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ABSTRACT

Externally bonding advanced composite materials to concrete structures is an 

effective way to improve their strength, ductility, and durability. The interfacial bond 

behavior is fundamental to understand the overall structural performance of concrete 

structures strengthened with advanced composite materials. This study includes a 

comprehensive investigation of the bond behavior of composite-concrete joints with 

different fiber reinforced composite types. First, a direct approach to determine the bond- 

slip relationship for fiber reinforced cementitious matrix (FRCM)-concrete joints based on 

fiber strain measurements was proposed. Then, an analytical solution to predict the full- 

range response of FRCM-concrete joints was derived by assuming a trilinear bond-slip 

relationship. The analytical results were compared with experimental load responses to 

indirectly determine the bond-slip relationship. Next, the experimental load response of 

steel fiber reinforced polymer (SRP)-concrete joints was explored by single-lap direct shear 

tests. Lastly, a novel non-destructive evaluation method -  active microwave thermography 

-  was used to detect the existence of initial interfacial defects in carbon fiber reinforced 

polymer (CFRP)-concrete joints, and to monitor the progressive debonding between CFRP

and concrete.
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SECTION

1. INTRODUCTION

1.1. BACKGROUND

Numerous civil structures all over the world are currently in need of strengthening 

to prolong their service lives. The high strength-to-weight ratio and good chemical 

resistance make fiber reinforced composites such as fiber reinforced polymer (FRP) and 

fiber reinforced cementitious matrix (FRCM) composites attractive materials to repair, 

retrofit, strengthen, and rehabilitate concrete structures. In such applications, the 

composites are typically externally bonded to the structure by a polymeric or cementitious 

matrix. The interfacial bond plays a pivotal role in obtaining composite action between the 

FRP/FRCM composite and the substrate, which is required for load sharing.

Carbon and glass FRP (CFRP and GFRP), with organic polymer matrix (usually 

epoxy or polyester resin), have been widely used to strengthen existing concrete buildings 

and bridges. However, interfacial debonding between the FRP and concrete substrate can 

considerably weaken the composite action, limiting the effectiveness of the composite and 

resulting in an undesirable failure mode. It has been well documented that debonding of 

FRP-concrete joints tested in direct shear typically occurs due to fracture of the concrete 

within a thin layer directly beneath the composite. However, other debonding failure modes 

are possible depending on the composite and substrate materials employed. For example, 

in the case of FRCM composites, with inorganic mortar matrix, the predominant failure 

mode observed for FRCM-concrete joints with a single fiber layer is slippage of the fiber 

bundles with respect to the matrix. In general, experimental results reported in the literature
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show that debonding of fiber reinforced composite-concrete joints can occur: (a) within the 

concrete substrate (cohesive failure), (b) at the concrete-composite interface (detachment), 

(c) at the fiber-matrix interface, (d) within the matrix (matrix delamination), or (e) with a 

combination of these failure modes. Thus, it is critical to understand the bond behavior of 

the composite system employed and the factors that influence it.

While FRP composites are commonly used in many strengthening applications, 

poor vapor compatibility with existing structures, low heat resistance, and susceptibility to 

UV rays have weakened the competitiveness of FRP systems in some cases. One solution 

to avoid these disadvantages is to use FRCM composite systems, a relatively new type of 

composite that typically consists of a fabric mesh with continuous fibers that is bonded to 

the substrate with a cementitious mortar. This type of composite has also been referred to 

as textile reinforced concrete (TRC), textile reinforced mortar (TRM) and inorganic matrix 

composites in the recent literature. As mentioned above, the debonding failure mode and 

mechanisms of FRCM-concrete joints are different from those of FRP-concrete joints, 

owing to the inorganic matrix. Thus, bond-slip x(s) relationships for FRP-concrete joints 

may not be applicable, and the FRCM-concrete bond-slip relationship must be investigated. 

Generally, the FRCM-concrete bond-slip relationship has been characterized with a 

constant residual shear stress by adding a contribution of friction and interlocking to form 

the relationship that has a non-zero residual shear stress. The parameters of the FRCM- 

concrete bond-slip relationship could be determined by measuring the longitudinal strain 

in the fibers along the composite bonded length. However, few studies have accomplished 

this successfully, since the presence of the mortar matrix makes the strain measurement 

difficult. Therefore, alternative approaches to determine the bond-slip x(s) relationship of



3

FRCM-concrete joints based on the global load response should be explored. Furthermore, 

a closed-form solution of the x(s) relationship is desirable to provide the basis for 

analytical and numerical simulations of FRCM-strengthened members.

Another new type of composite that has shown promise in structural strengthening 

applications is steel reinforced polymer (SRP). SRP comprises high tensile strength steel 

fiber cords and a polymeric resin. SRP has been shown to exhibit comparable, or even 

better, tensile and bond behavior than CFRP (Ascione et al. 2017), and when applied as 

flexural reinforcement or for confinement, provides equivalent or higher improvement of 

structural performance in terms of load bearing and displacement capacity (Figeys et al. 

2008). Unlike the fibers used in traditional FRP (namely carbon and glass), steel fiber cords 

can be bent around members to conform to sharp corners of rectangular cross sections 

(Mukhtar and Faysal 2018). However, the fundamental bond behavior of SRP-concrete 

joints is an open issue that has not been fully investigated and must be characterized before 

it can be used effectively and efficiently.

In many external strengthening applications, the fiber reinforced composite is 

installed in situ using a wet-layup procedure. Surface irregularities, material 

inhomogeneities, inadequate curing, and/or poor workmanship can result in voids or flaws 

along the composite-concrete interface, which in turn can interrupt the bond. In addition, 

many studies have reported that environmental conditions of FRP-strengthened concrete 

buildings and bridges can cause interfacial debonding (Cromwell et al. 2011, Tuakta and 

Buyukozturk 2011). Interfacial voids, flaws, and debonding can be challenging to detect 

since they cannot be visually identified from the external surface of the composite. Thus, 

methods are needed to detect the presence of composite-concrete interfacial defects.
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Nondestructive evaluation (NDE) methods, such as surface acoustic waves 

(Mahmoud et al. 2010), guided waves (Li et al. 2017), ground-penetrating radar (Yazdani 

et al. 2019), and infrared thermography (Yazdani et al. 2019, Shih et al. 2003) have been 

used to determine whether CFRP layers are well bonded and to detect possible interfacial 

imperfections. Active thermography is an inspection method that has shown promise to 

detect interfacial imperfections hidden internally within structures in the form of defects, 

flaws, and debonding. Active thermography generally includes the following steps: (i) 

utilizing an external heat excitation to penetrate a certain thickness in structures, (ii) 

capturing the thermal field on the outer surface of the structure with a thermal camera, and 

(iii) correlating the surface temperature with the inner imperfections. Several 

electromagnetic thermography techniques have been developed including eddy current (He 

et al. 2014), induction (Genest and Li 2018), and microwave (Mirala et al. 2018). Among 

these heating methods, the combination of microwave heating and subsequent 

thermography is referred to as active microwave thermography (AMT). AMT has been 

used successfully to inspect flat-bottom holes (FBHs) underneath CFRP sheets (Mirala et 

al. 2018), covered surface cracks in metal structures (Foudazi et al. 2018), and chopped 

steel fiber distribution in cementitious materials (Foudazi et al. 2016). Since debonding of 

the composite involves the formation of an interfacial crack, methods that can detect 

deflects and flaws could also be used to detect damage due to the initiation and propagation 

of debonding, thus enabling further study of the debonding phenomenon. Such methods 

could also be used to study how initial defects influence the initiation and propagation of 

debonding.
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In summary, the effective application of the FRP/FRCM strengthening technique 

requires the knowledge of the complex bond behavior. To date, the bond behavior of 

FRP/FRCM composites bonded to a concrete substrate has been studied intensively, but 

there are still some challenges including, but not limited to:

1. Describing the bond-slip relationship of the FRP/FRCM composite-concrete 

interface to provide the basis for analytical evaluation and numerical simulation of 

FRP/FRCM-strengthened members.

2. Characterizing the bond behavior of new fiber reinforced composite systems with 

alternative fiber and/or matrix types.

3. Detecting interfacial damage along the composite-concrete interface.

4. Understanding how defects along the composite-concrete interface affect the 

bond behavior of fiber reinforced composites.

1.2. OBJECTIVE AND SCOPE OF W O RK

The overarching objective of this work was to explore the bond behavior of the 

fiber reinforced composite-concrete interface. Experimental, analytical, and numerical 

studies were carried out to achieve this objective. In particular, the scope of work included 

the following:

1. The bond-slip t(s) relationship for FRCM-concrete joints that exhibit debonding 

at the fiber-matrix interface was determined using direct measurements of strain along the 

composite bonded length. A closed-form solution of the bond-slip relationship was 

determined to provide the basis for analytical and numerical simulations of FRCM- 

strengthened members;
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2. A method was developed to determine the nonlinear debonding process of 

composite-concrete joints based on global load response measurements (i.e., in the absence 

of strain measurements). The method developed can be applied to either FRP or FRCM 

composites.

3. The bond behavior of newly developed steel-reinforced polymer (SRP) 

composite was studied. The bond-slip t(s) relationship of SRP-concrete was determined 

based on global load response measurements, and the maximum transferrable load and 

effective bond length were determined.

4. The initiation and propagation of debonding along the CFRP-concrete interface 

was explored using time-history NDE with AMT.

5. The effect of interfacial flaws on the bond behavior of CFRP bonded to concrete 

was studied using AMT.

1.3. RESEARCH SIGNIFICANCE

The importance of the work presented in this dissertation is to understand the 

fundamental bond behavior between advanced composite materials and concrete. When 

composite systems are externally bonded to existing structural members, the stress transfer 

is accomplished through fiber-matrix and matrix-substrate bonding (Bruckner et al. 2008; 

Awani et al. 2015; Donnini et al. 2017). However, for many composite-strengthened 

members, premature interfacial debonding occurs that can result in failure of the member. 

Therefore, it is of pivotal significance to the design of composite-strengthened members to 

determine the degree of composite action between the composite and the substrate.
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1.4. DISSERTATION ORGANIZATION

This dissertation includes three sections. Section 1 gives a brief introduction to the 

subject area and explains the need for the current research study. The first section also 

presents the overarching objective and scope of work of the investigation.

Section 2 presents the results of this study in the form of five manuscripts: two 

published journal papers, one journal paper under review, and two that will be submitted 

for review. The first paper presents a strain measurement based approach to determine the 

bond-slip relationship x(s) for fiber reinforced cementitious matrix (FRCM)-concrete 

joints. The second paper presents an analytical solution of the full-range response of shear 

test of FRCM-concrete joints was derived by using a trilinear x(s). The approach is also 

valid for FRP-concrete joints. The third paper presents an experimental and analytical study 

on the load response of steel fiber reinforced polymer (SRP)-concrete joints. The fourth 

paper presents a novel non-destructive evaluation method -  active microwave 

thermography, and explores the feasibility of using AMT to conduct time-history 

monitoring of the bond behavior of CFRP-concrete joints. The fifth paper presents the 

results of a study in which AMT was to detect the existence of initial defects in the CFRP- 

concrete interface, and to monitor the progressive debonding of CFRP-concrete joints with 

initial defects.

Section 3 summarizes the findings and conclusions of this study and proposes

future research.



8

I. ANALYTICAL BOND-SLIP M ODEL FO R  FIBER REINFORCED 
CEM ENTITIOUS M ATRIX-CONCRETE JOINTS BASED ON STRAIN

MEASUREMENTS

Xingxing Zou, Lesley H. Sneed, Tommaso D ’Antino, and Christian Carloni

ABSTRACT

An accurate bond-slip model is of fundamental importance to analyze the response 

of fiber reinforced cementitious matrix (FRCM) composite-strengthened structures. This 

study proposes a method to determine the bond-slip model of FRCM-concrete joints based 

on longitudinal fiber strains. First, discrete strain profiles measured with strain gauges were 

fitted by a continuous function s(y), where y  is the coordinate along the bonded length. 

Then, the slip s(y) and shear stress T(y) along the composite bonded length were obtained 

by integration and derivation of s(y), respectively. The debonding load and peak load from 

single-lap direct shear specimens were predicted by the fitted function s(y) and showed 

good agreement with test results. From the plot of the t (s) relationship obtained from s(y), 

an alternative, closed-form, continuous bond-slip relationship was obtained based on the 

maximum shear stress Tm and the corresponding slip sm . The fracture energy was 

compared for both relationships and was in reasonable agreement with values reported in 

previous studies.

Keywords: Bond-slip model, debonding, fiber reinforced cementitious matrix (FRCM) 

composite, fracture energy, strain profile, stress transfer.

PAPER
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1. INTRODUCTION

Numerous civil structures all over the world are currently in need of strengthening 

to prolong their service lives. The high strength-to-weight ratio and good chemical 

resistance make fiber reinforced composites an attractive material to repair, retrofit, 

strengthen, and rehabilitate civil engineering structures (Teng et al. 2002; Hollaway 2010). 

Organic polymers, which exhibit good bond properties with masonry and concrete 

substrates, have been widely used as the matrix and bonding adhesive for fiber reinforced 

polymer (FRP) composites. However, poor vapor compatibility with existing structures, 

low heat resistance, and susceptibility to ultraviolet (UV) rays have weakened the 

competitiveness of FRP systems in some situations. One of the solutions to avoid the 

disadvantages of FRP composites is to replace the organic matrix with an inorganic 

(usually cementitious) matrix. Inorganic matrix composite materials have been referred to 

in the literature by different names including fiber or fabric reinforced cementitious matrix 

(FRCM) composites (ACI Committee 549, 2013), textile reinforced mortar (TRM) 

(Bournas et al. 2007), textile reinforced concrete (TRC) (Bruckner et al. 2008), and mineral 

based composites (MBC) (Blanksvard et al. 2009). In this paper, inorganic matrix 

composites will be referred to as FRCM composites. The feasibility of using FRCM 

composites to strengthen concrete and masonry structures has been explored in laboratory 

tests and in-situ field applications (e.g., Trapko 2013; Azam and Soudki 2014; Alecci et al.

2016).

FRCM composite systems typically consist of a fabric mesh with continuous fibers 

oriented along two orthogonal directions and bonded to the substrate with a cementitious 

mortar. Different fiber types have been studied including carbon, glass, basalt, and
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polyparaphenylene benzobisoxazole (PBO). PBO FRCM composite, which is considered 

in the present study, has proven able to increase the flexural, shear, and torsional strength 

of reinforced concrete (RC) members in laboratory tests (e.g., D ’Ambrisi et al. 2013; 

Babaeidarabad et al. 2014; Gonzalez-Libreros et al. 2017; Alabdulhady et al. 2017; Wakjira 

and Ebead 2018). When FRCM systems are externally bonded to existing structural 

members, the stress transfer is accomplished through fiber-matrix and matrix-substrate 

bond (Bruckner et al. 2008; Awani et al. 2015; Donnini et al. 2017). However, for many 

FRCM-strengthened members, premature interfacial debonding occurs that could result in 

failure of the member. Therefore, it is of pivotal significance to the design of FRCM- 

strengthened concrete members to determine the degree of composite action between the 

FRCM and concrete. It is worth noting that in most strengthening applications, the 

composite is generally designed considering a pure Mode II condition and the fibers acting 

in tension only. Mode I effects should be prevented in practice (e.g., by using anchorage) 

or the contribution of the composite neglected depending on the direction of action.

Unlike FRP-concrete joints, in which interfacial crack propagation typically occurs 

within a thin layer of substrate beneath the bonded composite, the predominant failure 

mode observed in PBO FRCM-concrete or -masonry joints with one layer of fiber mesh is 

debonding at the matrix-fiber interface characterized by slippage of the fiber bundles with 

respect to the embedding matrix (D’Ambrisi et al. 2012; D ’Antino et al. 2014; Sneed et al. 

2015; Alecci et al. 2016). Similar results have been observed for carbon FRCM-concrete 

or -masonry joints (Ombres et al. 2017; Younis and Ebead 2018). Results have shown that 

the mechanical properties of the substrate may not play a significant role in the mechanical 

response of PBO FRCM-concrete joints (D’Antino et al. 2015; Gonzalez-Libreros et al.
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2017) . A fracture mechanics approach, based on pure Mode-II fracture, has been used to 

study the debonding phenomenon in single-lap direct shear test setups of PBO FRCM- 

concrete joints (D’Antino et al. 2014). Assuming a zero-thickness interface, the interfacial 

bond behavior can be described by introducing a bond-slip relationship between the 

interfacial shear stress and the relative slippage of the contact surfaces.

Analogously to some studies on FRP-concrete joints, a direct method to determine 

the bond-slip relationship based on fiber longitudinal strains measured along the composite 

bonded length has been applied to FRCM-concrete joints (D’Antino et al. 2014). However, 

measuring fiber strains in FRCM composites is a more difficult task compared with FRP 

systems because for FRCM composites the fibers are usually covered by an external layer 

of cementitious matrix that is relatively thick (approximately 2-4 mm). Since fiber slippage 

occurs relative to the embedding matrix, values of strain determined on the matrix surface 

are not representative of those in the fibers (Sabau et al. 2017). Therefore, fiber strains in 

FRCM composites were generally measured by attaching strain gauges onto the fiber 

bundles of FRCM composite strips either with (D’Ambrisi et al. 2012) or without (Carloni 

et al. 2014; Sneed et al. 2014) the external matrix layer. Digital image correlation (DIC) 

technique has also been used in an attempt to detect the slip and strain field of FRCM- 

substrate joints (D’Antino et al. 2016; Bilotta et al. 2017; Sabau et al. 2017; Caggegi et al.

2018) . An indirect method to calibrate the bond-slip relationship of FRCM-concrete joints, 

based on the values of the peak load measured in direct shear tests with different composite 

bonded lengths, was also proposed (Focacci et al. 2017).

D ’Antino et al. (2014) proposed Eq. (1) for curve fitting longitudinal strain profiles 

obtained from strain measurements along the fibers in PBO FRCM-concrete joints, where
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Eq. (1) was obtained from a modification of a function used for FRP-concrete joints 

(Carloni and Subramaniam 2012) to take into account the presence of friction between fiber 

filaments and between fibers and matrix observed in the experimental tests:

a + ky
' W  = t° + 1 + e - &- yo)/P (1)

In Eq. (1), y  is the distance along the composite bonded length with the origin at 

the free end of the bonded area, s0, a, p, and y 0 are parameters determined using nonlinear 

regression analysis of the measured strains, and k  is a parameter that depends on the 

contribution of friction. The derivative of Eq. (1) can be used to compute the shear stress 

T(y). However, the integral of Eq. (1), which provides the interfacial slip s(y), cannot be 

obtained in a closed-form solution. Therefore, an alternative equation that can accurately 

describe the strain profile and that can be analytically integrated is desirable in order to 

determine both the T(y) and s (y) functions. Furthermore, a closed-form solution of the 

bond-slip relationship t (s) is desirable to provide the basis for analytical and numerical 

simulations of FRCM-strengthened members. This paper attempts to address these needs 

using the analytical approach described in the following section.

2. O BJECTIVE AND APPROACH

The present study proposes a method to determine the bond-slip relationship of 

FRCM-concrete joints that fail due to debonding at matrix-fiber interface and determines 

expressions to predict key values of the load and slip based on discrete measurements of 

longitudinal fiber strain. Experimental results from single-lap shear test specimens of PBO 

FRCM-concrete joints with strain gauges mounted to the longitudinal fiber bundles along
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the composite bonded length were used to calibrate the model. The paper is organized in 

the steps summarized below. Notation used is defined in the Notation section.

Step 1: fit the discrete strain profiles at the debonding load Pdeb of specimens equipped with 

strain gauges with a continuous function s(y);

Step 2: compute the slip s(y) and shear stress x(y) functions from integration and derivation 

of s(y), respectively;

Step 3: determine key values of the load and slip using the functions defined in Steps 1~ 2, 

and assess their accuracy using test data from additional specimens without strain gauges; 

Step 4: combine the x(y) and s(y) functions to determine a bond-slip relationship x(s ) Eq2 

and obtain the maximum shear stress Tm and corresponding slip sm values from the x(y) 

and s(y) functions;

Step 5: develop an alternative, closed-form, continuous, two-parameter bond-slip 

relationship x(s)Eq17 using xm and sm determined in Step 4;

Step 6: validate the relationship x(s)Eq17 by comparing it with x(s ) Eq2; and

Step 7: determine the fracture energy from x (s )£q,2and x(s)Eq17 and compare the values

with values reported in the literature (Carloni et al. 2014).

3. PREVIOUS EXPERIM ENTAL RESULTS

Experimental results of single-lap direct shear tests presented by Carloni et al. 

(2014) were employed in this paper to calibrate a bond-slip relationship of PBO FRCM- 

concrete joints. All specimens included a concrete prism with a strip of PBO FRCM 

composite bonded to the surface. One layer of fibers was embedded within two layers of 

matrix for most of the specimens, whereas the external layer of matrix was omitted for
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certain specimens to study the role of each matrix layer. The individual longitudinal 

bundles in the fiber net had a thickness t f  = 0.092 mm, assuming a rectangular cross­

section of the fiber bundle with a nominal width b*=5 mm. Mechanical properties of the 

fibers, matrix, and concrete are reported in D ’Antino et al. (2014).

Two linear variable displacement transformers (LVDTs) were mounted on the 

concrete surface, one on each side of the composite strip near the loaded end, and reacted 

off of a thin aluminum Q-shaped plate attached to the bare fibers just outside the bonded 

area. The average of the two LVDT measurements, which is defined as global slip g  and 

assumed equal to the fiber loaded end slip in this paper, was used to control the tests. The 

test setup is illustrated in Figure 1. Strain gauges were attached to the central fiber bundle 

along the bonded length of certain specimens to measure the strain distribution in the 

direction of the applied load. The strain gauge locations are identified in D ’Antino et al. 

(2014). Additional information on the experimental tests is provided in Carloni et al. 

(2014).

Specimens were named as DS_X_Y_(L, S, T, and/or D)_Z(T), where X is the 

composite bonded length 1 (in mm) (shown in Figure 1), Y is the composite bonded width 

b1 (in mm), L (if present) indicates that the external layer of matrix was omitted, S (if 

present) indicates that strain gauges were mounted onto the longitudinal fiber bundles, T 

(if present) indicates that the transversal fiber bundles were removed from the fiber net 

before applying the matrix, D (if present) indicates that the test was conducted until a 

constant applied load due to friction only was attained, Z is the specimen number of 

replicate specimens, and superscript T (if present) indicates that the fiber net was oriented 

with the transversal fiber bundles placed toward the concrete prism.
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Fifty-one of the 79 specimens reported in Carloni et al. (2014) are considered in the 

present study. Specimens selected from Carloni et al. (2014) include seven FRCM-concrete 

joints that had strain gauges, whereas fiber strains were not measured for the remaining 44 

FRCM-concrete joints considered. Only specimens that had a relatively uniform 

distribution of the applied load among the fiber bundles as described in Carloni et al. (2014) 

were considered in this paper. Specimens without the external matrix layer with the 

transversal fiber bundle oriented towards the concrete prism were not considered because 

their behavior was affected by the orientation of the fiber net (Carloni et al. 2014). Table 

A1 lists the specimens included in the present study.

The applied load P  - global slip g  response obtained for the seven specimens with 

strain gauges, listed in Table 1, is plotted in Figure 2. The experimental results show a wide 

scatter, which has also been reported for different FRCM composites (De Felice et al. 

2014). Distinct stages of the P  - g  response were identified in D ’Antino et al. (2014) for 

specimens with bonded lengths longer than the effective bond length lef f ,  defined as the 

minimum length required to develop the load-carrying capacity of the interface. Herein the 

effective bond length is evaluated from the strain profiles along the bonded length by 

measuring the distance between the two points of the strain profiles in which the derivative 

is equal to zero at the free end and the derivative is constant at the loaded end (D’Antino 

et al. 2015). The idealized load response (D’Antino et al. 2014) is shown in Figure 3. The 

first stage is defined as an initial linear branch (OA). After the linear branch, the idealized 

P  - g  curve becomes nonlinear due to interface micro-damage until debonding at P=Pdeb 

(point B), where the zone in which the stress is transferred from the embedded fibers to the 

matrix, i.e., the stress transfer zone (STZ), is fully established. Next, a near-linearly
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ascending branch occurs (BC) until the peak load is reached (P=P*). The increase in applied 

load between points B and C is the result of friction that occurs in the debonded area of the 

composite as the STZ self-translates toward the free end of the composite. After the peak 

load is reached, which is assumed to occur when the STZ has reached the free end, the 

applied load decreases until the bond mechanism is no longer present (point D). The final 

branch (DE) represents a constant applied load associated with friction (matrix-fiber 

interlocking). Due to the presence of friction, bond-slip models developed for FRP- 

concrete joints are generally not applicable to FRCM-concrete joints.

4. ANALYTICAL APPROACH

4.1. ANALYTICAL STRAIN PRO FILE

For the case of composite bonded length equal to or longer than the effective bond 

length, i.e., 1 > lef f , the longitudinal strain profiles can be approximated by Eq. (2), which 

is a modified version of Eq. (1):

a
=  1 +  e -(y-tt,)/|3 +  ky  (2)

where y  is the location along the composite bonded length from the beginning of the fully 

established STZ (see Figure 1). Eq. (2) is strictly valid for y  > 0. Similar to Eq. (1), a, p, 

and y 0 are parameters determined using nonlinear regression of the measured strains.

There are three differences between Eq. (2) and Eq. (1), namely:

a(i) Unlike in Eq. (1), the term ky  is not coupled with the term l+e_(y_yo)/|3 in Eq. (2), which 

allows for a closed-form integral of Eq. (2).
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(ii) The origin of the x-y coordinate system considered for Eq. (2) does not have a fixed 

position during the loading process. When the applied load is equal to the debonding load 

(i.e., P = Pdeb), the origin of they  axis is located a distance lef f  from the loaded end (i.e., 

y  = lef f  corresponds to the loaded end of the bonded composite). After debonding occurs, 

with further increase of the global slip the STZ self-translates towards the composite free 

end together with the x-y coordinate system origin. Accordingly, Eq. (2) describes the strain 

response of the bonded composite along the STZ and the debonded region. Alternatively, 

an x-y coordinate system with a fixed origin could be employed, but it complicates the 

equations and therefore was not adopted in this paper. The strain profile associated with 

the debonding load is the only profile needed to determine all parameters in Eq. (2) using 

nonlinear regression. Analytically, the origin moves to the free end when the peak load is 

obtained. However, since only one strain profile is needed to obtain the fitting results of a, 

P, and y 0, only the debonding load is used.

(iii) The term s0 in Eq. (1) is not included in Eq. (2), which results in one fewer parameter 

needed. In Eq. (1), s0 vertically translates the strain distribution associated to the STZ. 

Neglecting this term entails for a nonzero strain at the beginning at the STZ. However, this 

does not significantly affect the accuracy of the results obtained because values of s0 are 

generally much smaller than values of strain at the composite loaded end.

In Eq. (2), the term ky is associated with the presence of friction at the matrix-fiber 

interface, which will be discussed in the following sections (see Figure 4). The term

a
1+ e _ (y_ y o)/|3, which was employed to describe the strain distribution for the FRP-concrete

interface (Carloni and Subramaniam 2012), is associated with the bond stress-transfer 

mechanism (see Figure 4). Decoupling the bond and friction contributions to the joint
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capacity is important to clearly understand the relation between the bonded length and the 

load carrying capacity of the joint or the effective bond length.

Figure 5 illustrates the strain profiles along the composite bonded length at the 

debonding load Pdeb and peak load P *. The effective bond length lef f  is also indicated in 

Figure 5.

Assuming the matrix and concrete are rigid, the interfacial slip along the fiber 

direction can be obtained by integrating Eq. (2) using the boundary condition s(0 ) =  0:

s (y ) =  ap in ( ^ + e f ) _ | _ l n ( i  +  e - f ) i . w+ ■2 (3)

When P=Pdeb, the global slip, i.e., the slip at the loaded end s (y  = le/ f ) ,  is referred to as

g deb. Based on the fracture mechanics approach proposed by Carloni et al. (2014), g deb

= Sf, where s^ denotes the slip at the end of the bond-slip model:

=  Sf = ap
(  l_ef£ Vo'

ln ( e P + eP + kleff
2

(4)0̂ \ / yp\
+ e?  ) -  y 0/ p  -  ln (1  +  e P)

When the applied load attains the peak load P *, the STZ is assumed to have reached the 

composite free end, as shown in Figure 5. The validity of this assumption depends on the 

shape of the stress-transfer relationship and on the contribution of friction for the 

composite. If the contribution of friction is small compared to that of the bond stress-

transfer mechanism, assuming that P=P* when the STZ reaches the composite free end

*

provides accurate results (D'Antino et al. 2018). At P*, the loaded end slip g  can be

obtained by imposingy=l  in Eq. (3):

g  = ap
L Zo

ln ( eP +  e P Jo/P -  ln
l  - Z0 N

(1  +  e P) + k£2/ 2 (5)*
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Force equilibrium condition for an infinitesimal segment of fibers gives the shear 

stress along the surfaces of the fiber bundles as:

x(y) =  Eft,
de(y)

dy = E f t f $ [ i  + e-(y-yoyp]2 + nfLft 

where Ef is the elastic modulus of the fibers, and t f  is the thickness of a single longitudinal 

fiber bundle, which is assumed to have a rectangular cross section of width b*. Note that 

in this paper, values of the shear stresses associated with both internal and external matrix 

layer-fiber interfaces are reported.

The maximum shear stress of the matrix-fiber interface xm, referred to as the shear 

strength, is obtained at y  = y 0, which corresponds to the coordinate where d x (y ) /dy  = 0. 

Therefore, xm is:

l  a

a  e -(y - yo)/P
+ Ef t fk (6)

=  ^  =  Ef tf  (4 -  + k j (7)= nfLf (4(3

For large values of y, i.e., large values of interfacial slip s(y), the shear stress 

approaches the residual shear stress Tf :

Xf = Ef t fk  (8)

Xf can be also computed as Xf = Pf/(nb*l),  where n  is the number of longitudinal fiber 

bundles included in the composite strip (Carloni et al. 2014). Pf can be determined from 

the applied load-global slip curve as the tail of the post-peak descending branch where the 

applied load is constant as discussed in the “Previous experimental results” section.

The shear stress a ty  = 0, termed t0, can be obtained by:

■>yo/$a e 
t o =  Eftf  —$[1 + eyo/ V]

+ Ef t fk2 + (9)
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According to this result, a certain value of initial shear stress exists when the slip is 

zero. t0 =  0 was assumed for some t (s ) models for FRCM-concrete joints (D’Ambrisi et 

al. 2012; Focacci et al. 2017). In the case of the FRCM composite considered in this study, 

it is worth noting that the non-zero value of t0 does not significantly influence the fracture 

energy and the predicted values of load and slip.

The interfacial slip Sm associated with the maximum shear stress Tm can be obtained 

by Eq. (3) imposing y=yo:

0.69 l — Xln (1  +  e P ) ap +  fcyo/25m
(10)

The axial force in the fibers can be obtained by:

P(y) = nb*tf Ef a(y ) =  nb*tf Ef  (—
a

+ k y )w  (1 +  e-(y-y0)/p 

The applied load at the onset of debonding Pdeb and the peak load P * 

from Eq. (11) enforcingy=le ff  andy=l, respectively:

Pdeb = nb*tf Ef  { 1 + e -(ieff- yo)/p + k le f f )

P*=nb*tf Ef ( j
a

( 1 + e -(i-yo)/P
+ m )

(11)

can be obtained

(12)

(13)

Alternatively, if  it is assumed that the difference between the debonding load Pdeb 

and the peak load P* is related only to friction, Eq. (2) can be used to depict the strain 

profile within the STZ, and a linear slope k  can be used to represent the friction effect 

(D’Antino et al. 2014) (see Figure 4). Thus, P* can be given as:

P* =  Pdeb +  T f n b * ( £  — l ef f ) (14)
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*

Similarly, the global slip at peak load g  can be obtained by:

*

g  = gdeb +  — ^e//)
a

+
+ lef f ) (15)

1 +  q (ieff y0)/P 2

The difference resulting from these two approaches is discussed in the “Validation 

of the model” section.

4.2. FITTIN G  OF PARAMETERS

The parameters in Eq. (2) were determined by using a nonlinear regression analysis 

of the experimental results. The procedure to determine the parameters was: i) determine 

the debonding load Pdeb from the applied load P-global slip g  response, ii) determine the 

effective bond length lef f  from the strain profiles at the debonding load Pdeb, and iii) best- 

fit the experimental strain profile. Steps i) and ii) were conducted previously by the authors 

as described in Carloni et al. (2014). The effective bond length lef f  determined for each 

specimen equipped with strain gauges is reported in Table 1. Assuming that lef f  is not 

influenced by the presence or absence of the external matrix layer, as discussed in detail 

and supported by experimental results in (Carloni et al. 2014), the average value for the 11 

specimens with strain gauges presented in (Carloni et al. 2014) (seven of which were 

considered in this paper, and four were excluded for the reasons explained in the “Previous 

experimental results” section) was equal to lef f  = 260 mm with a coefficient of variation 

(CoV) of 0.084 (Carloni et al. 2014). Considering only the specimens with strain gauges 

employed in this study, the average effective bond length is lef f  =251 mm (with 

CoV=0.081) for the five specimens with the external matrix layer, and lef f =250 mm for 

the two specimens without the external matrix layer (see Table 1).
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Values of a, p, and y 0 obtained by the nonlinear regression analysis of the results 

of the seven specimens considered are summarized in Table 1. Before the fitting process, 

k  was predefined as Tf/(Eft*)  for all specimens (Carloni et al. 2014). The average value 

of Tf determined experimentally from specimens in (D’Antino et al. 2014; Carloni et al. 

2014) with both internal and external layers of matrix is 0.12 MPa, whereas for specimens 

without the external layer of matrix is 0.08 MPa (Carloni et al. 2014).

Strain values measured at discrete locations along the bonded length at P=Pdeb and 

their fitting with Eq. (2) using the parameters determined for the corresponding specimen 

(Table 1) are plotted in Figure 6 for specimens equipped with strain gauges. Figure 6(c) 

shows the comparison of the curves of Eqs. (1) and (2) when the same fitting parameters 

are used and s0 =  0 for Eq. (1). Figure 6(c) shows that the difference between Eqs. (1) and 

(2) is small at the loaded end and that the strain determined by Eq. (1) is close to, but 

slightly lower than, the strain determined Eq. (2) along the STZ.

5. VALIDATION OF THE M ODEL

The accuracy of Eq. (2) in describing the bond behavior of FRCM-concrete joints 

that fail at the matrix-fiber interface was assessed by comparing values of the applied load 

and global slip obtained from the experimental results with the corresponding analytical 

predictions. In this section, the subscript “e” denotes the experimental value, whereas the 

subscript “a” denotes the analytical value. Eqs. (12) and (4) provide the analytical 

debonding load Pdeb.a and the corresponding global slip g deb a , respectively. Eqs. (13) and

(5) provide the analytical peak load Pa* and the corresponding global slip g  *, respectively.
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The experimental values of the debonding load and peak load (Pdeb,e and Pe*, respectively) 

were reported by Carloni et al. (2014), whereas the corresponding slips ( g deb e and g * ,

respectively) were obtained directly from the P-g response of the corresponding specimen. 

Results are summarized in Table 2.

Results in Table 2 show that the analytical values of the debonding and peak loads 

are in reasonable agreement with the corresponding experimental values. The average 

value of the ratio Pdeb,a/Pdeb,e is 1.216 (CoV= 0.203), and the average value of the 

ratio Pa/Pe is 1.214 (CoV=0.207). Possible reasons for the slight overestimation of the 

debonding and peak loads may be the result of stress concentration at the gauge closest to 

the loaded end (Carloni et al. 2013) and/or the shape of the chosen fitting function at the 

loaded end. The average of the ratio gdeb,a/gdeb,e is 0.950 (CoV = 0.206), and the average 

value of the ratio g*a/g*e is 0.918 (CoV = 0.413). The reason for the large CoV of the ratio 

g*a/g*e can be attributed in part to the fact that the experimental response is highly sensitive 

to localized deformations along the composite bonded area as debonding propagates, see 

Figure 2. To be specific, when the load gradually approaches P*  the value of g  highly 

increases, which results in substantial scatter of g *  . This has also been found by Focacci

et al. (2017) where the analytical slip at peak load is larger than the experimental value.

Considering a larger data set, the peak load P* of the 51 specimens reported by 

Carloni et al. (2014) included in this study was estimated by applying the fitting procedure 

to the specimens equipped with strain gauges and then employing the average values of 

parameters of a, p, and y 0 obtained (average values are reported in Table 1). Specimens 

with the same geometrical characteristics were grouped together, and the average value of
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the experimental peak load of specimens in each group (series) Pe* was determined. Table 

3 reports the value of Pe* and Pa* along with the corresponding CoV and the ratio Pa*/Pe* for 

each series. Values of Pa*/Pe* in Table 3 show that the peak load was well predicted using 

the analytical model, with an average value of 1.171 (CoV = 0.040).

Alternatively, if  it is assumed that the difference between the debonding load and 

the peak load is related only to friction, Eq. (14) can be used to predict the analytical peak 

load Pa*. The resulting values are summarized in Table 3. Pa* determined in this manner for 

the series considered are on average 5% lower than values determined by Eq. (13).

6. BOND-SLIP M ODEL

The matrix-fiber shear stress-slip relationship x(s) is a property of the matrix-fiber 

interface (D’Ambrisi et al. 2012; Carloni et al. 2014; D ’Antino et al. 2014). The 

distribution of slip along the bonded length at the debonding load described by Eq. (3) is 

shown in Figure 7a for specimen DS_330_60_L_S_1. The global slip measured 

experimentally at the debonding load is included in Figure 7a for comparison. x(y)  at the 

debonding load described by Eq. (6) is also shown in Figure 7a, where the physical 

meaning of the parameteryo can be seen. Finally, Figure 7b shows the relationship x(s)Eq2 

obtained by combining x(y)  with s(y)  derived from Eq. (2).

Table 4 reports the values of maximum shear stress xm and corresponding slip sm 

determined using Eqs. (7) and (10), respectively, with the average values of the parameters 

a, p, and y 0 for the seven specimens with strain gauges (Table 1) for the corresponding 

series. For the DS_xxx_xx_L series, xm is 1.656 MPa, and sm is 0.224 mm. Sf was
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determined by Eq. (4), which provided s^-=0.957 mm. For the DS_xxx_xx series, the values 

of xm, sm and Sf are 1.321 MPa, 0.299 mm, and 1.081 mm, respectively.

Although both functions x(y)  and s(y)  derived from Eq. (2) are continuous, they 

do not provide a closed-form expression for the shear stress-slip function, i.e., the bond 

slip relationship x(s). Several different bond-slip relationships with different shapes were 

evaluated by Focacci et al. (2017) for PBO FRCM-concrete joints. In this section, an 

alternative, continuous, closed-form solution for the x(s)  relationship is provided.

The results in Table 1 show that e ° / [ 1  + e ° ] 2 ~ 0 ,  thus Eq. (9) can be 

rewritten as:

To =  Ef tf k  (16)

which shows that the value of the initial shear stress t0 is equal to x̂ -.

Herein a function is proposed by modifying the equation given by Dai et al. (2006) 

for FRP-concrete joints:

x(s)Eq.17 = Ef tf A2B (e -Bs -  e -2Bs) + Tf  (17)

A constant term has been added to the right hand side of Eq. (17) to account for 

friction, which is a peculiarity of certain FRCM composites, including the composite 

investigated in the present study. The parameters A and B  can be obtained by forcing the 

peak point (sm, Tm) in Eq. (17) equal to the curve determined by Eqs. (3) and (6).

The maximum shear stress Tm and corresponding slip sm by enforcing =  0 in

Eq. (17) are:
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A 2B E f t f

sm = 0.693/B

Eqs. (18) and (19) can be employed to determine the parameters B  and A:

B = 0.693/ s m

A = 2.4
Ef tf

Tm
(18)

(19)

(20)

(21)

where the values of B  and A obtained by Eqs. (20) and (21), respectively, are summarized 

in Table 4.

The bond-slip relationship in Eq. (17) (x(s)Eq‘17) for the seven specimens equipped 

with strain gauges was obtained using the values of sm and xm in Table 4 which are plotted 

in Figure 8 together with x(s)Eq2 determined from the analytical procedure described 

previously for comparison. Figure 8 shows that Eq. (17) can be used as a reasonable 

approximation of the bond-slip relationship determined from Eq. (2) for the PBO-FRCM 

composite studied in this paper. However, the curve of x(s)Eq17 is slightly higher than 

x(s)Eq'2, which indicates a higher fracture energy is provided by Eq. (17). This difference 

is discussed in the following section.

7. FRACTURE ENERGY

The fracture energy GF of the matrix-fiber interface in PBO FRCM-concrete joints 

is (Carloni et al. 2014):

GF = (22)
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The fracture energy in Eq. (2), termed G^q2, was determined for each series by calculating 

the area under the curve x(s)Eq2 for 0 <  s <  Sf employing the average values of 

parameters a, p, and y 0 for the respective series (reported in Table 1). The resulting value 

of G^q2 for each series is summarized in Table 4.

Considering the alternative bond-slip model in Eq. (17), the fracture energy can be 

computed as:

r Eq. 17kF
A2Ef tf

2
(1 -  e -Bsf)  + xj Sj (23)

The values of Gpq'17 computed for series DS_xxx_xx_L and DS_xxx_xx using 

values of A, B, zy, and Sf given in Table 4 for the corresponding series are summarized in 

Table 4.

The fracture energy in Eq. (1), termed G ^ '1, was reported in Carloni et al. (2014), 

where G^q1 was determined for each specimen by calculating the area under the resulting 

curve x(s) for 0 < s < and employing values of parameters s0, a , p , and y 0 for the 

corresponding specimen determined using nonlinear regression analysis of the measured 

strains. Considering the seven specimens with strain gauges included in this paper, average 

values of Gpq1 for the DS_ xxx_xx_L and DS_xxx_xx series are reported in Table 4.

Results in Table 4 show that values of G^q2 and G^q1 are very close (within an 

average of 4%), which shows that Eqs. (1) and (2) provide similar results. Table 4 also 

shows that using Eq. (17) to depict the relationship derived by Eqs. (3) and (6) results in a 

difference in fracture energy of about 6% on average (see also Figure 8). This can be 

explained by the approach used in the previous section to determine parameters A and B  in
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Eq. (17), where values of xmand sm were set. Another approach could be to determine the 

parameters by maintaining the same fracture energy GF and setting the value of either xm

or sm.

8. CONCLUSIONS

This paper presented an analytical procedure to determine the bond-slip model of 

FRCM-concrete joints based on discrete measurements of longitudinal fiber strains 

acquired from single-lap direct shear test specimens. A new curve fitting equation 

describing the longitudinal strain profile was proposed, and the parameters in the proposed 

equation were determined using a nonlinear regression analysis of experimental results 

reported in the literature. An advantage of the proposed equation e(y) is that it can be used 

to describe the distribution of slip s(y) and shear stress x(y) along the bonded length of the 

composite by integration and derivation, respectively. However, the resulting bond-slip 

model x(s)Eq2 could not be obtained in closed-form. Therefore, an alternative function of 

the bond-slip model x(s)Eq17 obtained from the maximum shear stress xm and 

corresponding slip sm, was also proposed. The following main conclusions can be drawn 

from this study:

• The strain profiles of PBO FRCM-concrete joints can be described by the 

continuous function e(y) presented in Eq. (2). An advantage of Eq. (2) is that a 

closed-form equation of the slip s(y) can be obtained by integrating e(y).

• The peak load P* and debonding load Pdeb from seven single-lap direct shear 

specimens were predicted by fitting parameters of the function e(y) and showed 

good agreement with test results. Values of global slip at the debonding load and
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peak load were predicted with reasonable accuracy but with larger coefficient of 

variation. Considering test results from 51 specimens reported in the literature, the 

predicted values of P* were in reasonable agreement with the experimental results, 

with average predicted-to-experimental values of 1.171 (CoV = 0.040).

• An alternative, continuous, closed-form function of the bond-slip model was 

obtained from the maximum shear stress xm and corresponding slip sm. The 

alternative function of the bond-slip model x(s)Eq17 showed good agreement with 

the bond slip model x(s)Eq2 obtained from the function e(y) presented in Eq. (2).

• The fracture energy obtained by function x(s ) Eq2 agreed well with values given in 

the literature (within an average of 4%). The fracture energy obtained by the 

alternative function of the bond slip model x(s)Eq17 overestimated value obtained 

by function x(s)Eq 2 by approximately 6%. This discrepancy could be removed by 

determining the parameters in the function x(s)Eq17 by maintaining the same 

fracture energy GF and setting the value of either xm or sm instead of setting values 

of xm and sm.

The authors postulate that the procedure in this paper can be extended to other types 

of FRCM composites bonded to other substrates (such as masonry) as long as the failure 

mode is the same (cohesive failure within the substrate with residual friction stress) and 

the internal matrix layer is considered rigid. Previous experimental results have suggested 

that the failure mode was not significantly affected by the substrate considered (D’Antino 

et al. 2015; Gonzalez-Libreros et al. 2017). This hypothesis requires further study, for 

example the possible effect of mortar joints for the case of masonry substrates.
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APPENDIX

Table 5 lists the specimens considered in the present study and the corresponding 

values of peak load P* (Carloni et al. 2014). Test specimen notation is described in the 

“Previous experimental results” section.

NOTATION

A,B — parameter in bond-slip model;

bi = composite bonded width;

b* — nominal width of a single fiber bundle;

Ef — elastic modulus of fibers;

g — global slip, measured by the average of two LVDTs at the 
loaded end of composite in the experimental test and used to 
control the direct shear tests;

gdeb — global slip at debonding load;

gdeb,a, gdeb,e — analytical and experimental global slip at debonding load;

g* — global slip at peak load;

g a — analytical global slip at peak load;

ge — experimental global slip at peak load;

,-̂ Eq.l ŝ Eq.2 p.Eq.17Up , Up , Up — fracture energy computed by Eq. (1), Eq. (2) or Eq. (17).

1 — composite bonded length;

leff — effective bond length;

k — parameter in Eqs. (1) and (2), related to friction and 
interlocking mechanism;
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P - applied load;

Pdeb = debonding load;

Pdeb,a> Pdeb,e = analytical and experimental debonding load;

Pf = applied load due to friction and interlocking;

p* = peak load;

p*ra - analytical peak load;

p*re - experimental peak load;

p*re - average experimental peak load;

S - slip between the fibers and the matrix;

- slip corresponding to the maximum shear stress and the 
complete debonding;

- thickness of fiber bundle, which is assumed to have a 
rectangular cross section of width b*;

y - longitudinal distance to loaded end in Eqs. (1) and (2);

yo, a, £0 - parameter in Eqs. (1) and (2);

z(y) - strain profile function;

*0 - initial shear stress;

Tt - shear stress due to friction and interlocking;

Tm - maximum shear stress;

x(s)Eq-2 - function for bond-slip model determined by Eq. (2);

x(s)Eq17 - function for alternative bond-slip model given in Eq. (17);
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Figure 1. Test setup and strain gauge locations (D’Antino et al. 2014; Carloni et al. 

2014): (a) front view, and (b) side view.
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Figure 3. Idealized applied load P -  global slip g curve.
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Figure 4. Plot of Eq. (2) and its two parts.
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Figure 5. Axial strain profiles along the composite bonded length at the debonding load
Pdeb and peak load P*.
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Figure 6. Curve fitting results for specimens with a bonded length of (a) 330 mm, and (b) 
450 mm at the debonding load Pdeb (Table 1), and (c) comparison between Eqs. (1) and

(2).
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Figure 7. Specimen DS_330_60_ L_S_1: (a) slip distribution and shear stress at 

debonding load, and (b) shear stress-slip relationship.
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Figure 8. Shear stress vs. slip relationship of specimens in Table 4.
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Table 1. Parameters in Eq. (2) determined by nonlinear regression analysis.

Specimen leff
(mm)

k
(1 0 - 6 / m m )

a
(10-6) (mm) leff

y o

(mm)
y 0

leff
DS 330 43 L S 2 250 8.44 8321 25.3 0.101 151.0 0.604
DS 330 60 L S 1 250 8.44 9907 29.6 0.118 169.3 0.680

Average 250 9114 27.4 0.110 160.4 0.642
CoV - 0.123 0.111 0.111 0.084 0.084

DS 330 43 S 3 T 280 6.33 6636 26.7 0.095 150.6 0.538
DS 330 60 S 2 225 6.33 9327 54.1 0.240 77.6 0.345
DS 330 60 S 3 240 6.33 10200 33.2 0.138 184.5 0.769
DS 450 60 S 1 255 6.33 10610 31.8 0.125 202.8 0.795
DS 450 60 S 2 255 6.33 8532 33.1 0.130 162.8 0.638

Average 251 9061 35.8 0.146 155.7 0.617
CoV 0.081 0.174 0.296 0.380 0.308 0.298

Table 2. Comparison of applied load and global slip determined from experiments and 
analytical model for specimens with strain gauges.

S p e c im e n Pdeb,e
( k N )

Pd«i,a( k N )
Pdeb,a 
Pdeb,e

P*
( k N )

P*
( k N )

K
p*

gdeb,e
( m m ) gdeb,a(mm) gdeb,a

gdeb,e g
(m m )

g'a
(m m ) g

D S  3 3 0  4 3  L  S 2 4 .2 0 4 .6 6 1 .1 1 5 4 .6 9 4 .9 7 1 .0 6 0 1.3 1 .0 0 .7 2 2 .0 1.8 0 .9 0
D S  3 3 0  6 0  L  S 1 5 .8 0 6 .5 2 1 .1 2 4 5 .9 7 6 .9 6 1 .1 6 5 1.1 1 .0 0 .8 8 2 .2 1.8 0 .81
D S  3 3 0  4 3  S 3 T 2 .7 1 4 .7 7 1 .7 5 8 3 .0 3 5 .3 5 1 .7 6 6 1 .4 1.1 0 .7 9 3 .6 2 .0 0 .5 4
D S  3 3 0  6 0  S 2 6 .6 5 6 .6 7 1 .0 0 4 7.31 7 .4 8 1 .0 2 4 0 .8 1.1 1.31 1.3 2 .0 1 .48
D S  3 3 0  6 0  S 3 5 .6 3 6 .6 7 1 .1 8 6 6 .5 5 7 .4 8 1 .1 4 3 1.1 1.1 1 .0 0 4 .0 2 .0 0 .5 0
D S  4 5 0  6 0  S 1 5 .7 0 6 .6 7 1 .171 6 .6 3 7 .8 8 1 .1 8 8 1.2 1.1 0 .9 0 2 .4 3 .3 1 .38
D S  4 5 0  6 0  S 2 5 .7 7 6 .6 7 1 .1 5 7 6 .8 6 7 .8 8 1 .1 4 9 1.0 1.1 1 .0 6 4 .0 3 .3 0 .8 2

A v e r a g e 1 .2 1 6 1 .2 1 4 0 .9 5 0 .9 2

C o V 0 .2 0 3 0 .2 0 7 0 .2 0 6 0 .4 1 3

Table 3. Comparison of experimental and analytical peak loads considering 51 specimens 
and using average values of parameters a, fi, and y 0 obtained.

Series
Numbers of test 

specimens 
(Carloni et al. 2014)

Pe*
(kN) CoV

D*
(kN)

P*ra
Determined by Eq. (14) 

(kN)
p:/pe*

DS 330 43 L 10 4.23 0.133 4.97 4.82 1.175
DS_330_43 5 4.75 0.203 5.35 5.00 1.126

DS 330 60 L 10 5.63 0.089 6.96 6.75 1.236
DS 330 60 15 6.65 0.010 7.48 7.01 1.125
DS 450 60 11 6.60 0.060 7.88 7.51 1.194

Average 1.171
CoV 0.040
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Table 4. Comparison of bond-slip models for one- and two-layer matrix specimens.

Series s f Tf
A

(x10-
3)

B
(m m -

0

r>Eq. 2
~ E q .1 7 ~ E q .1 7

G f 1 G^ 1

(m m ) (M Pa) (m m ) (M Pa) (J/m 2) (J/m 2)
r Eq.2 (J/m 2) z -E q . 2

D S_xxx_xx_L 
DS xxx xx

0.224
0.299

1.656
1.321

0.951
1.081

0.08
0.12

10.4
10.4

3.09
2.32

917
960

992
997

1.082
1.039

915
892

0.998
0.929

Table 5. Summary of test specimens and corresponding values of peak load P* from 
(Carloni et al. 2014) included in the present study.

Series
Numbers of test 

specimens (Carloni 
et al. 2014)

Specimen P* (kN)

DS_330_43_L 
Ptf  = 4.23 kN 
CoV = 0.133

10 DS_330_43_L_1 4.96
DS_330_43_L_2 4.63
DS_330_43_L_3 4.61
DS_330_43_L_4 3.98
DS_330_43_L_5 3.96
DS_330_43_L_6 3.82
DS_330_43_L_8t 3.67
DS_330_43_L_11 4.72

DS_330_43_L_S_1t 3.24
DS_330_43_L_S_2 4.69

DS_330_43 
Pf = 4.75 kN 
CoV = 0.203

5 DS_330_43_2t 5.25
DS_330_43_3 5.27
DS_330_43_6 5.09

DS_330_43_S_2t 5.12
DS_330_43_S_3t 3.03

DS_330_60_L 
Pf = 5.63 kN 
CoV = 0.089

10 DS_330_60_L_1 5.80
DS_330_60_L_2 5.49
DS_330_60_L_3 6.60
DS_330_60_L_4 5.46
DS_330_60_L_5 5.26

DS_330_60_L_D_1 5.19
DS_330_60_L_D_2 6.13
DS_330_60_L_D_3 5.47
DS_330_60_L_D_4 4.90
DS_330_60_L_S_1 5.97
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Series
Numbers of test 

specimens (Carloni 
et al. 2014)

Specimen P* (kN)

DS_330_60 
1^= 6.65 kN 
CoV = 0.010

15 DS_330_60_1t 7.05
DS_330_60_2t 6.56
DS_330_60_3t 6.06
DS_330_60_4t 6.50
DS_330_60_5t 6.28

DS_330_60_D_1 8.29
DS_330_60_D_2 7.12
DS_330_60_D_3 6.56
DS_330_60_D_4 5.24
DS_330_60_D_5 6.69
DS_330_60_S_2 7.31
DS_330_60_S_3 6.55
DS_330_60_T_1 6.62
DS_330_60_T_2 6.27
DS_330_60_T_3 6.59

DS 450 60 
T^= 6.60 kN 
CoV = 0.060

11 DS_450_60_1 6.40
DS_450_60_2 6.34
DS_450_60_3 6.44
DS_450_60_4 5.77
DS_450_60_5 6.51
DS_450_60_6 6.79
DS_450_60_7 6.65

DS_450_60_D_1 7.01
DS_450_60_D_2 6.67
DS_450_60_D_3 7.33
DS_450_60_S_1 6.63
DS_450_60_S_1 6.86

Note - Specimens included are those in the DS_330_43 series, the DS_330_43_L series, 
the DS_330_60 series, the DS_330_60_L series, and DS_450_60 series that had a 
relatively uninform distribution of the applied load across the longitudinal fiber bundles as 
defined in (Carloni et al. 2014).
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ABSTRACT

Interfacial debonding of fiber reinforced cementitious matrix (FRCM)-concrete 

joints can be considered as a mainly mode-II fracture process, a problem that can be solved 

by accounting for one-dimensional interfacial shear stress-slip relationships. This paper 

presents an analytical approach to predict the load response of FRCM-concrete joints by 

adopting a trilinear bond-slip relationship consisting of a linear-elastic branch, a softening 

branch, and a friction branch. The applied load-global slip response of FRCM-concrete 

joints with (relatively) long bonded length includes five stages: elastic, elastic-softening, 

elastic-softening-debonding, softening-debonding, and debonding stages. Closed-form 

solutions of the interfacial slip, shear stress, and axial stress (or strain) distribution along 

the bonded length are provided. The response of FRCM-concrete joints with (relatively) 

short bonded length is examined. The effective bond length and a critical length for the 

existence of the snap-back phenomenon are derived. Experimental results reported in the 

literature are used to calibrate the parameters needed for the analytical approach. The 

analytical results are then compared with experimental results and with numerical results 

determined using a finite difference method (FDM). Finally, the capability of determining 

the parameters in the trilinear bond-slip relationship using a neural network (NN) with the 

experimental load response as the input is investigated.
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1. INTRODUCTION

A recent innovation in strengthening civil structures is the application of externally 

bonded reinforcement in the form of fiber-reinforced polymer (FRP) composites, which 

have a high strength-to-weight ratio, good corrosion resistance, and versatility of 

application to different cross-sections ([1],[2]). However, the use of polymeric matrix and 

adhesives makes FRP composites vulnerable to thermal cycles, heat exposure, and 

ultraviolet (UV) ray exposure ([3],[4],[5]). Fiber reinforced cementitious matrix (FRCM) 

materials are a new type of composite in which the polymeric matrix is replaced by an 

inorganic mortar. FRCM composites can provide higher heat resistance and better 

compatibility with concrete and masonry substrates than FRP composites [6]. Over the past 

decade, FRCM composites have been increasingly employed for strengthening and 

repairing civil structures in bending [7], shear ([8],[9],[10]), torsion [11], and confinement 

([5],[12]) applications.

The effectiveness of externally bonded FRCM composites relies on the load 

transfer between the composite and the existing structure. Therefore, a large number of 

tests have been conducted to study the interfacial stress-transfer mechanism in FRCM- 

substrate joints ([6],[13],[14],[15]). These studies showed that for the majority of the tests 

(which include flexural and shear strengthened beams), when a limited number of 

composite layers is employed (generally up to two), debonding occurs at the fiber-matrix 

interface and is characterized by fiber-matrix slip ([16],[17]).
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Single- and double-lap direct-shear tests are commonly conducted to study the bond 

at the FRCM-concrete interface [16]. In these tests, the applied load is parallel to the 

interface, and out-of-plane stresses and displacements are minimized. Though there is an 

inherent eccentricity between the applied load and support in single-lap shear tests, it was 

shown that for FRCM-concrete joints the fracture mechanics Mode-I component at the 

fiber-matrix interface can be neglected given the beneficial effect of the external layer of 

matrix, i.e., the layer that covers the fibers [17]. Therefore, single-lap shear tests were used 

to validate a bond-slip relationship based on the definition of an interfacial shear stress-slip 

relationship t(s), also known as a cohesive material law (CML). D ’Ambrisi et al. [18] and 

Focacci et al. [19] studied different t(s) relationships for FRCM composites assuming a 

pure Mode-II interfacial crack propagation at the matrix-fiber interface. Generally, the t (s) 

relationship of FRCM composite-substrate joints consists of an increasing branch until the 

shear stress reaches the peak value (i.e., shear strength) Tm, followed by a softening stage. 

For some FRCM composites, a friction (interlocking) stage characterized by a constant 

shear stress Tf was observed at the end of the softening stage, whereas for others the 

interfacial shear stress decreased to zero after complete debonding [19]. However, for most 

continuous equations for t (s) reported in the literature, a closed-form solution of the 

interfacial shear stress and axial stress distributions cannot be obtained for the full-range 

loading process, unless there is no friction stage after complete debonding ([20],[21]).

For FRP-concrete joints, Yuan et al. [22] derived closed-form solutions of the slip, 

shear stress, and axial strain distribution based on a bilinear t (s). A similar approach was 

applied to FRCM-substrate joints using a trilinear t (s) that is appropriate for situations in 

which the presence of friction (interlocking) should be taken into account (e.g., certain
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externally bonded FRCM composites ([23],[24],[25],[26],[27]), FRP reinforcing bars 

embedded in concrete [28], FRP ground anchors [29], and grouted rockbolts ([30],[31])). 

In particular, Carozzi et al. [23] provided the solution for FRCM-masonry joints using a 

trilinear x(s) and conducted a parametric analysis to investigate the effect of the 

parameters that control the shape of the x(s). D ’Antino et al. [25] applied a trilinear bond- 

slip relationship to study the bond behavior of FRCM-concrete joints providing a 

formulation to compute the effective bond length, i.e. the length of the bond stress transfer 

zone (STZ). However, the effect of generally-accepted assumptions, such as treating a long 

bonded length as an infinite bonded length, are in need of study. In addition, the response 

of FRCM-substrate joints with bonded lengths less than the effective bond length has not 

been fully investigated.

This paper presents an analytical solution to predict the full-range load response of 

FRCM-concrete joints that include a frictional branch by adopting a trilinear x(s) . 

Behaviors of (relatively) long and short bonded lengths are explored, and the critical length 

for the existence of snap-back phenomenon and the effective bond length are derived. Load 

responses of PBO FRCM-concrete joints available in the literature are compared to 

corresponding analytical solution. Furthermore, the accuracy of the analytical solution is 

validated by a numerical solution given by a finite difference method (FDM), which is also 

used to examine whether certain mathematical approximations are reasonable.

A neural network (NN) is then used to conduct an inverse determination of the 

parameters in the trilinear x(s) from experimental load responses. The results obtained 

show that the analytical solution provides accurate estimations of the experimental load

responses.
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2. GOVERNING EQUATIONS AND BOND-SLIP RELATIONSHIP ADOPTED

Experimental results available in the literature showed that debonding in FRCM- 

concrete joints can occur: (a) within the concrete substrate, (b) at the concrete-composite 

interface, (c) at the fiber-matrix interface, (d) within the matrix (matrix delamination), or 

(e) with a combination of these failure modes [19]. This paper focuses on debonding at the 

fiber-matrix interface, which was observed for several FRCM composites bonded to 

concrete and masonry substrates (e.g. [6],[16],[18],[32],[33]). This failure mode is 

characterized by significant fiber-matrix slip and does not generally induce cracking within 

the matrix.

When debonding at the fiber-matrix interface occurs, the deformation of concrete 

and matrix can be usually neglected, as discussed by D ’Antino et al. [17]. As a result, the 

fibers can be assumed to be under uniaxial tension and the fiber-matrix interface under 

interfacial shear deformation only [6]. In addition, the following assumptions are adopted 

in this paper: (i) the slip is assumed to be the same in each longitudinal fiber bundle across 

the width of the composite, and the externally applied load is assumed to be equally 

distributed among the longitudinal fiber bundles; (ii) a linear-elastic constitutive law is 

adopted for the longitudinal fiber bundles; (iii) a zero-thickness cohesive interface is 

assumed between the matrix and fibers, and its behavior is modelled with a trilinear x(s) 

(see Figure 1a); and (iv) the presence and influence of FRCM transversal fiber bundles is 

neglected.

Based on the aforementioned assumptions, the governing equation can be obtained 

by enforcing force equilibrium of an infinitesimal portion, as shown in Figure 2a:
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do(y)  x(s)
=  0 (1)dy t

where y  is the axial coordinate along the composite bonded length with the origin at the 

free end (see Figure 2), x(s) is the total shear stress considering the entire contact surface 

of the outer and inner layers of matrix (see Figure 2), t* is the thickness of the longitudinal 

fiber bundles, and o(y ) is the axial stress in the longitudinal fiber bundles along the bonded 

length. Assumption (ii) provides:

ds(y)
° (y)  = Ef E(y) = Ef (2)

dy

where Ef is the elastic modulus of the fibers. Substituting Eq. (2) into Eq. (1), the 

governing equation can be written as:

d 2s (y ) sj
d y 2 T.

—  A2x(s) = 0 (3)

where A = SfEft' -. Eq. (3) can be solved once x(s) is defined.Tr n

The trilinear x(s) considered in this paper is composed of three branches shown in 

Figure 1a: (i) a linear-elastic branch from the origin to the peak shear stress xm, which is 

associated with a slip sm; (ii) a linear softening branch until the shear stress decreases to 

Xf, which is associated with a slip Sf ; and, (iii) a debonding branch with a constant residual 

shear stress Xf due to friction between the matrix and fibers. The last branch is assumed to

be infinite.
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The trilinear x(s) is defined as:

—  s,0 < s < sm
Sm

x(s) =  ■s X (S/  -  S) +  ^ (s -  Sm)
Sj-

, <  S <  S'/
(4)

{ hTm, $ — Sf

where p is defined as the ratio of the residual shear stress Xf and the peak stress xm, i.e., 

Tf = pxm. It should be noted that p = 0 denotes that no friction exists at the debonding 

interface, such as usually assumed for FRP-concrete joints [22]. A non-zero value of p has 

been reported for certain FRCM composites including a polyparaphenylene 

benzobisoxazole (PBO)-FRCM composite ([16],[18],[19],[34]), which is considered in the 

present study. Substituting Eq. (4) into Eq. (3), the governing differential equation can be 

rewritten as:

d 2s(y)
d y 2

A^s(y) ,0 < s  < s m 
A |s(y ) +  A^(sf  -  p sm) ,sm < s  < s f  

A2 pSf, s — Sf
(5)

where A1 =  A -1 , An = A sf
sf —sm, w =  J 1 - p ,  and A3 A2« .

As indicated in ([25],[35]), when the composite bonded length is relatively long 

(see discussion in Section 3.3), five stages can be identified in the load response (see Figure 

1b): I) elastic; II) elastic-softening; III) elastic-softening-debonding; IV) softening­

debonding; and V) debonding stages. The general applied load P  versus global slip g  (i.e., 

loaded end slip) curve for long bonded length is shown in Figure 1b, whereas the 

corresponding shear stress distribution along the bonded length is illustrated in Figure 2. 

For direct-shear tests of FRCM-concrete joints that are controlled by monotonically 

increasing P , the test stops at the peak load (Point C). If the test is controlled by
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monotonically increasing g, the snap-back phenomenon shown in Figure 1b cannot be 

captured ([36],[37]). Curve snap-back in FRP-concrete joints was observed by controlling 

the free end slip sF [37]. Further discussion on snap-back is provided in Section 7.1.

3. ANALYSIS OF THE FULL-RANGE BEHAVIOR OF FRCM -CONCRETE 
JOINTS W ITH  LONG BONDED LENGTH

In this section, the full-range behavior for FRCM-concrete joints with long bonded 

length is derived. The criterion for the critical length that differentiates the solutions given 

in Sections 3 and 4 will be discussed in Section 3.3. The full-range solutions are driven by 

the free end slip sF, i.e., s ( 0) =  sF serves as the boundary condition for all stages.

The following boundary condition will be used for the solutions of all stages:

o (0) =  0 (6)

Also, Eq. (7) will be used to compute the applied load:

P
a W  = ¥ T r  (7)

where l  is the composite bonded length (see Figure 2), and bf = nb* is the total width of 

the longitudinal fiber bundles, where n  is the number of longitudinal fiber bundles, and b* 

is the width of a single fiber bundle.

3.1. ELASTIC STAGE (STAGE I)

As sF increases from zero to a small value, the applied load and global slip values 

are also small, and the entire bonded length is governed by the first piece of Eq. (5) (see 

Figure 2b and segment OA in Figure 1b). The slip s(y),  shear stress i (y ) ,  and axial fiber 

stress o(y) can be obtained under the boundary condition of Eq. (6) as:
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s ( y )  =  s F c o s h (A xy )  

x m
T ( y )  = — sf c o s h ( A1y )

(8)

(9)

^ (y ) = smAit
■sFsinh(Aiy) (10)

E q . (8 ) c a n  b e  u s e d  to  o b ta in  th e  s lip  a t th e  lo a d e d  e n d  g = s ( l )  = sFc o s h (A 1l ) ,  

w h ic h  in d ic a te s  th a t  sF << g  fo r  lo n g  b o n d e d  le n g th  b e c a u s e  c o s h (A 1l )  is  u s u a lly  m u c h  

la rg e r  th a n  1.0. S u b s titu tin g  E q . (1 0 )  in to  E q . (7 ), th e  a p p lie d  lo a d  c a n  b e  o b ta in e d  as:

P = t e )  s m h ( V )  ^  =  ( ^ ) tanh(Ar l) g  (1 1 )
\  Ai /  Sm V A1 /  Sm

m

Tm

E q . (1 1 ) in d ic a te s  th a t  P  in c re a s e s  p ro p o r t io n a lly  w ith  g  ( se e  th e  l in e a r  s e g m e n t O A  

in  F ig u re  1b) a n d  w ith  s F . T h e  e la s tic  s ta g e  e n d s  w h e n  g  =  sm , w h e re a s  s F =  

s m /c o s h ( A 1l )  (P o in t A  in  F ig u re  1b a n d  s h e a r  s tre s s  d is tr ib u tio n  A  in  F ig u re  2 b ). T h e  

a p p lie d  lo a d  a t th e  e n d  o f  th e  e la s tic  s ta g e  Pa c a n  b e  o b ta in e d  b y  se tt in g  g  =  s m in  E q . (1 1 ) 

as:

P'4 =  0 i r ) t a n h ( * 1 l )  ( ’ 2 )

3.2. ELASTIC-SOFTENING STAGE (STAGE II)

A s s F in c re a se s , a  s o f te n in g  b ra n c h  c o m m e n c e s  a t th e  c o m p o s ite  lo a d e d  en d , an d  

th e  s h e a r  s tre s s  d e c re a se s  a lo n g  a  s o f te n in g  le n g th , (se e  F ig u re  2b  a n d  s e g m e n t A B  in  

F ig u re  1b). T h e  lo c a tio n  o f  th e  p e a k  s h e a r  s tre ss  Tm m o v e s  to w a rd s  th e  c o m p o s ite  f re e  end . 

W h e n  th e  s h e a r  s tre s s  a t th e  lo a d e d  e n d  a tta in s  Ty-, d e b o n d in g  s ta r ts  to  o c c u r  ( th e  a p p lie d  

lo a d  is th e  d e b o n d in g  lo a d  Pde&) a n d  S tag e  I I  e n d s  (P o in t  B  in  F ig u re  1b a n d  s h e a r  s tre ss  

d is tr ib u tio n  B in  F ig u re  2b ).
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During the elastic-softening stage, the first and second pieces of Eq. (5) can be 

solved considering the following compatibility conditions together with Eq. (6):

a - ( lei) = a+Q-ei) (13)

S(lel) or Tm (14)

where lei is the interface length engaged in the elastic stress-transfer mechanism, i.e., the 

elastic region. The solution for the elastic region of the interface where sF < s < sm (or 

0 < y < l ei ) can be expressed by Eqs. (8-10). Thus, lei can be obtained by solving 

s - (lei) = sm provided by Eq. (8) (see Figure 2b):

lei =  — arccosh ) 
Aj_ \ s F)

(15)

Eq. (15) indicates that lei decreases with the increasing of sF. The solution for the 

softening region (sm < s < Sf and le i < y  < l )  is:

s (y ) =  (sf  -  sm)
A7 cos[A3(y — lPl)]

s in [ l3(y  — lel)]tanh(X1lel) — -
A1̂ 1 — M

+
Sf

1 — M

T(y ) = —Tr
A3
— sin [Aa(y  — lel)]tanh(A1lel) — cos[X3(y  — lel)]
Ai

a(y ) =
fA3
— cos[Ag(y  — lel)]tanh(Ailel) + s in [Ag(y  — lel)]

LA1

Substituting Eq. (18) into Eq. (7), the applied load is obtained as

P =
bfxf

A3 LAi

A
—  cos(A3ls f)Xanh(Ailel) + sin(A3lsf)

(16)

(17)

(18)

(19)



53

Eq. (16) gives g  as:

g  = s (l ) = (sf  — sm)
A 2 s i n ( A 3 i s / ) t a n h ( A 1 i e ; ) cos(A3is/^  sf -y.sm '

1-V (1-^)(s/ -sm).
(20)

At the debonding load Pdeb, the shear stress at the loaded end is t> , so substituting

t (1) =  Tr into Eq. (17) leads to:

*i(cos(X3ls f ) — ^
= tanh(A i/eJ) (21)

*3 \  sin(X3/s /)

Considering that lei = l  — lSf , Eq. (21) can be solved iteratively to compute the 

value of the softening length at the debonding load, lSf  d (Figure 2b). Then lei at the 

debonding load can be obtained, and the corresponding value of sF at the debonding load, 

denoted as sFdeb, can be determined by Eq. (15). Finally, the debonding load Pdeb can be

determined by substituting lSf  d into Eq. (19):

Pdeb =
bfTf  Tm

*3 LAi
— cos(*3/s /,d) tan h (* i/eJ) +  sin(*3/s /,d) (22)

3.3. ELASTIC-SOFTENING-DEBONDING STAGE (STAGE III)

With the increasing of sF, a debonding branch associated with a constant shear 

stress and with a length of ldb develops at the loaded end (see Figure 2c and segment BCD 

in Figure 1b). With the development of ldb, an approximately linear increase of the applied 

load P  due to the presence of friction occurs. The peak applied load, denoted by P* (see 

Point C in Figure 1b), is reached within this stage.

The three pieces of Eq. (5) that describe this stage are solved considering the 

following compatibility conditions together with Eq. (6):

CT ( l e i )  =  tf+( l e i) (23)
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Q ( l  — ldb) = Q+( l  — ldb) (24)

S( lel) or T( lei) Tm (25)

s (l  — ldb) = Sf or T(l  — ldb) = pTm (26)

where ldb = l  — lSf  — lei (see Figure 2c), and lei can still be computed by Eq. (15). The 

solutions for the elastic (0 <  y  <  lei) and softening (lei < y  < l  — ldb) regions are in the 

same form of those obtained in Stages I and II, respectively. The solution for the debonding 

region of the interface where s>sf(or lei + lSf  < y  < l )  is:

s ( y ) = s f + l A ^ [y  — ( lel + lsr) ] [ , y  — , (lel + lsr)

+ 2
sin(A3 lSf )  co s(A3ls f ) tanh(Ai lel)

A Ai

*(y) =

- (y ) = T?
( r, , i w  , sin(A3ls f ) cos(A3Zs /)tan h C U eJ

b(y — (lel + lsf) ) + ----- :------- +

(27)

(28) 

(29)
A3 A1

Substituting x( lei + lSf )  = pxm into Eq. (17) provides the same equation as Eq. 

(21). Increasing the free end slip sF from sFdeb (beginning of Stage III) to sm (end of 

Stage III), the general solution of Eq. (21) considering Eq. (15) is given as:

1
L f = — arccos
ST Ao

2 - & y

(30)

Substituting Eqs. (15) and Eq. (30) into Eqs. (27-29) gives the solution of s(y)  and 

o(y)  as a function of sF. Eq. (30) indicates that with the increasing of sF, the softening 

length lSf  increases. Stage III ends when the length of the elastic zone is reduced to zero
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(lei = 0 and sF = sm) and lSf  attains its maximum value (denoted by lSf,u):

1
lSf,u = T -a rc c o sO ) (31)

A3

Eq. (31) indicates that lSf  U is an upper limit for lSf  and is not a function of the

nbonded length. If i  =  0, Eq. (31) gives lsf u = — , which is identical to the result for FRP-

concrete joints given by [22]. If the bonded length is less than lSf  U, the elastic and 

debonding regions will not coexist for any value of the free end slip, i.e., before the shear 

stress at the composite loaded end drops to ix m, the shear stress at the free end reaches 

xm, so the solution in this section no longer holds. Therefore, lSf  U is the minimum length 

needed to fully establish the softening stage. It should be noted that the minimum length 

required to attain Pdeb is the effective bond length lef f , which is longer than lSf  U if  a 

trilinear x(s) is employed. lSf  U is equal to lef f  only in the case a rigid-softening x(s) is 

considered [38]. For bonded length lSf  U < l <  lef f , the solution given in Section 3 

applies, however Pdeb cannot be obtained.

For l  < lSf iU, the elastic-softening-debonding stage that exists for specimens with 

l  > lSf jU will be replaced by a pure softening stage, as discussed in Section 4.

Substituting Eq. (29) andy  = l  into Eq. (7) and considering lei + lSf  + ldb = l ,  the 

applied load is given as:

P = bfTm
sin(X3ls f) 1

lldb + -----5------- + — cos(\3ls f ) tanh[Xi(l -  lsf -  ldb)\A3 Ai (32)

The applied load P  reaches its maximum value P* when the derivative of Eq. (32) 

with respect to ldb is zero. If it is assumed that the variation of lSf  is negligible with respect
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to that of ldb and its value is denoted as l*f at the peak load P *, P can be considered as a

dPfunction of ldb only; therefore, -—  = 0 gives:oldb

tanh2[Xx( l  -  i;f  -  ldb)] =  1 -  p/cos(X3i;f )

The solution of Eq. (33) provides ldb at the peak load, denoted as ldb:

(33)

ld b = l - llf - Y aYCtanh\ I1 -------TT~d\
J Xi Cos(X3 hr)

(34)

It should be noted that lSf  d< l*ŝ < lSf  U and for l*s^ = lSf  d, Eq. (34) provides the 

same result as the equation for the debonding length at the peak load obtained in [30]. 

Substituting ldb into Eq. (32) gives the peak load P* as:

P* = bf xm
sin(X3l*f ) 1

pl*db + \  s rJ + j - c o s ( \ 3rs f ) tanh\X1( l  -  Vsf -  Pdb)] (35)

For infinite bonded length, the term ( l  -  l*f -  l*db) is also infinite, so tanh[X1( l  -  

l*sf -  ldb)] = 1. Thus, considering Eq. (22), Eq. (35) can be written as:

P = Pdeb + pTm^f^db (36)

which indicates that the contribution of friction is proportional to the shear stress pTm and 

to the contact area bfldb as postulated in the literature ([6],[25]). It should be noted, 

however, that with the trilinear relationship adopted, Eq. (36) strictly holds only for infinite 

bonded length, whereas for finite bonded lengths, Pd < Pdeb + pxmbfldb. This result is 

common when bond-slip relationships with i(0)=0 and di/ds^ro are employed [39]. 

g  in Stage III can be obtained from Eq. (27) as:

pldb, sM^slsf).  1g= s (l ) = s f  + sf X2ldb + ^3
+ — cos(X3ls f ) tanh(X1lei) (37)2
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At the peak load, the free end slip and loaded end slip can be obtained as:

SF co sh [A i(l- / * , - / * ) ]

g*= sf  + sf X2ldb sin(^3 is / ^ _  cos(^3 is / )tanh[^l (l - i d b - i s / )]
2 A 3 A i

(38)

(39)

3.4. SOFTENING-DEBONDING STAGE (STAGE IV)

Stage III ends when sF = sm and the peak shear stress reaches the free end, t (0) = 

xm (see shear stress distribution D in Figure 2c). Hereafter the interface is subjected to 

softening and friction shear stresses only (softening-debonding stage, see Figure 2c and 

segment DE in Figure 1b). Stage IV is described by the second and third pieces of Eq. (5), 

which can be solved considering the following compatibility conditions and Eq. (6):

a  ( ls f ) =  °+(lsf)  

s ( lsf) = Sf or t ( /s / ) =  pTm

The solution for the softening region with 0 < y < l Sf  is:

^ ^ - ( ^ - ^ c o s a ^ )

(40)

(41)

T(y) =  (S\  -  s^)W  smJ V 1 p /

a

sF ) Tmcos(X3y )

(42)

(43)

(44)

Substituting s ( lSf )  = Sf into Eq. (42) gives the relationship between lSf  and sF:

lSf  = —  arccos
Ao ( i - p )

Sf sm
p) (Sf p5m  ̂ ^

(  1 - p  - S F )
(45)

*
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In this stage sF ranges from sm to Sf , and accordingly Eq. (45) indicates that the 

value of lSf  ranges from lSf U to 0. The solution for the debonding region with lSf  < y  < l  

is:

s (y ) = sf + sf A,

T(y) =  p^m

^ (y ) =
PTm

y  - i Sf  +
tan(A3 ls f )

A

Substituting Eq. (48) and y  =  l  into Eq. (7) gives the applied load P:

tan(X3ls fy
P = px mbf l  — lsf +  ' Aq

The global slip can be obtained by imposing y  = l  in Eq. (46): 

g  = sf  [ l  +  ^ t a n ( A 3(s /) ( l  — ls f )+^zF ( l  — (s / ) 2]

*t

(46)

(47)

(48)

(49)

(50)

3.5. DEBONDING STAGE (STAGE V)

The debonding stage (Stage V) starts when the softening zone disappears (Point E 

in Figure 1b). In this stage, the load-carrying capacity is solely provided by interface 

friction, as shown by the shear stress distribution E in Figure 2c. The solution for the 

debonding region with 0 <  y  <  l  is:

s (y ) = sF + y p A 2y 2 (51)
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*(y) =

ff(y) =
M-Tm
“ F y

(52)

(53)

The global slip at the end of the Stage IV (Point E in Figure 1b), denoted by gE, can 

be obtained from Eq. (50) by setting lSf  = 0 or substituting sF = Sf in Eq. (51):

gE= S f + J  dA2l 2 (54)

The shear stress is constant along the entire bonded length and equal to pxm . 

Therefore, the applied load maintains a constant value Pf = 2bj-pxml  (see segment EF in 

Figure 1b and the shear stress distribution in Figure 2c).

4. ANALYSIS OF THE BEHAVIOR OF FRCM -CONCRETE JOINTS W ITH  £ <
lsf,U

For FRCM-concrete joints with bonded length l  <  lSf,u, the softening stage cannot 

be fully established (see Section 3.3). In general, the load response can be subdivided into 

five stages (see Figure 1b): elastic (Stage I, segment OA’); elastic-softening (Stage II, 

segment A ’C’D ’); softening (Stage III, segment D ’E ’); softening-debonding (Stage IV, 

segment E ’F’); and debonding (Stage V, segment F ’G’) stages. The shear stress 

distribution along the bonded length is shown in Figure 3.

The solution for the elastic stage can be determined by Eqs. (8)-(10). Eq. (13) can 

be used to compute the load at the end of the elastic stage.

The solution for the elastic-softening stage can be determined by Eqs. (16)-(18), 

and Eq. (19) can be used to compute the applied load. The peak load P* occurs in the

elastic­
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dPsoftening stage when - — = 0, which provides:
°lsf

A,
— tan(X3/s / ) =  tanh[A i(l -  ls f )]
Ai

(55)

Eq. (55) is a transcendental equation that cannot be solved analytically and requires 

a numerical method to find its solution. Indicating the solution of Eq. (55) as l*Sf  (see Figure 

3), PS can be computed by replacing lSf  with Z*j- in Eq. (19):

ps = bfTm A3
- 3 cos(A3ZS/ ) tanh[A i(l -  Zs» ]  + s i n ^ ) (56)

A3 LAi

The elastic-softening stage ends when the entire bonded length enters the softening 

stage, i.e., lSf  = l .  Thus, the corresponding load (Point D ’ in Figure 1b) is:

PD> = - ^ s i n ( A 3 l ) (57)

In the softening stage, all the shear stresses along the entire bonded length are 

within the softening branch (see Figure 1b and Figure 3). The shear stress distribution along 

the bonded length is described by the second piece of Eq. (5), which can be solved 

considering Eqs. (6) and (7):

A3P (Sf — ^m) cos(A3T) — M*Sm
s (y ) = +

xmbf  (1 -  p) sin(A3l )  1 -  p

T(y ) = 

^ (y ) =

A3P cos(A3y) 
bf sin(A3l )

P sin(A3y) 
t shf sin(A3l )

(58)

(59)

(60)
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sF and g  can be obtained by imposingy  = 0 andy  = l  into Eq. (58), respectively:

A3P (sf - s m) 1
Tmbf  ( 1 - q )  sin^ l ) 1 -  p

A3P (s/ Sm) 1 _|_ sf
t mbf (1-p) tan (A31) 1-^

(61)

(62)

Eqs. (61) and (62) indicate that P decreases proportionally with both sF and g. 

Stage III starts at sF =  sm and ends when g  =  ŝ -.

When g  >  Sj-, the interface enters the softening-debonding stage (Stage IV). The 

solution for this stage can be determined by Eqs. (42)-(44) and Eqs. (46)-(48). When the 

interface is fully debonded, i.e., =  0, the load response is in the debonding stage (Stage

V), and the applied load is equal to P f. The solution for the debonding stage can be 

determined by Eqs. (51)-(53).

5. VALIDATION OF ANALYTICAL RESULTS

In this section, trilinear bond-slip relationships previously determined from the 

results of single-lap direct-shear tests of FRCM-concrete joints with different bonded 

lengths reported in the literature [40] are employed in the analytical solutions presented in 

Sections 3 and 4 and compared with corresponding experimental load responses. Then, a 

numerical solution for Eq. (5) is provided and compared with the analytical solutions given 

in Sections 3 and 4.

5.1 VALIDATION W ITH  EXPERIM ENTAL RESULTS

In a previous study [40], the authors calibrated a bond-slip relationship for FRCM- 

concrete joints with one layer of fiber mesh and one or two layers of matrix using seven
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specimens equipped with strain gauges attached to the fibers along the bonded length and 

tested using a single-lap direct-shear set-up originally reported in [41]. The fiber mesh was 

a PBO bidirectional fiber textile with fiber bundles, which were assumed to have 

rectangular cross-section, with thickness t* = 0.092 mm and width b*=5 mm. The elastic 

modulus Ef = 206 GPa of the fibers in the longitudinal direction was determined from 

tensile tests of the bare fiber bundles in ([6],[17]). Two different bonded widths (43 mm 

and 60 mm, which include n=5 and 7 longitudinal bundles, respectively) and two different 

bonded lengths (1=330 mm and 450 mm) were adopted for the specimens. The 

characteristics of the five specimens with two layers of matrix are summarized in Table 1.

The bond-slip relationship calibrated in [40] for the specimens with one fiber layer 

embedded within two layers of matrix is named Model_0 and is shown in Figure 4. The 

parameters sm, , Ty, and xm were determined by fitting the strain gauge measurements 

with an analytical t (s) [40] and are summarized in Table 2. Table 2 also provides the 

interfacial fracture energy GF (referred to as GF2 in [40]), which is the area under the t(s) 

curve for 0<s< . It should be noted that Model_0 was determined from non-linear

regression analysis of experimentally measured fiber strain profiles along the bonded 

length. The t (s) obtained provided close estimation of the debonding load, although the 

friction stress Ty and corresponding slip Sf determined were different from those 

previously reported in [6].

To analyze the capability of the analytical approach proposed to reproduce the load 

response of FRCM-concrete joints, three trilinear bond-slip relationships were defined by 

enforcing: (i) Model_1: the same parameters sm, Sf, ty, and xm of Model_0; (ii) Model_2: 

the same ascending branch and same fracture energy GF of Model_0; and (iii) Model_3:
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the same parameters sm, Sf, Ty, and GF of Model_0. Table 2 summarizes the parameters of 

each bond-slip relationship, and Model_1-3 are shown in Figure 4.

Figure 5 plots the strain profiles obtained by the analytical approach using 

Model_1-3 at the debonding load along with the values of strain experimentally measured 

by strain gauges at discrete locations. The strains close to the loaded end determined using 

Model_1 are lower than the values determined by Model_2-3 because Model_1 has a lower 

fracture energy (see Table 2).

Figure 6 compares the experimental and analytical a -g  responses of the specimens, 

where a  is the applied stress given by Eq. (7). The experimental results have a wide scatter, 

nevertheless, good agreement can be observed in the ascending region. Specimen 

DS_330_43_S_3t , in particular, exhibited a lower stress response than other specimens in 

the same series (see the peak applied stress in Figure 7). The snap-back phenomenon 

provided by the analytical solution is different from the post-peak behavior observed in the 

experimental tests. The reason for this difference is the control mode adopted to obtain the 

experimental and analytical responses. In the analytical solution, the post-peak behavior 

was driven by increasing sF, which allows the development of the snap-back process, 

whereas the experimental tests were controlled by monotonically increasing g  [6]. The 

snap-back phenomenon is discussed further in Section 7.1.

The analytical peak stresses a*, computed by Eqs. (37), (58), and (65) and using 

Model_1-3, were also validated using the results of 42 specimens of the same PBO FRCM 

composite with different bonded lengths and widths described in [19]. The experimental 

and analytical results are compared in Figure 7. Good agreement was achieved between 

the analytical results and the test data with long bonded lengths. For relatively short bonded
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lengths (l<150 mm), the analytical approach tended to overestimate the experimental peak 

stress. This can be explained in part by the fact that experimental results of specimens with 

short bonded length are more sensitive to Mode-I effects [17]. Further investigation is 

needed to determine if the model proposed can be applied to specimens with bonded length 

less than 150 mm.

5.2 VALIDATION USING NUMERICAL SOLUTION

The finite difference method (FDM) was used to numerically solve the governing 

equation Eq. (5) in order to validate the results obtained by the analytical approach 

considering the same PBO FRCM composite discussed in Section 5.1. The principles and 

applications of FDM to solve the differential equation with different bond-slip relationships 

were reported in [42] for FRP-concrete joints. The methodology adopted in this paper is 

summarized in the Appendix. The bonded length was discretized into 1000 elements, and 

a Matlab routine was used to generate the full-range behavior for different bonded lengths 

based on the equations in Sections 3 and 4. Table 2 provides the value of lSf  U determined 

for the three trilinear relationships considered, whereas Figure 8 compares the P-g and P- 

sF responses for two long bonded lengths (1=330 mm and 1=450 mm) (Figure 8a) and two 

short bonded lengths (1=50 mm and 1=150 mm) (Figure 8b) determined by the analytical 

(solid lines) and FDM (dashed lines) approaches using Model_1 (see Figure 4 and Table 

2). It can be seen in Figure 8 that the analytical solutions matched well with the numerical 

results for all bonded lengths considered.

Figure 9 shows the distribution of slip, strain, and shear stress along the bonded 

length at key values of the applied load for a bonded length 1=330 mm obtained with the
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FDM and with the analytical solutions with Model_1. Again, good agreement between the 

analytically and numerically determined values was achieved. At low load levels (equal to 

or lower than the debonding load), the numerical and analytical curves are almost identical. 

However, owing to the error caused by Eq. (34) (as discussed in Section 3.3), the peak load 

obtained by Eq. (35) is slightly different than the FDM solution, and therefore the analytical 

curves of slip, strain, and shear stress are slightly different than the results obtained with 

the FDM solution.

6. DETERM INATION OF PARAM ETERS IN THE TRILINEAR BOND-SLIP 
RELATIONSHIP FRO M  MEASURED P-g RESPONSE USING NEURAL

NETW ORK M ETHOD

Obtaining the four parameters (xm, sm, [i, ) in the trilinear bond-slip relationship

may be challenging for specimens without measurements of longitudinal fiber strains. This 

section utilizes a neural network to determine the parameters in the trilinear bond-slip 

relationship from the measured applied load-global slip response, considering the same 

PBO FRCM composite discussed in Section 5.1. The main appeal of the approach 

presented in this section is that it reduces the demand on test instrumentation by not 

requiring strain readings.

If the friction stress Ty can be determined from the load response (see Section 3.5), 

the number of unknown parameters can be reduced to three (xm, sm, ), which reduces the

complexity of the neural network. In this study, the average value of Ty determined 

experimentally from specimens in [6] with both internal and external layers of matrix 

(Figure 2) is 0.12 MPa.
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Several features of the ascending part of the experimentally determined P -g  curve 

obtained for long bonded length specimens were used to obtain the parameters in the 

trilinear bond-slip relationship. Five features were selected: the slope of the P-g curve in 

the elastic stage ke, the load at the end of the elastic stage PA , the peak load P*, the global 

slip at peak load g*, and the area of ascending part of the P-g curve denoted as GP (see 

Figure 10a). The steps needed to predict the parameters (xm, sm, Sf) using a neural network 

are: (i) determine the ranges of the three parameters of (xm,sm,Sf), and discretize them 

intoj values as (xmi , xm2, ...,xmj ), (smi , sm2, ...,smj ), and (sn , s ^ ,  ...,sf j  ); (ii) for each 

of the j 3 combinations of (xm, sm, Sf), compute the P-g curve and determine the values of 

(^e , Pa , P , g*, GP) using the analytical procedure described in Section 3; (iii) use the 

analytically determined results of (ke, PA, P*, g*, GP) as the input for the neural network 

(see Figure 10b) and the corresponding combinations of (xm, sm, Sf) as the output and train 

the neural network with the j 3 combinations of data; and finally (iv) use the trained neural 

network to predict the values (xm,sm,S f ) by inputting values of ( ke , PA, P*, g*, GP ) 

determined from a measured P-g response.

It should be noted that the choice of reasonable ranges for the three parameters of 

(xm, sm, Sf) is important to reproduce realistic load responses. The ranges of parameters of 

(xm, sm, Sf) for the PBO FRCM composite considered in this study were defined based on 

the experimental data employed and results reported in ([23],[24],[25]). Herein, xm ranged 

from 0.5 to 3.0 MPa, sm ranged from 0 to 0.5 mm, and Sf ranged from 0.5 to 3.0 mm. The 

value of j  was set to 200, thus j 3 = 8 x  106 combinations of input data and corresponding 

output data were employed. A program was written in Matlab to generate the combinations
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of parameters and to determine the corresponding analytical P-g  curves using the analytical 

solution with the trilinear relationship given in Section 3.

Three of the five specimens with strain gauges discussed in Section 5.1 were used 

to validate the results of the trained neural network. Specimens DS_330_43_S_3T and 

DS_330_60_S_2 were not considered since values of P* or g* were significantly different 

with respect to the other specimens. The input values employed are summarized in Table 

3. The bond-slip relationship and a -g  curve based on the values (xm, sm, Sf) predicted by 

the neural network and then implemented using the analytical approach provided in Section 

3 are plotted in Figure 4 and Figure 6, respectively. The results in Figure 6 show the 

predicted data of (xm, sm, Sf) can provide a reasonable a-g curve as compared with the 

experimental results. A similar approach could be used for specimens with l<lef, however 

different features should be included.

7. DISCUSSION

7.1. CRITICAL LENGTH FO R  SNAP-BACK PHENOM ENON

The decrease of the global slip during the descending branch of the P-g response, 

i.e., curve snap-back, is due to the recovering of the elastic deformation of the debonded 

fibers with decreasing the applied load. The snap-back phenomenon was observed 

experimentally for FRP-concrete joints tested in direct shear by controlling displacements 

along the bonded length [23],[43] and was determined by analytical study of FRP-concrete 

joints [37] and by analytical and numerical studies on FRCM-concrete joints [19],[44]. The 

trilinear model adopted in this paper correctly captured the snap-back phenomenon, which
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was not observed experimentally because the tests were controlled by monotonically 

increasing the loaded end slip (as discussed in Section 5.1).

The presence of the snap-back depends on the shape of the bond-slip relationship 

and the bonded length available. The minimum length needed to observe the snap-back, 

referred to as lsb in this paper, was determined for certain x(s) with [38] and without the 

contribution of friction [37]. With the trilinear x(s) studied, an approximate formulation to 

obtain lsb can be determined from the global slip values associated with Points D and E in 

Figure 1b. As discussed in Section 3.3, the end of elastic-softening-debonding stage is 

reached when the softening length reaches its maximum value, lSf,u. The global slip at this 

point can be obtained by substituting lSf U into Eq. (52), which gives:

gD= Sf  +
^k2(sf -sm)

tan(X3ls fu ) ( l  -  lsfiU) + ^ p A 2( l  -  lsf,u) (63)2

There exists a bonded length that meets gD=gE , which means that with the 

development of the softening-debonding stage, the global slip remains approximately 

constant. This bonded length can be considered as an estimation of lsb and is obtained by 

solving gD=gE, where gE is given by Eq. (54):

, _  i V 1 -  h2 -  V h l s f , J 2 , ,
ŝb = ( i------- - _ _ ) hf,u (64)

V 1 M2 M-̂ 2 ŝ/,u

lsb defined in Eq. (64) represents a critical length such that for l  >  lsb snap-back 

will occur, whereas for l  < lsb snap-back will not occur. Also, since Eq. (64) indicates that 

lsb > lSf jU, snap-back will occur only if the bonded length is long enough to fully develop 

the softening stage. It is interesting to note that when there is no friction, lsb = lSf,u = ——.
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For the PBO FRCM composite considered in this study, the value of lsb for 

Model_1-3 is 156 mm, 179 mm, and 209 mm, respectively (see Table 2). The analytical 

P —g  curves for l  =  lsb are plotted in Figure 11 for Model_1-3 described in Section 5.1. 

It should be noted that the segment DE is not a perfect line [25], and thus the condition 

gD=gE does not provide the general solution for lsb. Nevertheless, Eq. (64) can be used 

with reasonable accuracy to determine the critical length at which snap-back will occur. 

Further studies should be carried out to confirm the accuracy of this approach for other 

FRCM composites.

7.2. RELATIONSHIP BETW EEN THE DEBONDING LOAD AND FRACTURE 
ENERGY

The relationship between the debonding load for infinite bonded length Pdeb,G and 

fracture energy has been well established as [45]:

Pdeb,G = bf fz.~Eft*G~F (65)

where GF is the fracture energy that, for the trilinear relationship adopted, can be computed 

as [19]: 2

gf = j  t (s ) ds (sf  + FS/ — dsm) (66)2 ^

As discussed in Section 3.3, for infinite bonded length, lei is also infinite, which

leads to tanh(X1lei) = 1. Thus the softening length at the debonding load for infinite 

bonded length lSf id,m can be determined by solving Eq. (21) as:
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lsf,d,m
1

= — arccos
*3

, *3
p+ ! 1

1 +
(* t) ;

)

(67)

Defining the effective bond length lef f  as the length needed to attain aPdebG, 

where a  is a value less than but close to 1.0 [22], Eqs. (22), (65), and (67) provide:

leff = lsf,d,™ + ^ -a rc ta n h (A 1 j ( ^ - )  2Ef t*GF —
1 — p2

*3
(68)

Eq. (68) has a different form than the equation proposed in [25] to obtain lef f , 

however, they provide the same results when using the same bond-slip relationship and 

value of a. In previous research on FRP-concrete joints, a  = 0.97 was used [22]. For the 

PBO FRCM composite considered in the present study, the value of lef f  is given in Table 

2 for Model_1-3 considering values of a  = 0.97, 0.99, and 0.999. Values of lef f  

determined by Eq. (68) and a  = 0.97 are 17-32% less than the value measured 

experimentally, i.e., 260 mm given in [6]. For a  = 0.999 as suggested in [25], the values of 

lef f  are 7-28% larger than 260 mm, whereas the results given by the cohesive material 

laws in [25] match better with 260 mm. For a  = 0.99 and when Model_2 is used, lef f  

determined by Eq. (68) is only 2% less than 260 mm.

8. CONCLUSIONS

In this paper, an analytical approach to predict the full-range behavior of FRCM- 

concrete joints using a trilinear bond-slip relationship was presented. Closed-form 

expressions for the interfacial shear stress distribution and load-slip response for
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(relatively) long and short bonded lengths were obtained, providing a rigorous and 

theoretical basis for understanding the full-range load-slip behavior of FRCM-concrete 

joints. Based on the results and discussion presented in the paper, the following conclusions 

can be drawn:

1. The applied load-global slip behavior for long bonded lengths features an elastic stage, 

an elastic-softening stage, an elastic-softening-debonding stage, a softening-debonding 

stage, and a debonding stage. For bonded lengths less than the fully established softening 

length, the third stage is a pure softening stage.

2. The trilinear x(s) provides closed-form solutions for the debonding and peak loads and 

corresponding slips at the composite free and loaded ends.

3. The analytical solution is in good agreement with strain and peak load results of test 

specimens reported in the literature, as well as with the numerical results obtained using a 

finite difference method (FDM).

4. Results obtained by an inverse determination of the parameters in the trilinear bond-slip 

relationship using the experimental load-slip response as input of the neural network were 

in good agreement with the experimental load responses.

5. An approximate solution for the minimum length needed to develop the snap-back 

phenomenon was derived.

6. The effective bond length determined using the analytical approach was in good 

agreement with experimental results reported in the literature.
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APPENDIX

FINITE DIFFERENCE M ETHOD SOLVING EQ. (3)

The basis of the numerical method used [42] consists of substituting Eq. (3) by 

finite differences and solving the system of equations with the Newton-Raphson iteration 

technique as follows:

(s jy + i =  {st}j -  J-1 (5j) * f i(s i) (A1)

where {sjy and {sjy+j. are the slip at the j-th and j+1-th iteration, respectively, J-1 (s) is 

the inverse of the Jacobian matrix for this system, and f i (s t) is the first member of Eq. (4) 

at point i. The central difference approximations for Eq. (3) lead to:
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ds(yi)  _  S[+i 5 j-i
dy 2 h

d 2s (y t) _  s i+1 -  2Sj + Sj-i 
d y 2 h2

(A2)

(A3)

where the discretization step (h) is h = L is the bonded length, and N is the number of

discretizations. The distance h between consecutive points y t, i = 0, 1, 2, . . . , N, was 

selected with N  as the largest integer above which no gain in accuracy was observed. The 

convergence of the system was defined according to:

(5t}y+i {si}j 
{̂

<  10-6 (A4)

Before the applied load reaches the peak load, the boundary conditions are:

ds(0)
e(0) = ^ ^ -  = 0 (A5)

dy

s (L) =g (A6)

In order to capture the snap-back phenomenon after the applied load reaches the 

peak load, the boundary condition of Eq. (A6) is replaced as:

s(0 ) =  sF (A7)

Note that according to Eq. (A2),

Si -  S-i
e(0) =

2h
(A8)

However, s -1 is not in the domain, thereby creating a difficulty. The solution is to 

extend the original domain from [0, Nh] to [-1, Nh] . This results in N + 2 nodes, the first 

one being a fictitious one. Values are solved for (s-1, s 0, s 1, ...,sN-1,sN) , and the 

additional variable introduced due to the fictitious node s -1 is discarded from the final

solution.
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Once the slip distribution is determined, the shear stress can be determined by:

T  =  r (s t) (A9)

The calculation of the applied load will use the following equation:

P = t* f  r (y )dy  
J 0

(A10)

and the load at the loaded end can be obtained by numerical integration of Eq. (A10). The 

strain can be computed as:

s i+1 — s i - 1
2 h (A11)

It should be noted that when i = N + 1, there is no point for sN+2, therefore eN+1, 

i.e., the strain at loaded end, is:

P
£N+1 = (A12)EFt*bf

It should be noted that an initial slip distribution is needed at the beginning of the 

solution process. A linear distribution can be adopted:

i+1
Sl = N g (A13)

£



75

Figure 1. (a) Trilinear bond-slip relationship; and (b) general applied load-global slip
curves.
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Figure 2. Evolution of interfacial shear stress distribution for long bonded length: (a) 
schematic side view of a single-lap direct-shear test; (b) elastic stage and elastic-softening 
stage (see Stages I, II and Points A, B in Figure 1b); and (c) elastic-softening-debonding 

stage, softening-debonding stage, and debonding stage (see Stage III and Points C, D, and
E in Figure 1b).
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Figure 3. Evolution of interfacial shear stress distribution for bonded length less than the 
fully established softening length (see Stages III, IV and Points A ’, C’, D ’, E ’, and F ’ in

Figure 1b).

Figure 4. Bond-slip relationships considered.
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(b)
Figure 5. Comparison between analytical and experimental strain profiles at the 

debonding load, Pdeb: (a) 1=330 mm; and (b) 1=450 mm.
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Figure 7. Comparison between analytical and experimental peak stresses for different
bonded lengths.

Figure 8. Comparison between analytical and FDM results: (a) long bonded lengths; and 
(b) short bonded lengths. Solid lines indicate analytical results, and dashed lines indicate

FDM results.
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Figure 9. Comparison between analytical and FDM results for bonded length 1=330 mm 
with Model_1: (a) slip; (b) strain; and (c) shear stress. Solid lines indicate analytical 

results, and dashed lines indicate FDM results.
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Figure 10. Illustration of the neural network used in this paper: (a) input; and (b) structure
of the neural network.

Figure 11. Applied load-global slip curves with l  =  lsb.
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Table 1. Test specimen characteristics.

Specimen Bonded Width 
(mm)

Bonded Length 
(mm)

Number of 
Longitudinal Bundles 
n

DS_330_43_S_3 T 43 330 5
DS_330_60_S_2 60 330 7
DS_330_60_S_3 60 330 7
DS_450_60_S_1 60 450 7
DS_450_60_S_2 60 450 7

Table 2. Parameters of the bond-slip relationships considered.

Bond-slip
relationship Shape sm Tm sf Tf Gr le f f  (mm) JS f , U hb

(mm) (MPa) (mm) (MPa) (J/m2) a=0.97 a=0.99 a=0.999 (mm) (mm)
Model_0 [40] Continuous 0.299 1.32 1.081 0.12 960 - -
Model_1 Trilinear 0.299 1.32 1.081 0.12 761 198 237 314 166 179
Model_2 Trilinear 0.299 1.32 1.359 0.12 960 215 254 332 193 209
Model_3 Trilinear 0.299 1.69 1.081 0.12 960 176 210 278 147 156

Table 3. Features used in the neural network and the predicted parameters.

Input Predicted output
Specimen ke

(kN/mm)
GP
(kN-mm)

p*
(kN)

*
g
(mm)

Pa
(kN)

Tm
(MPa)

sm
(mm)

sf
(mm)

DS 330 60 S 3 12.54 12.08 6.55 2.35 0.24 1.668 0.272 0.944
DS 450 60 S 1 10.70 23.76 6.86 3.96 0.39 2.116 0.064 0.810
DS_450_60_S_2 10.69 12.15 6.63 2.37 0.29 1.576 0.277 1.028
Average
CoV

1.787
0.162

0.204
0.595

0.927
0.119
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III. BOND BEHAVIOR BETW EEN STEEL FIBER REINFORCED POLYM ERS
(SRP) AND CONCRETE

Xingxing Zou and Lesley H. Sneed 

ABSTRACT

Steel fiber reinforced polymer (SRP) composite materials, which consist of 

continuous unidirectional steel wires (cords) embedded in a polymeric matrix, have 

recently emerged as an effective solution for strengthening of reinforced concrete (RC) 

structures. SRP is bonded to the surface of RC structures by the same matrix to provide 

external reinforcement. Interfacial debonding between the SRP and concrete is a primary 

concern in this type of application. This study aimed to investigate the bond characteristics 

of between SRP and concrete determined by single-lap direct shear tests with different 

composite bonded lengths and fiber sheet densities (cord spacings). Specimens with 

medium density fibers failed mainly due to composite debonding, whereas those with low 

density fibers failed due to fiber rupture. Results of specimens that exhibited debonding 

were used to determine the bond-slip relationship of the SRP-concrete interface and to 

predict the full-range load response, which was in good agreement with the experimental 

results. A database of SRP-concrete direct shear tests reported in the literature was also 

established. Four analytical equations derived for fiber reinforced polymer (FRP)-concrete 

debonding were evaluated based on the database results and were found to predict the 

maximum load within approximately 15% on average, however, they all underestimated 

the effective bond length.
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Keywords: Effective bond length; fiber reinforced polymer (FRP); interfacial debonding; 

single-lap direct shear test; steel fiber reinforced polymer (SRP).

1. INTRODUCTION

The increasing use of fiber reinforced polymer (FRP) composites for strengthening 

and repairing existing reinforced concrete (RC) structures has prompted in an extensive 

research effort in the last three decades [1][2]. Experimental and analytical research has 

shown that externally bonded (EB) FRP can provide substantial increases in flexural 

[3][4][5], shear [6], and torsional [7][8] strength and deformability to RC structures. Since 

2004, a new type of composite comprised of high strength steel fiber cords and a polymeric 

matrix has been explored for the use of strengthening and repairing RC structures [9]. Steel 

fiber reinforced polymer composite is referred to as SRP composite in this paper. High 

strength steel fibers are produced in the form of steel wires twisted into cords. Typically a 

zinc or brass coating is provided to protect the steel cords against corrosion [9][10][11][12]. 

The use of steel cords results in certain advantages over other fiber types used in traditional 

FRP composites (e.g., carbon, glass) including relatively high stiffness, high ductility, and 

low vulnerability to rupture when bent or wrapped around cross sections with sharp corners 

[10][11][12][13]. Additionally, the higher strength perpendicular to the steel fiber axial 

direction can enable more effective gripping and anchoring in prestressed applications [11]. 

Flexural tests of RC beams strengthened with EB SRP have demonstrated the efficacy of 

SRP in improving the flexural strength and ductility of RC beams [9][12][14][15]. These 

encouraging experimental results have prompted producers and researchers to develop



90

commercially available products, useful laboratory data, analytical design methods, and 

field applications for SRP composites [10][16][17].

Interfacial debonding of the composite has been proven to be one of the most 

important causes of structural failure of RC members strengthened with EB FRP 

composites [4][6][7]. Therefore, much attention has been paid to the study of the debonding 

mechanism in RC structures strengthened with EB FRP composites. It is well-understood 

that debonding of FRP composites typically occurs at the composite-concrete interface 

with fracture occurring within a thin layer of concrete directly beneath the composite [18]. 

Likewise, many of the experimental studies on RC beams strengthened with EB SRP 

reported failure due to composite debonding, which occurred within a thin layer of concrete 

substrate beneath the composite [11][12][13][14]. Several studies have been conducted to 

study the SRP-concrete debonding phenomenon [10][17][19][20], although methods to 

predict the bond behavior are still under development. Since there has been a large number 

of experimental, analytical, and numerical studies on FRP-concrete debonding 

[21][22][23], a question faced by researchers is whether existing design methods for FRP 

can be used for SRP in an analogous way.

The mechanical characteristics of SRP are different from those of FRP in terms of 

strength, stiffness, and ductility. Pure tension tests of SRP plates showed that the stress- 

strain behavior is nonlinear, which is different from the elastic behavior until failure of 

traditional FRP [17][20][24]. Moreover, the study in [3] showed that SRP is stiffer and 

stronger than CFRP, and the existing equations to predict the minimum length required to 

fully develop the stress transfer zone (STZ) (i.e., the effective bond length, Le) and the load 

causing interfacial debonding when the STZ is fully established (Pdeb) for FRP-concrete
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joints should be adjusted for SRP. Therefore, efforts to adapt existing analytical procedures 

and design guidelines for the FRP-concrete interface to the SRP-concrete interface are still 

evolving. Double-lap direct shear tests on carbon FRP (CFRP)-concrete joints and SRP- 

concrete joints revealed that the effective bond length of SRP is longer than that of CFRP 

[1]. Single-lap direct shear test results of SRP-concrete joints reported in [10] showed that: 

i) surface preparation influenced the bond behavior, (ii) higher density fiber sheets (i.e., 

smaller cord spacings) are not necessarily more effective than lower density fiber sheets 

since the interfacial capacity is limited by the concrete substrate, and (iii) existing semi­

empirical expressions developed to predict Pdeb and Le for FRP-concrete systems could be 

used for SRP. Single-lap shear tests reported in [20] showed that the bond behavior of SRP 

composites was similar to that of FRP composites, and that the fracture energy of SRP- 

concrete joints was independent of the fiber sheet density, whereas the effective bond 

length depends on the fiber sheet density. The conflicting results described above suggest 

that more data are needed to understand the bond behavior of SRP-concrete joints. 

Additionally, the behavior of SRP-concrete joints with short bonded length (less than 120 

mm) has not been heavily investigated.

This study aimed to explore the bond behavior of SRP-concrete joints tested in 

direct shear. This paper presents the results of an experimental campaign in which different 

test parameters, including composite bonded length and cord sheet density, were 

considered. The experimental results were used to determine the bond-slip relationship of 

the SRP-concrete interface and to predict the full-range load response. To consider a larger 

dataset, a database of SRG-concrete joint tests was established in which the test results 

from this study were supplemented with results of tests reported in the literature. Analytical
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equations derived to predict Pdeb and Le for FRP-concrete joints were examined to 

determine whether they can be applied to SRP-concrete joints.

2. M ATERIALS

2.1. CONCRETE

The concrete was produced from normal-weight dolomitic limestone coarse 

aggregate with a maximum size of 16 mm, natural river sand, and commercial Portland 

Type I/II cement. The concrete mixture had a design compressive strength of 30 MPa to 

represent concrete used in existing civil structures in need of strengthening. The mixture 

proportions by weight ratio were (cement: sand: aggregate) = (1:00: 3.33: 2.51), and the 

water-cement ratio was 0.59. The concrete compressive and splitting tensile strengths were 

obtained experimentally using 101.6 mm diameter x 203.2 mm long cylinders in 

accordance with ASTM C39/C39M [26] and ASTM C496/C496M [27], respectively. The 

compressive and splitting tensile strengths, each determined as the average of three tests, 

were 25.79 MPa (CoV = 0.08) and 2.47 MPa (CoV = 0.07), respectively.

2.2. M ATRIX

The polymeric matrix was a thixotropic epoxy [16]. The tensile strength, shear 

strength, and secant Young’s modulus under compression, according to the manufacturer 

[16], were >14 MPa, >20 MPa, and >5.3 GPa, respectively.
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2.3. STEEL FIBERS

The composite fibers were made of unidirectional high strength steel cords, see 

Figure 1. Each cord had a cross sectional area (Acord) of 0.538 mm2 and consisted of five 

wires. Three straight wires formed the core of the cord, and two wires were twisted around 

them in a helical manner, see Figure 1. The wires were galvanized with a zinc coating and 

were laid on a fiberglass mesh backing to facilitate installation. According to the 

manufacturer [16], the fiber sheet had a tensile strength of >3000 MPa, and an elastic 

modulus of >190 GPa.

Different fiber sheet densities, defined in terms of net fiber weight per unit fiber 

sheet area (in g/m2), were achieved by different cord spacings. Two fiber sheet densities 

were tested in this study, referred to herein as medium density (MD) and low density (LD) 

fibers, see Figure 1a. Most tests in this study were conducted using the MD fibers because 

the direct shear test specimens with MD fibers achieved the desired failure mode 

(composite debonding), whereas the specimens with LD fibers failed due to fiber rupture, 

as discussed in Section 4. The properties of the fiber sheets provided by the manufacturer 

are listed in Table 1.

It should be noted that the properties given in Table 1 generally apply to composites 

of relatively wide width, with a large number of cords. On the other hand, fiber strips 

utilized in the test specimens in this study had a finite width (assumed as 50 mm for both 

dry fiber sheets and SRP plates) and finite number of cords (15 cords for MD fibers, and 8 

cords for LD fibers).

Three MD bare fiber tensile coupons with 15 steel cords were tested in uniaxial 

tension, see Table 2. Figure 1b shows the tensile test of a MD bare fiber sheet. An
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extensometer was used to measure the axial strain in the fibers. The applied load-axial 

strain relationship of specimen BF_2 is plotted in Figure 2. As the load approached the 

maximum load, one fiber ruptured followed by sudden rupture of the remaining fibers, see 

Figs. 2b and 2c. The maximum applied load was 23.88 kN. Considering the actual cross 

sectional area of 15x0.538 mm2 = 8.07 mm2, a maximum stress of 2959 MPa can be 

obtained from the maximum load, which is similar to the value provided by the 

manufacturer. Based on the actual cross sectional area, the elastic modulus was determined 

from the secant slope at 5 kN, and values are reported in Table 2. The average elastic 

modulus for the MD bare fiber sheet was 190.8 GPa (CoV = 0.05). This value is slightly 

larger (approximately 5%) than the values reported in [10], where the cross sectional area 

of the fiber sheet were computed by multiplying the equivalent thickness of fibers (0.169 

mm) with the width of the assumed equivalent strip (50 mm) instead of the area 

corresponding to the actual number of cords.

2.4. SRP PLATE

Four 50 mm wide SRP tensile coupons consisting of MD fiber sheets with 15 steel 

cords embedded in the polymeric matrix were fabricated and tested in tension, see Figs. 1a 

and 2d. The tensile coupons were the same SRP strips that were bonded to the concrete 

prisms and were tested in tension after the single-lap shear tests were performed. Digital 

image correlation (DIC) [28][29] was employed on one of the four coupons to determine 

the axial strain along the fiber direction on the surface of the SRP. The images were taken 

by a Sonya6000 camera remotely controlled by a computer. With the control unit the 

camera was triggered at a selected frequency. The images were evaluated using a 

commercial software package [28].
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The results of axial strain at different load levels are shown in Figure 2. It can be 

seen that at the beginning of loading, the applied load increased linearly, and no cracks 

were observed on the SRP surface. At a load level of approximately 12 kN, the first crack 

occurred within the SRP matrix along the transversal direction (perpendicular to the fibers), 

resulting in a reduction of the slope of the applied load-axial strain curve. With further 

increase in load, more cracks were observed on the surface of the SRP, and the existing 

cracks became wider. At the peak load, the average spacing of cracks was around 10 mm. 

The cracks closed to a small width after unloading.

Similar to the bare fiber test in Section 2.3, the secant slope at 5 kN was taken as 

the elastic modulus of the SRP plate, £y, see Table 2. It should be noted that £y of the SRP 

was determined with respect to the equivalent thickness of the fibers ( tf ) for comparison 

with values reported in previous studies [10][20] and for use in calculations later in this 

paper. The average £y for the SRP tensile coupon with MD fibers is 257.2 GPa (CoV = 

0.08). This value is consistent with the value given by similar tests of SRP plates with the 

same fibers and polymer reported in [20].

3. M ETHODS

The bond behavior of SRP-concrete joints was studied using a single-lap direct 

shear test. The test specimen consisted of a concrete prism and a SRP strip bonded to the 

concrete surface using a wet lay-up process. The concrete prisms were 125 mm wide * 125 

mm deep * 375 mm long. Only the longitudinal side faces cast directly against the 

formwork were used to bond the SRP strip, as suggested in [20]. The concrete blocks were 

sandblasted prior to the application of the SRP strip. All concrete prisms and cylinders
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were cured under a plastic sheet for 24 hours before being removed from the forms. After 

the removal of the forms, they were placed in the laboratory for curing. During the curing 

of specimens, the room temperature was approximately 15 oC.

The concrete specimen was mounted onto the base of a servo-hydraulic testing 

machine using a steel frame, see Figure 4. Prior to mounting the specimen, steel plates 

were attached to the end of the SRP strip using a thermosetting epoxy and four steel bolts 

in each corner of the steel plates, see Figure 4. The bolts were tightened to allow for better 

gripping during testing and to reduce the likelihood of the fibers or SRP plate from slipping 

between the steel plates during testing. Two brackets were mounted onto the surface of the 

concrete specimen to hold two linear variable displacement transducers (LVDTs) during 

the test procedure. A H-shaped, cold-formed steel plate was affixed to the SRP strip right 

at the loaded end of the bonded area, see Figure 4. The H-plate was used as a reaction 

surface for the LVDTs. The load was applied via displacement control where the value of 

displacement used to control the test was the average reading of the two LVDTs. The 

average reading of the two LVDTs readings was assumed to correspond to the slip at the 

loaded end, termed the global slip (g), of the SRP composite strip relative to the concrete 

substrate at the composite loaded end. The load was applied via displacement control at a 

rate of 0.00084 mm/s, which is consistent with previous research [20].

A total of 64 single lap shear test specimens were included. The specimens were 

designated with the following convention: XD_L_i_(D or B), in which “XD” denotes the 

fiber sheet density see Table 1, “L” indicates the composite bonded length (in mm), “i” 

denotes the specimen number within the same series, “D”, where present, denotes that DIC
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was used, and “B”, where present, indicates that the fibers were bare outside the bonded 

area. All specimens are listed in Table 3.

4. EXPERIM ENTAL RESULTS AND DISCUSSION

In this section, the experimental load responses obtained from the single-lap shear 

tests described in Section 3 are presented.

4.1. FAILURE MODE AND GENERAL OBSERVATIONS

The failure mode of each specimen is reported in Table 3. Regarding specimens 

with MD fibers, most specimens with MD fibers failed due to debonding of the composite, 

which occurred within the concrete adjacent to the matrix-concrete interface. A thin layer 

of concrete was still attached to the SRP strip after debonding failure (Figure 5). The failure 

was brittle and catastrophic. Two specimens, MD_120_8 and MD_210_7_D, failed due to 

fiber rupture, with a maximum load of 22.70 kN and 24.12 kN, respectively. The maximum 

loads achieved by these specimens were the highest of all specimens and were 

approximately equal to the tensile strength of the fibers (Section 2.3). All specimens with 

LD fibers failed due to fiber rupture, see Table 3.

From the beginning of loading to the failure of specimens, no obvious cracks were 

observed on the surface of the concrete substrate, nor were any cracking sounds noted. 

However, one salient difference between SRP- and FRP-concrete joints is that the SRP 

strips exhibited multiple cracks along the transversal direction (see Figure 6b), similar to 

the response of the SRP tensile coupons discussed in Section 2.4. In general, a relatively 

large piece of concrete detached from the substrate near the composite loaded end, while a 

smaller piece of concrete sometimes detached near the free end of the SRP strip (Figure 5).
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The thickness of the concrete layer attached to the debonded SRP strip elsewhere varied 

approximately between 1 and 8 mm. The surface of the failure zone of the concrete prism 

was uneven, with the aggregate being clearly visible (Figure 5).

4.2. LOAD RESPONSES AND KEY VALUES OF LOAD AND GLOBAL SLIP

The load responses of the single-lap shear tests are plotted in Figs. 7, 8, and 9 for 

all specimens, maintaining the distinction between different bonded lengths, fiber sheet 

densities, and presence/absence of the matrix in the unbonded region. Figure 7 shows that, 

for specimens with a relatively short bonded length (L = 30 and 60 mm), the load increased 

almost linearly until failure. There was a consistent initial slope among different 

specimens. For specimens with a bonded length equal to or larger than 90 mm, the initial 

linear response was followed by a non-linear branch until a larger load was achieved, which 

sometimes corresponded to the peak (maximum) load of the specimen. The drop in load 

that followed marks the onset of the interfacial crack propagation [20]. As the interfacial 

crack propagated, the load remained constant with fluctuations until the failure of the 

specimen.

Figure 8 shows the load responses of the specimens with LD fibers and a bonded 

length L=240 mm. It can be seen that the load response was initially linear with a slight 

softening behavior until around 12 kN where fiber rupture occurred, which provides lower 

shear capacity of the joints compared with specimens with MD fibers with the same L.

Figure 9 shows the load responses the specimens with MD fibers, bonded length 

L=240 mm, and bare fibers in the unbonded region. Comparing the results with those in 

Figure 7h, it can be seen that the load response is almost the same as the response of similar
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specimens with matrix along the unbonded region. This indicates that the presence of the 

matrix in the unbonded region did not significantly influence the results.

Values of the peak load, Pmax, and the global slip at failure (referred to as the 

ultimate global slip), guit, are listed in Table 3. Figure 10 plots the relationship between 

Pmax and L for all specimens with MD fibers that failed due to debonding, with the 

exception of those with bare fibers in the unbonded region. The results in Figure 10 show 

that Pmax increases as L increases from 30 mm to 120 mm, and then Pmax a remains nearly 

constant for larger values of L. These results are used in Section 5 to determine the bond- 

slip relationship for the SRP-concrete interface.

Figure 11 plots the relationship between guit and L for specimens with MD fibers 

that failed due to debonding, with the exception of those with bare fibers in the unboned 

region. The results in Figure 11 show that guit increases with L, however, a large scatter 

was observed, especially for specimens with long bonded length.

5. DETERM INATION OF BOND-SLIP RELATIONSHIP FROM  THE PEAK 
LOAD -  BONDED LENGTH RELATIONSHIP

It is generally assumed that composite-concrete debonding propagation can be 

idealized as a Mode-II fracture problem. A fictitious interface material is usually 

considered with zero thickness and a well-defined constitutive response [30][31][32][33]. 

A relationship between interface shear stress (t ) and the relative slip (s) between the 

composite and concrete can be used to characterize the interface material. The interfacial 

cohesive material law developed by Dai et al. [35], which has been widely used to 

characterize the FRP-concrete interface material, is:



100

x(s) =  E ftfA 2B (e -Bs — e -2Bs) (1)

where x(s) denotes the function of the cohesive material law, and £y and t f  are the 

modulus of elasticity of the FRT and thickness of the fibers, respectively. A and B  are 

parameters that define the peak value of shear stress and the shape of the x(s) curve, which 

can be given as:

2 G
A = 1—^  = 2.4'/ ^ „ j^m^m

I Ef tf  J  Ef tf
(2)

B = 0.693/ s m (3)

where Gf is the interfacial fracture energy, representing the area under the x(s) curve, 

which is related to Pmax through the interface and is independent of the shape of the 

cohesive material law [35]. xm and sm are the maximum shear stress and the corresponding 

slip, respectively.

An analytical solution of the full-range load response of specimens with infinite 

bonded length has been derived in [35]. However, this solution adopted the assumption 

that the slip at free end, sF, is zero, so it is not suitable for specimens with relatively short 

bonded lengths, since for short bonded lengths sF A 0 [36].

Another solution that is suitable for all bonded lengths has been given by Liu and 

Wu [36], in which the solution is driven by monotonically increasing sF:

1
s (y) =  j j ln

p c o sh (^ 5 ^ 1  — p 2y ) +  1
1 — n 2

s (y ) =  A
^ ( 1 — n 2)s in h (d 5 ^ 1  — n 2y ) 

1 +  ncosh(d5-^1 — n 2y )

(4)

(5)
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T(y) =  Ef tf A2B r \(1 -r \2)-
n +  c o s h ( ^ 5 ^ i  — n 2y )

(6)
[1 +  ^ c o s h ( ^ 5 ^ i  — n 2y)]

where s(y ), s(y), and x(y) are the slip, strain, and shear stress along the bonded length of 

the FRP, respectively. The term n is used to simplify the form of the equations and is given 

by n =  1 — e -SSF. The global slip (g) and applied load (P) are given as:

ncosh(as7i-n2i)+i
g =  - l n6 B 1 - n 2

p  =
n V i — n 2s in h ( ^ p ^ i  — n 2T)

1 +  n c o sh (A 5 V i—h2^)

An approximate relationship between Pmax and L has been given in [36] as: 

^max =  AP/ t/ h/ tan h (0.3APL)

(7)

(8)

(9)

Using £y = 257.2 GPa determined in Section 2 of this paper and = 0.169 mm, 

the parameters of A and B  were fitted with the experimental results in Figure 10 by Eq. (9) 

for all MD fiber specimens that failed due to interfacial debonding excluding the specimens 

with bare fibers outside the bonded area. The results are A = 0.00725 mm/mm and B  = 7.58 

/mm, with R2 = 0.996, and the corresponding x(s) determined by Eq. (1) is shown in Figure 

12. Solving Eqs. (2) and (3) gives sm = 0.0915 mm and xm = 4.386 MPa.

Substituting the fitted results of A and B  into Eqs. (7) and (8), the full-range load 

response can be determined for each bonded length, and the results are shown in Figure 7 

by the curves labeled as “Ana.” . It can be seen that the analytical load response matched 

well with the experimental load response of the corresponding specimens. However, an 

important difference is that there is no experimental (measured) response after the ultimate 

global slip (gujt) is reached. The reason is because for specimens with or specimens with
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relatively long bonded length, there is a snap-back phenomenon in the analytical P-g 

response, which is attributed to the drop in strain in the fibers close to loaded end [36]. 

Since the experimental tests in the present study were conducted by increasing the global 

(loaded end) slip, the applied load will drop dramatically when snap-back phenomenon is 

about to occur, thereby terminating the loading process. For bonded lengths less than a 

critical length (Lc), the snap-back phenomenon does not occur. Lc is given in [36] as:

Lc =
4.57
~AB

(10)

Considering the values of A and B  determined above, Eq. (10) gives Lc = 83 mm. 

For L > Lc, the ultimate global slip will occur after the peak load is reached, and the 

approximate solution of n is given by [36]:

he =
acothI ABL +  3 8 5  

42.8 )
4.0

(11)

For L < L C no snap-back occurs, and theoretically the experimental loading 

should capture the whole process including the post-peak behavior, similar to the results 

shown for fiber reinforced cementitious matrix (FRCM)-concrete joints in [37]. However, 

for specimens with short bonded lengths, since the debonding process is brittle, the loading 

will usually terminate suddenly at the peak load, and the global slip at peak load will be 

taken as the ultimate slip. Figure 11 compares the analytical and experimental guit - L 

relationships. It can be seen that the analytical guit is slightly lower than the experimental 

results for specimens with bonded length L < 150 mm, whereas it matched well with the 

experimental results for L >150 mm.

Figure 10 shows that Pmax approaches approximately 16 kN asymptotically as L 

increases. In engineering applications, the bond length corresponding to wPmax, where w
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is a value sufficiently close to 1.0 (typically 0.96 or larger), is estimated as the effective

bond length Le. Le is given as [36]:

L
atanh(w )

(12)e ~ 0.3 AB

Using the fitted results of A and B  in this paper and w  = 0.96, Eq. (12) gives Le = 

6.48/(A B )  =118 mm.

6. EVALUATION OF EQUATIONS FO R  FRP-CONCRETE BOND-SLIP
BEHAVIOR

Several authors have derived equations to predict the maximum load Pmax for FRP- 

concrete joints that fail due to debonding of the composite within the concrete substrate 

and the effective bond length Le. This section evaluates the validity of commonly-used 

equations to predict Pmax and Le for SRP-concrete joints.

6.1. EXISTING EQUATIONS

Chen and Teng proposed a semi-empirical equation to predict Pmax and Le based 

on a modification of an existing fracture mechanics model [32] as:

where, $' w  -

2-bf/bc 
1+bf/bc

'c and Pi =

Prmax ~

sm

0427 PlPwbfLeJJ] 

1, i f  L >  Le

sin © ' V  L < L ‘•e

e

e
. The effective bond length Le is

(13)

given as:

(14)
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Lu et al. proposed the following equation based on a meso-scale finite element 

analysis [33]:

(15)
P-max = Pl^f

_  I2 25-bf/b [ 1 ,^f L — Le
where G, = 0308/11J f t , &  = 1  i,25+bf/bc, h  = \ i -  ( 2 - ± ) , i f  L < L e , and is the

\Le V LeJ

tensile strength of concrete. Le is given as:

Eft f
Le = 1,33-L-L

6 ft

Units of MPa and mm shall be used in Eqs. (13)-(16).

Neubauer and Rostasy proposed the following equation [38]:

P =1 max
0,64pwbf  IEf t f f t, i f  L — Le

,64/lwbf  I ( 2  - j ^ j ’ i f  L < L
L

where (3W = J 1-125 , and Le is given by :

Le = >Ef tf
2f t

(16)

(17)

(18)

Maeda et al. proposed the following equation [39]:

(^u^fLe, i f  L — LeP =^max \ x ubf L, i f  L < L e

where tu = 110,2 x  10 6Ef t f , and Le is given by:

(19)

^ _  e6.13-0.580ln(10-3Eft/) (20)

0 e

Units of MPa and mm shall be used in Eqs. (19) and (20).
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6.2. COMPARISON BETW EEN EXPERIM ENTAL MAXIMUM LOAD AND 
PREDICTION BY EXISTING EQUATIONS

In order to examine the validity of the equations described in Section 6.1 for SRP- 

concrete joints, a database of test results was collected from the literature [10][25]. The 

database included the results of the present study as well as others that met the following 

criteria: (1) the specimen was tested in single- or double-lap shear; and (2) the specimen 

failed due to interfacial debonding. In addition, specimens with a loading rate that was 

different from the rate utilized in this study (0.00084 mm/s) and in [20][25] were excluded. 

The database included 198 test results and is presented in the Appendix. Test specimens 

included SRP strips with four different sheet densities. The compressive strength of 

concrete ranged from 12.8-39.7 MPa. For the specimens reported in [10], the tensile 

strength of concrete was not reported; therefore the expression / /  =  0.3/ c' 2/3 from 

Eurocode 2 [40] was used to determine the concrete tensile strength of strength classes < 

C50/60.

Figure 13 plots the predicted versus experimental value of Pmax determined by Eqs. 

(13), (15), (17), and (19). The average ratio of Pmax predicted by Eq. (13) to the 

corresponding experimental value is 0.89 with a CoV of 0.24. The average ratio of Pmax 

predicted by Eq. (15) to the corresponding experimental value is 0.91 with a CoV of 0.25. 

The average ratio of Pmax predicted by Eq. (17) to the corresponding experimental value 

is 1.09 with a CoV of 0.24. The average ratio of Pmax predicted by Eq. (19) to the 

corresponding experimental value is 1.07 with a CoV of 0.26. Thus, all equations are in 

reasonable agreement with the experimental results but Eqs. (13) and (15) tend to
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underestimate the experimental value of Pmax by around 10%, whereas Eqs. (17) and (19) 

tend to overestimate the experimental value of Pmax by around 8%.

For the specimens with MD fibers that exhibited the failure mode of debonding in 

this study, the effective bond length Le predicted by Eqs. (14), (16), (18), and (20) is 93 

mm, 113 mm, 94 mm, and 51 mm, respectively. All four equations underestimated the 

effective bond length compared with the results given by Eq. (12) of 118 mm. Of the four 

equations, Eq. (16) has the best accuracy.

7. CONCLUSIONS

This work presented the results of an experimental study carried out to determine 

the load-carrying capacity of SRP-concrete joints and the bond slip model based on data 

acquired from single-lap direct shear test specimens. A database of SRP-concrete joint test 

results was established, and the results were used to examine the validity of equations to 

predict the maximum transferrable load and the effective bond length developed for FRP- 

concrete joints. Based on the findings of this study, the following conclusions are drawn:

(1) Specimens with low density fibers tended to fail in fiber rupture, whereas 

specimens with medium density fibers tended to fail in composite debonding. 

Debonding occurred due to fracture of the concrete within a thin layer beneath the 

SRP strip, similar to the behavior of FRP-concrete joints.

(2) The maximum load increased with the bonded length to a constant value. By fitting 

the maximum load-bonded length relationship, a nonlinear bond-slip relationship 

was obtained with a maximum shear stress of 4.386 MPa and a corresponding slip
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of 0.0915 mm. The full range load response was in reasonable agreement with the 

experimental results.

(3) The effective bond length is approximately 118 mm for specimens with medium 

density fibers.A database of 198 SRP-concrete joints was established from the 

results of this study and supplemented with others collected from the literature. 

Existing equations derived for FRP-concrete debonding behavior showed 

reasonable prediction of the maximum loadwith an error less than 10%.

(4) Nearly all of the selected equations for FRP composites underestimated the 

effective bonded length for the specimens with MD fibers that failed in debonding.
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Dry fiber (LD)

Dry fiber (MD) 

Equivalent fiber strip

Actual SRP plate (MD)

(a)

(b) (c)
Figure 1. (a) Details o f fibers and SRP plates, (b) tensile test o f MD bare fiber sheet, and 

(c) tensile test o f SRP plate with MD fibers.
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Figure 2. Typical applied load-axial strain responses of bare steel fiber sheet and SRP
plate with MD fibers.

Figure 3. Failure mode of: (a) bare steel fiber sheet, and (b) a SRP plate with MD fibers.
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(a) (b)
Figure 4. Single-lap direct shear test setup (unit: mm): (a) front view, and (b) side view.
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Figure 5. Typical failure mode of single-lap shear test specimens with MD fibers and 
bonded length of: (a) 30 mm, (b) 60 mm, (c) 90 mm, (d) 120 mm, (e) 150 mm, (f) 180

mm, (g) 210 mm, and (h) 240 mm.



o<N

A
pp

lie
d 

Lo
ad

 P
 [k

N
]

112

0.0 0.3 0.6 0.9 1.2 1.5
Global Slip g  [mm]

(a)

I

o.io

0.08

0.06

0.40

0.02

0.00

(b)
Figure 6. (a) Load-response and (b) axial strain along fiber direction of specimen

MD 210 8 D.
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Global Slip g  [mm]
(c)

Global Slip g  [mm]
(d)
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Global Slip g  [mm]

(f) '
Figure 7. Loads responses of single-lap shear specimens with MD fibers and bonded 

length L = (a) 30 mm, (b) 60 mm, (c) 90 mm, (d) 120 mm (Note MD_120_8 not shown), 
(e) 150 mm, (f) 180 mm, (g) 210 mm (Note MD_210_7_D not shown), and (h) 240 mm. 

All specimens shown failed due to debonding of the composite.
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Figure 7. Loads responses of single-lap shear specimens with MD fibers and bonded 
length L = (a) 30 mm, (b) 60 mm, (c) 90 mm, (d) 120 mm (Note MD_120_8 not shown), 
(e) 150 mm, (f) 180 mm, (g) 210 mm (Note MD_210_7_D not shown), and (h) 240 mm. 

All specimens shown failed due to debonding of the composite (continued).

0.0 0.4 0.8 1.2 1.6 2.0
Global Slip g  [mm]

Figure 8. Load responses of single-lap shear specimens with LD fibers and bonded length 
L=240 mm. All specimens failed due to fiber rupture.
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0.0 0.4 0.8 1.2 1.6 2.0
Global Slip g [mm]

Figure 9. Load responses of single-lap shear specimens with MD fibers, bonded length 
L=240 mm, and bare fibers outside the bonded area.

60 90 120 150 180 210 240
Bonded Length [mm]

Figure 10. Peak load-bonded length relationship of specimens with MD fibers that failed
due to debonding of the composite.



116

60 90 120 150 180 210 240
Bonded Length [mm]

Figure 11. Ultimate global slip-bonded length relationship of specimens with MD fibers 
that failed due to debonding of the composite.

Figure 12. Bond-slip relationship for SRP-concrete joints with MD fibers determined
from the experimental results.
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Figure 13. Evaluation of existing formulas for Pmax'. (a) Eq. (13), (b) Eq. (15), (c) Eq.
(17), and (d) Eq. (19).

Table 1. Properties of fibers provided by the manufacturer [16].

Fiber sheet
type

Density of 
fiber sheets 

(g/m2)

Number of 
cords 
(/mm)

Equivalent 
thickness 
t f  (mm)

Break
deformation

(%)

Tensile
strength
(MPa)

Low density
(L D !

600 0.157 0.084 >2 >3000

Medium
density
(MD)

1200 0.314 0.169 >2 >3000
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Table 2. Tensile test results of bare steel wire sheet and SRP plate with MD fibers.

Coupon
ID Type

Strain at 
5 kN 
(10-6)

Elastic
modulus

(GPa) Failure
mode

Ultimate
load
(kN)Avg

[CoV]

BF_1 Bare MD 
fibers 3091 200.4

190.8
[0.05]

Gripped end 
fracture 16.24

BF_2 Bare MD 
fibers 3285 188.6 Gripped end 

fracture 17.33

BF_3 Bare MD 
fibers 3380 183.3 Fiber rupture 23.89

SRP_1 SRP with 
MD fibers 2548 232.3

257.2
[0.08]

Gripped end 
fracture 16.95

SRP_2 SRP with 
MD fibers 2299 257.3 Fiber rupture 21.73

SRP_3 SRP with 
MD fibers 2107 280.8 Gripped end 

fracture 17.01

SRP_4_D SRP with 
MD fibers 2292 258.2 Fiber rupture 21.47

Table 3. Direct shear test results.

Specimen
ID

Failure
Mode

P1 maye (kN) gmax
(mm)

gulf. (mm)
Avg

[CoV]
Avg

[CoV]
MD_ 30_ 1 Debonding 7.95 6.80

[0.151]
0.271 0.298 0.190

[0.311]MD 30 2 Debonding 5.08 0.111 0.128
MD 30 3 Debonding 7.64 0.188 0.188
MD 30 4 Debonding 6.63 0.147 0.155
MD 30 5 Debonding 6.42 0.195 0.199
MD_ 30_ 6 Debonding 7.10 0.160 0.169
MD 60 1 Debonding 14.58 12.73 0.493 0.493 0.426
MD_ 60_ 2 Debonding 13.40 [0.106] 0.297 0.297 [0.168]
MD 60 3 Debonding 10.56 0.402 0.402
MD_ 60_ 4 Debonding 12.26 0.377 0.380
MD 60 5 Debonding 13.47 0.458 0.461
MD_ 60_ 6 Debonding 13.25 0.453 0.454
MD_ 60_ 7 Debonding 11.62 0.493 0.496
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Table 3. Direct shear test results (continued).

Specimen
ID

Failure
Mode

P1 maye (kN) gmax
(mm)

gulf. (mm)
Avg

TCoVl
Avg

[CoV]
MD 90 1 Debonding 11.56 14.54

[0.177]
0.452 0.466 0.534

[0.247]MD 90 2 Debonding 12.34 0.420 0.434
MD_90_3 Debonding 12.90 0.498 0.508
MD 90 4 Debonding 15.63 0.752 0.752
MD_90_5 Debonding 16.23 0.641 0.690
MD 90 6 Debonding 18.10 0.461 0.470

MD_90_7_D Debonding 15.03 0.284 0.418
MD 120 1 Debonding 14.14 15.89

[0.098]
0.864 0.889 0.827

[0.083]MD_120_2 Debonding 14.02 0.646 0.727
MD 120 3 Debonding 14.44 0.707 0.895
MD 120 4 Debonding 16.53 0.816 0.842
MD 120 5 Debonding 16.27 0.741 0.743
MD 120 6 Debonding 17.00 0.765 0.877
MD_120_7 Debonding 18.39 0.771 0.771
MD 120 8 Fiber rupture 22.70 1.365 1.365

MD_120_9_D Debonding 16.29 0.776 0.868
MD 150 1 Debonding 16.00 15.40

[0.073]
0.715 0.807 0.840

[0.114]MD_150_2 Debonding 14.84 0.659 0.866
MD 150 3 Debonding 15.49 0.675 0.863
MD_150_4 Debonding 16.47 0.651 1.001
MD 150 5 Debonding 16.71 0.667 0.691
MD_150_6 Debonding 13.44 0.556 0.873
MD 150 7 Debonding 14.85 0.707 0.781
MD 180 1 Debonding 14.85 16.29

[0.091]
1.197 1.216 0.966

[0.218]MD 180 2 Debonding 16.38 0.611 0.611
MD 180 3 Debonding 16.46 0.999 1.041
MD_180_4 Debonding 14.52 0.890 0.895
MD 180 5 Debonding 16.95 1.110 1.110

MD_180_6_D Debonding 18.59 0.919 0.921
MD 210 1 Debonding 12.97 16.06

[0.117]
0.329 1.140 1.282

[0.179]MD_210_2 Debonding 15.84 1.370 1.430
MD 210 3 Debonding 14.85 1.109 1.133
MD_210_4 Debonding 17.35 0.934 1.000
MD 210 5 Debonding 15.40 1.699 1.699
MD 210 6 Debonding 18.41 1.023 1.289

MD 210 7 D Fiber rupture 24.12 1.165 1.165
MD_210_8_D Debonding 17.59 0.189 1.285
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Table 3. Direct shear test results (continued).

Specimen
ID

Failure
Mode

P1 maye (kN) gmax
(mm)

gulf. (mm)
Avg

[CoV]
Avg

[CoV]
MD 240 1 Debonding 15.83 16.08

[0.133]
0.726 1.820 1.311

[0.343]MD 240 2 Debonding 15.84 1.771 1.844
MD_240_3 Debonding 17.98 0.842 0.842
MD 240 4 Debonding 12.94 0.231 0.860
MD_240_5 Debonding 13.73 1.081 1.510
MD 240 6 Debonding 18.17 1.208 1.209

MD_240_7_D Debonding 18.10 0.941 1.094
LD 240 1 D Fiber rupture 13.36 12.11

[0.103]
0.341 0.341 0.412

[0.153]LD_240_2_D Fiber rupture 12.09 0.461 0.463
LD 240 3 D Fiber rupture 10.87 0.432 0.432
MD 240 1 B Debonding 13.86 17.32

[0.204]
0.221 1.794 1.219

[0.481]MD 240 2 B Debonding 17.19 0.562 1.241
MD 240 3 B Debonding 20.91 0.621 0.622
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IV. DETECTION OF CFRP-CONCRETE INTERFACIAL DEBONDING USING 
ACTIVE M ICROW AVE THERM OGRAPHY
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Donnell

ABSTRACT

Thermographic techniques are potentially well-suited for inspection of carbon fiber 

reinforced polymer (CFRP)-strengthened concrete structures as air pockets caused by 

defects can impede heat transfer from CFRP to concrete, causing heat accumulation in the 

CFRP above the defect. Active microwave thermography (AMT), a thermographic 

technique that utilizes a microwave-based thermal excitation, is proposed as an efficient 

technique for non-contact, real-time inspection of embedded flaws. This study examines 

the use of AMT to detect interfacial debonding of the CFRP-concrete interface. This work 

differentiates from previous tests in that here, CFRP-concrete interfacial damage is caused 

by and monitored under external mechanical loading. CFRP strips bonded to the surface of 

concrete prisms are tested in direct shear to initiate debonding. AMT is used to monitor the 

CFRP surface thermal profile in an attempt to detect and monitor interfacial damage. 

Correlations between the mechanical load response (namely, applied load vs. composite 

displacement relative to the substrate, i.e., slip) and AMT results (namely, temporal CFRP 

thermal response) are found. A high thermal contrast, TC, defined as the CFRP surface 

thermal response caused by loading, is observed where interfacial debonding initiates and 

propagates along the composite bonded length. An increase in the TC slope occurs when a 

load drop occurs, which is indicative of local debonding occurrence or mobilization. 

Finally, at different load levels, the interfacial slip and surface temperature distributions
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along the bonded length show similar trends. These correlations indicate that initiation and 

propagation of CFRP-concrete interfacial damage can be monitored by the AMT 

technique.

Keywords: Active microwave thermography (AMT); carbon fiber reinforced polymer 

(CFRP) composite material; interfacial debonding; single-lap direct shear test.

1. INTRODUCTION

The inspection, rehabilitation, repair, and retrofit of civil engineering structures 

constructed in the 20th century are becoming an increasingly important topic and a growing 

market. Thus, the development and widespread use of technologies that allow for effective 

and cost-efficient rehabilitation of civil infrastructures constitute one of the main 

challenges faced by civil engineers. Carbon fiber reinforced polymer (CFRP) composites, 

consisting of high-strength continuous fibers embedded within a high-performance 

thermosetting polymer matrix, have emerged since the mid-1980s as a promising technique 

for strengthening concrete structures such as buildings and bridges due to their high 

specific strength and stiffness, light weight, and durability under certain environments [ 1]. 

Many studies have shown that the flexural [2][3], shear [4][5], and torsional [6][7] strength 

of a reinforced concrete (RC) member can be increased by externally bonding CFRP 

composites to the surface of the member. In this type of application, the composite action 

between the CFRP and concrete plays a key role in strength improvement [8].

Many studies reported premature failure of CFRP-strengthened concrete members 

due to debonding of the CFRP composite with or without the concrete cover attached 

[9][10], which usually triggered structural failure. Long-term environmental conditions,
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such as temperature, fatigue, and moisture cycles, may also cause CFRP-concrete 

interfacial debonding [11][12][13][14]. In addition, poor workmanship during composite 

installation can lead to initial defects and flaws along CFRP-concrete interface [15][16]. 

Therefore, effective methods are needed to determine whether the CFRP layers are 

properly installed and detect interfacial imperfections both initially and periodically during 

the life of the structure [17][18][19][20][21].

Active thermography is a nondestructive evaluation (NDE) method that has shown 

promise to detect interfacial imperfections hidden internally within structures in forms of 

defects, flaws, and local regions of debonding [22][23][24]. There are generally three steps 

necessary to conduct NDE using active thermography: (i) utilize an external heat excitation 

to induce heat in the structure, (ii) measure the thermal profile on the surface of the 

structure with a thermal camera, and (iii) correlate the surface temperature with inner 

imperfections. In the first step, a heat source is required that is capable of generating a 

measurable surface temperature increase for the second step in order to facilitate detection 

of inner structure defects. In previous works, a flash heat lamp was employed that delivers 

a large amount of energy to the surface of the structure under test within a very short 

timeframe, causing a temperature increase that may potentially change material properties 

[24]. Flash lamp thermography is also unable to target the incident thermal energy to an 

area of interest and thus is applied over an area that is larger than the area of interest 

[21][24][25]. Recently, utilizing a microwave heat excitation has shown advantages in 

certain applications of active thermography such as inspection of CFRP sheets with flat- 

bottom holes (FBHs) [25], covered surface cracks in metal structures [26], and chopped 

steel fiber distribution in cementitious materials [27]. This technique is referred to as active
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microwave thermography (AMT). For the detection of CFRP-concrete interfacial 

debonding, significant advantages of utilizing a microwave excitation include the ability 

to apply the heat source for arbitrarily long durations with a constant medium power (on 

the order of tens of watts), and microwaves can penetrate beyond the surface of the CFRP 

(in the case of unidirectional CFRP).

Previous tests have been conducted to study the use of AMT on CFRP structures 

with man-made defects created by foam or air injection at predefined locations. However, 

such defects were different from those that exist in real structures in terms of material, 

location, and thickness [22][24][25]. In the present study, AMT is used in an attempt to 

detect initiation and propagation of interfacial damage of CFRP-strengthened concrete 

structures. CFRP strips were bonded to the surface of concrete prisms and tested in single­

lap direct shear to initiate composite debonding. AMT was used to monitor the CFRP 

surface temperature throughout the test. Seven total single-lap shear tests are presented, 

including two without and five with AMT. The first two specimens were instrumented with 

strain gauges along the composite bonded length to quantify the distribution of the 

displacement of the composite relative to the concrete substrate, i.e., the interfacial slip, 

which is used to correlate the mechanical and thermal responses. The five specimens tested 

with AMT were used to explore the thermal response caused by damage to the CFRP- 

concrete interface. The results of this study are intended to demonstrate the feasibility of 

using AMT to detect the initiation and propagation of CFRP-concrete interfacial debonding 

and lay the groundwork for future work in this area.



2. PRIN CIPLE AMT TO DETECT CFRP-CONCRETE INTERFACIAL
DEBONDING

As mentioned in the previous section, AMT utilizes microwave heating and 

subsequent thermographic measurement. Regarding the microwave heat excitation, there 

are two different heating mechanisms that may take place, depending on the materials 

under test: dielectric heating and Joule heating. As it relates to dielectric heating, dielectric 

materials are defined by their complex relative (to free-space) dielectric properties, defined 

as sr =  s'r — j s " , where s'r and s " , or permittivity and loss factor, respectively, represent 

the ability of a material to store and absorb microwave energy, respectively. When a lossy 

dielectric is irradiated with microwave energy, the amount of dissipated heat, Q, inside the 

dielectric can be expressed as:

Q = 2 n f s 0s”\E\2 (1)

where f  is the frequency, s0 is the free space dielectric constant, and E  is the RMS (root 

mean square) magnitude of the electric field. The second heating mechanism in AMT, 

Joule heating, occurs when electromagnetic waves impinge upon a conductive material. In 

this case, electric currents are induced on the surface of the conductive material and ohmic 

losses occur.

As it relates to materials with embedded carbon fibers (which are conductive), the 

interaction of the material with microwave energy is strongly influenced by the relative 

orientation of the fibers with respect to the polarization of the incident microwave signal. 

For CFRP with fibers aligned in a single direction (i.e., unidirectional fibers), microwave 

signals can penetrate through the sheet when the polarization is orthogonal to the fiber 

direction (CFRP1), and the CFRP behaves as a lossy dielectric. However, when the

128
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microwave polarization is parallel to the CFRP fiber direction (CFRP||), the incident signal 

is mostly reflected, resulting in very little signal penetration. Thus, the microwave 

polarization is taken orthogonal to the CFRP fiber direction in the tests conducted in this 

study.

Subsequent to the dielectric heating, transient heat diffusion occurs that affects the 

temperature distribution. The temperature distribution’s temporal and special variations are 

related to the thermal properties of material(s) and source of heat as determined by the heat 

equation as [24][25][26]:

dT
pc —  = kV2T + Q 
^ dt

(2)

where p is the density, c is the specific heat, T is the temperature, t is time, and k  is the 

thermal conductivity. The dielectric and thermal properties of the material(s) under test 

(here, CFRP) determine the induced heat and subsequent heat diffusion. The 

electromagnetic properties and values of k , c , and p for air, cementitious mortar, and 

CFRP, which were reported in [24], are summarized in Table 1.

As the frequency, / ,  and the incident electric field are constant during an AMT 

inspection, the energy input Q can also be considered constant for the structure. However, 

once damage (e.g., concrete cracking, adhesive cracking, interfacial debonding of the 

CFRP-adhesive or adhesive-concrete interface) occurs to the interface between the CFRP 

and concrete, as illustrated in Figure 1, air enters the damaged area and causes k  (thermal 

conductivity) to decrease dramatically at the damaged region. Therefore, the heat generated 

in CFRP is impeded by the damage to be transferred from the CFRP to the concrete,
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resulting in the accumulation of heat that ends in increased temperature of the CFRP at the 

region over the damaged area.

3. M ATERIALS

The CFRP strips were a commercially available product (Tyfo® SCH-41 [28] that 

comprised of dry carbon fiber sheets and an epoxy resin. The fibers were a unidirectional 

carbon fabric orientated in the 0o direction, see Figure 2(a). The design composite gross 

laminate properties provided by the manufacturer [28] were: Young’s modulus, Ef =82.0 

GPa; ultimate tensile strength, fu = 834 MPa; ultimate tensile strain, euU = 0.0085; and 

nominal laminate thickness, t f  = 1 mm. For the bonding system between the CFRP sheet 

and concrete substrate, two types of epoxy resin were used: a primer layer (MasterBrace 

P3500 [29]), and a saturant layer (MasterBrace P4500 [30]). The primer was a two- 

component solvent-less epoxy penetrating medium viscosity primer with a tensile strength 

and modulus of 17.2 MPa and 717 MPa, respectively [28]. The primer was used to 

penetrate the pore structure of cementitious substrates and to provide a high bond base coat. 

The saturant was used to saturate the carbon fabric sheets to create a composite with the 

concrete structure. The tensile strength and modulus of the saturant layer were 55.2 MPa 

and 3034 MPa, respectively [30].

The concrete mixture used to construct the concrete prisms had a design 

compressive strength of 30 MPa. The concrete batches were made of commercial Portland 

Type I/II cement without admixtures, dolomitic limestone coarse aggregate (Figure 2(b)) 

with a maximum size of 10 mm, sand from the Missouri River (Figure 2(c)), and clean 

water. The mixture proportions by weight ratio were (cement: sand: aggregate = 1.00: 3.86:
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4.37), and the water-cement ratio was 0.76. The concrete compressive and splitting tensile 

strengths were obtained experimentally using 101.6 mm diameter x 203.2 mm long 

cylinders in accordance with ASTM C39/C39M [31] and ASTM C496/C496M [32], 

respectively. The average compressive strength and splitting tensile strength, determined 

as the average of three tests, were 30.4 MPa (CoV = 0.09) and 2.7 MPa (CoV = 0.16), 

respectively.

4. M ETHODS

4.1. FABRICATION OF SINGLE-LAP SHEAR TEST SPECIMENS

Seven CFRP-concrete joint specimens are included in the present study. Each 

specimen was comprised of a concrete prism and a CFRP strip bonded to one face. All 

specimens had the same nominal geometrical size and mechanical properties. The 

composite bonded area was 50 mm wide x 270 mm long. In order to capture the gradual 

debonding process, the bonded length was selected to be longer than the estimated value 

of the effective bond length, i.e., the length needed to fully establish the stress transfer 

mechanism at the CFRP-concrete interface

Two specimens, named CFRP-S-i (i = 1, 2), had strain gauges mounted onto the 

surface of the CFRP strip along the bonded length. These two specimens were used to 

quantify the distribution of slip along the composite bonded length at different load levels 

(times). The remaining five specimens, named AMT-CFRP-j (j = 1, 2, 3, 4, 5), were 

monitored by AMT during the test. These specimens were used to examine the thermal 

response along the composite bonded length at different load levels (times). The test 

specimens are listed in Table 2.
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4.2. SINGLE-LAP SHEAR TEST SETUP W ITH  AMT M ONITORING

Wood forms were used to construct the concrete prisms (Figure 3(a)), which were 

125 mm wide x 125 mm deep x 375 mm long. All prisms and cylinders were cast from the 

same batch of concrete. After the concrete was cast, the prisms and cylinders were cured 

under wet towels for 24 hours before being removed from the forms. After the removal of 

the forms, they were placed in the laboratory for curing and covered by wet towels for at 

least 28 days. During the curing period, the room temperature was approximately 15 oC. 

After curing the concrete prisms, the two side (formed) faces of the prisms were 

sandblasted. The sandblasting was conducted to expose the aggregates (Figure 3(c)) 

thereby obtaining a stronger surface strength.

The CFRP strips were applied to the concrete prisms using a wet layup procedure. 

The first layer of epoxy (primer) was applied and allowed to cure 6 hours. Next, formwork 

was applied to the surface of the prism to control the location of the composite bonded area 

and the thickness of the composite. Precut carbon fiber strips were saturated in the saturant 

and applied to the prism in the designated location. Finally, the fiber strip was rolled onto 

the surface to fully impregnate the strip and coat it with saturant. The CFRP strip was 

allowed to harden at least 7 days prior to testing.

4.3. LOAD RESPONSE M EASUREM ENT PROCEDURE

The classical single-lap direct shear test configuration was adopted in which the 

CFRP strip was pulled from the concrete prism as the prism was restrained (see Figure 4). 

The specimen was mounted onto the base of a servo hydraulic universal testing machine 

using a n-shaped steel frame (Figure 4(b)). Steel plates were mounted to the end of the
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CFRP strip using thermosetting epoxy and four bolts in each corner of the plates to allow 

for better gripping of the CFRP strip during testing.

Brackets were attached to the concrete surface to hold two linear variable 

displacement transformers (LVDTs) during the testing process. Two L-shaped aluminum 

plates were clamped to the CFRP strip just outside the bonded area to serve as a reaction 

surface for the LVDTs. The average of the two LVDT measurements was used to control 

the mechanical loading rate of the specimens, which was held constant at a rate of 

0.0001084 mm/s. The average of the two LVDT measurements was taken as the global (or 

loaded end) slip in this study. For two specimens, nine uniaxial electrical resistance strain 

gauges were attached to the CFRP surface at different positions along the bonded length 

(see Figure 4(a)). Applied load, machine stroke, LVDT displacements, and strain gauge 

measurements (where applicable) were recorded at a rate of 2 Hz throughout the test. All 

specimens were loaded until failure (complete debonding of the composite) occurred.

4.4. AMT MEASUREM ENT PROCEDURE

The AMT measurements were conducted on the surface of the specimen to which 

the CFRP strip was applied, see Figure 5(a). All measurements were conducted at a 

constant frequency of 2.4 GHz and a fixed power level of 50 W. The horn antenna used in 

this work (aperture dimensions of 230*170 mm2) is capable of handling high-power 

microwave radiation. It was placed directly toward the specimen surface in order to 

maximize the microwave-induced heat over the surface. The distance between the antenna 

aperture and the specimen was 400 mm to allow viewing of the inspection area with the 

thermal camera. A FLIR T430sc thermal camera was used in this work that is capable of 

producing thermal images of 320x240 pixels. It should be noted that the thermal camera
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was capable of covering the region from y  = ~30 mm to ~290 mm, where y  is defined in 

Figure 4a. A control unit synchronized the microwave and thermal segments of the AMT 

system. The temperature profile was acquired at a rate of 2 Hz. A photo of the AMT system 

is shown in Figure 5(b).

The thermal profiles of the tests were recorded and compared. To this end, AT is 

defined as the temperature increase caused by the microwave heating, which is defined as 

the temperature value at any time (t) relative to its initial value immediately prior to heating 

(t=0). The AMT measurement procedure consisted of three stages: heating without loading 

(Stage-I), cooling (Stage-II), and heating with loading (Stage-III), see Figure 6. In Stage-I, 

the CFRP-concrete joint specimen was placed into the test frame, and the microwave 

heating was conducted. This stage aimed to detect if  the specimen had any initial defects 

or anomalous regions that occurred during composite installation. Additionally, the quality 

of the thermal field created by AMT system could be evaluated. AT in this stage, denoted 

by ATj(t), where t  is the time of heating in Stage-I, was used to normalize the temperature 

increase in Stage-III, which will be introduced below. The duration of Stage-I was 45 

minutes. Stage-II was a cooling process where the microwave was shut down, and cooling 

was driven by the convection effect with the air with relatively lower room temperature. In 

Stage-III, the specimen was heated using the same process as Stage-I, and at the same time, 

external loading was applied as discussed in Section 4.2. AT in Stage-III is denoted by 

ATIU(t), where t  is the heating time in Stage-III.

In Stage-III, if  the CFRP-concrete interface has been damaged by the loading, 

cracks occur along the interface which causes air injection. The air gap serves as a thermal 

insulating layer that prevents the heat transfer from the CFRP to the concrete substrate,
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thereby leading to an increase of AT compared to Stage I. Therefore, the thermal contrast 

TC(t) caused by loading (see Figure 7) is taken as the difference between AT of Stage-I 

and AT of Stage-III at a given time as follows:

T C ( t )= A T III( t ) - A T I(t) (3)

5. EXPERIM ENTAL RESULTS AND DISCUSSION

5.1. FAILURE MODE AND APPLIED LOAD -  GLOBAL SLIP RESPONSE

All seven specimens failed due to debonding of the CFRP strip, which was 

characterized by cohesive fracture of the concrete in a thin layer beneath the composite 

strip, with the concrete attached to the CFRP strip after failure (see Figs. 8 and 9). The 

failure process started with the formation of an interfacial crack near the loaded end of the 

CFRP strip, which was visible from the sides of the specimen. The interfacial crack 

progressed to the free end of the CFRP strip until the entire strip detached from the concrete 

prism. The surface of the failed zone on the concrete prism was uneven, with the aggregates 

being clearly visible (Figs. 8 and 9). A relatively thick piece of concrete usually attached 

to the debonded CFRP strip near the loaded end, while a relatively smaller piece was 

sometimes attached near the free end of the CFRP strip (Figure 9a, c, d, and e). The 

thickness of the concrete layer attached to the debonded CFRP strip elsewhere varied 

between approximately 1 and 5 mm.

The applied load P -  global slip g  response of each specimen is plotted in Figure 

10. Despite the scatter, which can be attributed to experimental variability and randomly 

distributed interfacial properties, the P-g  responses exhibit similar trends. It can be seen 

that the applied load increased nearly linearly at the beginning of test, and then the slope
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of P-g  curve reduced slightly at an applied load of approximately 10 kN. The applied load 

reached a plateau of around 16 kN when the global slip was around 0.5 mm until the failure 

of the specimen. The start of the plateau in the P-g  response is associated with full 

establishment of the so-called stress transfer zone (STZ), defined as the zone in which the 

stress is transferred between the concrete and the composite, and is followed by translation 

of the fully-established STZ along the bonded length to the free end of the composite (i.e., 

initiation and propagation of debonding) [35][36]. Fluctuations in applied load (load drops) 

were observed during this phase of loading until failure of specimen, as reported by other 

researchers [9][33][34][35]. The load drops were caused by localized bond failure, which 

results in an abrupt reduction in strain until the bond is transferred to a new region down 

the bonded length.

Table 2 reports the maximum applied load P*, the global slip at maximum applied 

load g*, and the global slip at debonding guit for each specimen. The average peak load of 

the specimens was 18.18 kN with a CoV of 0.10. The average g* was 1.79 with a CoV of 

0.33. The large variation is because the peak load is generally caused by the first wave of 

debonding, which is a brittle process. The average value of guit was 2.21 with a CoV of 

0.05.

5.2. DETERM INATION OF SLIP DISTRIBUTION OF SPECIM ENS W ITH  
STRAIN GAGES

The axial strain measurments acquired from specimens CFRP-S-1 and CFRP-S-2 

were used to quantify the distribution of interfacial slip at different load (or global slip) 

levels. Figure 11 shows the variation in the axial strain s(y) measured at the midwidth of 

the CFRP sheet along the bonded length for different points of the load response of Figure
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10 for specimen CFRP-S-2, where y  is the distance along the composite bonded length with 

the origin at the free end of the bonded area, see Figure 4(a). The locations of the strain 

gauges are also shown in Figure 4(a). Figure 11 shows that the strain distribution along the 

CFRP is close to zero at the free end (y = 0 mm). There is a rapid increase in strain 

approaching the loaded end (y = 270 mm). Fluctuations in the measured strain along the 

bonded length of the CFRP composite are due to local material variations in the concrete 

substrate and to possible bond defects in the adhesive.

Interfacial debonding creates both relative displacement along the loading direction 

(slip) and separation in the normal plane of the bonded surface (i.e., mixed-mode fracture). 

Usually these two effects have similar trends, so one effect is adequate to indicate 

interfacial debonding. Herein, the interfacial slip is used as an index to represent the degree 

of interfacial debonding. In order to quantitively determine the slip distribution along the 

bonded region of the CFRP from the strain measurements, the following assumptions were 

made: (1) axial deformation of concrete is negligible with respect to the CFRP, which is 

justified because the axial stiffness of the concrete substrate is much larger than that of the 

CFRP strip [33]; (2) strains in the CFRP vary linearly between two subsequent strain 

gauges, see Figure 4(a); and (3) the strain in the unbonded region of the CFRP strip is equal 

to the strain measured at the loaded end, see Figure 4(a). Assumption (3) gives the strain 

at the reaction plate s9 =  s8 (see Figure 4(a)). Integration of the strain profile, starting from 

the composite loaded end with the bondary condition of global slip s (y 9) = g, where g  is 

the global slip measured by the LVDTs, see Figure 4a, gives the following expression for 

the slip



138

at a general y:

s(yi) = s (y i+1) -  f * l+1 s(y) dy, i = 8,7, ...,0yi

The geometric relationship of assumption (2) gives:

(4)

J;.£ + 1  £(y ) dy  = J - ^ ± i (y;+1 -  yd ,  i = 8,7, ...,o (5)

Substituting Eq. (5) into Eq. (4) provides the slip distribution at any global slip level 

of the load response.

The following bond-slip law x(s) was used to quantify the relationship between the 

interfacial shear stress and slip of CFRP-concrete joints [33][35][37]:

a  _£ /  _±\
T(s ) = E f tf - I e « ( 1 - e a) (6)

where the maximum shear stress Tm and the corresponding slip sm can be given by [37]:

a
Tm = Eftf  4^2 (7)

sm = 0 .693a (8)

Based on Eq. (6) and assuming zero slip at the free end of the CFRP strip at low

global slip levels for long bonded length, the strain can be solved as [35][37]:

a
c(y ) = i  +  e -(y-y°)/l> (9)

where a, p, and y 0 are parameters determined using nonlinear regression analysis of the 

measured strains. a  and p are parameters that determine the bond-slip law, and y 0 is a 

parameter that reflects the load and global slip levels.

Previous studies have shown that after debonding initiates, the fully-established 

STZ self-similarly translates along the bonded length with increasing global slip [35]. 

Therefore, the axial strain profiles can be evaluated for any point of the load response after
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debonding occurs. Five global slip levels (g = 0.75, 1.00, 1.25, 1.50, and 1.75 mm) were 

chosen to fit the parameters for specimens CFRP-S-1 and CFRP-S-2. The fitting results are 

summarized in Table 3. Considering the results of both specimens, the average values of a  

and P are 7839X10"6 mm/mm and 22.5 mm, respectively. Therefore, Tm and sm are 2.85 

MPa, and 0.125 mm, respectively, according to Eqs. (7) and (8).

With the fitted results of a  and P, the shape of x(s) is plotted in Figure 12. It can 

be seen that the shear stress increases with increasing slip until the shear stress reaches 

r m .This phase of x(s) is an elastic phase [34]. As the slip continues to increase, the shear 

stress decreases, which is the result of damage to the interface. Herein, a damage index 

D(s) is introduced to quantify the damage of the interface. D(s) is a damage parameter 

that defines the softening behavior of x(s) [38]. The damage parameter is based on a 

nonlinear softening branch of x(s) and can be written as [38]:

D(s) =

r 0,0 < s < sm 
Sf(S — sm)
S (Sf sm)

1, 5 > Sf

, sm < s < s
' / (10)

where Sf is the displacement at complete debonding. According to the damage parameter, 

no damage occurs before the shear stress reaches the peak value, which indicates the 

interface is in the elastic stage. When the slip is larger than the slip at the peak shear stress, 

a non-zero damage is attained, indicating that interfacial damage starts to occur. The value 

of D increases to 1.0 when the slip reaches Sf. The value of Sf is taken as 1.5 mm in this 

paper, based on the value at which x(s) decreases to nearly zero (<0.1% of xm). D(s) and 

t (s ) are shown together in Figure 12.
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5.3. OBSERVATIONS OF THERM AL RESPONSE

As mentioned, five specimens were subjected to loading and inspected via AMT. 

Three points were selected along the midwidth of the bonded CFRP strip surface to study 

the temporal thermal response of areas close to the loaded end (Point A), at the middle of 

the bonded length (Point B), and close to the free end (Point C). Points A, B, and C are 

located at y  = 260 mm, 150 mm, and 40 mm, respectively (y is defined in Figure 4(a)). 

Values of AT at time t were obtained by averaging the values determined from the pixels 

within a 5 mm wide x 5 mm long square centered on the corresponding point. The thermal 

contrast caused by loading at any given time, TC(t), was obtained by Eq. (3), as shown in 

Figure 7.

Figure 13 shows the time histories of ATj, ATIU, and TC of Points A, B, and C on 

the CFRP surface of representative specimen AMT-CFRP-2. Both ATj(t) and ATin(t) 

showed similar trends: AT increased rapidly at the beginning of heating, and then the slope 

decreased gradually with heating time. The reason for the rapid increase of AT at the 

beginning of heating is that with a fixed input of heat, see Q in Eq. (2), heat generation 

within the CFRP layer caused immediate heat increase of the CFRP itself. Then, with the 

increase of time, more heat transferred from the CFRP to the epoxy and concrete, and the 

convection effect kept working to dissipate the heat generated within CFRP, which resulted 

in the decrease of slope. The generation and transferring of the heat is illustrated in Figure 

14. For all three points, the magnitude of ATm  was similar to A Tj at the beginning of 

heating (i.e., TC was approximately zero), which means that for low load levels, the 

temperature increase was not affected by the applied load. After a certain time, ATm  was 

larger than A Tj (resulting in a positive value of TC), which indicates that the temperature
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increase was, in part, due to the applied load. At Point A, near the loaded end, ATIU was 

larger than ATj after ~600 s. At Point B, at the midlength, ATIU was larger than ATj after 

~1300 s. At Point C, near the free end, ATIU was close to ATj from the beginning of heating 

to the end, which means that the temperature increase near the free end was not 

significantly affected by the load until failure of the specimen. The TC (t) responses for 

Points A, B, and C are compared in Figure 13(d).

Figure 15(a) shows sequential TC(t) profiles captured over the surface of specimen 

AMT-CFRP-2 from the beginning of loading to failure of the specimen (Points a-k are 

indicated on the load time history response in Figure 13(d)). The Stage-III heating period 

lasted for 1963 s (until debonding failure occurred). It can be seen that at the beginning of 

Stage-III, the temperature was relatively low for the entire monitored bonded area (the 

monitored area is indicated by the dashed red box in Figure 15(a)). At 200 s, some local 

fluctuations in temperature were observed along the bonded area, although the TC response 

at Points A, B, and C in Figs. 13(a)-(c) were nearly zero, as mentioned above. The reason 

for the local fluctuations can be attributed to localized initial flaws caused by workmanship 

during composite installation. With increasing time, the area close to the loaded end 

exhibited an increased temperature distribution, and the area of increased temperature 

progressed toward the free end.

Figure 16 shows the TC profile corresponding to the second before debonding 

failure occurred for each of the five specimens monitored with AMT. It can be seen that 

there was an area with high TC response close to the loaded end for each specimen, which 

indicates the newly formed debonded region. For areas close to the free end, the 

temperature was relatively low for all t, even when the specimen was close to the failure.
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The TC profiles immediately prior to failure also show significant variability among the 

different specimens, which can be attributed to non-uniform bond properties and interfacial 

crack propagation as discussed in Section 5.1.

6. CORRELATION BETW EEN M ECHANICAL AND THERM AL RESPONSES

Figure 13(d) compares the time history of load and temperature of Points A, B, and 

C of specimen AMT-CFRP-2. The load time history shows a drop in applied load around 

t = 550 s, and a noise was heard during the test at that time. As discussed in Section 5.1, 

the load drop was caused by localized bond failure at regions of high shear stress, which 

results in an abrupt reduction in strain until the bond is transferred to a new region down 

the bonded length. Simultaneously, TC at Point A, near the loaded end of the CRP strip, 

increased in slope (see also Figure 13(a)). Another load drop occurred at approximately t 

= 910 s, at which time TC at Point B, at the CFRP strip midlength, increased in slope (see 

also Figure 13(b)). These results demonstrate that the progression of damage that occurs at 

the CFRP-concrete interface as the STZ translates along the composite bonded length from 

the loaded end to the free end could be detected by AMT.

In this work, a first attempt to correlate the mechanical and thermal responses was 

made by comparing the TC(t) profile with the damage parameter D(s) . The damage 

parameter was herein determined from the softening branch of x(s), which in turn, was 

obtained from axial strain profiles s(y) along the composite bonded length (as discussed 

in Section 5.2). The axial strain profiles were obtained by fitting the strain measurements 

from specimens CFRP-S-1 and CFRP-S-2. It should be noted that TC(t) and D(s) profiles 

were not determined from the same specimen, and therefore the resulting trends should be



143

considered qualitative in nature. However, the approach developed herein is intended to 

shed light on correlations the mechanical and thermal responses and could be used in future 

studies in which data can be acquired from the same specimen.

Figure 15(b) shows the distribution of slip, determined by Eqs. (4) and (5) using 

the average value of the axial strains measured along the bonded length of specimens 

CFRP-S-1 and CFRP-S-2, at the times corresponding to Points a-k of the time history 

response of specimen AMT-CFRP-2 in Figure 13(d). It is interesting to note that the slip 

profiles have the same tendency as the thermal contrast profiles shown in Figure 15(a). The 

slip was relatively small for the entire bonded area at the beginning of the test, and then it 

increased with increasing time (global slip). The area close to the composite loaded end 

attained large slip when the time (global slip) was large.

Figure 15(c) shows the damage parameter, D, determined by Eq. (10) using the 

average value of the axial strains measured along the bonded length of specimens CFRP- 

S-1 and CFRP-S-2, at the times corresponding to Points a-k of the time history response of 

specimen AMT-CFRP-2 in Figure 13(d). It can be seen that for t  < 400 s, the damage was 

almost zero, which means that the first wave of debonding had not been achieved (see the 

load drop at ~550 s in Figure 13(d)). Then, with the increase of time (global slip), the 

damage started to occur at the loaded end and propagated to the free end.

Figure 16 shows the distribution of TC along the bonded length y  of specimen 

AMT-CFRP-2, along with the distributions of slip and D determined using the average 

value of the axial strains measured along the bonded length of specimens CFRP-S-1 and 

CFRP-S-2 at four global slip levels (g = 0.5 mm, g  = 1.0 mm, g  = 1.5 mm and g  = 2.0 mm, 

see Figure 10). Note that the slip distribution was obtained by using the analytical approach
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given in Eqs. (5) and (6), and D was determined by Eq. (10). Because the temperature 

profile was highly variable across the width of the specimen (see Figure 15(a)), the TC 

distribution was obtained by averaging the values of temperature determined from the 

pixels across the width of the specimen at the corresponding position y. It can be seen that 

the TC, slip, and D all have an decreasing tendency from the loaded end to the free end of 

the CFRP strip. The tendencies of TC and D matched well at g  = 0.5 mm, see Figure 17(a). 

At g  = 2.0 mm, see Figure 17(d), the tendencies of TC and slip matched well. At g  = 1.0 

mm and g  = 1.5 mm, all three curves have similar tendencies. These results show that the 

thermal contrast is caused by CFRP-concrete interfacial slip and damage, although further 

work is needed to quantify these relationships.

7. CONCLUSION

This paper presented a study of using AMT as a NDE method to detect and monitor 

CFRP-concrete interfacial debonding. The following four correlations between interfacial 

slip and CFRP outer surface TC were found, which show that AMT can detect the 

interfacial damage caused by load:

(1) At the beginning of loading, high TC occurred within the areas close to the CFRP strip 

loaded end where interfacial debonding initiates.

(2) With the increase of load, the interfacial debonded area propagated towards the free 

end, which correlated well with the TC (t) profiles of the CFRP surface.

(3) The slope of TC changed when there was a load drop, which indicates local debonding

occurrence or mobilization.
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(4) At different loading levels, the interfacial slip, damage, and TC distributions along the 

bonded area showed similar trends.

These correlations indicate that the initiation and propagation of CFRP-concrete 

interfacial damage can be monitored by AMT. The experimental work presented here 

represents a first step in the study of the non-destructive evaluation of CFRP-concrete 

interfacial damage using AMT technology. Studies considering a variety of other factors 

are required to establish the full relationship between the damage and the thermal contrast 

at CFRP surface. A numerical investigation that can integrate microwave energy input and 

the mechanical response can also be conducted to further understand this relationship.
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Figure 1. Illustration of AMT test on CFRP bonded to a concrete substrate.

(a) (b) (c)
Figure 2. Raw materials used for the test specimens: (a) CFRP sheets, (b) sand, and (c)

coarse aggregate.
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Before sandblasting 

After sandblasting
j j t

m

Figure 3. Construction of single-lap shear test specimens: (a) forms for concrete prisms 
and material property cylinders; (b) concrete blocks; (c) concrete surface before and after 
sandblasting; and (d) single-lap shear test specimen with concrete block and CFRP strip.
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(b)
Figure 4. Single-lap direct shear test setup (unit: mm): (a) schematic front view, and (b)

photo of front view.

Figure 5. Illustration of AMT measurement set-up: (a) schematic view, and (b) photo
showing components.
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Figure 7. Illustration of thermal contrast caused by loading.
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Figure 8. Failure mode of AMT-CFRP-2.

(a) (b) (c) (d) (e) (f) (g)
Figure 9. Photos showing the inside surface of the CFRP strips after failure: (a) CFRP-S- 

1; (b) CFRP-S-2; (c) AMT-CFRP-1; (d) AMT-CFRP-2; (e) AMT-CFRP-3; (f) AMT-
CFRP-4; and (g) AMT-CFRP-5.
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0.5 1.0 1.5 2 .0

Global slip, g  (mm)
Figure 10. Applied load-global slip response of all specimens.

Figure 11. Measured axial strains in CFRP along the bonded length of specimen CFRP-S- 
2 at g = 0.5 mm, 1.0 mm, 1.5 mm, and 2.0 mm.
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Figure 12. Bond-slip law t(s) and the damage index D (s).

(c) (d)
Figure 13. AT  of (a) point A, (b) point B, (c) point C of specimen AMT-CFRP-2, and (d) 
comparison of time history of applied load and temperature contrast of specimen AMT-

CFRP-2.
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Figure 14. Illustration of heat generation within CFRP layer and heat transferring.
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C oncrete

Figure 15. (a) Thermal contrast TC(t) profiles on the surface of specimen AMT-CFRP-2, 
and the (b) slip and (c) damage distributions determined from strain measurements from 

specimens CFRP-S-1 and CFRP-S-2 (Points a-k are shown in Figure 13).
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TC

AMT-CFRP-1 AMT-CFRP-2 AMT-CFRP-3 AMT-CFRP-4 AMT-CFRP-5
Figure 16. TC profiles the second before composite debonding occurred.
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Figure 17. Distribution of TC for specimen AMT-CFRP-2 and distribution of slip and D 
determined from strain measurements from specimens CFRP-S-1 and CFRP-S-2 along 

the bonded length y for g  = (a) 0.5 mm, (b) 1.0 mm, (c) 1.5 mm, and (d) 2.0 mm.

Table 1. Electromagnetic and thermal properties of materials.

Material Electromagnetic
Properties

Kt
(W /m K)

CT
(J/gK )

P
(kg/m3)

Air er = 1 0.026 1.005 1.204
Epoxy sr ~  6 — 0.6j 1.0 3.7 1100

Cementitious mortar cr »  4.7 — 0.7j 1.7 0.8 2400
CFRPI

Ollto 7 1.2 1600
CFRP1 sr ~  7 — 2.5/ 0.8 1.2 1600

Note that II and 1 indicate the direction parallel and perpendicular to the fiber direction, 
respectively.
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Table 2. Single-lap shear specimen parameters and test results.

Specimen AMT Strain gages P* (kN) g* (mm) gulf. (mm)
CFRP-S-1 V 18.76 2.30 2.33
CFRP-S-2 V 20.60 1.85 2.12

AMT-CFRP-1 V 16.97 2.08 2.09
AMT-CFRP-2 V 16.72 0.67 2.17
AMT-CFRP-3 V 20.48 2.20 2.26
AMT-CFRP-4 V 17.15 1.28 2.34
AMT-CFRP-5 V 16.55 2.12 2.18

Average 18.18 1.79 2.21
CoV 0.10 0.33 0.05

Table 3. Fitting parameters determined by nonlinear regression analysis.

Specimen g
(mm)

a
(10-6)

P
(mm)

yo
(mm)

0.75 7420 18.9 196.9
1.00 8082 19.4 173.1

CFRP-S-1 1.25 8852 28.0 138.8
1.50 9176 31.9 120.2
1.75 9979 40.6 100.5
0.75 5811 13.5 210.1
1.00 5985 13.4 170.5

CFRP-S-2 1.25 6891 19.9 149.3
1.50 7794 18.6 146.1
1.75 8396 20.5 143.7

Average 7839 22.5 154.9
CoV 0.17 0.38 0.22
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V. NONDESTRUCTIVE EVALUATION OF INITIAL DEFECTS AND 
PROGRESSIVE DEBONDING OF CFRP-CONCRETE JOINTS USING ACTIVE 

M ICROW AVE THERM OGRAPHY (AMT)

Xingxing Zou, Lesley H. Sneed, Ali Mirala, Mohammad Tayab Ghasr, and Kristen
Donnell

ABSTRACT

This study presents an investigation of non-destructive evaluation (NDE) of carbon 

fiber reinforced polymer (CFRP)-concrete interfacial debonding by using a novel 

technology- active microwave thermography (AMT). AMT utilizes microwave energy as 

a heating excitation to the structure and captures the anomalies of temperature contrast 

(TC) at the surface of the structure by a thermal camera. First, AMT was used to detect the 

initial man-made defect of CFRP-concrete joints by comparative tests on specimens 

without or with initial defects. Test results showed that AMT can detect the initial defects 

at the interface of CFRP and concrete in around 10 s heating. Secondly, the time-history 

AMT was used to monitor the progressive interfacial debonding process of the CFRP- 

concrete joints under monotonic loading of single-lap shear test. The test results showed 

that the bonded interface failed first at the loaded end of bonded area due to the increasing 

of load. Then, debonding occurred to the area adjacent to the initially debonded region. A 

loaded drop was marked by a change of slope of local CFRP surface TC.

Keywords: Active microwave thermography (AMT); interfacial debonding; defect; 

carbon fiber reinforced polymer (CFRP); single-lap shear test.
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1. INTRODUCTION

Externally bonded carbon fiber-reinforced polymer (CFRP) composites, consisting 

of high-strength fibers impregnated by high-performance thermosetting polymer, have 

been widely used to strengthen concrete structures [1]. The interfacial bonding quality 

plays a pivotal role in the composite action between CFRP and concrete. Previous 

researches showed that interfacial debonding can be caused by the poor workmanship 

during the installation, the environmental damage, and the load effects [1][2]. Once there 

is debonded area along the interface, the capacity, ductility, and durability of CFRP 

strengthened structures can be substantially decreased. Therefore, the quality of the bonded 

interface of CFRP strengthened structures should be checked both after installation and 

during the long-term service [2][3]. Several NDT methods including microwave imaging 

[4][5], ultrasound [6], and shearography [7] have been applied to detect the debonding 

between CFRP and concrete industry with varying levels of success.

Since CFRP are usually bonded to the concrete substrate and the interfacial 

debonding at a fairly shallow surface beneath CFRP layers, active thermography have been 

proven to be an effective, low-cost, and potable approach to detect this kind of debonding 

[8][9][10][11][12][13]. There are generally three steps to conduct the active thermography 

approach [14]: (i) utilizing an external heat excitation to penetrate a certain thickness in 

structures, (ii) capturing the thermal field on outer surfaces of structures with a thermal 

camera, and (iii) correlating the surface temperature with the inner imperfections. In the 

first step, powerful heat source is required to generate enough heat to the structures 

[8][9][10]. Flash heat lamp was employed in some researches, however, lamps cannot be 

focused to an area of interest, but rather are applied over a larger area. Moreover, powerful
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lamp heating system increases the risk of fire disaster and damage to the structural regions 

with interest [14]. Instead, microwave excitations offer unique advantages, including the 

application of controlled and localized microwave energy, remote (noncontact) inspection, 

and the ability to tailor the evaluation to the inspection need through choice of frequency 

and polarization of the microwave signal (amongst others). In the second step, AMT 

utilizes commercially available thermal cameras to capture easy-to-interpret surface 

thermal images of a structure under test.

AMT was successfully used to detect the presence of steel reinforcement in a depth 

of about 38 mm for outdoor uses [15], to inspect flat-bottom holes (FBHs) underneath 

CFRP sheets [16], covered surface cracks in metal structures [17], and chopped steel fibers’ 

distribution in cementitious materials [18]. In this paper, AMT will be used to detect the 

initial debonding at the CFRP-concrete interface. Firstly, comparative AMT tests were 

conducted to inspect the initial defect on two specimens with or without initial man-made 

detects. Then, AMT was used to monitor the initiation and propagation of interfacial 

debonding on the same two specimens under single-lap shear test.

2. ACTIVE M ICROW AVE THERM OGRAPHY (AMT)

As mentioned before, AMT uses microwave energy as a heat excitation. The main 

heating mechanism is dielectric heating. When a lossy dielectric is irradiated with 

microwave energy, the amount of dissipated heat Q at each point inside the dielectric at 

that point can be expressed as:

Q =  2 n f e 0 e " \ E \ 2 (1)
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w here/is the frequency, s0 is the free space dielectric constant, s” is the loss factor, which 

represents the ability of a material to absorb microwave energy, and E  is the RMS (root 

mean square) magnitude of the electric field, which is related to the microwave power 

source. The dielectric and thermal properties of material(s) under test determine the 

induced heat and subsequent heat diffusion. Assuming that the energy input is the heat Q, 

in Eq. (1) which serves as the external input to the structural part being heated, transient 

heat diffusion occurs and is related to the thermal properties of material(s) and source of 

heat as follows:

dT
PCt —  = KtV2T + Q (2)

where p is the density, CT is the specific heat, T is the temperature, t is the time, and KT is 

the thermal conductivity. The thermal properties and values of KT , CT , and p are 

summarized in Table 1, which have been reported in [14].

If /  and the E  are constant values during the test and no loading is applied, the 

material properties will remain the same and the thermal response will reach a stable state. 

However, once damage (e.g., concrete cracking, adhesive cracking, interfacial debonding 

of CFRP-adhesive, or adhesive-concrete interface) occurs to the interface between CFRP 

and concrete due to the load (see Figure 1), air pocket formed within the damaged area. 

Since KT, CT, and p of air are dramatically lower than epoxy, concrete, and CFRP, see 

Table 1, temperature will increase within the regions close to interfacial cracking. To sum, 

the interfacial debonding can cause increase of anomalies of temperature of CFRP outer 

surface which will be monitored by the thermal camera in AMT system.
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3. M ATERIALS

The unidirectional CFRP sheets was a commercially available product [21], with 

design composite gross laminate properties provided by the manufacturer [21] of: Young’s 

modulus, Efrp =82.0 GPa; ultimate tensile strength, fu =834 MPa; ultimate tensile strain, 

£uit = 0.0085; and nominal laminate thickness, t f  =1 mm. For the bonding system between 

CFRP sheet and concrete substrate, two types of epoxy resin were used: a primer layer 

(MasterBrace P 3500), and a saturant layer (MasterBrace 4500). The primer was a two- 

component solvent-less epoxy penetrating medium viscosity primer with a tensile strength 

and modulus, according to the manufacture [22], of 17.2 MPa and 717 MPa, respectively. 

The primer was used to penetrate the pore structure of cementitious substrates and to 

provide a high bond base coat. The tensile strength and modulus of the saturant layer, 

according to the manufacture [23], are 55.2 MPa and 3034 MPa, respectively. It is used to 

saturate the carbon fabric sheets to create a composite with the concrete structure.

All concrete batches consisted of commercial Portland Type I/II cement without 

admixtures, normal-weight coarse aggregate with a maximum size of 10 mm, sand from 

Missouri River, and clean water. The concrete mixture had a designed compressive 

strength of 30 MPa to simulate the massive concrete used in existing civil structures 

awaiting strengthening by CFRP. The mixture proportions by weight ratio were (cement: 

sand: aggregate = (1:00: 3.86: 4.37), and the water-cement ratio was 0.76. The concrete 

compressive and splitting tensile strength was experimentally obtained using six 101.6 mm 

(4 inches) diameter 203.2 mm (8 inches) long cylinders in accordance with ASTM 

C39/C39M [24] and ASTM C496/C496M [25], respectively. The typical failure modes can
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be seen in Figure 3. The average compressive strength and splitting tensile strength 

measured were 30.4 MPa (CoV = 0.09) and 2.7 MPa (CoV = 0.16), respectively.

4. M ETHODS

4.1. CFRP-CONCRETE JOINTS

There were two specimens in the form of CFRP-concrete joint reported in this 

paper. Each specimen consists of a CFRP sheet bonded to a concrete prism by a layer of 

epoxy (see Figure 1). The first specimen, named as AMT-CFRP-2, had no initial man­

made defect. The second specimens has initial man-made defects between the CFRP layer 

and the concrete substrate, named AMT-CFRP-D-1. A plastic plates was first applied to 

the interface (see Figure 2b), and then the epoxy and CFRP were applied (see Figs. 2c and 

2d), finally before the hardening of epoxy, the plate was pull out (Figure 2e).

The concrete prisms were dimensioned as 125 mm wide x 125 mm deep x 375 mm 

long. All concrete prisms and cylinders for material property tests were cured under towels 

for 24 hours before being removed from the forms. After the removal of the forms, they 

were placed into moisture lab for curing. During the curing of specimens, the room 

temperature was approximate 15 oC. After 28 days of curing of concrete prisms, the side 

faces that will be used to apply CFRP, were sandblasted until the aggregates were exposed 

thereby obtaining a stronger strength at the concrete surface.

4.2. COMPARATIVE TESTS ON SPECIM ENS W ITH  O R W ITHOUT A MAN­
MADE DEFECT

The non-uniformity of the microwave energy absorbed by the CFRP-concrete joint, 

caused by its reflection from the specimen with the antenna, generates an inhomogeneous
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volumetric heating in the sample and may lead to misinterpret raw thermographs [15]. 

Thus, the first round of test was to carry out AMT tests on all the three specimens without 

any loading separately. The method used to analyze thermograph series is based on a 

contrast algorithm between the specimens. First, the temperature field of specimen 

Ts (x ,y , t )  and TD(x ,y , t ) ,  respectively, represent the temperature of specimens without 

defects (AMT-CFRP-2) or with man-made defects (see Figs. 3a and 3b). To this end, 

thermal contrast (TC) is defined as the difference between the temperature increase which 

is defined as the temperature value at any time relative to its initial value. Letting t = 1 (s) 

in Ts (x,y, t) and TD(x,y, t ) denotes the beginning of the heating process (see Figure 3), 

which serves as a starting point to compute TC. Therefore, TCs (x ,y , t )  and TCD(x ,y , t )  

were taken as TC for specimen with solid or defected interface, respectively, see Figure 3. 

The calculation principle is to subtract first thermograph series recorded on a specimen 

without defect with a series recorded on a specimen containing some inclusions (see Figure 

3). This subtraction is carried out on each point and at the same times. This approach can 

reduce the non-uniformity effect of the excitation. The initial temperature value is then 

subtracted from the resulting contrast sequence which allowed to consider only the 

temperature rise in case of the temperatures of the two specimens would not be identical. 

The calculation principle is shown in Figure 3. This approach can reduce the influence of 

the room temperature at the beginning of the excitation.
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4.3. COMPARATIVE TEST OF SPECIMENS AMT-CFRP-D-1 W ITHOUT 
LOADING O R UNDER SINGLE-LAP SHEAR TEST W ITH  AMT 
M ONITORING

The set-up for the single-lap shear test involved using a servo-hydraulic universal 

testing machine in a tension procedure. The single-lap shear test configuration was adopted 

where the fibers were pulled on the top gripped area and the concrete prism was mounted 

onto the base of the machine by a n-shaped steel frame.

The AMT measurements were conducted on the front surface on which the CFRP 

stripe was applied, see Figure 1. All microwaves were generated at a constant frequency of 

2.45 GHz and a fixed power level of 50 W. The horn antenna had an aperture size of A*B 

= 230^170 mm2 and can handle high-power microwave radiation, faced directly toward 

the specimen surface to maximize the microwave-induced heat over the surface. The 

distance between the antenna aperture and the specimen, which is called strand-off 

distance, was 400 mm to ensure that the microwave excitation was sufficiently uniform 

over the inspection area but also allowed viewing of the inspection area with the thermal 

camera. The thermal camera used in this work was the FLIR T430sc that can produce 

thermal images of 320x240 pixels at the temperature resolution of less than 30 mK. The 

temperature profile was acquired at a rate of 1 Hz. The control unit synchronized the 

microwave and thermal segments of the AMT system. The mechanical loading was 

controlled by monotonically increasing average value of the displacements measured by 

the two LVDTs, which is defined as global slip, with a constant rate of 0.001084 mm/s.

For each specimen, the test procedure consisted of three stages: heating without 

loading (Stage-I), cooling (Stage-II), and heating with loading (Stage-III), see Figure 3. In 

Stage-I, the specimen was placed into the test frame, and the microwave heating was
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conducted, the temperature was recorded as Tj(t), see Figure 4. This stage aimed to detect 

if  the specimen had any initial defects or anomalous regions that occurred during composite 

installation. In addition, the temperature increase in this stage was used to normalize the 

temperature increase in Stage-III, which will be explained later. Stage-II was a cooling 

process where the microwave was shut down, and cooling was driven by convection effect 

with the relatively lower room temperature (compared with that of the specimen). In Stage- 

III, the specimen was heated using the same process as Stage-I, and at the same time, 

external loading was applied, see Figure 3, the temperature was recorded as TIU(t), see 

Figure 4.

In each stage, thermal contrast (TC) is defined as the difference in temperature 

increase, which is defined as the temperature value at any time (t) relative to its initial 

value (t =0), thus the influence of different room temperature can be eliminated. TC in 

Stage-I is denoted by TCj(t), where t  is the time of heating in Stage-I. The duration of this 

stage was approximately 45 minutes. TC in Stage-III is denoted by TCIU(t), where t  is the 

time of heating in Stage-III. One has TCj(t) and TCIU(t), from the definition as

TCj(t) = Tj(1) -  TCj(t) (3a)

TCm (t) = TIII(1) -  TCm (t) (3b)

In Stage-III, if  the CFRP-concrete interface has been damaged by the loading, 

cracks occur along the interface which causes air injection thereby leading to TC increase 

compared to Stage I. Therefore, the temperature change TCc(t) caused by loading (see 

Figure 4) is taken as the difference between the Stage-I and Stage-III TC at time t  as:

T C c ( t )  =  T C IU ( t )  -  T C j ( t ) (4)
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5. EXPERIM ENTAL RESULTS AND DISCUSSION

5.1. INITIAL DEFECTS INSPECTION

Figure 5 shows the TCi  thermographs for t = 1 s (beginning), 100 s, 500 s, 1000 s, 

1500 s, and 2000 s for specimens AMT-CFRP-2 and AMT-CFRP-D-1. It can be seen that 

the initial defect at specimens AMT-CFRP-D-1 caused dramatic TCi  anomaly than the rest 

areas. TCi  for specimen AMT-CFRP-2 without loading shows that there are some speckles 

at the bonded area, which might be caused be the workmanship. Let the maximum label of 

temperature reduce from the value of 3 K in Figure 5 to 0.3 K in Figure 6, the results of 

TCi  for specimen AMT-CFRP- D-1 is plotted for t = 5 s, 10 s, and 15 s. It is clear seen that 

the original defect can be detected at 10 s, which means AMT is a fast and effective NDT 

method to detect the CFRP-concrete interfacial debonding.

Figure 7 shows the average TCi  distribution alongy  direction for the two specimens. 

It can be seen that TCi  shows a constant distribution alongy  direction for specimen AMT- 

CFRP-2, thought there are some fluctuations. As a comparison, TCi  for specimen AMT- 

CFRP-D-1 shows dramatically high values at the location (150 << y  << 180) with man­

made defects.

Figure 8 shows the time-history responses of TCi  for the both specimens. D1, D2, 

and D3 are rectangular regions on the surface of CFRP, see Figure 5. D1 denotes an area 

close to the loaded end, D2 denotes the area at the debonded area, and D2 denotes the area 

closed to the free end. TCi  for Specimen AMT-CFRP-2 in Figure 8a shows that D1 has 

higher TC than D2 and D3. However, TCd for Specimens AMT-CFRP-D-1~2 shows D2 

has much larger TC than D1 and D3, which denotes that the defected area induced higher

t c .
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5.2. TIM E-HISTORY M ONITORING OF SINGLE-LAP SHEAR TEST

The load responses of the two specimens were summarized in Table 2. It is shown 

that the specimen AMT-CFRP-D-1 has a lower peak load, (Pmax), and a similar ultimate 

global slip (guit).

Figure 9 shows the load response of the two tested specimens in Stage-III. It can be 

seen that, from the beginning to 7 kN, the two specimens behaved similarly, with nearly 

the same global slip and load. Then from 7 kN to around 12.5 kN, both curves exhibit 

decreased slope which means damage formed. When the global slip was around 0.6 mm, 

the two specimens both had a load drop of around 2 kN, and 10 kN, respectively, for 

specimens AMT-CFRP-2 and AMT-CFRP-D-1~2. The difference in load drop indicates 

the initial defected area substantially decreased the capacity of the interface.

TCc distribution among the width of the bonded area for specimens AMT-CFRP- 

D -1 can be seen in Figure 10. It can be seen that the there is higher TCc response at the 

debonded areas, which is the same as the response compared with Figs. 7b. There is higher 

TCc close to the loaded end, which is attributed to the load induced debonding.

Figure 11 shows the sequential TCc responses of specimens AMT-CFRP-2 and 

AMT-CFRP-D-1. It can be clearly seen that the TCc responses are different. For specimen 

AMT-CFRP-2, initial defect formed at the region close to the loaded end, and then 

propagates to the free end. For specimen AMT-CFRP-D-1, the initial defect was already 

at the region in the middle of the bonded length, as the load increase, new defected area 

formed at loaded end, and propagates to the free end. When the new defect is close to the 

defected area, there is a severe load drop, which can be seen in Figure 9. At then, the 

defected area kept propagating to the free end.
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It is interesting to see that the defected area in specimen AMT-CFRP-D-1 has a 

lower TCc responses, the value could be negative when the load was large. This 

phenomenon can be explained by the fact that with the increase of load, the CFRP fibers 

were stretched to a straight line, which reduced the thickness of the defected region, see 

Figure 12.

Figure 13 shows the correlation between the applied load and the TCiii responses 

for specimen AMT-CFRP-D-1. It can be seen that when load dropped at around 600 s, the 

slope of TCiii for point D1 increased suddenly, which means the region close to the loaded 

end was debonded. When the load had another drop at around 1450 s, the slope of TCiii for 

point D2 increased suddenly, which means the region close to the initial man-made defect 

was debonded.

Figure 14 shows the correlation between the applied load and the TCc responses 

for specimen AMT-CFRP-D-1. It can be seen that when load dropped at around 600 s, the 

slope of TCiii for point D1 increased suddenly, which means the region close to the loaded 

end was debonded. When the load had another drop at around 1450 s, the slope of TCc for 

point D2 changed from negative to positive suddenly, which means the region close to the 

initial man-made defect started to debond.

To summary from the load and thermal responses of specimens AMT-CFRP-2 and 

AMT-CFRP-D-1 in Stage-III, it can be found that the existence of the initial man-made 

defect can influence the CFRP-concrete interface in the following aspects: (i) reducing the 

load capacity, and (ii) making the load drop caused by local debonding more severe.
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6. CONCLUSION

This study reveals that the initiation and propagation of CFRP-concrete interfacial 

damage can be detected and monitored by AMT. Salient findings are:

(1) The AMT technology can detect the man-made defect in 10 s heating.

(2) For the specimen without man-made defect, at the beginning of loading, dense TCc 

responses occurred within the areas close to loaded end where interfacial debonding 

initiates. With the increase of load, the interfacial debonded area transferred 

towards the free end which correlated well with the local TCc of CFRP surface.

(3) The presence of an initial defect changes the debonding process by reducing the 

load capacity, and making the load drop caused by local debonding more severe.

(4) TCIU and TCc can both be used to correlate with the load resposnse.
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Figure 1. Setup of AMT testing on single-lap shear test of CFRP-concrete joint.
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Figure 2. Construction of CFRP-concrete joints: (a) concrete prism, (b) attach tap or plate 
at predefined location of defects, (c) apply epoxy, (d) apply CFRP sheets, and (e) remove 

the plate before the hardening of epoxy (for Specimen AMT-CFRP-D-1).

Figure 3. AMT test procedure for each specimen.
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Figure 8. Time-history TCi responses in Stage-I of Specimen: (a) AMT-CFRP-2, and (b)
AMT-CFRP-D-1.
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Figure 9. Load responses of the tested specimens.
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Figure 12. Illustration of the change of thickness of the defected area during loading for
specimen AMT-CFRP-D-1.

Figure 13. Correlation between applied load and TCin response for specimen AMT-
CFRP-D-1.
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Figure 14. Correlation between applied load and TCc response for specimen AMT-

CFRP-D-1.

Table 1. Thermal properties of materials.

Material Kt
(W /m K )

CT
(J/gK )

P
(kg/m3)

Air 0.026 1.005 1.204
Epoxy 1.0 3.7 1100

Cementitious mortar 1.7 0.8 2400
CFRPII 7 1.2 1600
CFRP! 0.8 1.2 1600

Table 2. Parameters of single-lap shear test.

Specimen Initial Defect P* (kN) Suit (mm)
AMT-CFRP-2 No 20.61 2.12

AMT-CFRP-D-2 Air 16.59 2.40

TC
c (

K)
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2. SUMMARY, CONCLUSIONS, AND RECOMM ENDATIONS

2.1. SUMMARY OF RESEARCH W O RK

The aim of this research was to study the bond behavior of the fiber reinforced 

composite-concrete interface. Analytical derivations, numerical simulations, and 

experimental tests are the main tools to solve the above problem. The scope of work 

includes the following six tasks:

1. An analytical procedure was developed to determine the bond-slip relationship 

of FRCM-concrete joints that fail due to debonding at the matrix-fiber interface and to 

determine expressions to predict key values of load and slip based on discrete 

measurements of longitudinal fiber strain. Experimental results from single-lap shear test 

specimens of FRCM-concrete joints with strain gauges mounted on the longitudinal fiber 

bundles along the composite bonded length were used to calibrate the model.

2. An indirect approach was developed to determine the simplified bond-slip 

relationship of FRCM-concrete joints tested in direct shear. Specifically, analytical 

equations were derived to predict the full-range load response of FRCM-concrete joints by 

adopting a trilinear bond-slip relationship consisting of a linear-elastic branch, a softening 

branch, and a friction branch. Closed-form solutions of the interfacial slip, shear stress, and 

axial stress (or strain) distribution along the bonded length were provided. Experimental 

results were used to calibrate the parameters of the assumed simplified bond-slip 

relationship.

SECTION



188

3. A numerical method was developed that is capable of validating the analytical 

solutions for FRP/FRCM-concrete joints using different bond-slip models (e.g., bilinear, 

trilinear, exponential, and others) and predicting the results when analytical solutions were 

not available for other bond-slip models.

4. The bond-slip relationship of the SRP-concrete interface was experimentally and 

analytically determined. The debonding load and effective bond length were determined.

5. The use of AMT to study the initiation and propagation of interfacial debonding 

in CFRP-concrete joints subjected to mechanical loading was explored.

6. The use of AMT to study the effect of initial defects on the initiation and 

propagation of interfacial debonding in CFRP-concrete joints subjected to mechanical 

loading was studied.

2.2. CONCLUSIONS

This section summarizes the conclusions from the experimental, numerical, and 

analytical studies on bond behavior of advanced composite -  concrete joints. With respect 

to the strain-based analytical results of FRCM-concrete joints, the following conclusions 

are presented:

1. The strain profiles of FRCM-concrete joints can be described by the continuous 

function e(y). Based on the proposed equation, the peak load and the debonding load and 

the corresponding global slips can be predicted with good agreement.

2. The bond-slip model of FRCM-concrete joints can be represented by a 

continuous, closed-form function. Based on the continuous closed-form function, the 

fracture energy can be predicted at a good accuracy.
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With respect to the analytical results of FRCM-concrete joints using a trilinear 

bond-slip model, the following conclusions are presented:

1. The applied load-global slip behavior for long bonded lengths features an elastic 

stage, an elastic-softening stage, an elastic-softening-debonding stage, a softening­

debonding stage, and a debonding stage. For bonded lengths less than the fully established 

softening length, the third stage is a pure softening stage.

2. The trilinear t(s) provides closed-form solutions for the debonding and peak 

loads and corresponding slips at the composite free and loaded ends.

3. The analytical solution is in good agreement with strain and peak load results of 

test specimens reported in the literature, as well as with the numerical results obtained 

using a finite difference method (FDM).

4. Results obtained by an inverse determination of the parameters in the trilinear 

bond-slip relationship using the experimental load-slip response as input of the neural 

network were in good agreement with the experimental load responses.

5. An approximate solution for the minimum length needed to develop the snap- 

back phenomenon was derived.

6. The effective bond length determined using the analytical approach was in good 

agreement with experimental results reported in the literature.

With respect to the experimental and analytical results based on SRP-concrete 

single-lap shear tests, the following conclusions are presented:

1. Specimens with low density fibers tended to fail in fiber rupture, whereas 

specimens with medium density fibers tended to fail in composite debonding. Debonding
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occurred due to fracture of the concrete within a thin layer beneath the SRP strip, similar 

to the behavior of FRP-concrete joints.

2. The maximum load increased with the bonded length to a constant value. By 

fitting the maximum load-bonded length relationship, a nonlinear bond-slip relationship 

was obtained with a maximum shear stress of 4.386 MPa and a corresponding slip of

0.0915 mm. The full range load response was in reasonable agreement with the 

experimental results.

3. The effective bond length is approximately 118 mm for specimens with medium 

density fibers.

4. A database of 198 SRP-concrete joints was established from the results of this 

study and supplemented with others collected from the literature. Existing equations 

derived for FRP-concrete debonding behavior showed reasonable prediction of the 

maximum load with an error less than 10%.

5. Nearly all of the selected equations for FRP composites underestimated the 

effective bonded length for the specimens with MD fibers that failed in debonding.

With respect to the experimental study of using AMT as a NDE method to detect 

the CFRP-concrete interfacial debonding, the following conclusions are presented:

1. Four strong correlations between interfacial slip and CFRP outer surface thermal 

contrast were found, which showed that the AMT can detect the interfacial damage caused 

by load;

2. At the beginning of loading, dense thermal contrast occurred within the areas 

close to loaded end where interfacial debonding initiates.
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3. With the increase of load, the interfacial debonded area transferred towards the 

free end which correlated well with the local thermal contrast of CFRP surface.

4. The slope of the thermal contrast at the CFRP surface suddenly changed when 

there was a load drop, which indicates a local debonding occurrence or mobilization.

5. At different loading moments, the slip and thermal contrast distributions along 

the bonded area all show positive correlations.

6. These correlations indicate that the initiation and propagation of CFRP-concrete 

interfacial damage can be monitored by AMT.

With respect of the experimental study of using AMT as a NDE method to detect 

initial defects and the progression of CFRP-concrete interfacial debonding with defects, 

the following conclusions are presented:

1. The AMT technology can detect the man-made defect in 10 s heating.

2. For the specimen without man-made defect, at the beginning of loading, dense 

TCc responses occurred within the areas close to loaded end where interfacial debonding 

initiates. With the increase of load, the interfacial debonded area transferred towards the 

free end which correlated well with the local temperature contrast of CFRP surface.

3. The presence of an initial defect changes the debonding process by reducing the 

load capacity, and making the load drop caused by local debonding more severe.

4. Temperature contrast in loading stage and relative temperature contrast can both 

be used to correlate with the load response.
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2.3. RECOMM ENDATIONS

Based on the objective and scope of work of this study, the following aspects are 

recommended for future research:

1. Different types of strain measurements could be applied to obtain the data of 

axial strain of fibers in FRCM-concrete joints. For example, the use of optical 

fibers to provide continuous strain measurements along the bonded length 

should be explored.

2. Experimental data related to short bonded length FRCM-concrete joints are 

scare. More data are needed to provide validation of analytical results of load 

responses of specimens with short bonded length.

3. More shear tests on SRP-concrete joints should be conducted to validate the 

equations to predict the responses of FRP-concrete joints, especially those with 

fiber sheet densities larger than those studied in this work.

4. Further investigations are needed to develop AMT to provide a more uniform 

electromagnetic heating pattern, so the initial heat stage can become 

unnecessary.

5. The mixed failure mode of concrete cracking and interfacial debonding should 

be separately researched by AMT.
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