S-RO-A3-N 5.77 0.06 2.47 0.13 342 339 -0.96
7 S-RO-A4-N 6.22 0.04 1.92 0.19 345 34.6 0.31
8 S-RO-A1-H 11.1 0.08 4.47 0.22 62.5 62.9 0.63

*Average pull-out force of specimen set obtained from bond test.
®Pull-out force of specimen set predicted by the analytical model.
‘Difference = (Pt_model — Pt_exp)/Pt_exp. X 100.

Figs. 5.3 and 5.4 show the comparison for the CFRP strain distribution and the local bond
stress distribution along the bond length, respectively, under different load levels (25, 50, 75 and
100%Ps) using specimen set R-RO-A1-N for rod case (4 plots on the left-hand side) and set S-RO-
A4-N for strip case (4 plots on the right-hand side) as an example. It can be seen that the predictions
using the proposed model that considered the contribution of the residual bond stress well captured

the overall physical performance of the specimens during the direct pull-out tests except for some

small discrepancy in the rod case when the load level approached 100%P+.
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For the load vs. relative slip response at the loaded end, Fig. 5.5 shows the typical comparison
between the analytical predictions and the experimental results for both the CFRP rod case
(specimen sets R-SC-A1-N and R-SCSW-A1-N on the left-hand side) and strip case (specimen sets
S-RO-A1-N and S-R0-A1-H on the right-hand side). It can be seen that the proposed model was
able to capture the entire development trend of the load vs. relative slip response although it
underestimated the relative slip at failure for some of the specimens.

However, it should be noted that the bond behavior, e.g., the CFRP strain distribution and
the local bond stress distribution, of specimen set S-RO-A2-N and S-RO-A3-N was not represented
by the proposed model. Because the local bond strength at different locations along the bond length,
which were directly measured from the DPT, varied drastically for these two specimen sets. For
example, 13-75 of specimen S-RO-A2-N-3 [Fig. 4.20(e)] and =5 of specimen S-RO-A3-N-3 [Fig.
4.20(1)] were exceptionally small compared to the rest of the local bond strength. This significant
inconsistency of the local bond strength along the bond line violated the fundamental assumptions
of this analytical model (Yuan et al. 2004) and thus the corresponding theoretical predictions were
not applicable. This phenomenon should be attributed to two probable factors including: (a) these
two epoxy adhesives were sensitive to mix proportion and minor deviation might lead to a
significant fluctuation in material properties; (b) slight leakage of epoxy adhesive at both ends of
bonded region due to their higher flowability. Nevertheless, the overall accuracy of the predicted
pull-out forces and bond behaviors based on the trilinear local bond stress-slip relationship was still

high for most test specimens.
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Fig. 5.3 Comparison of CFRP strain distribution between analytical predictions and experimental
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5.4 Finite element model for bond degradation under fatigue loading
As mentioned in Chapter 4.5, the local bond strength z: of the NSM FRP-to-concrete bonded
joints will gradually degrade with the increase of the fatigue cycles and the tendency of degradation
can be approximated by the logarithmic function based on the test results for both CFRP rod (Sets

12-15 in Table 4.7) and strip (Sets 23-26 in Table 4.8) specimens, as presented below.

7. (N
L =-0.06291og,, ( N ) +1 for CFRP rod specimens (5.24)
Tf ,static
7. (N
r ( ) =—0.144910g,, ( N )+1 for CFRP rod specimens (5.25)
Tr,static
7. (N
f ( ) = —0.1226log,, ( N )+1 for CFRP strip specimens (5.26)
Tf ,static
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7, (N)

r

= —( N — 1) /969084 +1 for CFRP strip specimens (5.27)

r,static

Because the trilinear local bond stress-slip model adopted has three stages including the linear
elastic stage, the softening stage and the debonding stage for the local bond behavior, the bonded
regions of different stages will coexist and develop under the applied pull-out force along the bond
line. In addition, the general derivation procedure of the theoretical solutions to the governing
equation (Eq. 5.2) based on the trilinear model can refer to Chapter 3.4 to obtain the relative slip
d(x), local bond stress 7(X) and FRP stress o1(X) at different stages as presented in Chapter 5.2.2.
Thereafter, the finite element method (FEM) has been used to discretize the entire bond line into
continuous elements provided that each element still complies with the fundamental governing
equation and the trilinear local bond stress-slip model. The benefit of applying the FEM is that
each bond element can be manipulated individually and make it adaptable to the degradation law

of the NSM FRP-to-concrete bonded joints under fatigue loading case.
5.4.1 Model and assumptions

The general configuration of a single shear direct pull-out test (DPT) for NSM FRP-to-
concrete bonded joints is illustrated in Fig. 5.6, which also shows a typical local bond stress
distribution including all three different bonded regions. The bond length can be categorized by
three different regions: the elastic region (0<X<L-Ld-Ls); the softening region (L-Lq-Ls<x<L-Ld); and
the debonding region (L-L¢<X<L), where X measures the distance from the free end of the bonded
joints as mentioned above. Next, apply a one-dimensional mesh to partition the bond length into
the designated number of segments, i.e., N1 elastic elements, (N2-N1) softening elements and (N3-n2)
debonding elements under the first cycle of the fatigue load. The number of elements of different
regions is intended for controlling the accuracy of the numerical analysis. As a result, the length

for each element is not identical for different regions and will further be updated upon each fatigue
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cycle. Prior to the detailed derivation process, some important assumptions are adopted as follows

to insure the validity of this FEM model:

and concrete block;

Both the FRP reinforcement and concrete are homogenous and linear elastic;

The axial stress is uniformly distributed over the cross-section for both FRP reinforcement

— Epoxy adhesive is homogeneous, linear elastic and constant in dimensions along the bond

length and it transfers load from FRP reinforcement to the surrounding concrete as an

intermediate. Thus, the thickness of epoxy adhesive is neglected.

— Bending or twisting effect is neglected in the analytical model, i.e., the bonded region is

subjected to pure tension; and

— The weakest part of the NSM bonded joints is the interface between FRP and epoxy adhesive

as observed during the experiments, which is considered as the failure plane.

The local bond stress of each bond finite element within the elastic region follows the trilinear

model as presented in Fig. 5.1 with no degradation. However, for those bond finite elements within

the softening region under the current fatigue cycle, of which the relative slip J is beyond d1, their

local bond strength zr and the residual bond strength zr will degrade in accordance with the empirical

Eqgs. 5.24-5.27 during the following fatigue cycles, as presented in Fig. 5.7.

Local bond stress T¢
distribution
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Fig. 5.6 Single shear DPT configuration for NSM FRP-to-concrete bonded joints under pull-out

force
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Fig. 5.7 Trilinear local bond stress-slip model under fatigue cycles

The concept of adopting the FEM method to simulate the local bond degradation under
fatigue cycles is illustrated in Fig. 5.8. During the first cycle of fatigue load, three bonded regions
(elastic, softening and debonding) are developed to balance the applied pull-out force (Pmax). It
should be noted that the local bond stress distribution depends on the magnitude of the applied
fatigue load. Based on the assumption defined above, if Pmax is too low to develop the softening
region on the bond line, no degradation will even occur, leading to an infinite fatigue life. Therefore,
a sufficiently large Pmax is assumed to ensure at least partial region of the bond line develops into
the inelastic stage. Under the applied Pmax, a total number of ns finite elements are developed alone
with (ns+1) nodes, detonated by Xo, X1, X2, ..., Xn3, among which Xa1 is the boundary between the
elastic and the softening region and Xn2 is the boundary between the softening and the debonding
region [Fig. 5.8(a)]. After one more fatigue cycle, damages occur for elements from both softening
and debonding regions through the unloading and loading process and their local bond stress will
slightly drop accordingly, see the dashed line in Fig. 5.8 (b). To compensate for the loss of the
local bond stress of these degraded regions and to resist the same Pumax, the elastic region is further
developed with larger relative slip and higher local bond stress. As a result, one more softening
element is created to the right of Xa1 since its relative slip J increases to be larger than di. In the

meantime, the peak of the local bond stress distribution (ztstatic) moves leftwards. Similarly, another
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debonding element is developed since its relative slip ¢ grows to be larger than dr. The same
procedure will repeat for the next fatigue cycle, while the peak local bond stress remains migrating
towards the free end until it reaches the critical situation, where the residual bond strength is unable

to resist Pmax, leading to the fatigue failure of the bond [Fig. 5.8(c)].
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Fig. 5.8 Illustration of FEM model for NSM FRP-to-concrete bonded joints under fatigue cycles
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5.4.2 Governing equation and general solutions

Although the bond line has been discretized into finite elements, the fundamental interactions
within the NSM FRP-adhesive-concrete joints are still the same as the analytical model introduced
in Chapter 3. Thus, the governing equation for the i"" finite element can be represented as follows

regardless of the bonded region to which it belongs:

d’s
dx?

A7, (8)=0 for x_, <x<x (5.28)

i-1 —

where / can be referred to Eq. 5.3; 7i(d) = local bond stress-slip relationship for the i'" finite element;
Xi-1, Xi = start and end coordinate of the element, where Xo = 0 (free end of the bond line); and all
other variables are the same as previously defined.

The theoretical solutions to this governing equation depend on the type of bond finite
elements (i.e., elastic, softening and debonding) [Fig. 5.8(a)], and their solutions are derived
respectively as follows:

(a) For elements within the elastic region (0<X<L-Ld-Ls), the general solution can be obtained by

firstly substituting Eq. 5.1(a) into Eq. 5.28, which yields the following equation:

d’s
dx?

(2') 6=0 (5.29)

where

S A S
& _\/51 LPLAfEfACEJ (330)

where 7 = local bond strength for the i finite element.
Then it could be further derived by solving this homogeneous linear second-order ODE as

shown below:

& =C,' cosh(4'x)+C,'sinh(4'x) (5.31)
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The local bond stress 7 and FRP stress ot can be easily obtained through Eq. 5.1(a) and Eq.

3.1, respectively, as presented below:

r:%l[cli cosh(/11ix)+C2i sinh(ﬂ.lix)} (5.32)
o :AprTTlfz:‘[Cli sinh (4/x)+C, cosh(zjx)}c; (5.33)

where Ci', C2' and Cs' = constants of the i element remain to be solved by boundary conditions.
(b) For elements within the softening region (L-Ld-Ls<X<L-Lq), the general equation of the relative
slip ¢ can be derived similarly by solving the following nonhomogeneous ODE, which is obtained

by substituting Eq. 5.1(b) into Eq. 5.28 as:

d’s i\2 5foi_5lTi 2
+(4, o=——1 _1r 3 (5.34)
dx’ ( ) S5; =9,
where
A= Tt =T L, 1 N 1 (5.35)
5f_51 AfEf A;Ec

where 7' = residual bond strength for the i finite element.
The explicit solution to Eq. 5.33 is thus derived as:

i i
O;T¢ —OT,
i i

Ty — 7,

§=C/cos[ 4, (x=L+L,+L)]+C, sin[ 4, (x—=L+ L, +L,)]+ (5.36)

Then the local bond stress 7 and the FRP stress ot can be obtained as well in the following:

T —_;ff :;:‘ {Cleos[ 4 (x—=L+Ly+ L) ]+Clsin[ 4 (x—L+ L, +L,) ]} (537)
L(z' -7') (., - i ' '
N LSRN SoP PR P

(¢) For elements within the debonding region (L-L4<x<L), the same procedure is conducted by

substituting Eq. 5.1(c) into Eq. 5.28, which leads to the following expression:
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v R (5.39)
A= Trin[ 1 +LJ (5.40)
Af Ef A\:Ec
Thus, the general solution of relative slip d, the local bond stress 7 and the FRP stress of are derived
as:

5=0.52'x"+C/'x+C,' (5.41)
7= Tri (5.42)

Lp i i
o, =—1, X+C, (5.43)

5.4.3 Boundary conditions

For a total number of n finite elements on the bond line, 3n unknown constants (Cli, C.' and
Cs,i=1,2,...,n)need to be determined to generate the complete solutions of the relative slip J,
the local bond stress 7 and the FRP stress or. In addition, both the softening length Ls and the
debonding length L4 are unknown under the applied fatigue load Pumax, which add up the total
unknown constants to (3n+2). For the sake of internal continuity among these finite elements, the
relative slip J, the first derivative of 0 and the FRP stress ot are required to remain continuous at
the node between two neighboring elements. On the other hand, the external boundary conditions

are required to be satisfied at both free and loaded end.
Internal boundary conditions

(a) For the interior nodes of the elastic region (0<x<L-Lg-Ls):

C, cosh(ﬂjixi)JrCZi sinh(ﬂfxi):cli” cosh( i“xi)+C2”1 sinh( %) (5.44)

C'A'sinh(4'x )+C,'4 cosh(4'x ) =C/"' 4" sin (4% )+ C,"' 2" cosh (4" ) (5.45)
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Lprfi
AGA
Lpr i+1

= Afé‘lﬂ.liﬂ

| C'sinh (4% )+C,' cosh(4'x ) |+C|
(5.46)

[Clm sinh(/il”lxi)+Cz”l cosh(ﬂ,lmxi)]+c3i”

(b) For node between the elastic and softening region (X = L-Lad-Ls):

C," cosh| 4" (L—L, L) ]+C,"sinh[ 4" (L-L, - L,)]
5fz_f n+1 _5lz_rnl+l (547)

n+1 n+1

— C1n|+1 +

Ty

C"A"sinh| 4" (L-L, - L) [+C," 4" cosh[ 4" (L-L, -L,)[=C," "4, (5.48)

L T n] n . n n n n
m{cl sinh[ 4" (L-L, = L,) ]+ C," cosh[ 4" (L-L, - L) ]}+C," y
Lp (Tfnl+1 _Trnl+l) n+1 n+1 e
= —-C," +C"
Af (5f _51)22 ]
(c) For interior nodes of the softening region (L-Ld-Ls<x<L-Lq):
, i P i 57, =8z,
C/cos| 4, (% —L+Ly+L,)]+C)lsin| 4" (x —L+L, +L,) |+ ————
T (550
) ) ) ) 5 r i+1 _52_ i+l
=C" cos[ 4, (% —L+L, + L) |+C, " sin[ 47 (% —L+ Ly + L) |+ ————
T, —T,
~C'A,'sin[ 4, (% —L+L, +L,)]+C,'4, cos[ 4, (x L+ L, +L,)] 551)

=—C/"4," sin[ 4, (% —L+ L, + L) [+C, " 4" cos[ 4, (% — L+ Ly +L,) |

Lp ffi_‘[ri i i i i i
_ﬁ{cl sin[ 4, (% —L+ Ly +L) |-C, cos[ 4 (x ~L+ L, +L) |} +C, 55

: {cl‘“ sin[ 4, (% —L+L, +L,)]-C," cos[ " (x, —L+L, +L, )]} +C,"

(d) For node between the softening and debonding region (X = L-L4) under the N fatigue cycle:
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n+N-1 n,+N-1
07 o7,

n,+N-1

' (5.53)

n,+N-1 n,+N-1 n,+N-1 _: n,+N-1
C" cos(/i2 ? LS)+C2 . s1n(ﬂ,z . LS)+ T

=054 (L-L, ) +C>" (L-L,)+C,=*"

N-1 N-1 - N-1 N-1 N-1 N-1
_C1n2+ /12”2+ s1n(/12"2+ LS)+Czn2+ lzn2+ COS(ﬂQn2+ LS)

(5.54)
— jgn2+N (L _ Ld )+Cln2+N
L (T n,+N-1 - n2+N—1)
p\"f r n,+N-1 - n,+N-1 n,+N-1 n,+N-1 n,+N-1
ey [ sin (4L ) =€, oos (4L ) [+ C
AN (5.55)
L
p n,+N n,+N
=P N (Lo )+ G
Af
(e) For interior nodes of the debonding region (L-La<x<L):
0.54'%> +C/'x +C,' =0.54,"'x> +C/"'x +C,"! (5.56)
A% +Cl=A""x +C (5.57)
L, . oL .
—Lz'x +Cl=—L¢"x +C,"! (5.58)
f A
External boundary conditions
(a) FRP stress ot =0 when X = 0:
L 1
L, +C) =0 (5.59)
ASA
(b) Concrete stress oc = 0 when X = 0 which leads to dd/dx = 0 at the free end:
C'A4' =0 (5.60)

(c) Relative slip 6 = 01 when X = L-Lg¢-Ls:
C cosh| A" (L—L, —L,) |+C," sinh[ 4" (L-L, - L,) | =4, (5.61)

(d) Relative slip d = 6t when X = L-Lq under the N™ fatigue cycle:

5 T n,+N-1 _51_ n,+N-1
n,+N-1 n,+N-1 n,+N-1 - n,+N-1 fof 1“r _
C, cos(/l2 > LS)+C2 > sm(l2 2L )+ — =0, (5.62)
Tf 2 —T 2
r
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(e) FRP stress o1 = Pma/Ar when X = L under the N™ fatigue cycle:

L P
p_ ny+2(N-1) n+2(N-1) P
—7, L+C = 5.63
A f 3 Af ( )

The number of internal boundary conditions described in Eqs. 5.44-5.58 is (3n-3) provided
that n finite elements are partitioned within the bond length. Besides, by adding the five external
boundary conditions described by Egs. 5.59-5.63, the total number of independent equations
becomes (3n+2), which equals to the number of unknown constants. However, both the softening
length Ls and the debonding length L4 are implicit parameters since all other unknown constants,
Ci, C'and C5' (i=1, 2, ..., n), are explicitly solvable via linear algebra on the premise that both
Ls and L4 are known in advance. Therefore, an iteration process in conjunction with calculation

algorithm is required to reach the stable solutions to the finite element problem.
5.4.4 Algorithm framework

The strategy of solving this one-dimensional FEM problem with a changing number of
elements, which depends on the number of fatigue cycles, has been streamlined into the flow chart
as illustrated in Fig. 5.9.

1. The slip tolerance Tsip and the force tolerance Trrce are preset to control the convergency of the
iteration algorithm. The bond failure limit Lt controls the extent of the bond development
towards failure. Of course, smaller tolerance leads to higher accuracy at the expense of longer
calculating time;

2. Assuming the maximum applied load Pumax is large enough to develop at least softening stage of
the NSM FRP-to-concrete bonded joints, i.e., d > o1 at the loaded end, two situations should be
considered: (a) debonding already exists; or (b) debonding does not occur at the first fatigue
cycle. These two cases can be easily determined by the analytical bond model under the static

loading case described in this chapter since no degradation will happen for the first fatigue cycle.
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In the same sense, both Ls' and Ld' can be calculated by the analytical model as well at the

beginning of the loop.

Material propenies
Fatigue load Py,
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Fig. 5.9 Flow chart of the finite element model for NSM FRP-to-concrete bonded joints
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3. For both cases, the local bond properties of each element, i.e., 7' and 7', should be updated cycle
by cycle as per the degradation law (Egs. 5.24-5.27). It is also important to note that the newly
developed elements created in each cycle, as illustrated in Fig. 5.8(b), should have less
degradation than those softening or debonding elements that already exist before the current
cycle. In principle, both the local bond strength 7 and the residual bond strength 7' of a specific
element depend solely on the number of fatigue cycles that this element experienced rather than
the current number of fatigue cycles;

4. Starting from the 2" fatigue cycle, an iteration process is required to solve the implicit
parameters Ls‘ and L for case (a), and Ls for case (b) under the current k™ fatigue cycle. As
shown in Fig. 5.9, the force (traction) boundary condition (Eq. 5.63) and the displacement
boundary condition (Eq. 5.62) are applied to obtain Ls* and Ld*. respectively. The speed and
accuracy of this iteration process depend mainly on the magnitude of the preset tolerances and
the algorithm adopted to update L and Ld" in the loop, e.g., the method of bisection is used in
this study for its simplicity and good accuracy. For case (b), if the displacement boundary
condition 0> Jr at the loaded end is reached before the target number of fatigue cycles N, which
means the softening stage should be developed, it shall be automatically switched to case (a)
and the process continues to the next cycle; and

5. This algorithm can lead to the FEM solutions, including the relative slip o, the local bond stress
7 and the FRP stress o, etc., along the bond line at the target number of fatigue cycles N if the
NSM FRP joint still survives. Otherwise, the debonding failure and fatigue life will be obtained
whilst the softening length Ls developing all the way to the free end, yet the joint is still unable

to balance the applied Prmax.
5.4.5 FEM model predictions
A MATLAB subroutine was programmed to generate the finite element model based on the

trilinear local bond stress-slip relationship and the degradation law as described above.
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Experimental variables such as material properties, geometric detailing of NSM FRP-to-concrete
bonded joints and maximum fatigue load Pmax are provided as input parameters of the model, along
with the target number of fatigue cycles N and the tolerances of convergency. The numerical
predictions of the FRP strain distribution and the local bond stress distribution are illustrated
compared to the test results in Figs. 5.10-5.13 for both FRP rod and strip specimens, respectively.
Among these figures, comparisons are made at 10, 100, 1000, 10,000 and 100,000 fatigue cycles
respectively to present the overall performance of the model during the fatigue cycles. Also, it
should be noted that all applicable experiment data points have been collected and plotted on the
diagram to reveal the most authentic local bond performance of NSM FRP-to-concrete bonded
joints. To ensure the contents of the plots are concise and visible, IDs of specimen sets are
simplified to a combination of the CFRP cross-sectional shape and the number of fatigue cycles,
e.g., R-1E2 represents R-SCSW-A1-1060-1E2-N and S-F represents S-RO-A1-1060-F-N, since the
influence of parameters such as cross-sectional shape, surface treatment and so on is not a concern
here. Besides, regardless of the fluctuation of bond behavior, data within the same specimen set
are not distinguished from each other by different labels because the overall discrepancy between
the numerical predictions and test results should draw more attention.

In general, the model well captured the entire local bond degrading behavior under the fatigue
loading scenario. As the number of fatigue cycles becomes larger, the utilization of FRP material
from regions near the loaded end develops higher which is featured by a flatter distribution of the
FRP strain [Fig. 5.10(e) and Fig. 5.12(¢)]. This phenomenon is consistent with the gradual
migration of the peak local bond stress towards the free end, as a result of accumulated bond
damage within the debonding and the softening regions. Of course, fluctuations of test results are
undeniably high which leads to such scattered data points, and hence the model is unable to fit the
local bond behavior of any specific specimen set because the degradation law was derived on the
average test results of these specimen sets. In this context, it is natural to expect a model of higher
accuracy if the bond consistency and construction quality can be improved.
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Other than that, models for both CFRP rod and strip specimens appear to overestimate the
residual bond strength after debonding occurs, especially for situations over 10,000 fatigue cycles.
This is a measure of compensation for underestimating both local bond strengths and resistance to
bond degradation of regions near the free end. Because from the test observations, regions near the
free end usually have higher local bond strength as discussed in Chapter 4.3.4 and they were proved
to be much more resistant to degradation as well as described in Chapter 4.4. However, the
fundamental assumption of the analytical model, hypothesizing a uniform local bond strength along
the bond line under static loading case and a same degradation law during the fatigue cycles, is a
prerequisite of the FEM model for practical reasons and deviates from the test results inevitably to
some extents. Therefore, the residual bond strength has to be slightly over estimated. Alternatively,
the degradation of the residual bond strength shall be slower than that in the physical experiment
to balance the applied fatigue load magnitude and keep the pace with the overall development of
the bond.

Moreover, the comparison between the test results and the analytical predictions in terms of
the relative slip at the loaded end is shown in Fig. 5.14. The data points included in the plots are
derived from specimen set R-SCSW-A1-1060-F-N (Set 11) and S-RO-A1-1060-F-N (Set 18) since
they experienced more fatigue cycles and hence the records of the relative slip are more
representative. Being scaled on the semi-logarithmic plot, the model undoubtedly captures the
overall trend of the slip increment throughout the fatigue life of selected specimens sets, including
(1) the initial relative slip obtained under the first fatigue cycle; (2) the steady increase of the
relative slip with the number of fatigue cycles rises; and (3) the rapid climbing of the relative slip
close to failure. Observation of this typical three-stage development has also been reported by
other researchers as mentioned in Chapter 2.4.5. However, because bonded regions near the free
end had unexpectedly high endurance limit as discussed above, the model is unable to reach the
exact fatigue life as obtained in the experiment by adopting the same local bond stress-slip model
and degradation law for all elements along the bond line. This regional enhancement of the bond
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strength is possibly caused by the type of loading setup and boundary conditions of the concrete

block, which requires further investigation in the future.
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Fig. 5.14 Comparison between test results and FEM model predictions for relative slip at the
loaded end of both CFRP rod and strip specimens

5.5 Parametric study

Based on the proposed FEM model, three parameters were selected to further investigate
their contribution to the local bond behavior under the fatigue cycles: (1) local bond strength zr with
a fixed residual bond strength ratio =/z; (2) residual bond strength ratio =/z; and (3) Young’s
modulus of FRP reinforcement. The former two parameters are crucial to the bond performance
of NSM FRP-to-concrete bonded joints and they can be affected by FRP surface treatment, concrete
strength, epoxy strength and groove dimensions, etc. The last parameter determines the axial
stiffness of the FRP material (assuming equivalent cross-sectional area) and depends mainly on the
type of FRP reinforcement being used. The Young’s modulus of concrete is not a concern here
because previous research had verified its negligible influence on the bond behavior under fatigue
(Chen and Cheng 2016). To make the parametric study more realistic, numerical results are
calculated based on the same geometric information, material properties and degradation law

adopted by the CFRP strip specimens discussed in the previous chapter.

194



5.5.1 Local bond strength

The bond development of the NSM FRP is sensitive to the local bond strength during the
fatigue cycles. To ensure a complete comparison by using different local bond strength up to
100,000 cycles, a +20% range of variation is selected based on the original local bond strength of
71=10.42 MPa. The same fatigue load range, i.e., 10-60% of the static pull-out force (Pmax =32.6
kN), is applied to the analysis. In addition, the original residual bond strength ratio z/zt = 0.32
remains constant for all cases. The results of the local bond stress distribution by using various
local bond strength are illustrated in Fig. 5.15. The comparison indicates a substantial difference
in the bond development caused by different local bond strengths under fatigue cycles. Analytical
results of 120% 1t case represent the strongest resistance to the fatigue degradation with no
debonding region occurring before 100,000 fatigue cycles, and the length of damaged bonded
region has the minimum increase from 39.07 mm under 10 cycles to 84.44 mm under 100,000
cycles. By comparison, the analytical results of 80% i case have debonding region occurred from
the very beginning and its damaged bonded region has the maximum increases from 88.55 mm
under 10 cycles to 166.8 mm under 100,000 cycles [Figs. 5.15(a) and (e)]. Thus, it can be
concluded that the NSM FRP-to-concrete bonded joints will greatly benefit from a higher local
bond strength with the damaged zone more localized to the loaded end, and a slower bond

development under fatigue cycles.
5.5.2 Residual bond strength ratio

The residual bond strength ratio =/zr affects the post-softening behavior of the bond
development based on the trilinear local bond stress-slip model. By changing the residual bond
strength ratio =/z to 80, 90, 100, 110 and 120% of its original magnitude (which is 0.32 for CFRP
strip specimens) while all other parameters remained unchanged, the local bond stress distribution
throughout the fatigue cycles up to 100,000 of these cases is shown in Fig. 5.16. The difference in

the local bond stress distribution between the analytical cases is very small under 10 fatigue cycles
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[Fig. 5.16(a)] and increases slightly under 100 fatigue cycles [Fig. .5.16(b)]. However, after
debonding region occurs over 1000 fatigue cycles, the difference becomes more significant and
increases as the increase of the fatigue cycles. At 100,000 fatigue cycles, the subplot of 80%7/zt
case has a damaged region of 131.6 mm while the 120%7/zr case has a smaller length of 104 mm
[Fig. 5.16(e)]. The result reveals that the residual bond strength ratio =/zt has less influence on the
local bond behavior than the local bond strength zr especially at early fatigue cycles but it affects

more on the post-softening behavior of the bonded joints after debonding.
5.5.3 Young’s modulus of FRP reinforcement

To compare the significance of different parameters on the local bond performance, the same
FRP reinforcement with 80, 90, 100, 110 and 120% of its original Young’s modulus Er (168.22
GPa) is adopted for the parametric study herein. The numerical results of the local bond stress
distribution during the fatigue cycles for all these cases are plotted in Fig. 5.17. It could be seen
that although the influence on the bond behavior due to Er is less significant than the local bond
strength 1, it is still greater than the effect due to the residual bond stress ratio zv/zr. In addition, the
influence caused by Et is relatively stable throughout the fatigue cycles. For example, the distance
between the peak local bond stress of 80Er and 120Es case is 23.45 mm at 10 fatigue cycles and
increases only slightly to 28.6 mm at 100,000 fatigue cycles [Figs. 5.17(a) and (e)]. This
observation is expected since unlike the local bond strength 7 and the residual bond strength zr
which degrade under the fatigue cycles, Er is assumed to be constant in the model; therefore, its

influence on the bond performance should be less dependent on the number of fatigue cycles.
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5.6 Summary

This chapter proposes a trilinear local bond stress-slip relationship based on the test
observations and derives the close-form solutions to the govering equation. The full range local
bond behavior by adopting the trilinear model has been presented. Key parameters including peak
local bond stress ., relative slip o1 at peak stress, residual bond strength zr and relative slip Jr at
debonding are calibrated from the static pull-out test results. A comparison between the theoretical
predictions and the experimental results under static loading case has been conducted to verify the
validity of the proposed model. On the other hand, in light of the advantage of adopting the trilinear
local bond stress-slip relationship, a FEM analytical model has been proposed to simulate the local
bond behavior under fatigue cycles. Degradation laws of the local bond strength for both CFRP
rod and strip specimens derived from the fatigue DPT results have been adopted to provide the
fundamental principle of the bond development under fatigue loading case. The mechanism of the
propagation of the damaged bonded region and the migration of the peak local bond stress has been

elaborated in conjunction with an algorithm framework. Analytical predictions obtained from a

MATLAB program using the FEM model are compared with the test results. The following

conclusions can be drawn based on this study:

e The trilinear local bond stress-slip model is proved to be ideal of representing the actual
behavior during the test. The prediction model based on the trilinear local bond stress-slip
relationship presents a good agreement with the experimental data in terms of the pull-out force,
CFRP strain distribution, local bond stress distribution and load-slip relationship at the loaded
end. However, the analytical model is only valid for a stable local bond stress-slip relationship
and hence more work is still needed to ensure the quality and consistency of NSM FRP-to-
concrete bonded joints;

e The discretization of the bond line into finite elements provides the maximum flexibility of

manipulating the local bond properties at different stages of bond development. The proposed
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FEM model based on the trilinear local bond stress-slip relationship has been proved to be
efficient in predicting the overall local bond degradation behavior under fatigue cycles.
Analytical results of bond development in terms of FRP strain, local bond stress and relative
slip at the loaded end reach a satisfying agreement with the experimental data. However, the
model is unable to provide a perfect agreement with the test results, where it overestimates the
local bond performance near the loaded end and generally fails earlier than the practical
specimens under fatigue loading. Because the fundamental assumptions of the FEM model
hypothesize the same degradation laws for all bond elements for practical reasons, but bonded
regions near the free end are usually more resistant to degradation and hence more sustainable
under fatigue cycles; and

Three important parameters including the local bond strength ., residual bond strength ratio
o/t and Young’s modulus Ef of FRP reinforcement, are studied based on the FEM model to
investigate their influence on the fatigue bond behavior of NSM FRP-to-concrete bonded joints.
The result indicates the local bond strength has the most significant effect on the local bond
development throughout the fatigue life of specimens. The residual bond strength ratio
influences more on the post-softening behavior of the bond. Consequently, it affects more at a
higher number of fatigue cycles. In contrast, the Young’s modulus of FRP reinforcement has
a relatively stable influence on the local bond behavior but it is less sensitive to the number of

fatigue cycles.
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CHAPTER SIX

6 THREE-DIMENSIONAL FINITE ELEMENT MODELING OF NSM

FRP-TO-CONCRETE BONDED JOINTS

6.1 Overview

The bond behavior of NSM FPR-to-concrete bonded joints is intrinsically more complicated
than that of the EB FRP-to-concrete bonded joints because the former technique requires the
embedment of FRP reinforcement in the concrete substrate by means of grooves cutting on the
surface of concrete, whilst the latter applies FRP laminates or fabrics to the pretreated concrete
surface using adhesives externally. The creation of the concrete groove and accordingly a thicker
adhesive layer between FRP reinforcement and concrete adds to the complexity of the NSM FRP-
to-concrete bonded joints. Its bond performance depends on parameters encompassing the size,
cross-sectional shape and surface treatment of the NSM FRP reinforcement, the shape and size of
the groove, and the material properties of adhesive and concrete. Although experimental studies
can assist on the investigation of the influence of those parameters on the bond behavior of NSM
FRP-to-concrete bonded joints, e.g., the series of direct pull-out tests (DPT) conducted in this
research (as discussed in the previous chapters), the data collected for the local bond behavior reles
on the strain gauges attached to the surface of the FRP reinforcement and their existence inevitably
affect the efficiency of the stress transfer from FRP to concrete. Unlike the EB FRP in which strain
gauges can be installed on the surface to monitor the local bond behavior, the number of strain
gauges installed are limited for the NSM FRP-to-concrete bonded joints to minimize its influence
on the local bond performance. Those strain gages are also vulnerable under fatigue loading case
since most strain gauges of CFRP rod cases were unable to survive a large number of fatigue cycles.
Based on these difficulties, using the finite element (FE) method to supplement the experimental
studies in understanding the bond performance and failure mechanism of NSM FRP-to-concrete

bonded joints has been an attractive option.
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Research efforts on adopting the FE model to study the NSM FRP-to-concrete bonded
joints is rather limited up to date. Cruz and Barros (2004) implemented an interface element
between the CFRP and concrete to simulate the interfacial local bond behavior based on the
calibrated bond stress-slip relationship from the experimental study. But the bonded joints was
simplified as a two-dimensional FE model, i.e., plane stress problem, assuming both concrete and
CFRP material as linear elastic without the inclusion of adhesive layer. Teng et al. (2013) proposed
a three-dimensional meso-scale FE model for NSM CFRP strip-to-concrete bonded joints using FE
software package MSC.MARC. This model well predicted the failure mechanism of the concrete
block comparing to the experimental results and was also capable of providing the local bond-slip
relationship, assuming a perfect bond between CFRP strip and epoxy adhesive. Zhang et al. (2013;
2014) used the same modeling strategy to propose both the local bond-slip model and the bond
strength model of the NSM CFRP strip-to-concrete bonded joints. Zhang et al. (2017; 2018) also
investigate the effect due to groove spacing and concrete edge distance on this bond strength model
by means of introducing two reduction factors. Some other numerical studies were also conducted
using software package ATENA 3D, e.g., Sasmal et al. (2013) (ribbed CFRP rod case) and Al-
Saadi et al. (2016) (smooth and roughened CFRP strip case), where a three-dimensional contact
element was defined to simulate the interfacial bond behavior between the FRP reinforcement and
epoxy adhesive for the bonded joints.

In this context, to comprehensively understand the failure mechanism of NSM FRP-to-
concrete bonded joints observed in the experiment conducted by this research, as well as the effect
caused by the material properties such as concrete and epoxy adhesive, a three-dimensional FE
model using software package ABAQUS is proposed in this chapter. The failure process of the
concrete specimens reinforced by both CFRP strip and rod reinforcement is simulated and
compared with the experiment results. Some parameters of the adopted concrete model and epoxy
adhesives, and different local bond stress-slip models are focused to reveal their influence on the
overall bond behavior of the FRP-to-concrete bonded joints.
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6.2 Strategy of finite element modeling

6.2.1 General

The three-dimensional FE model was constructed using the universal engineering simulation
software package ABAQUS (version 6.13). To simplify the modeling process and take advantage
of symmetry, the FE model consisted of half of the specimen illustrated in Fig. 4.4 of Chapter 4.
The boundary conditions applied to the FE model was slightly different from the test setup
configuration shown in Fig. 4.5 to ease the modeling effort and improve the convergency of the
solver. In Fig. 6.1(a), using the strip specimen as an example, the right-hand side surface of the
concrete block was restrained to represent the fixed reaction beam applied to the loaded end as
illustrated in Fig. 4.5. The bottom of the concrete block was restrained as well to balance the
moment produced by the eccentric single shear pull-out force, and this boundary condition was
equivalent to the two pairs of push bolts adopted in the experiment. In addition, the horizontal
displacement of the left-hand side surface in Fig. 6.1(b), i.e., displacement in X direction, was
prevented to ensure symmetry. The numerical CFRP-to-concrete bonded joints was loaded by
applying a displacement increment in each time step at the loaded end of the CFRP reinforcement.
Note that the coordinate system indicated in Fig. 6.1 represent the orientation of the model built in

ABAQUS, and the boundary conditions were identical to both CFRP rod and strip specimen cases.
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(a) YZ plane view (b) XY plane view
Fig. 6.1 Boundary conditions of the three-dimensional FE model (CFRP strip specimen case)
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Test results of the experimental study in this research indicated major failure modes of the
NSM CFRP-to-concrete bonded joints due to concrete and epoxy breakage (CEB) plus epoxy
splitting (ES) for CFRP rod specimens and interfacial debonding between FRP and concrete (F/A)
for CFRP strip specimens. However, given the test observation that the epoxy breakage only
occurred after the concrete cracking when the specimen was about to fail, it was less significant to
the overall bond behavior. Hence, the failure of epoxy adhesive was not considered in this FE
model to simplify the numerical calculation and for better convergency. In this case, the modeling
of concrete become extremely important and thus small size elements were used to reflect the entire
failure process of the specimen. The eight-node 3D solid linear hexahedral element with reduced
integration (C3D8R element) was used to model CFRP, epoxy adhesive and concrete material to
save computational time, in conjunction with hourglass control automatically activated to prevent
the zero energy modes (ABAQUS 2013). The eight-node 3D cohesive element (COH3D8) was
used to construct the interface between the CFRP and epoxy adhesive to simulate the interfacial
debonding phenomenon observed in the test. The mesh scheme was determined by means of a
sensitivity study and calibrated by the test results, as to be described later, as follows: (1) the mesh
size for the CFRP rod was 1.19 mm in its radial direction (4 elements), 1.24 mm in its
circumferential direction (12 elements) and 1.25 mm in its longitudinal direction (280 elements);
(2) the mesh size for the CFRP strip was 1.13 mm in its transverse direction (2 elements), 1.33 mm
in its height direction (12 elements) and 1.25 mm in its longitudinal direction (280 elements); (3)
the mesh size for the epoxy adhesive layer was 1.38 mm in its transverse direction (8 elements) for
the CFRP rod case and 1.25 mm (6 elements) for the CFRP strip case, 1.11 mm in its height
direction (18 elements) for the CFRP rod case and 1.45 mm (20 elements) for the CFRP strip case,
and 1.25 mm in its longitudinal direction (200 elements); (4) the mesh size for concrete was mostly
the same as 5 mm but was slightly adjusted to accommodate the groove shape within the regions
including one groove depth away from the top surface and half the groove thickness away from the
symmetric plane. It should be noted that the groove dimension adopted in the FE model was
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measured from the actual testing specimen, i.e., 22 mm in width and 20 mm in depth for the CFRP
rod case, 15 mm in width and 29 mm in depth for the CFRP strip case, which was different from

the design dimension due to the imperfect manipulation in the process of the groove cutting.
6.2.2 Modeling of concrete

The failure in the concrete substrate of the NSM FRP-to-concrete bonded joints requires a
proper concrete constitutive model to characterize the nonlinear cracking process. ABAQUS
provides a concrete damaged plasticity (CDP) model based on the theoretical framework proposed
by Lubliner et al. (1989) to reflect the nonlinearity in both compressive and tensile stress toward
failure. The mechanical behavior of the CDP model depends primarily on the uniaxial tensile and
compressive stress-strain relationship, damage variable of the elastic stiffness, and concrete

plasticity properties.
Uniaxial compressive stress-strain relationship

The uniaxial compressive behavior of the concrete adopted in this research was based on the
model proposed by Elwi and Murray (1979), which was modified from Saenz (1964) and can be
described as follows (Fig. 6.2):

Eogc
o, = 6.1)

el

R:Eo/Es(O'o/O'u_l)_ﬁ 62)
(e, /¢ —1)2 &,

where oc = concrete compressive stress (MPa); oo = maximum concrete compressive stress (45.02
MPa, equals to the average concrete compressive strength fc from the cylinder test); ou = ultimate
concrete stress at crushing failure (38.27 MPa, equals to 0.85 fc referring to Hognestad (1951)); &c
= concrete compressive strain; £o = concrete compressive strain corresponding to oo (equals to 0.002

referring to Mander et al. (1988)); eu = ultimate concrete strain at crushing failure (equals to 0.0038
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referring to Hognestad (1951)) after which the concrete stress drops to zero; Eo = initial concrete
elastic modulus (equals to 4700\/f—C per ACI 318-19); and Es = secant modulus at oo (equals to
o0/€o).

oc A

O'u,,,,,,,, e

. .
-

&y Eu &c
Fig. 6.2 Uniaxial compressive stress-strain relationship for the concrete

However, the material definition in ABAQUS for the CDP model assumes a linear elastic
stress-strain relationship before the initial compressive yielding in the concrete. As a result, only
the inelastic portion of the stress-strain relationship described in Eq. 6.1 and Eq. 6.2 was applied to
the CDP model to determine the post yielding behavior of the concrete in compression. The slight
difference within the elastic range of the compressive stress-strain relationship for the concrete

material is illustrated in Fig. 6.3 and both curves are calculated based on the assumed model

parameters.
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Fig. 6.3 Comparsion between theorectical and adopted compressive stress-strain relationship for

the concrete
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Uniaxial tensile stress-strain relationship

The uniaxial tensile stress-strain relationship adopted in this research was referring to Hordijk
(1991), in which an exponential tensile stress-crack opening model was proposed and calibrated
from a series of deformation-controlled uniaxial tensile tests. That same model was also used by
Jendele and Cervenka (2006) and Chen et al. (201 1) to describe the post-cracking tension-softening

behavior of concrete in numerical analysis, as follows (Fig. 6.4):

%=(1+[C, Wﬂc] Jexp(—% Wﬂcj—wﬂc(l+cl3)exp(—02) 6.3)

w, =5.14(i—F 64)

t
where ot = concrete tensile stress (MPa); ft = concrete tensile strength (2.07 MPa, assumed to be
the average concrete splitting tensile strength from the cylinder test); ¢1 = 3 and C2 = 6.93 =
constants determined from concrete tensile tests; W = concrete crack opening displacement (mm);
W = critical concrete crack opening displacement (mm); and Gr = fracture energy absorbed per
unit crack area in widening the crack from zero to we (N-m/m?, Hillerborg et al. 1976). In the case
of lacking test data for the concrete material, the magnitude of Gr may be estimated from the CEB-

FIP (1993) equation as follows:
f 0.7
G, =(0.0469d.* —0.5d_ +26)| —< 6.5
F ( a a )(loj ( )

where da = maximum aggregate size (mm) and 25.4 mm (1 inch) size was used according to the

concrete batch data provided by the manufacturer in this study.
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Fig. 6.4 Post-cracking tension softening model for the concrete
However, the implementation of this stress-displacement concept in ABAQUS requires the
definition of a crack band width or characteristic crack length to convert the stress-displacement
relationship into a stress-strain relationship for FE simulation. The crack band width he, over which
the cracking strain & accumulates due to concrete microcracking (Bazant et al. 1983), is typically
measured as the length of a line across an element for a first-order element in ABAQUS and thus

it can be calculated as
ok W
Ceh (6.6)

Because the direction of concrete crack is unknown in advance for the numerical model, and
also the elements with large aspect ratios will perform differently in post-cracking behavior
depending on the direction in which they crack. Some mesh sensitivity exists due to this effect,
therefore, the elements with aspect ratios close to one are recommended by ABAQUS (2013).
Meanwhile, to further minimize this mesh dependency, the crack band width was defined as a

function of the element size, i.e., hc = \/gle , where le is the edge length of a concrete element. The

equivalent stress-cracking strain relationships of 5 mm, 7.5 mm and 10 mm concrete element

adopted in this research, for example, are presented in Fig. 6.5.
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Fig. 6.5 Stress-cracking strain relationships for the concrete elements with different sizes
Definition of damage variables

Two damage variables, di and dc are defined in the CDP model to characterize the extent of
concrete damage in tensile and compressive behavior, respectively, within the plastic regime after
material yielding. They are directly related to the cracking strain &c« in tension or inelastic strain

&in in compression as follows:

d =d (&%) (0<d <1) 6.7)
d,=d. (&) (0<d,<1) (6.8)

where dt = 0 = no damage in tension; di = 1 = complete tensile failure in concrete; dc = 0 = no
damage in compression; and dc = 1 = complete crushing failure in concrete.

The post-failure behaviors in both tension and compression for concrete will be significantly
affected with the inclusion of damage variables. Figs. 6.6 and 6.7 display the loading (solid line)
and unloading (dashed line) branches of the stress-strain relationship for both concrete tensile and
compressive behaviors. For concrete tensile strain develops into softening stage, the elastic
modulus degrades gradually in accordance with the tensile damage di. The cracking strain &
presented in the plot is defined by the total strain subtracting the elastic strain corresponding to the
undamaged concrete, i.e., & = & — eo where e = ovEo. On the other hand, the plastic strain &
can be calculated by the total strain subtracting the elastic strain corresponding to the damaged

concrete, i.e., & = & — & where &' = ov/[(1-di)Eo]. Because the definitions for both post-cracking
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softening behavior and tensile damage variable of the CDP model in ABAQUS are provided in
terms of the cracking strain &™. The plastic strain &” in tension will be automatically calculated by

the following equation:

g =g _ G o (6.9)
1-d, E,
Ot A
fo |
Eo
(1-dp)Eq -
’,’ - liEO
- ‘ -
8Ck f-ngtEI &t

Fig. 6.6 Loading and unloading behavior of damaged concrete in tension
The damaged concrete compressive behavior is provided following the same strategy and the

p

. . |- . . .
plastic strain &” in compression is given by:

. d
A (6.10)
1-d, E,

where, as illustrated in Fig. 6.7, ow = initial concrete yield stress in compression (MPa); & = &c —
eoc® in which o = oc/Eo; and & = o¢/[(1-dc)Eo]. However, the definition of damage parameters
requires some modeling practice through trial and error or calibration on the test data, which is not
consistent and depending on the different purpose of FE model. For example, Chen et al. (2011)
deduced the equation for tensile damage variable d: by assuming a constant zero plastic strain &
during the entire post-cracking behavior of concrete, indicating the unloading path of tensile stress-

strain curve always passes through the origin shown in Fig. 6.6. Lopez-Almansa et al. (2014) used

an exponential function to define the damage variables which required a calibration from concrete
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cylinder tests. Alfarah et al. (2017) proposed a new methodology to calculate the damage variables
for CDP model and it was suitable for describing the monotonic behavior of reinforced concrete
structures. On the other hand, Genikomsou and Polak (2015) and Genikomsou (2016)
systematically investigated the influence by both the compressive and tensile damage variable for
the reinforced concrete slab-column connection under punching shear, and it was concluded that
the damage variables are more important for cyclic or dynamic loadings but not for monotonic
loading and thus could be neglected. A similar strategy was also adopted by Mercan et al. (2010)
earlier for the FE modeling of a prestressed concrete spandrel beam. Consequently, the damage
variables are not considered in this research because of the one-time pull-out procedure of the

CFRP-to-concrete bonded joints under monotonic loading.
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Fig. 6.7 Loading and unloading behavior of damaged concrete in compression
Yield surface

The yield function of the CDP model used in ABAQUS is based on Lubliner et al. (1989),
with the modifications proposed by Lee and Fenves (1998) to provide the different strength
evolutions in various loading conditions. Depending on the hardening variables, the plastic strains

and effective stresses, the evolution of the yield function takes the form as follows:
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F=t(a-3ap+ (e ) (o ) - (~un ) |- (s2) <0 (©.11)

2(%/%)_1; 0<a<0.5 (6.12)
gc €Cp|
ﬂ=—( pl)(l—a)—(lw) (6.13)
O't(&‘t )
3(1-K,)
ATy ©.14)

where p = hydrostatic pressure stress (MPa); q = Mises equivalent effective stress (MPa); <> =

Macaulay bracket which yields the number inside the bracket only if it is positive otherwise yields

Zero; Omex = maximum principal effective stress (MPa); ow/ow = ratio of the initial biaxial
compressive yield stress to the initial uniaxial compressive yield stress (default value = 1.16 per

ABAQUS 2013); o (gtp') = o, (gtp' ) /(1—d,) = effective tensile cohesion stress (MPa); oo (gc‘")

= o, (g”' )/ (1—d,) = effective compressive cohesion stress (MPa); and K. = ratio of the second

c c

stress invariant on the tensile meridian, qcrwm), to that on the compressive meridian, gcwm), and
determines the shape of the yield surface in the deviatoric plane (0.5 < Kc <1 per ABAQUS 2013,

and the default value = 2/3), as illustrated in Fig. 6.8.
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Fig. 6.8 Yield surfaces in the deviatoric plane for different values of K¢
Plastic flow

A non-associated potential plastic flow G is adopted in the CDP model and takes the form

of the Drucker-Prager hyperbolic function as follows (Fig. 6.9):

G= \/5 tango a2 —Btan(p (6.15)
where & = eccentricity, which determines the rate at which the function approaches the asymptote
(default value = 0.1 per ABAQUS 2013); ow = uniaxial tensile stress at failure (MPa); and ¢ =
dilation angle of the concrete measured in the meridian plane at high confining (hydrostatic)

pressure.
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Fig. 6.9 The non-associated hyperbolic flow potential in the meridian plane
In Fig. 6.9, the hyperbolic flow potential approaches the linear Drucker-Prager flow potential
asymptotically with the increase of confining pressure, and it intersects the horizontal axis at 90°.
A small magnitude of eccentricity, e.g., ¢ = 0.1, keeps almost the same dilation angle ¢ of the
concrete over a wide range of the confining pressure values. However, values of eccentricity that
are significantly smaller than 0.1 is not recommended because of the possible convergence problem
at low confining pressures. It should also be noted that the dilation angle is crucial to the plastic
behavior of concrete since it determines the direction in which the plastic strain increases. For

plain concrete, a dilation angle of 13° is recommended according to Vermeer and Borst (1984).
6.2.3 Modeling of epoxy adhesive and CFRP

The breakage of epoxy adhesive observed in the experiment was considered more like a
collateral damage caused by the breakage of surrounding concrete, and it usually occurred close to
the specimen failure. On the other hand, as described in Table 4.3, the mechanical performance of
those adopted epoxies in this research all prevailed over that of the two batches of concrete. In
such a case, to ease the modeling process and alleviate the possible convergency issue of the
numerical model, the epoxy adhesive was idealized as an isotropic linear elastic material and
assumed to be perfectly bonding to the substrate concrete. CFRP reinforcement was also modeled

as linear elastic material since the orientation of carbon fibers was in line with the applied load
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(tension), the effect caused by transverse deformation of the CFRP material was thus almost
negligible. In addition, because the utilizations of CFRP reinforcements were all reported as much
lower than their ultimate capacities based on the test results. The rupture of the CFRP
reinforcement as a failure mode was not a concern in this numerical simulation. Two CFRP
reinforcement cases were studied in this analysis, including the sand-coated and spirally wound
(SCSW) rod specimen (R-SCSW-A1-N, Set 3 in Table 4.5) and the roughened (textured) strip
specimen (S-RO-A1-N, Set 4 in Table 4.5). Details of material definitions in ABAQUS for these
two cases are summarized in Table 6.1, along with the key parameters of the adopted CDP model.

Table 6.1 Summary of material definitions in ABAQUS for both CFRP rod and strip cases

Specimen cases CFRP rod CFRP strip
Groove dimensions (width x depth, mm)? 22 x 20 15 %29
CFRP sizes (diameter or width x depth mm) 9.5 4.5 %16
Young’s modulus of CFRP (GPa) 129 168
Tensile strength of CFRP (MPa) 2372 2532
Poisson’s ratio of CFRP® 0.2
Young’s modulus of epoxy (MPa) 12411
Poisson’s ratio of epoxy” 0.35
Young’s modulus of concrete (MPa) 31536
Poisson’s ratio of concrete” 0.18
Concrete compressive strength (MPa) 45.02
Concrete tensile strength (MPa) 2.07
Dilation angle ¢ (°) 13
Eccentricity € 0.1
000/ Gco 1.16
Ke 2/3
U 0.0005

“Average measured dimensions based on testing specimens; °Assumed value for modeling;
“Viscosity parameter defined in the CDP model to improve the rate of convergence of the model
without compromising results (ABAQUS 2013).

6.2.4 Modeling of cohesive element

To reproduce the interfacial debonding failure mode observed in the test for strip specimens,
a special cohesive element (COH3D8) was defined and a thin cohesive layer was built between the
CFRP strip and epoxy adhesive material, as presented in Fig. 6.10. The mesh size for cohesive
layer was 1.13 mm in its transverse direction (2 elements), 1.33 mm in its height direction (12

elements) and 1.25 mm in its longitudinal direction (200 elements). The inner and outer surface of
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the cohesive layer was tied to the CFRP strip and epoxy, respectively. Thus, the relative translation

and rotation between CFRP strip and epoxy was governed by the intermediate cohesive layer.
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Fig. 6.10 Meshed cohesive layer between CFRP strip and epoxy adhesive
The objective of adopting cohesive element was to model the delamination (or debonding)
behavior at interfaces by means of a traction-separation (or local bond stress-slip) relationship.
ABAQUS provides a linear elastic traction-separation behavior (step 1) for cohesive material
followed by the initiation and evolution of damage (step 2), as presented in Fig. 6.11. The universal
constitutive relationship between the traction stress vector t and the strain vector € for the cohesive

element could be presented as follows:

tn Enn EHS Ent gn
t={t,+=|E, E. E, [ '=Ee (6.16)
tt Ent ESI Ett g’(

where th = normal traction (MPa, along the local 3-direction in 3D); ts, t: = shear traction (MPa,
along the local 1- and 2-direction, respectively); Em, Ess and E« = elastic tensile or shear stiffness
(MPa); Ens, Ent and Est = coupling stiffness term (zero for uncoupled traction-separation behavior);
&n = normal strain; &, et = shear strain. Assuming an uncoupled traction-separation behavior of the
cohesive element in this research, values of Em, Ess and Ex need to be provided to define the
cohesive material. However, because the actual thickness of the cohesive layer is usually very
small, e.g., 0.001 mm in this research, ABAQUS uses a unit length 1.0 as the constitutive thickness

of the cohesive element to ensure that the strain is the same as the displacement (ABAQUS 2013).
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As aresult, the stiffness that relates the nominal stress (traction) to the displacement of the cohesive
element, i.e., Km, Kss and Ku, are used and defined in the following (Rezazadeh et al. 2017):

a f
KnnKnn

—_n ‘m_ 6.17
" Knan + ann ( )

_K (6.18)

K, =—- (6.19)

where Km® = Ea/ta = stiffness of epoxy adhesive in the normal direction (MPa/mm), in which Ea =
Young’s modulus of epoxy adhesive (MPa) and ta = thickness of epoxy adhesive layer (mm); Knn'
= E#/ts= stiffness of CFRP strip in the normal direction (MPa/mm), in which Er= Young’s modulus
of CFRP strip (MPa) and t; = half width of CFRP strip (mm); t.” = peak value of the nominal stress
in the normal direction to the interface (mm); Jx’ = relative displacement between the top and
bottom of the cohesive layer corresponding to t.’ (mm); t’, t” = peak value of the nominal stress in
the first and second shear direction (MPa), respectively; and &, &’ = relative displacement
corresponding to ts° and t” (mm), respectively. It should be noted that the bracket presented in Fig.
6.11, e.g., Km (Kss, Kit), simply represents that the concept of separation-traction relationship is the

same in all three local directions. Calculated values of these stiffnesses are summarized in Table

6.2.
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Fig. 6.11 Typical separation-traction relationship with linear damage evolution
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As illustrated in Fig. 6.11, the stiffness keeps constant for the entire separation-traction
relationship, but a damage variable D needs to be introduced when the specified damage initiation
criterion has been reached. The maximum nominal stress criterion was used in this research to

indicate the initiation of damage in cohesive element as follows:

maxw ) W}:l (6.20)

howy

It should be noted that the first term of Eq. 6.20 is almost negligible by assuming the linear
elastic response in the normal direction to the interface between CFRP strip and epoxy when the
tensile strength of epoxy was used as the damage initiation limit. The value of peak shear traction
(t and t’) was taken as the local bond strength 7t measured from the previous DPT experiment for
the CFRP strip case, i.e., set S-RO-A1-N (Table 6.2). On the other hand, as shown in step 2, the
softening behavior after damage initiation is controlled by the damage variable D in the following

format:
t,.t,t =(1-D)S (6.21)

where S = predicted stress by the linear elastic traction-separation relationship for the current strain
without damage (MPa); AS = difference between the predicted stress and actual softening stress
(MPa); and D = AS/S. Details of defining the damaged behavior of the cohesive elements will be
elaborated in the following chapter.

Table 6.2 Summary of cohesive material defined in ABAQUS for the CFRP strip case

Knn (MPa/mm) Kss (MPa/mm) Ki MPa/mm)  t.° (MPa) t"(MPa) t°(MPa)
2291.5 208.4 208.4 14.8 10.42 10.42

6.3 FE model calibration

6.3.1 Calibration of the CDP model by Barr et al. (2003)’s beam test

To verify the accuracy of the CDP model and present how the FE model is calibrated based

on the test specimen and loading setup, the round-robin beam bending test conducted by Barr et al.
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(2003) was simulated as an example in ABAQUS by using the CDP model. The series of tests
were aimed to evaluate the applicability and robustness of the test method recommended by the
RILEM TC 162-TDF (2003) for steel fiber reinforced concrete. However, the two cases of plain
concrete beams, i.e., C25/30 and C70/85, which served as the control specimens in the testing series
were ideal for the calibrating of the CDP model. The concrete beam tested had a dimension of
150x150 mm in cross-section and 600 mm in length, and a 3 mm wide notch with 25 mm in length
was cut by rotating diamond blades at the mid-span of the beam, as illustrated in Fig. 6.12. Two
roller supports were placed at a distance of 50 mm away from the beam end, respectively, and a
concentrated load was applied at the mid-span by displacement control. The values of concentrated
load, mid-span displacements and crack mouth opening displacement (CMOD) were recorded
throughout the test by gauges. The material properties of the beam for both normal strength
concrete (NSC) and high strength concrete (HSC) are summarized in Table 6.3, which were also

used for the definition of the CDP model.
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1
<5 mm
T
CMOD gauge length <40 mm

Fig. 6.12 Beam bending test set-up (Barr et al. 2003)
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Table 6.3 Properties of concrete material used for the beam bending test

Young’s
o 3 modulus of Compressive Flexural
Concrete grade  Density” (kg/m’) concrete” strength® (MPa) strength® (MPa)
(MPa)
C25/30 (NSC) 2367 27924 353 42
C70/85 (HSC) 2395 45032 91.8 6.7

“Data was collected from Barr et al. (2003); *Calculated by 4700\/?c per ACI 318-19; “Calculated

by 0.7,/f, per ACI318-19.
In ABAQUS, the beam was modeled by using the plane stress element CPS4R for simplicity

and a mesh size of 3 mm was adopted because of the small notch cut in the mid-span. Under the
circumstance that the concrete cracking direction of the beam specimen was predictable (parallel
to the notch, or vertical), the tensile stress-cracking strain relationship was thus determined based
on a characteristic crack length of 3 mm by using Eq. 6.6. The variables for the definition of the
concrete plasticity were the same as aforementioned in Table 6.1, where ¢ = 13°% €= 0.1; avo/geo =
1.16; and Kc=2/3. The cracking pattern and maximum principal stress distribution of the FE model
for the NSC case at the peak load is presented in Fig. 6.13 (deformation is scaled up by 100 times),
while the comparisons of load vs. mid-span deflection and load vs. CMOD between the FE model
and experiment are illustrated in Fig. 6.14. For the load vs. mid-span deflection [Fig. 6.14(a)], the
FE model captures the overall development of the load-deflection relationship recorded during the
experiment. However, the deflections at peak load for both the NSC and HSC cases are slightly
smaller than that of the experiment. The peak load capacity of HSC case is also underestimated by
the FE model. These differences might be explained by the measuring error of the gauge in vertical
direction and the fluctuation of the concrete material. It should be noted that the selected curve for
the experiment was the typical test result and the variation in peak load between test specimens in
the same set was 8% and 10% for NSC and HSC case, respectively (Barr et al. 2003). By contrast,
the load vs. CMOD curves have a better consistency between the FE model and experiment [Fig.
6.14(b)], and it proves the validity of adopting the CDP model to simulate the cracking behavior of

plain concrete specimens.
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Fig. 6.14 Comparison between the FE model and experiment for the plain concrete beam

6.3.2 Mesh sensitivity

The results of FE analysis always vary with the change in mesh size especially for concrete
material in the current study, though a mesh-dependent strategy was introduced for the definition
of concrete in tensile stress-strain relationship by using the concept of crack band width to minimize
the mesh sensitivity. Three mesh scenarios were studied for CFRP rod case to determine the mesh
scheme of the FE analysis because the specimen using CFRP rod predominately failed in concrete
and thus was more sensitive to the change in mesh size, including:

(1) Coarse mesh: Most concrete had a mesh size of 10 mm but will be slightly adjusted in the
regions close to the groove, epoxy adhesive had 4 elements in its thickness direction and 6 elements
in its height direction, and CFRP rod had 2 elements in its radial direction and 6 elements in its

circumferential direction;

222



(2) Medium mesh: Most concrete had a mesh size approximately 7.5 mm and was slightly adjusted
in the regions close to the groove, epoxy adhesive had 6 elements in its thickness direction and 12
elements in its height direction, and CFRP rod had 3 elements in its radial direction and 8 elements
in its circumferential direction; and

(3) Fine mesh: Most concrete had a mesh size of 5 mm but will be slightly adjusted in the regions
close to the groove, epoxy adhesive had 8 elements in its thickness direction and 18 elements in its
height direction, and CFRP rod had 4 elements in its radial direction and 12 elements in its
circumferential direction.

These three meshes were illustrated in Fig. 6.15 for the CFRP rod case, note that the CFRP
rod was tied to the surrounding epoxy adhesive, the same as the epoxy adhesive was tied to the
substrate concrete at the surface of contact. The load-displacement curves at the loaded end of the
FE analysis based on these three meshes were presented in Fig. 6.16, where the experimental data
from DPT of the specimen set R-SCSW-AI-N was plotted as well as references. All the three
meshes had a very close behavior below 50 kN because of the same definition of concrete material
within the linear elastic stage regardless of the mesh size. However, the difference in bond
development of these three meshes was much larger in the post-cracking stage of concrete, where
strong non-linear behavior was observed. The coarse mesh had the most significant fluctuation of
pull-out force to maintain the same displacement increase rate at the loaded end, which was as
expected because of the fewer elements used, and led to a less reliable result. Both the medium
and fine meshes presented a more stable development during the non-linear stage of concrete after
cracking though a difference of 6.8% was still observed for the peak pull-out force, where the fine
mesh could reach a higher value of 68.2 kN compared to the lower 63.6 kN of the medium mesh.
In addition, the FE result seemed to underestimate the bond strength compared to the test results,
which had a pull-out force of 78.5 kN on average. Because the tensile strength 2.07 MPa adopted
to define the concrete tensile behavior was the average value of 9 concrete cylinders during the 7.5-
month testing series, where a standard deviation of 0.44 MPa was recorded. As a result, the large
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fluctuation in concrete tensile strength led to a lower numerical prediction when an average tensile
strength was used especially under the circumstance that the dominate failure mode was concrete
breakage. Nevertheless, the fine mesh was selected by the current research for the CFRP rod
specimen, as well as for the CFRP strip specimen, because it was more coincided with the
experimental data. It should be noted that a finer mesh of concrete (e.g., 1.25 or 2.5 mm) was
applicable and expected to be more accurate, yet due to the high computation cost it was beyond
the scope of current research. Besides, the main purpose of this FE analysis was to reproduce the
failure procedure observed in the experiment and study the different failure mechanism of CFRP

rod and strip specimens. In such a case, a mesh size of 5 mm for the concrete block was acceptable.

(a) Coarse mesh (b) Medium mesh

(c) Fine mesh

Fig. 6.15 Three mesh scenarios for the CFRP rod specimen
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Fig. 6.16 Comparison of different meshes for the load-displacement relationship
6.3.3 Bond stress-slip relationship for the cohesive element

The interfacial (local) bond stress-slip relationship between CFRP reinforcement and epoxy
governs the bond behavior of the NSM FRP-to-concrete bonded joints under pull-out force, as
discussed comprehensively in the previous chapters. To reproduce the debonding failure
mechanism observed in the experiment for the CFRP strip case, two representative bond models
for the local bond stress-slip relationship, including both the bilinear model [Fig. 3.2(b)] and
trilinear model [Fig. 3.2(d)], were used to determine the damage evolution of the cohesive layer.
Thus, the damage variable D introduced in Chapter 6.2.4 for both models was derived by means of
the calibrating results of Set 4 (Table 5.1) and Eq. 6.21, as illustrated in Fig. 6.17. It should be
noted that the damage variable D in ABAQUS is specified as a function of the displacement relative
to the displacement at damage initiation. The numerical analysis was conducted by following the
modeling strategies mentioned above and the FE results are compared to the test results in term of
the load-displacement relationship, as presented in Fig. 6.18. It can be seen that both models have
the same linear elastic development that matched well with the experimental data before 25 kN.
However, the FE result of the bilinear model deviated significantly from the experimental data
during the nonlinear stage of the bond development, which was caused by its slower softening rate
of the local bond stress-slip relationship. By contrast, the FE result of the trilinear model captured
the overall trend of bond development and presented a good consistency with the experimental data.

The peak load predicted by both the bilinear and trilinear model was 60.2 kN and 53 kN, being
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equivalent to a difference of 10.7% and -2.6% compared to the average pull-out force (54.4 kN) of
the CFRP strip specimen, respectively. As a result, the trilinear model was adopted by this research

to reproduce the failure procedure of the CFRP strip-to-concrete bonded joints under pull-out force.
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Fig. 6.17 Damage variable D of the cohesive material
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Fig. 6.18 Comparison between FE results and experimental data for the load-slip relationship at
loaded for the CFRP strip specimen

6.4 Results and discussion of FE analysis
6.4.1 Bond development and failure mechanism

To illustrate the entire bond development for both CFRP rod and strip specimens, the
distribution of the maximum principle stress of concrete was presented at different load levels in
Fig. 6.19, where the left column [Fig. 6.19(a)] represents the CFRP rod case and the right column
[Fig. 6.19(b)] represents the CFRP strip case. The five subplots of principle stress contour at each

column under approximately 20, 40, 60, 80 and 100% of the ultimate pull-out force Pu (kN) are
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corresponding to the points labelled on the load-slip curve, i.e., A, B, C, D, and E. At the load level
of about 20%Pu (Point A) or less where the bond development was still mostly within the linear
elastic stage, the peak principle stress of both CFRP rod and strip case was localized near the loaded
end. When the load increased to approximately 40%Pu (Point B), the concrete near loaded end
developed into the softening stage with a fast drop in tensile stress. Meanwhile, the peak principle
stress migrated toward the free end with a larger region of concrete close to the groove influenced
by the load transferred from epoxy adhesive both vertically and transversely. It should be noted
that mechanism ofthe principle stress migration for CFRP rod and strip specimen was not identical,
where the rod case was due to the fully development of concrete but the strip case was due to the
interfacial debonding between CFRP strip and epoxy. The same pattern of bond development
proceeded until the peak principle stress migrated to the region near free end at 80%Pu (Point D)
for CFRP rod case or 100%Pu (Point E) for CFRP strip case. It reconfirmed that the concrete was
not fully utilized for the CFRP strip specimen because of the premature interfacial debonding. For
CFRP rod specimen, from 80%Pu (Point D) to 100%Pu (Point E) more concrete region was
developed near the free end transversely within approximately twice the groove width to sustain a
further increase of applied load until failure by concrete breakage.

On the other hand, the cracking pattern of concrete block for the CFRP rod specimen could
be seen by the contour of plastic strain at failure as shown in Fig. 6.20. The upper limit of the
plastic strain illustrated was set as 0.0243, corresponding to 10% of the concrete tensile strength
defined in ABAQUS and beyond which the concrete was assumed to be failed completely (colored
in grey). The region that enclosed by the perimeter of the plastic strain [Fig. 6.20(a)], representing
the cracked concrete in ABAQUS, reached a satisfying agreement with the cracking pattern

observed in the experiment [Fig. 6.20(b)].
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Fig. 6.19 Bond development for CFRP-to-concrete bonded joints under load
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Fig. 6.20 Cracking pattern between FE analysis and experiment for CFRP rod specimen
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6.4.2 Effect of dilation angle

For granular material such like concrete, its volume will change beyond the elastic limit due
to microcracking and frictional sliding along microcracks, as presented Fig. 6.21. This phenomenon
of volume change in concrete is called dilation. And the uplift angle ¢ is defined as the dilation
angle which relates the vertical velocity (volumetric plastic deformation) and horizontal velocity
(deviatoric plastic deformation) during the inelastic development of the material under shear stress
(Vermeer and Borst 1984). The characteristic of concrete dilation significantly affects the passive
confinement pressure activated in a reinforced concrete member (Mercan et al. 2010), and an
increase in dilation angle will lead to more confinement and accordingly a stiffer axial stress-strain
relationship of concrete (Grassl 2004). Though a dilation angle of 13° was already determined to
define the plain concrete material used in the experiment, a sensitivity study of the important
dilation angle is necessary.

Based on the CFRP rod case where the specimen failed by concrete breakage, dilation angle
ranges from 15° to 55° was studied to present its influence on the bond strength in term of the load-
slip relationship at the loaded end, as illustrated in Fig. 6.22. The difference in dilation angle did
not affect the initial stiffness of the curve within elastic stage below 10 kN, but it drastically
changed the bond behavior when the NSM FRP-to-concrete bonded joints developed into the
plastic stage. A larger dilation angle led to a stiffer load-slip relationship and a higher load-carrying
capacity of the joint as expected, because more passive confinement will be applied to the concrete
material near the groove contributed by the boundary conditions as a result of the larger volumetric
plastic deformation. The result curve of dilation angle ¢ = 15° seemed to fit well with the
experimental data and was close to the result of FE model used in this study with a dilation angle
¢ = 13°, this observation also was coincided with the numerical study conducted by Lubliner et al.
(1989) and Genikomsou (2016), where a dilation angle between 10° to 20° should be used for low-

confined concrete.
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6.4.3 Effect of concrete strength

Concrete strength always plays important role in the load-carrying capacity of FRP-to-
concrete bonded joints, especially under the circumstance that a reliable bond has been constructed
to prevent premature debonding failure at interfaces and ends up failing in concrete. In this context,
the FE analysis on the same CFRP rod specimen had been further investigated to explore the
influence of concrete at different strength levels with 25, 45 and 65 MPa in compression. The
tensile strength with respect to the different concrete strength levels were determined from the

CEB-FIP (1993) equations as follows:

2/3
f = 1.4( fc1;8j 6.22)
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where fc = cylinder compressive strength of concrete. However, the dilation angle for analysis of
this study slightly increased to 20° (Genikomsou 2016) to reach a balance between accuracy of
representing the low-confined concrete and computation cost. All the other material properties for
this simulation were consistent with the FE model of the CFRP rod specimen mentioned above.
The comparison of numerical results among these different concrete strength cases were plotted in
Fig. 6.23. The peak pull-out forces were obtained as 61.4, 96.0 and 118.6 kN of the three CFRP
rod specimens with different concrete strengths. It can be seen that the peak pull-out force is
proportional to the concrete strength, and a larger relative slip needs to be developed as well to
reach the load-carrying capacity of the specimen with higher concrete strength. A higher stiffness
was observed for the specimen with higher concrete strength as expected because the Young’s

modulus of concrete defined in the FE model was from on the ACI 318 equation.
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Fig. 6.23 Effect of concrete strength on the load-slip relationship at loaded for the CFRP rod

specimen
6.4.4 Effect of groove width

The effect of groove size on the bond performance of NSM FRP-to-concrete joints had been
widely studied by former researchers. In the case of concrete breakage failure of the test specimens,
a larger groove height-to-width ratio increased the confinement of the joint, allowing stress transfer
across the concrete crack via aggregate interlocking and friction (Seracino et al. 2007a, Zhang et
al. 2013). Additionally, Oehlers et al. (2008) verified the contribution of extra adhesive cover to

the load-carrying capacity when embedding the NSM FRP strips deeper into the groove. To sum
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up, an optimum groove dimension of 1.5dsx1.5db or 2.0dvx2.0ds (width x depth, db = diameter of
FRP reinforcement) was recommended for most test configurations (Lee and Cheng 2013), which
is consistent with the minimum dimensions of groove as specified in ACI 440.2R-08 (2008). And
yet, very few studies discussed about the independent effect of groove width on the bond strength
with a constant groove depth. Hence, three groove widths wg of 1.5db, 2.0db and 2.5ds» were selected
in this parametric study, in considering both the requirement for FRP installation and minimizing
cutting effort, while the groove depth dg was set as 2.0ds. The comparison in terms of the load-slip
relationship at loaded for the three groove widths was presented in Fig. 19, based on the same CFRP
rod specimen. The peak pull-out forces of the CFRP rod specimen with different groove widths
were 74.6, 75.5 and 75.8 kN, respectively, indicating a negligible difference in bond strength when
the groove width was within the recommended range. Though a slight difference was also observed
in the bond stiffness beyond the initial linear elastic stage, where increasing the groove width
benefits the bond stiffness, it yielded a less significant contribution to the bond behavior when
compared to other parameters described in previous subsections.
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Fig. 6.24 Effect of groove with on the load-slip relationship at loaded for the CFRP rod specimen
6.5 Summary

In this chapter, the NSM FRP-to-concrete bonded joints of direct pull-out test conducted and
discussed in Chapter 4 were successfully simulated by using a three-dimensional FE model in
ABAQUS, where the nonlinear behavior of plain concrete was described by a concrete damaged

plasticity (CDP) model. The CDP model, which includes definitions of concrete uniaxial
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compressive and tensile behavior, as well as key parameters for yield surface and plastic flow, e.g.,
dilation angle ¢ = 13°; ¢ = 0.1; ow/oew = 1.16; and Kc = 2/3, was validated by Barr et al. (2003)’s
beam test for plain concrete case. In addition, the interfacial debonding failure mode between
CFRP strip and adhesive was accurately reproduced by virtue of the cohesive element and trilinear
local bond stress-slip relationship, and the concrete breakage failure of CFRP rod specimen was
realized assuming a perfect bond at all interfaces. A good agreement between the numerical
predictions and experimental results was verified for both the CFRP rod and strip cases. Thereafter,
parametric studies were carried out focusing on the effect due to dilation angle of concrete, concrete
strength and groove width for the NSM FRP-to-concrete bonded joints. The following conclusions
can be drawn from the numerical analysis:

e The CDP model is reliable of predicting the post-cracking behavior of plain concrete of NSM
FRP-to-concrete bonded joints, under the circumstance that an appropriate dilation angle is
provided, i.e., 10-20°. The dilation angle has a positive effect on both the bond stiffhess within
the nonlinear stage and ultimate pull-out force of the bonded joints;

e The bond development of NSM FRP-to-concrete bonded joints under pull-out force is a
complex three-dimensional behavior. Concrete close to the groove within a region up to twice
the groove width is most exploited and will develop both transversely and vertically with the
increase of applied load, from the loaded end to the free end gradually. Interfacial debonding
between FRP and adhesive will lower the utilization of concrete material;

e The specimen of NSM FRP rod in concrete, provided a perfect bond at all interfaces, benefits
from a higher strength concrete, leading to both a higher load-carrying capacity and bond
stiffness as well as a larger relative slip; and

e A larger groove width appears to produce a negligible effect on the load-carrying capacity of

the specimen using NSM FRP rod, although the bond stiffhess is slightly enhanced.
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CHAPTER SEVEN

7 CONCLUSIONS AND FUTURE WORK

7.1 Concluding remarks

In the most recent decade, the retrofitting and strengthening of deficient concrete structures
using the fiber reinforced composite (FRP) materials is gradually becoming a common practice.
The near-surface mounted (NSM) FRP, as an alternative to the traditional externally bonded (EB)
FRP, is highlighted by the advantage of high load-carrying capacity, faster installation, less prone
to debonding and better weather-resistant because of the protecting adhesive cover. To ensure the
strengthening efficiency of NSM FRP, as well as comprehend the failure mechanism, many
experimental efforts have been made to investigate the bond performance of NSM FRP-to-concrete
joints through direct pull-out test (DPT) under static loading. But the understanding of bond
behavior of NSM FRP in concrete under fatigue loading and its failure mechanism is still lacking.

To investigate the bond characteristics of NSM FRP-to-concrete under fatigue loading, this
research includes both experimental and analytical studies focusing on the local bond behavior
induced by different factors. Finite element (FE) modeling is also adopted to simulate the joint
specimen under the static direct pull-out force and helps understand the failure mechanism of NSM
FRP in concrete. Chapter 3 summarizes the theories of FRP-to-concrete joints under the static
direct pull-out force in the open literatures and constructs the database of DPTs for NSM FRP
specimens. Semi-empirical equations to predict the load-carrying capacity of NSM FRP-to-
concrete joints and corresponding failure mode are proposed. It also lays the foundation for the
analytical model to describe the local bond behavior of NSM FRP in concrete under fatigue cycles.
Chapter 4 describes the entire experimental study on the fatigue bond performance of NSM FRP-
to-concrete joints. A total number of 84 specimens are tested under both static and fatigue loading
cases, and test results on the local bond characteristics (e.g., local bond stress, FRP strain, relative

slip, bond stiffness, etc.), failure mode and bond degradation behavior under fatigue cycles are
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thoroughly discussed. Chapter 5 provides the theoretical base to explain and describe the local
bond behavior of NSM FRP in concrete under both static and fatigue loading cases. The influence
on the bond development under fatigue cycles induced by several key parameters such as the local
bond strength, residual bond strength ratio, etc., are examined and compared by using the analytical
model. Chapter 6 presents the three-dimensional FE modeling of the NSM FRP-to-concrete
bonded joints using the concrete damaged plasticity (CDP) model in ABAQUS, the modeling
strategy as well as the definition of materials are introduced. The failure mechanism of both CFRP
rod and strip specimens are discussed and compared to the experimental observations. Additionally,
parametric study is conducted by virtue of this FE model to supplement the experiment. The main

conclusions from this research as summarized above is drawn in this chapter.
7.1.1 Experimental study

The following conclusion were drawn based on the 84 specimens, including 24 static
specimens and 60 fatigue specimens. The static load-carrying capacities of the CFRP rod
specimens were mostly larger than that of the CFRP strip specimens, indicating a more efficient
utilization of the CFRP material of round cross-section in this study. However, the CFRP strip
specimens can resist more fatigue cycles than the CFRP rod specimens under the same 10-60%Ps
fatigue load range. This is because the fatigue cycles changed the failure mechanism of the CFRP
rod specimens from concrete and epoxy breakage (CEB) under static loading to interfacial
sliding/debonding between FRP and adhesive (F/A) by different extents, but the strip specimens
had the same failure mechanism (F/A) in both loading cases.

All the three typical surface treatments of the CFRP rod specimens tested in this research,
including roughened (RO), sand-coated (SC) and sand-coated and spirally wound (SCSW),
provided reliable mechanical interlocking to prevent interfacial sliding (F/A) under static loading

case. But the SCSW specimens prevailed over others with higher local bond strength, better
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utilization of concrete material and slower fatigue bond degradation rate, which led to a longer
fatigue life.

For the CFRP strip specimens of which failure was the interfacial sliding, the pull-out force
was proportional to the material property of epoxy adhesive under static loading case. And the
three-component epoxy adhesive Al (Pilgrim-Magmaflow Grout-Pak CF) had been verified as the
most reliable adhesive with its highest bond strength, good consistency in material property and
satisfying fatigue performance in specimens. Concrete strength also had a positive effect on local
bond strength and load-carrying capacity of specimens under static loading but it did not noticeably
affect the fatigue bond behavior under the same 10-60%Ps fatigue load range. In addition, a higher
fatigue load range (i.e., 10-70%Ps) accelerated the local bond degradation significantly and led to

a much shorter fatigue life for both CFRP rod and strip specimens.
7.1.2 Analytical study

A trilinear local bond stress-slip model was proposed in this research, including linear elastic
stage, softening stage and debonding stage with non-zero residual bond stress, and it was proven to
be more representative of the real test results. The analytical model adapted from Yuan et al. (2004)
based on the trilinear local bond stress-slip relationship agreed well with the experimental data,
including pull-out force, CFRP strain distribution, local bond stress distribution and load-slip
relationship at the loaded end. To further extend this model to be applicable under fatigue loading,
the finite element (FE) strategy was applied to discretize the bond line of the NSM FRP-to-concrete
joints and enabled the independent evolvement of each element by following the governing
equations and degradation laws. Exponential degradation laws of local bond strength were
calibrated from the experiment for both CFRP rod and strip specimens. The proposed analytical
model could describe the overall local bond behavior due to fatigue degradation, e.g., development
and distribution of FRP strain, local bond stress and relative slip, and the results reached a good

agreement with the experimental data.
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Parametric studies by virtue of the proposed analytical model confirms the significant
importance of local bond strength which govemns the local bond development of NSM FRP-to-
concrete joints during fatigue cycles. A higher local bond strength can slow down the bond
deterioration and restrict the development of damaged zone under cyclic loading. The residual
bond strength ratio, on the other hand, primarily affects the post-softening behavior of the bond. A
higher residual bond strength ratio increases the load-carrying capacity within the debonding region
and consequently slows down bond development toward the free end. The fatigue bond
performance of NSM FRP-to-concrete joints also benefits from a higher Young’s modulus of FRP

reinforcement.
7.1.3 Finite element modeling

The numerical simulation of NSM FRP in concrete joint specimen under the static direct
pull-out force reveals the complexity of NSM FRP-to-concrete bond failure mechanism. Concrete
close to the groove within a region up to twice the groove width is most exploited and will develop
both transversely and vertically with the increase of applied load, from the loaded end to free end
gradually. The CDP model in ABAQUS is reliable of predicting the post-cracking behavior of
plain concrete provided that an appropriate dilation angle within 10-20° is defined. It also
reconfirms the importance to prevent interfacial debonding failure mode in NSM FRP-to-concrete
bonded joints to fully utilize the concrete material.

Parametric study based on the three-dimensional FE model has been conducted and results
show that a larger dilation angle increases both the bond stiffness within the nonlinear stage and
ultimate pull-out force of the NSM FRP-to-concrete bonded joints. A higher concrete strength
yields a higher load-carrying capacity and bond stiffness as well as a larger relative slip of the
bonded joints using NSM FRP rod. But a larger groove width seems to produce only negligible

effect on the bond performance, though the bond stiffness is slightly enhanced.
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7.2 Future work

This study mostly helps comprehend the local bond behavior and failure mechanism of
various NSM CFRP-to-concrete joint specimens under fatigue loading case. Analytical models are
proposed to explain and describe the bond development due to fatigue degradation for NSM FRP
in concrete. The numerical simulation using the CDP model in ABAQUS provides a good
reference of 3D FE modeling to study the bond issue of NSM FRP system. However, some other
issues still need more efforts in the future research.

e The local bond strength of NSM FRP in concrete plays a pivotal role in the bond performance
under both static and fatigue loading case. Yet the most reliable estimation of the local bond
strength is through experimental study and obtaining readings from strain gauges. Some
models to predict the local bond strength as well as the load-carrying capacity of NSM FRP-
to-concrete bonded joints are introduced in Chapter 3 corresponding to different failure modes,
but the accuracy of these models is still not satisfactory. Variations in the materials properties
used for the NSM FRP technique (i.e., concrete, FRP and adhesive) significantly affect the
bond performance and failure mechanism. Thus, further effort is required to improve the
construction quality of concrete groove and FRP surface treatment, as well as reduce the
variation in adhesive shear (bond) strength;

e The long-term performance of NSM FRP-to-concrete bonded joints is not only limited to the
fatigue load. Other factors such like the sustained load and severe environmental conditions
(e.g., salty water, freeze-and-thaw cycles, deicing, etc.) also deserve attention to ensure the
efficiency of NSM FRP strengthening of structures in long run;

e The analytical model based on the trilinear local bond stress-slip relationship is representative
of the test observations and captures the bond development of NSM FRP in concrete under
both static and fatigue loading. But the current research only focuses on the bond level of NSM

FRP technique, to further extend this analytical model to structural level, e.g., flexural and
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shear strengthening of concrete beam, retrofitting of slab and wall, etc., further research is
required to corelate the bond and structural level behavior;

The fatigue bond degradation in this research is primarily quantified by the exponential
degradation law of local bond strength calibrated from the experiment and it works fine with
the proposed analytical model. Although the direct measurement using strain gauges attached
to the surface of FRP reinforcement is common and reliable for experimental study, it is
extremely strenuous and time consuming to prepare for the test. A possible alternative to
estimate the fatigue bond degradation could be the equivalent bond stiffness of joint specimen,
a damage factor could thus be introduced to quantify the reduction in bond stiffness dependent
on fatigue cycles. In this sense, further study is necessary to propose a more practical model
for the fatigue design of NSM FRP strengthened structures; and

The FE modeling strategy of NSM FRP-to-concrete bonded joint specimen by using CDP
model in ABAQUS is successful in this research. However, the current example models only
consider the bond development and failure procedure under static pull-out force. An extension
of the current FE model to be adaptable to cyclic loading is possible yet difficult. Some critical
issues exist for the bond simulation under fatigue loading, for example, convergency difficulty
induced by the inelastic behavior of concrete, quantification of accumulated damage in
concrete and adhesive material, possible interfacial debonding between FRP and adhesive, and
fatigue failure criteria, etc. A thorough investigation and deep consideration is required to
solve the challenges mentioned above, yet the numerical approach is still appealing compared

to the strenuous experimental study.
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