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3.1 INTRODUCTION 

In Chapter 2, a partial interaction (PI) numerical model has been developed which analyses the 

intermediate crack (IC) debonding behaviour of plated and unplated flexural members as well as 

tensile specimens. Through application of the proposed model, the gradual formation of flexural 

cracks along unplated and plated flexural members was examined in Sections 2.6.1 and 2.6.2 

respectively. To allow a better understanding of the IC debonding mechanism of plated members, 

further studies are necessary to identify factors which can influence this debonding behaviour.  

In this section a literature review is first presented in Section 3.2, which looks at some of the 

parametric studies performed by Wu and Niu (Wu and Niu 2000; Niu and Wu 2001, 2002) on the IC 

debonding behaviour of reinforced concrete (RC) beams with externally bonded (EB) FRP plates 

using mainly finite element (FEM) analyses. Then in Section 3.3, a journal paper is presented which 

describes the parametric study carried out using the modified PI model proposed in Section 2.6 to 

examine the effects of crack spacing on the IC debonding behaviour of EB plated members. As the 

rate of change of moment along a beam is directly related to the crack distribution along the beam, the 

effect of different rates of change of moment on the IC debonding propagation are also examined in 

the paper presented.  

 

 

3.2 LITERATURE REVIEW 

As previously mentioned in Chapter 2, limited research has been carried out on the IC debonding 

behaviour of EB plated members. Niu and Wu (Wu & Niu 2000; Niu & Wu 2001, 2002) have attempted 

to develop a better understanding of this debonding mechanism by performing parametric studies 

using FEM analyses to examine various factors which may affect the IC debonding behaviour. 

From the earlier parametric studies carried out by Wu and Niu (2000), they concluded that the rate of 

change of moment has insignificant effects on the bondstress distribution along a beam. However 

their studies were performed based on the theoretical derivations developed for beams with a single 

crack only, where all material was assumed to remain linearly elastic, and a linear ascending bond-slip 

relationship (Section 2.2.2) was used. In reality, the rate of change of moment will affect the number 

and the spacing of the cracks along the beam, hence the local deformation along the beam. Therefore 

in order to examine more accurately the effects of the rate of change of moment on the IC debonding 
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of RC beams, beams with multiple cracks need to be considered. Also as discussed in Chapter 2 (in 

Section 2.2.2), the assumption of a linear ascending bond-slip relationship is inadequate, bond-slip 

relationships are best represented by a trilinear bond-slip model such as shown in Figure 2.6.  

Niu and Wu (2001) later performed parametric studies on the effects of different crack spacings using 

FEM analyses based on linear elastic material properties, but with a non-linear trilinear bond model 

(Figure 2.6). Three equally spaced cracks were assumed to have formed along a plated beam 

subjected to a concentrated load. It was found from the study that crack spacings have large effects 

on the IC debonding propagation along the beam. For beams with crack spacings much less than the 

effective bond length (Section 2.2.2), complete debonding was found to initiate at cracks away from 

the point of maximum moment, i.e. debonding does not initiate from the central crack immediately 

beneath the applied load. This is because the proximity of two adjacent cracks results in the 

superimposition effect of two shear stresses near the crack, hence largely increasing the bond 

between the cracks. They also found that after complete debonding of the plate, the load applied 

remained constant in the FEM analysis. For beams with larger crack spacings, but still less than the 

effective bond length, complete debonding was found to initiate from the central crack at the point of 

maximum moment. Furthermore because of the adjacent crack, the axial resistance to debonding of 

the FRP plate was found to be significantly increased due to the presence of opposing shear stresses. 

For beams with crack spacings greater than the effective bond length, the debonding mechanism and 

the load at failure was found to be similar to that of beams with a single crack only.  

Niu and Wu (2002) also investigated the effects of interfacial mechanical properties, such as the 

adhesive stiffness Ks, the maximum bond stress τb.max, and the fracture energy Gf, using FEM 

analyses based on nonlinear fracture mechanics. EB plated beams were analysed with single and 

multiple cracks of fixed crack spacing, where all material properties were assumed to remain linear 

elastic while a trilinear bondstress-slip model was used. Through the studies, it was concluded that the 

load carrying capacity of a member under IC debonding is only governed by the fracture energy Gf, 

which is equivalent to the area under the bondstress-slip model (Figure 2.6), where higher Gf values 

give larger load capacities. It was found that for the same Gf, a lower τb.max will cause complete 

debonding to initiate from the crack at the point of maximum moment Mmax, whereas for higher τb.max, 

complete debonding tends to form at cracks away from Mmax. 
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3.3 JOURNAL PAPER: STUDY OF INTERMEDIATE CRACK (IC) 
DEBONDING ON ADHESIVELY PLATED BEAMS 

The journal paper presented in this section examines the effects of crack spacing and the rate of 

change of moment on the intermediate crack debonding behaviour of RC beams externally bonded 

with FRP plates; the analyses were carried out using the modified partial interaction model presented 

in Chapter 2 (in Section 2.6). A flow chart of the fortran code used to perform the analysis on flexural 

members can be found in Appendix A.3. 
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3.4 SUMMARY 

In order to obtain a better understanding of the intermediate crack debonding behaviour of adhesively 

plated beams, factors which will affect the behaviour of this debonding mechanism need to the 

identified. Through the literature review performed, it was found that various parameters such as the 

crack spacing, moment gradient, and the bond-slip behaviour at the plate/concrete interface can have 

a large influence on the IC debonding behaviour of a beam. However, some of these parametric 

studies were carried out based on assumptions such as all materials remain linear elastic. To further 

examine the effects of various factors on the IC debonding behaviour parametric studies were 

performed on RC beams with externally bonded FRP plates using the modified PI model proposed in 

Chapter 2 (Section 2.6), where  different crack distributions and moment gradient variations were 

considered.  

Through the study, it is shown that a lower bound to the debonding strain is a beam with single 

flexural crack (which is equivalent to a pull test) and that the debonding strain can be significantly 

increased when there are increasing number of flexural cracks. Substantial increase in debonding 

strain can also occur as the crack spacing reduces, i.e. as secondary cracks form in between existing 

flexural cracks, which shows the importance of locating cracks and the problem with existing models 

that require predefined crack positions. This confirms studies carried out by Niu and Wu (Section 3.2), 

which suggest that the crack spacing can have large effects on the IC debonding propagation. 

However, the rate of change of moment, that is the vertical shear force, can significantly affect the 

debonding strain, which contradicts to that claimed by Niu and Wu (2001) who stated that the rate of 

change of moment has insignificant effect on the IC debonding behaviour of beams.  
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3.6 NOTATIONS 

The following symbols are used in this chapter: 
Gf fracture energy 
Ks adhesive stiffness  
Mmax maximum moment 

τb.max maximum bond stress 
 
The following acronyms are used in this chapter: 
EB  externally bonded 
FEM finite element method 
FRP fibre reinforced polymer 
IC Intermediate crack  
PI  partial interaction 
RC reinforced concrete 
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4.1 INTRODUCTION 

As previously mentioned in Section 1.1.2.2, when the critical diagonal crack (CDC) forms, sliding and 

rotation action occurs across the crack causing the plate to separate from the beam by a debonding 

crack which propagates from the root of the diagonal crack to the plate end. It is important to clarify 

that a CDC is not a flexural-shear crack nor minor diagonal cracks, but it is a single diagonal crack 

which extends almost through the depth of the beam or slab across which rigid body shear 

displacement occurs (Oehlers & Seracino 2004). For beams with stirrups where the minor diagonal 

cracks form as the beam is gradually loaded, interface cracks occur propagating from the roots of 

these minor diagonal cracks as shown in Figure 1.5. However, complete CDC debonding of the plate 

is always associated with the formation of a critical diagonal crack and the subsequent sliding failure 

along the plate (Mohamed Ali 2000). It is worth noting that stirrups have virtually no effect on CDC 

debonding as the plates debond well before the stirrups can be stretched to resist shear.  

When a critical diagonal crack intercepts a plate, this induces an axial force in the plate which is 

dependent on the IC debonding resistance PIC at the plate/concrete interface. Therefore to determine 

the resistance to CDC debonding, it will be necessary to determine the position of the critical diagonal 

crack as this affects PIC and, hence, the resistance to crack sliding. Because the debonding failure is 

caused by the sliding action of a single critical diagonal crack, the axial force in the plate is equivalent 

to the IC debonding strength of a beam with a single crack only, which can be idealised as the pull test 

strength as previously mentioned in Chapters 2 and 3.   

This Chapter starts with a literature review in which Zhang’s crack sliding model (Zhang 1994, 1997) is 

first studied, as this model can quantify both the shear capacity as well as the position of the critical 

diagonal crack of unplated reinforced concrete (RC) beams (Section 4.2.2) and prestressed beams 

(Section 4.2.3). Based on Zhang’s model, Mohamed Ali (Mohamed Ali 2000) then developed a model 

which analyses the CDC debonding behaviour of RC beams with externally bonded (EB) steel plates, 

where the EB plate is treated as an additional layer of longitudinal reinforcing bar as discussed in 

Section 4.2.5. Although Mohamed Ali’s model has been proven to be accurate for beams with EB 

steel plates, the model has not been proven for FRP plated beams and, furthermore, an iterative 

analysis procedure is required. As FRP is a commonly used plating material, it is necessary to 

develop a CDC debonding model which can allow for a variety of plating materials. 

Through further research on CDC debonding performed by the author, it has been found that 

externally bonded plates can be idealized as prestressing tendons. This is because as a critical 
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diagonal crack forms in the vicinity of a longitudinal plate, the IC debonding force in the plate indirectly 

increases the concrete component of the shear capacity of the beam Vc and prevents the rigid body 

displacement across the CDC. The IC debonding force is analogous to the force in prestressing 

tendons. Hence, a passive prestress approach was developed in this research to quantify the CDC 

debonding of plated RC beams and which is an extension of the prestressed beams crack sliding 

model developed by Zhang (1994, 1997) and Mohamed Ali’s crack sliding model for plated beams 

(Mohamed Ali 2000). The work is presented in the paper Oehlers et al. (2004a) in Section 4.3. From 

this approach, a generic design procedure is developed that can be applied to beams with plates of 

any shape and material and adhesively bonded to any surface. This also implies that existing national 

standards for predicting the shear resistance of prestressed beams can be used directly in predicting 

the shear load to cause CDC debonding of both steel and FRP plated beams as shown in the paper 

(Oehlers et al. 2004b) presented in Section 4.3.2. The accuracy of the proposed model and the 

application of prestressed design rules on plated beams have been verified using test results obtained 

from existing literature, and detailed descriptions of the tests are included in Section 4.2.6. 

 

 

4.2 LITERATURE REVIEW 

CDC debonding is caused by the rigid body displacement across a critical diagonal crack which 

intercepts the plate (Chapter 1). This displacement is initially resisted by the axial force in the plate 

prior to debonding, therefore to determine the CDC debonding resistance, the location of the critical 

diagonal crack is required as this will affect the force in the plate. Taking this into account, Mohamed 

Ali (2000) developed a critical diagonal crack debonding model for steel plated RC beams which was 

based on the crack sliding models developed by Zhang (1997) for both unplated reinforced concrete 

beams and prestressed beams.  

In this Section, the CDC debonding mechanism is first discussed in Section 4.2.1, followed by Zhang’s 

crack sliding model (Zhang 1994,1997) for a simply supported, non-shear reinforced concrete beams 

loaded with a single concentrated load in Section 4.2.2, and the crack sliding model for prestressed 

beams in Section 4.2.3. Existing national concrete codes for determining the shear capacity of 

prestressed beams are also studied in Section 4.2.4. Modifications of Zhang’s crack sliding model by 

Mohamed Ali, for analysing the critical diagonal crack debonding behaviour of steel plated RC beams, 

is then presented in Section 4.2.5. A large number of tests have been carried out by various 

researchers to study the CDC debonding behaviour of reinforced concrete beams with steel plates 
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adhesively bonded to different surfaces of the beams. A summary of these tests is presented in 

Section 4.2.6 as these tests are used to verify the model proposed in this Chapter as presented in 

Sections 4.3 and 4.3.2. 

 

4.2.1 CDC DEBONDING MECHANISM 

Consider a reinforced concrete beam adhesively bonded with a plate on the tension face as illustrated 

in Figure 4.1. When the critical diagonal crack at point A forms, the shear rigid body displacement 

causes a sliding action across crack AB. This action is resisted directly by the dowel action of the 

reinforcing bars Pdowel which intersects the crack, however, due to the orientation of the bars, this 

resistance is minor. The opening of the diagonal crack is also resisted by the longitudinal bars, 

resulting in a tension force Pbar with an upper limit of the axial capacity of the bars Abarfy and, to 

maintain equilibrium, a compressive force Pinter is induced across the interface. For the plate that 

intersects the diagonal crack, the same mechanisms occur, whereby the dowel action of the plate is 

insignificant, and the maximum tensile force PIC in the plate is dependent on the bond strength at the 

concrete/plate interface. Therefore PIC also contributes to Pinter so that the external plate can be 

considered as additional reinforcing bars that provide a passive compressive interface force Pinter 

across the crack (Mohamed Ali 2000; Oehlers and Seracino 2004). As mentioned in Section 2.2.2, the 

bond strength PIC of the plate depends on the anchorage length, which is the distance LB between the 

root of the crack and the plate end in Figure 4.1. Therefore to determine the force in the plate and, 

hence, the CDC debonding resistance of the member, the position of the critical diagonal crack is 

required. Alternatively, the plate can be treated as a prestressing force, providing a passive prestress 

Pinter across the crack.   

 

V V 

Internal reinforcement 

A 

B 

PIC 

Pbar 

Pinter 

Pdowel 

plate 

LB  

Figure 4.1 CDC debonding mechanism 
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Figure 4.2 and Figure 4.3 shows the CDC debonding of a side plated RC beam with and without 

stirrups respectively. It can be seen that for the beam without stirrups only one diagonal crack has 

formed which caused CDC debonding. For the beam with stirrups, the presence of the stirrups allows 

more diagonal cracks to form, however it is the single critical diagonal crack which caused debonding 

of the plate. A critical diagonal crack is usually the last diagonal crack that forms, across which a rigid 

body shear displacement occurs causing complete debonding of the plate (Mohamed Ali 2000). It is 

important to note that CDC debonding occurred at almost the same load and position for the both 

beams, indicating that the presence of stirrups has virtually no effect on CDC debonding. As CDC 

debonding is unaffected by the presence of stirrups, the beams are prone to debonding failure after 

the concrete shear capacity Vc is reached. Therefore Vc can be considered as the lower bound to the 

CDC debonding strength, and models for CDC debonding can be developed by modifying the shear 

capacity models for unplated reinforced concrete beams or slabs without stirrups. 

CDC
rigid body displacement

CDC debonding

PIC
PIC

P

 

Figure 4.2 CDC debonding of side face plated beam with stirrups 

 

CDC

rigid body displacement

CDC debonding

PIC

PIC

P

 

Figure 4.3 CDC debonding of side face plated beam without stirrups 

 

It is worth noting that, although for beams with stirrups the crack pattern of CDC debonding (Figure 

1.5 and Figure 4.3) looks similar to that of IC debonding (Figure 1.6), the mechanism behind the two 

debonding modes are different. As mentioned in Chapter 2, IC debonding cracks propagate from the 
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position of maximum moment to the plate end, where each uncracked concrete segment or ‘tooth’ 

between adjacent cracks contributes to the resultant axial force in the plate. However for CDC 

debonding, the tensile force in the plate is only induced by the sliding of the critical diagonal crack, 

which causes interface debonding and eventually CDC debonding failure. Therefore the bond strength 

PIC in the plate is dependent on a single crack only, which has been shown in Chapters 2 and 3 to be 

equivalent to the bond strength from pull tests. 

  

4.2.2 CRACK SLIDING MODEL FOR RC BEAMS (ZHANG 1994, 1997) 

It was shown in Section 4.2.1 that the CDC debonding behaviour of externally plated beams is 

dependent on the concrete shear capacity of the beam and the location of the critical diagonal crack. 

Although there are many existing approaches for determining the concrete shear capacity of RC 

beams, most of them do not evaluate the position of the critical diagonal crack except for the crack 

sliding model developed by Zhang (Zhang 1994, 1997). In the following section, Zhang’s crack sliding 

model for unplated RC beams without stirrups will be studied, and it will be shown later in this Chapter 

how this model can be modified to allow for externally bonded plates.  

When an unplated RC beam without stirrups is gradually loaded, flexural cracks will first occur in high 

moment regions, followed by the formation of flexural-shear cracks in the moment/shear regions. 

Upon further loading, shear cracks will appear in the high shear region close to the support, however, 

this does not mean that shear failure will occur immediately. Shear failure occurs when the sliding 

strength of the concrete at a diagonal crack is exceeded, causing the crack to propagate suddenly 

through the total depth of the beam. This last diagonal crack which causes shear failure is referred to 

as the critical diagonal crack (Zhang 1997; Hoang and Nielsen 1998). Therefore there are two 

important parameters that govern the shear failure of a beam: (1) the vertical shear load to cause the 

formation of a diagonal crack Vcr, given in Chapter 4.2.2.1; and (2) the shear load to cause sliding 

failure along the diagonal crack Vu, given in Chapter 4.2.2.2. 

Zhang (1997) developed a semi-empirical model which determines the Vcr and Vu components of the 

shear capacity of RC beams. This theory is based on the hypothesis that cracking in concrete 

introduces potential yield lines that are different from the ones found in the usual plastic solution owing 

to the fact that cracking reduces the sliding strength of concrete substantially. Figure 4.4 is an 

illustration of Zhang’s crack sliding model, where a is the distance from the support to the top of the 

diagonal crack point O, x is the horizontal projection of a diagonal crack, and (a-x) is the position of 
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the root of the crack from the support. For beams under point load, the top the diagonal crack, focal 

point O, usually occurs adjacent to the edge of the concentrated load, however, for beams subjected 

to uniformly distributed loads, the position of the focal point is unknown. In the following Section, only 

simply supported RC beams subjected to concentrated loads is considered, however the model can 

also be applied with simple modifications to continuous beams subjected to point loads or uniformly 

distributed loads (Zhang 1994; Hoang 1997). 
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Figure 4.4 Zhang’s crack sliding model for RC beams without stirrups (Zhang 1997) 

4.2.2.1   SHEAR LOAD TO CAUSE DIAGONAL CRACKING 

In deriving an expression for the vertical shear load to cause a diagonal crack Vcr, Zhang assumed 

that the crack propagates to the top of the beam, neglecting the depth of the compression zone. The 

moment at which diagonal cracking occurs was evaluated on the assumption that the distribution of 

normal stress along the developing crack is constant, such as that illustrated in Figure 4.5(a) with an 

effective plastic tensile strength ftef given by Equation 4.1. This equation was derived by idealizing the 

curved crack into a straight crack with the same horizontal crack projection as shown in Figure 4.5, 

where the distributions for both cases have the same stress resultants. 
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Figure 4.5  Equivalent plastic stress distribution along a diagonal crack (Zhang 1994) 

 

The equivalent plastic tensile strength in Equation 4.1 takes into account the reduction in tensile 

strength due to size effect. 

3.0
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= h
ff ctef  Equation 4.1 

 

where fc is the cylinder compressive concrete strength in MPa; and h is the depth of beam in 

millimetres.  

By taking moments about the focal point O, the vertical shear load to cause the crack Vcr is given by 

)(
2

1 22 hx
a

b
fV tefcr +=             Equation 4.2 

 

where b is the width of the beam. Note that the axial force in the longitudinal reinforcement is ignored 

in Equation 4.2, as prior to cracking the stresses in the reinforcing bars are negligible. 

4.2.2.2   SHEAR LOAD TO CAUSE SLIDING ALONG DIAGONAL CRACK 

Zhang (1997) developed an expression for the ultimate shear load to cause sliding failure along an 

existing diagonal crack Vu based on the plastic theory of RC beams. A straight yield line was assumed 

which follows the critical diagonal crack shown in Figure 4.6, where u is the relative displacement 

along the diagonal crack at an angle of α =90o-β in which β represents the inclination of the crack 

relative to the longitudinal axis of the beam. By determining the internal work done due to sliding along 

the diagonal crack based on the modified Coulomb failure criterion, and equating it with the external 
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work done by the reaction V (Figure 4.6), an expression for the ultimate shear capacity of an RC beam 

Vu was derived and is given by Equation 4.3. 

 P 

Diagonal 
crack 

x 

a 

V 

O 

Yield line  h 

β  

α  u Reinforcing bars 

 

Figure 4.6  Shear failure mechanism by a yield line following the critical diagonal crack (Zhang 1997) 

 

The ultimate shear capacity of an RC beam Vu is given by 
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where γs is the sliding reduction factor due to cracking equal to 0.5; and γo is the effectiveness factor 

for uncracked concrete given by 

)().().(. 3210 ρλγ fhfff c=                      Equation 4.4 

 

with λ being a constant that depends on load type. For point loads λ=1.6, and for uniformly distributed 

loading λ=1.2. The functions f1, f2, f3 depend on the concrete compressive strength fc, depth of beam 

h, and reinforcement ratio ρ respectively. The expressions for these functions are: 
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    where 0.08 < h < 0.7 [h in metres] 
Equation 4.6 
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58.015.0)(3 += ρρf
  where 

5.4100 ≤= x
bh

Asρ
 

Equation 4.7 

4.2.2.3  ANALYSIS PROCEDURES OF CRACK SLIDING MODEL 

To determine the shear capacity of an RC beam, Zhang’s model requires that the load to cause 

diagonal cracks Vcr at every possible position along the beam be found which results in a gradually 

decreasing curve such as curve 1 in Figure 4.4. It can be seen that for a given location of the top of 

the crack point O considered, the closer the root of the crack is to the support, the higher the load to 

cause cracking. In plastic theory, concrete obeys the modified Mohr-Coulomb failure criterion, which 

means that when this criterion is exceeded, a sliding failure occurs along a line known as the yield 

line, that is a line of discontinuity in displacement (Zhang 1997). For simplicity, the yield line and the 

diagonal crack are idealized as straight lines as illustrated in Figure 4.6. The ultimate shear capacity 

Vu of a yield line is dependent on the position of the root of the crack as in Curve 2 in Figure 4.4 where 

the load to cause sliding failure along the yield line increases as the distance between the root of the 

critical diagonal crack and the support increases.  

To cause shear failure when a load is applied diagonal cracks must first form. If the sliding strength of 

the crack that has formed is not exceeded then the beam is stable. Failure occurs when the sliding 

strength of the diagonal crack that has formed is exceeded and this critical diagonal crack is 

transformed into a yield line where sliding occurs along the line causing failure of the beam. Therefore 

in theory, shear failure occurs when the load to cause cracking Vcr equals the load to cause sliding 

failure Vu, that is where Curve 1 and Curve 2 in Figure 4.4 intersect, at point S. For a crack formed on 

the right of point S, i.e. crack OA, the load to cause cracking (point A’) is first reached but failure does 

not occur. The load will continue to increase until the sliding capacity (point D’) of the crack is reached 

resulting in a soft failure. For a crack formed on the left of point S, i.e. crack OB, the load to cause 

cracking (point B’) is higher than the sliding capacity (point C’) of the crack, which means that sliding 

failure will not occur at point C’ as the critical diagonal crack has not formed. As the beam is further 

loaded to point B’, a diagonal crack will form causing a sudden failure. Therefore to determine shear 

failure of an RC beam, for each position of the top of the diagonal crack point O considered, the load 

to cause the critical diagonal crack Vcrit is found i.e. when Vcr = Vu. The lowest load Vcrit found for the 

different positions of point O considered gives the true load to cause shear failure and the true position 

of the critical diagonal crack of the beam.  
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4.2.3 CRACK SLIDING MODEL FOR PRESTRESSED BEAMS (ZHANG 1994) 

From simple modifications to the crack sliding model for RC beams discussed in Chapter 4.2.2, Zhang 

(1994) proposed a model for determining the shear capacity of a prestressed beam. The presence of 

the prestressing force delays the formation of the diagonal crack, and by treating this force as an 

external normal force equal in size and position to the prestressing force Fse in Figure 4.7, the shear 

load to cause a diagonal crack in a prestressed beam Vcr,se can be evaluated using Equation 4.8, 

where dse is the depth of the prestressed tendon.  
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Figure 4.7  Crack formation in prestressed concrete beam (Zhang 1994) 

 

The load to cause sliding failure of a prestressed beam Vu,se in Equation 4.9 is derived by  replacing 

effectiveness factor γo in Vu for RC beams (Equation 4.3) with γo,se, in Equation 4.10, to allow for the  

additional prestress force. The additional function f4 given by Equation 4.11 accounts for the 

enhancement of the effectiveness factor by the prestressing force Fse, where σse = Fse/bh is the 

average prestressing stress over the whole region. 
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Equation 4.11 

 

4.2.4 EXISTING CODES FOR PRESTRESSED BEAMS 

There are various national concrete codes for evaluating the vertical shear capacity of prestressed RC 

beams. Although these code approaches tend to be less accurate than the rigorous approaches, such 

as Zhang’s crack sliding model, non-iterative procedures are used, which is suitable for design 

purposes. Two commonly used code approaches include ACI (2002) and Eurocode (1992) as given in 

Equation 4.12 and Equation 4.13 respectively. It will be shown later in this Chapter (Section 4.4) how 

these approaches can be applied to externally plated RC beams to determine the CDC debonding 

strength.  

( ) ( )bdfV pcACIp σ3.029.0 +=  Equation 4.12 
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Equation 4.13 

 

where for a beam of width b and height d, σp is the prestressing stress; Ast is the cross-sectional area 

of the tensile reinforcing bars; and τRd is a basic design shear strength.  

It is interesting to note how ACI (2002) estimates a 0.3σp increase in shear capacity due to the 

additional prestressing tendon, which is double that predicted by the Eurocode (1992).  The ACI 

(2002) approach does not allow for any reinforcing bars, while the Eurocode (1992) approach takes 

into account the additional forces provided by the prestressing tendons as well as the reinforcing bars. 

Therefore, the ACI approach cannot be applied to unprestressed RC beams, whereas Eurocode 

(1992) is applicable to both prestressed and unprestressed RC beams.  

 

4.2.5 CRACK SLIDING MODEL FOR PLATED RC BEAMS (MOHAMED ALI 2000) 

Extensive study was carried out by Mohamed Ali (2000) on the critical diagonal crack debonding (also 

known as shear peeling) behaviour of reinforced concrete beams adhesively bonded with steel plates. 

Through the experimental program carried out, Mohamed Ali concluded that the critical diagonal crack 

debonding strength of a plated member is greater than the shear strength of unplated beams without 
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stirrups Vuc. The location of the critical diagonal crack in a plated beam was also found to be different 

from that of an unplated RC beam with the same geometry. By modifying Zhang’s crack sliding model 

for RC beams discussed in Section 4.2.2, Mohamed Ali proposed models for RC beams adhesively 

bonded with tension face plates, side face plates, angle plates, side and tension plates and 

compression face plates. In these models, the EB plates are treated as additional layers of 

longitudinal reinforcing bars to account for the increases in shear to cause cracking and shear to 

cause sliding failure, while the analysis procedures used to determine the position of the CDC and 

load at failure are the same as that given in Section 4.2.2.3. Note that the models discussed in the 

following Section are for simply supported beams subjected to concentrated loads only, such that the 

position of the top of the CDC is known (Section 4.2.2), however the models can also be applied to 

continuous beams under uniformly distributed loads with simple modifications (Mohamed Ali 2000). 

4.2.5.1   TENSION FACE PLATED BEAMS 

Most of the existing studies on externally plated RC beams are on tension face plates, as illustrated in 

Figure 4.8, as they are very effective in increasing the flexural capacity of the beams due to the large 

lever arm (Oehlers and Seracino 2004; Teng et al. 2002). However a disadvantage of this plating 

system is that it is very susceptible to premature debonding due to the interaction between the 

debonding stress in the plate and that in the adjacent longitudinal reinforcing bars. Through 

experiments carried out by different researchers (Section 4.2.6.1), it has been shown that CDC 

debonding commonly occurs in tension face plated beams. In order to analyse this debonding 

behaviour, Mohamad Ali (2000; Mohamed Ali et al. 2001) modified Zhang’s crack sliding model 

(Section 4.2.2) to account for the additional forces provided by the tension face plate. 

The presence of a tension face plate, tfp, increases the overall cross-sectional area and, hence, 

delays the formation of the critical diagonal crack as illustrated in Figure 4.8, where a load P is applied 

to a beam with a plate adhesively bonded over the tension face at distance Lend from the plate end to 

the support and Tcr.tfp is the additional resistance acting in conjunction with ftef. This additional force 

can be evaluated by the transformation of the plate into an equivalent area of concrete. The load to 

cause cracking Vcr.tfp of a tension face plated beam is hence given by Equation 4.14, where the first 

term in the second bracket is the cracking resistance due to concrete (similar to unplated beams) and 

the second term accounts for the additional resistance to cracking due to the tension face plate of 

width btfp, with a thickness of ttfp.  
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where m is the modulus ratio of Ep/Ec; and ft is the direct tensile strength of the concrete, assumed to 

be 80% of the Brazilian tensile strength of the concrete fbt. 
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Figure 4.8  Crack formation in tension face plated RC beam  

 

As illustrated in Figure 4.9, the presence of a tension plate which intersects the diagonal crack will 

induce a passive force at the interface and, hence, increase the sliding resistance of the beam along 

the diagonal crack. This additional force is the maximum possible force in the tension face plate Ptfp, 

given by the lesser of the yield strength of the plate Apfyp, and the bond strength PIC at the 

plate/concrete interface, which is in turn dependent on the anchorage length LB. As mentioned in 

Section 4.2.1, PIC can be obtained from pull tests or using a bond-slip model such as Teng’s approach 

(Chapter 2). To allow for this additional force, Mohamad Ali assumed the plate to act as an additional 

layer of longitudinal reinforcing bars, where the plate is converted into an equivalent area of 

longitudinal reinforcement at its yield capacity fyp. This equivalent yield strength approach poses 

problems for FRP plates which do not yield, and so, Mohamed Ali’s model can not be applied FRP 

plated structures. Another limitation to Mohamed Ali’s model, is that there is a restriction to the 

increase in shear force provided by the additional reinforcement, as shown by Equation 4.15, where 

the reinforcement ratio ρ+ρtfp cannot be greater than 4.5. This can result in an over conservative 

design. 
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Load to cause sliding failure of a tension face plated beam, Vu.tfp, can be evaluated using Equation 

4.3, where the reinforcement ratio factor f3(ρ) is replaced by  f3(ρtfp) in Equation 4.15 to account for the 

tension face plate. 

58.0)(15.0)(3 ++= tfptfpf ρρρ     

where 5.4≤+ tfpρρ  and  100x
bhf

P

yp

tfp
tfp =ρ                   

Equation 4.15 
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Figure 4.9 Crack sliding in tension face plated RC beam  

4.2.5.2   SIDE FACE PLATED BEAMS 

The focus of the majority of the existing research on RC beams with EB plates has been on tension 

face plates. However, in some cases such as over a high shear region, tension face plates may not be 

suitable due to premature debonding. An alternative is to apply the EB plate at different positions 

along the beam to achieve the strength and ductility required (Oehlers and Seracino 2004). In the 

following Section, side face plated beams are considered. Although side face plates are less effective 

than tension face plates in increasing the flexural capacity of RC beams, they can greatly increase the 

shear capacity of a beam by delaying the CDC debonding process. Hence, side face plated beams 

tend to be more ductile than tension face plated beams which are more susceptible to premature 

debonding failure. Mohamed Ali (2000; Mohamed Ali et al. 2000) modified the CDC sliding model for 

tension face plated beams, presented in Section 4.2.5.1 to allow for side face plates where according 

to Mohamed Ali (2000), the CDC debonding resistance is dependent on the vertical position of the 

plate.  

For a beam with a plate of width dsp and thickness tsp that is adhesively bonded to the two sides of the 

beam at a distance dtop from the top of the beam to the edge of the side plate, as illustrated in Figure 

4.10, the load to cause cracking Vcr.sfp is given by: 
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where the last term in the second bracket of Equation 4.16 represents the increase in shear to cause 

cracking due to the side plates on each side of the beam. 
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Figure 4.10 Crack formation in side face plated RC beam 

 

The load to cause sliding failure of a side face plated beam, Vu.sfp, can be evaluated using Equation 

4.3, where the reinforcement ratio factor f3(ρ) is replaced by  f3(ρsfp) in Equation 4.17 to account for the 

side face plates. Psfp is the maximum possible force in the two side face plates, which is given by the 

lesser of the yield strength of the plates 2Apfyp, and the total bond strength in the side plates 2PIC with 

an anchorage length of LB measured at the centre of the plate at 0.5ddsp. 

( ) 58.0)(15.03 ++= sfpsfpf ρρρ  

where 5.4≤+ sfpρρ  and  100x
bhf

P

yp

sfp
sfp =ρ                   

Equation 4.17 

4.2.5.3  ANGLE PLATES 

Angle plates are equivalent to a combination of side and tension plates. Therefore they are less 

susceptible to premature debonding as tension face plates, allowing higher ductility and shear 

capacity to be achieved, while enabling a more effective increase in the flexural capacity of the beam 

as compared with side face plates.  
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Mohamed Ali (2000) derived an expression for the shear load to cause cracking of a beam with angle 

plates Vcr.angle by considering the component Tcr.sp resisted by the area of side plates intercepting the 

diagonal crack, and the component Tcr,sof  resisted by the inclined area of the soffit plates crossing the 

crack plane as illustrated in Figure 4.11. 
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Figure 4.11 Crack formation in RC beam with angle plates 
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The sliding action along the diagonal crack induces axial forces in the angles, which can be divided 

into two components, as illustrated in Figure 4.12: (1) the axial force of the sides of the angles Psp, 

which is given by the lesser of the yield strength of the two side plates 2Aspfyp, and the total bond 

strength in the side plates 2PIC with an anchorage length of LB.sp; and (2) the axial force of the soffit of 

the angles Psof, which is given by the lesser of the yield strength of the two soffit plates 2Asoffyp, and 

the total bond strength in the soffit plates 2PIC with an anchorage length of LB.sof. To derive the 

equation for the load to cause sliding failure of an angle face plated beam, Vu.angle, the Vu for RC 

beams (Equation 4.3) is modified by replacing the reinforcement ratio factor f3(ρ) with f3(ρangle) in 

Equation 4.19. 



Intermediate Crack Debonding of Plated RC Beams   Critical Diagonal Crack Debonding 

 

- 199 - 

 P 

O 
x 

a 
Vu.angle 

Psp 

angle plate shear 
crack h 

LB.sof 

Lend 

reinforcing bar 

dsp 

dtop 

tsp 

b 

bsof tsof 

Psof 

LB.sp 

0.5dsp 

 

Figure 4.12 Crack sliding in RC beam with angle plates 

 

( ) ( ) 58.00.15=3 +++ sofspanglef ρρρρ  where ( ) 5.4≤++ sofsp ρρρ  

and 100= x
bh

Asρ , 100x
bhf

P
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sp =ρ , 100x

bhf
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sof
sof =ρ  

Equation 4.19 

4.2.5.4  SIDE AND TENSION FACE PLATED BEAMS 

Tension face plates are very susceptible to critical diagonal crack debonding, so by applying additional 

plates on the sides, this delays CDC debonding, hence increasing the shear capacity and ductility of 

the beam. The contribution of the side and tension face plates to the shear to resist the sliding action 

along the critical diagonal crack is greatly dependent on the position of the crack. For example, when 

the side plate is partially anchored such that the diagonal crack does not intercept the side plates, 

then the beam will behave similarly to that of a beam with a tension face plate only. As the position of 

the critical diagonal crack is unknown, and the load to cause the formation of a diagonal crack is also 

dependent on the dimension and position of the plates, this further complicates the problem.  

To simplify the problem, Mohamed Ali (2000) assumed that the CDC will always occur at the end of 

the tension face plates at x=a–Lend in Figure 4.13. Therefore, the load to cause CDC debonding Vp.wsp 

is assumed to be equal to the load to cause cracking Vcr.wsp at x=a–Lend, such that the tension face 

plate does not contribute to the CDC debonding strength of the beam. 
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Figure 4.13 Side and tension face plated RC beams 

 

By modifying Zhang’s crack sliding model (refer to Section 4.2.2), Mohamed Ali (2000) derived 

equations to determine the load to cause cracking, and hence, the load at CDC debonding for side 

and tension face plated beams. The load to cause CDC debonding depends on the plate anchorage, 

that is the length of the side plate from the right side of the crack. Hence for a beam with a distance Lin 

between the end of the tension face plate and the inner edge of the side plate lying within the shear 

span in Figure 4.13, the shear capacities are given by the following equations which depend on the 

plate anchorage. 

(1) If Lin ≦x and x = a – Lend:  

then the load to cause CDC debonding is given by: 
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Note that Equation 4.20 only applies to beams where the bottom edge of side face plates coincides 

with the bottom of beam that is dbot=0 in Figure 4.13. For beams in which a distance dbot≠0 as 

illustrated in Figure 4.13, the load to cause CDC debonding is given by: 
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 (2) If Lin >x and x=a–Lend: 

then the load to cause CDC debonding is given by: 
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4.2.5.5  COMPRESSION FACE PLATED BEAMS 

Compression face plates can be used to increase both the ductility and the vertical shear capacity of 

the beams. Through experiments, Mohamed Ali (2000; Mohamed Ali et al. 2005) has concluded that 

the CDC debonding of compression face plated beams can be divided into three stages as illustrated 

in Figure 4.14. Initially, at a shear load of Vcr
I, a critical diagonal crack will form away from the support 

(Figure 4.14a). Further loading the beam to a shear load of Vcr
II will cause a debonding crack to form 

from the tip of the CDC which propagates along the plate/concrete interface towards the applied load 

P (Figure 4.14b). Finally at a shear load of Vcr
III

,
 a diagonal crack forms from the support propagating 

towards the applied load, resulting in complete debonding of the plate (Figure 4.14c). Therefore, the 

shear to cause CDC debonding failure, Vpure.cfp, is given by stage III i.e.  Vpure.cfp =Vcr
III. 
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(c) Stage III - Formation of diagonal crack from support and complete peeling 

Figure 4.14 CDC debonding in compression face plated RC beams (Mohamed Ali 2000) 

 

Mohamed Ali (2000) derived the following equations to determine the shear load for each of the three 

stages: 

(1) Stage I - Vcr
I  

The shear load to cause the formation of the critical diagonal crack is equivalent to the shear strength 

of unplated RC beam without stirrups Vuc: 

uc
I

cr VV =  Equation 4.23 

 

(2) Stage II - Vcr
II  

The shear to cause the extension of the CDC to the load can be calculated using the crack sliding 

model (Mohamed Ali 2000), where the load to cause cracking, Vcr.cfp, is given by: 
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Where bcfp and tcfp is the width and thickness of the compression plate respectively. The load to cause 

sliding, Vu.cfp, can be determined using Equation 4.3 to Equation 4.6, where the function f3(ρ) in 

Equation 4.4 is replaced by f3(ρcfp) in Equation 4.25.  

( ) ( ) 58.00.15=3 ++ cfpcfpf ρρρ  where ( ) 5.4≤+ cfpρρ  
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Equation 4.25 
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where Pcfp is the maximum axial force in the compression plate, which is given by the lesser of the 

yield strength of plate Acfpfyp, and the bond strength in the plate PIC with an anchorage length of LB.cfp. 

The shear to cause the extension of the CDC, Vcr
II, is the shear when Vcr.cfp= Vu.cfp. 

(3) Stage III - Vcr
III  

The shear load to cause the formation of a diagonal crack at the support, leading to complete 

debonding, is given by: 
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4.2.6 EXPERIMENTAL WORK ON CDC DEBONDING OF STEEL PLATED BEAMS 

The following Section presents a collection of experimental work carried out by various researchers on 

the CDC debonding of RC beams externally bonded with steel plates at different positions.  These 

beams will be used later in this Chapter to verify the accuracy of the proposed passive prestress 

model (Section 4.3) and the passive prestress code approach (Section 4.4). 

4.2.6.1   TENSION FACE PLATED BEAMS 

Beams are commonly plated over the tension face, as this plating position allows a high flexural 

capacity to be achieved, however this type of plating system is also very susceptible to premature 

debonding. To examine the debonding behaviour of tension face plated beams, Lou (1993) performed 

a series of tests with typical details given in Figure 4.15 and Table 4.1. In the SP series, plates were 

terminated at distance Lend away from support, while for the FP series the plates were trapped at the 

supports such that the beams were fully anchored (FA). All beams in both test series were 180mm 

deep by 130mm wide with a concrete cover of 20mm, and were adhesively bonded with 130mm wide 

tension face plates of varying thicknesses ttfp given in Table 4.1. The Young’s modulus (Ec) and 

indirect tensile strength of concrete (ft) were 34200MPa and 3.6MPa respectively, and the 

compressive cylinder strength fc is given in Table 4.1. The material properties of the steel plates and 

bars are given in Table 4.2. A point load was applied at a shear span a of 500mm, and minimal 

stirrups were used in each beam just to hold the longitudinal reinforcement in position. All beams had 

2Y10 compressive reinforcing bars, and two tensile internal bars of diameter dia and area Ast given in 

Table 4.1. 
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Figure 4.15 Geometry of test beams by Luo (1993)  

 

Table 4.1 Tension face plated beams by Luo (1993) 

Test 
Lend 

(mm) 
fc 

(MPa) 
ttfp 

(mm) 
dia 

(mm) 

Ast 
(mm2) 

Vtest 
(kN) 

SP/S1/L 150 35.1 5 16 402 33.4 

SP/S2/L 150 35.1 5 16 402 26.4 

SP/S5/L 70 35.1 5 16 402 27.9 

SP/S6/L 70 35.1 5 16 402 33.1 

SP/S7/L 70 35.1 5 16 402 33.0 

SP/S8/L 70 35.1 5 10 157 33.0 

SP/S9/L 70 35.1 5 20 628 31.5 

FP/B2/L FA 38.1 3 16 402 46.8 

FP/B2/R FA 39.1 3 16 402 50.0 

FP/B3/L FA 40.1 5 16 402 64.2 

FP/B3/R FA 41.1 5 16 402 70.8 

FP/B4/L FA 42.1 10 16 402 85.0 

FP/B4/R FA 42.1 10 16 402 78.7 

 

Table 4.2 Tension face plated beams by Luo (1993): material properties of steel  

Item Yield strength fy (MPa) ultimate strength fu (MPa) 

3mm plate 321 411 

5mm plate 317 447 

10mm plate 293 495 

Y10 bars - 590 

Y16 bars 460 580 
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The shear loads obtained at failure (Vtest) are given in Table 4.1. It was found that for all the beams in 

the SP series, failure occurred due to the formation of a critical diagonal crack between the plate end 

and the support which caused the plate to debond. These beams failed by classical shear failure and 

the contribution of the steel plates to the shear strength of the beam was insignificant. Increasing the 

tensile reinforcing bars in Beam SP/S9/L, did not postpone the shear failure in the beam.  The beams 

in the FP test series in Table 4.1 had fully trapped plates, therefore theoretically the yield strength of 

the plate can be achieved. As a result, the failure loads of these beams were significantly higher than 

those in the SP series. In general, the FP series beams failed due to formation of critical diagonal 

cracks which caused debonding to occur which propagated from the root of the crack to the plate as 

shown in Figure 4.16. It is interesting to note that for tests FP/B3/L and FP/B3/R, exactly the same 

beam and setup was used but a big difference in Vtest was obtained, the same applies to FP/B4/L. 

 

support

Load

plate end

debonding
critical diagonal crack

 

Figure 4.16 Typical failure of FP test series beams (Luo 1993)  

 

Mohamed Ali (2000) performed experimental work on RC beams with steel plates adhesively bonded 

to tension face, where the plates were terminated at Lend = 50mm away from the support. The results 

and details of these tests are summarised in Table 4.3 and in Figure 4.17 to Figure 4.19, where Vtest is 

the shear load measured upon failure. All the test beams were 370mm by 200mm, with tension face 

plates of width btfp = 200mm, where a point load was applied at a shear span a from the edge of the 

loading plate to the centre of the support. Beam SP01 had minimal stirrups, whereas beams SP-T6 

and SP-T12 both had R10 stirrups at a spacing of 100mm centre to centre. All three beams had 2Y10 

compressive internal bars with a 20mm concrete cover; beam SP01 had 3Y20 tensile bars, while 

beams SP-T6 and SP-T12 had 4 Y20 tensile bars. The material properties of the steel plates and bars 

are given in Table 4.4. From tests, it was found that all the beams failed due to the formation of critical 

diagonal cracks near the plate end which caused CDC debonding failure to occur.  
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Figure 4.17 Geometry of test beam SP01 (Mohamed Ali 2000)  
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Figure 4.18 Geometry of test beam SP-T6 (Mohamed Ali 2000)  
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Figure 4.19 Geometry of test beam SP-T12 (Mohamed Ali 2000)  
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Table 4.3 Tension face plated beams by Mohamed Ali (2000) 

Test 
a 

(mm) 
fc 

(MPa) 
fbt 

(MPa) 
Ec 

(MPa) 
ttfp 

(mm) 
Ast 

(mm2) 
stirrups 

Vtest 
(kN) 

SP01 1150 48.9 4.5 39900 10 942 - 140 

SP-T6 1200 35.3 3.6 34300 6 1257 R10@ 100c/c 113 

SP-T12 1200 35.3 3.6 34300 12 1257 R10@ 100c/c 113 

 

Table 4.4 Tension face plated beams by Mohamed Ali (2000): material properties of steel  

Item Yield strength fy (MPa) ultimate strength fu (MPa) 

6mm plate 365 491 

10mm plate 330 541 

12mm plate 306 514 

Y10 bars - 567 

Y20 bars 433 526 

4.2.6.2  SIDE FACE PLATED BEAMS 

4.2.6.2.1 FULLY PLATED BEAMS 

To study CDC debonding or shear failure, the EB plates of the test beams presented in this Section 

were terminated in the high shear region, where the moment is very small, such that plate end (PE) 

debonding (Chapter 1) did not occur.  Extensive experimental work was performed by Mohamed Ali 

(2000) on fully plated RC beams with steel plates adhesively bonded to the sides, where the plates 

were terminated at the support, i.e. Lend=0. The results and details of these tests are summarised in 

Table 4.5, where Vtest is the shear load measured upon failure. 

The typical geometry and test set up of the beams SP21, SP22, SP31, SP32, SP41 and SP42 is 

illustrated in Figure 4.20, where only SP22, SP32 and SP42 had R10 stirrups at 185mm spacing 

centre to centre. All these beams were plated with a 130mm wide (dsp) plate of thickness tsp=10mm, 

where the distance from the top of the beam to the top edge of the plates, dtop, was varied for the 

different specimens. Details of the dimensions and the position of the plates are shown in Table 4.5. 

An unplated beam without stirrups, SPREF, with the same geometry and test set up as the beams in 

Figure 4.20 was also tested. All the test beams in Figure 4.20 and beam SPREF are made up of 

concrete with a compressive cyclinder strength fc=48.9MPa, Brazilian tensile strength fbt=4.5MPa, and 

a Young’s modulus Ec=39.9GPa. The material properties of the steel plate and reinforcing bars of 

these beams are given in Table 4.6. 
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Figure 4.20 Geometry of test beams SP21, SP22, SP31, SP32, SP41 and SP42  

 

Figure 4.21 shows the typical geometry and test set up of beams SP-S5 and SP-S8.  The beams were 

plated with 75mm wide plates at 155mm from the top of the beam and the plate thickness was varied. 

The details of the plate dimensions and the position of the plates are shown in Table 4.5. The 

concrete properties of the two specimens are identical, with a compressive cyclinder strength 

fc=20.9MPa, Brazilian tensile strength fbt=2.4MPa, and a Young’s modulus Ec=29.2GPa. The material 

properties of the steel plate and reinforcing bars of these beams are given in Table 4.6. 
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Figure 4.21 Geometry of test beams SP-S5 and SP-S8 
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Table 4.5 Side plated beams by Mohamed Ali (2000)  

Test 
a  

(mm) 

h 
(mm) 

b  
(mm) 

dsp 

(mm) 
dtop 

(mm) 
tsp 

(mm) 
stirrups 

Vtest 
(kN) 

SPREF 1150 370 200 - - 0 - 86 

SP21 1150 370 200 130 215 10 - 157 

SP22 1150 370 200 130 215 10 R10@185 mm c/c 162 

SP31 1150 370 200 130 120 10 - 169 

SP32 1150 370 200 130 120 10 R10@185 mm c/c 166 

SP41 1150 370 200 130 25 10 - 96 

SP42 1150 370 200 130 25 10 R10@185 mm c/c 132 

SP-S5 663 250 150 75 155 5 R10@100 mm c/c 66.7 

SP-S8 663 250 150 75 155 8 R10@100 mm c/c 72.8 

 

Table 4.6 Side plated beams by (Mohamed Ali 2000): material properties of steel  

Item Yield strength fy (MPa) ultimate strength fu (MPa) 

Test beams: SPREF. SP21, SP22, SP31, SP32, SP41 and SP42 

10mm plate  330 541 

Y20 bars 433 526 

R10 bars/stirrups - 664 

Test beams: SP-S5, SP-S8 

5mm & 8mm plate  330 541 

Y20 bars 456 564 

Y24 bars 454 565 

R10 bars/stirrups 518 533 

 

All the beams in Table 4.5 failed by CDC debonding of the side plates. For beams SP31 and SP32, 

the plates were positioned close to the neutral axis, therefore they were partly in tension and partly in 

compression. Flexural-shear cracks were observed when testing these two beams (Mohamed Ali 

2000) and plate strains higher than yield were recorded. Mohamed Ali concluded that the plate 

debonding of beam SP32 was caused by a complex crack pattern involving flexural-shear cracks. 

Beams SP41 and SP42 were identical except for the stirrups, however there is a large difference in 

the load at CDC debonding failure recorded as shown by Vtest in Table 4.5. In testing beam SP41, 

Mohamed Ali (2000) observed that an inclined crack first occurred in the middle of the web and then 

propagated towards the support up to at a distance of 300mm from the support, at which point the 

applied load began to drop. The beam was then reloaded to allow the diagonal crack to propagate 
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along the plate to cause the final debonding failure. This showed that shear failure had actually 

occurred before CDC debonding, which is why the load at failure recorded was much lower than that 

obtained from beam SP42. 

Nguyen and Oehlers (1997; Oehlers et al. 2000) also performed experimental work on beams with 

steel plates adhesively bonded to the sides and which were terminated over the support, i.e. Lend=0. 

The geometry and the test set up of these beams are illustrated in Figure 4.22. An unplated beam of 

the same geometry and test set up, beam 2a, was also tested. Each beam of width 200mm and height 

300mm, was simply supported with a point load applied at a shear span a of 1150mm (measured from 

the edge of the loading plate). For the plated beams tested, a plate of width dsp=65mm was bonded to 

the two sides of the beam at a distance dtop = 195mm from the top of the beam to the top edge of the 

plate. The thickness tsp of the plates used for each test are given in Table 4.7. The internal 

reinforcement used for all the test beams is shown in Figure 4.22, where beams 2n2 and 2n4 had R10 

stirrups at 150mm centre to centre spacing, and all other beams had no stirrups. All the beams had a 

concrete cover of 20mm. The average yield fy and ultimate fu strength of the steel plates and bars 

used are shown in Table 4.8.  All the test beams have the same concrete properties, with a 

compressive cylinder strength fc=58MPa, Young’s modulus Ec=37GPa, and Brazilian tensile strength 

fbt=4.64MPa.  
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Figure 4.22 Geometry of test beams 2n1, 2n2, 2n3 and 2n4 
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Table 4.7 Fully plated, side plated beams by Nguyen and Oehlers (1997) 

 

 

Table 4.8 Fully plated, side plated beams by Nguyen and Oehlers (1997): material properties of steel 

Item Yield strength fy (MPa) ultimate strength fu (MPa) 

5mm plate  311 462 

8mm plate 301 458 

Y20 bars 454 547 

R10 bars/stirrups - 577 

 

From the tests (Nguyen and Oehlers 1997), Beams 2n1, 2n2, 2n3 and 2n4 were found to failure by 

CDC debonding of the side plates, while shear failure occurred in the unplated specimen 2a. Through 

the test results shown in Table 4.7, where Vtest is the shear load measured at failure, it can be seen 

that the side plates increased the shear strength of the RC beams by more than 20%, indicating the 

effectiveness of this plating system, and also, the need to allow for the contribution of the plates when 

determining the shear strength of plated members.  

4.2.6.2.2 PARTIALLY PLATED BEAMS 

To study the interaction between CDC debonding and PE debonding, Nguyen and Oehlers (1997) 

carried out tests on side plated beams where the steel plates were terminated in regions with 

significant shear and moment, i.e. Lend>0. The geometry and the test set up of the beams are 

illustrated in Figure 4.23. Each beam of width 200mm and height 300mm, was simply supported with a 

point load applied at a shear span a of 1350mm (measured from the edge of the loading plate). Plates 

of width dsp=65mm and thickness tsp=8mm were bonded to the two sides of the beam at a distance 

dtop=195mm from the top of the beam to the top edge of the plate, where different plate lengths Lp 

were considered, such that the distance between the plate end and the support Lend is given in Table 

4.9. The internal reinforcement used for all the test beams is shown in Figure 4.23. The average yield 

fy and ultimate fu strength of steel plates and bars used is shown in Table 4.10.  All the test beams had 

the same concrete properties, where the compressive cylinder strength fc=52.4MPa, Young’s modulus 

Ec=40.4GPa, and Brazilian tensile strength fbt=4.3MPa. The failure modes of the test specimens are 

Test tsp (mm) stirrups Vtest (kN) Failure mode 

2a  0 - 85 Shear failure 

2n1 5 - 103 CDC debonding 

2n2 5 R10@150mm c/c 126 CDC debonding 

2n3 8 - 109 CDC debonding 

2n4 8 R10@150mm c/c 127 CDC debonding 
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shown in Table 4.9, where it was found that for beams 3e1N, 3e2N, 3f1N, and 3f2N, with the plates 

terminated in high moment area away from the support, plate end debonding failure occurred prior to 

CDC debonding and at a much lower shear load than in the other tests where CDC debonding 

occurred. This shows that the position where the plate is terminated largely affects the mode of failure. 
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Figure 4.23 Geometry of partially plated, side plate beams (Nguyen and Oehlers 1997) 

 

Table 4.9 Partially plated, side plated beams by Nguyen and Oehlers (1997) 

Test Lend (mm) Lp (mm) Vtest (kN) Failure mode 

3c1N 300 4100 103 CDC debonding 

3c2N 300 4100 104 CDC debonding 

3d1N 910 2880 74.7 CDC debonding 

3d2N 910 2880 87.5 CDC debonding 

3e1N 2740 1410 40.3 PE debonding 

3e2N 2395 1410 42.1 PE debonding 

3f1N 1200 2300 65.2 PE debonding 

3f2N 1200 2300 55.7 PE debonding 

 

Table 4.10 Partially plated, side plated beams by Nguyen & Oehlers (1997): material properties of steel 

Item Yield strength fy (MPa) ultimate strength fu (MPa) 

8mm plate 308 459 

Y20 bars 461 551 

R10 bars/stirrups - 615 

4.2.6.3  ANGLE PLATES 

Mohamed Ali (2000) performed tests on beams adhesively bonded with angle plates on the tension 

and side faces, where the plates were terminated close to the support.  The typical details of the 
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beams are shown in Figure 4.24. Each beam was plated with two angles of thickness tangle=8mm, 

where the width of the plate on the side face, bweb, and on the tension face, bsof, was varied with 

values given in Table 4.11. All beams had R10 stirrups at 150mm centre to centre spacings. The 

average yield fy and ultimate fu strength of the steel plates and bars are shown in Table 4.12.  All the 

test beams had the same concrete properties, where the compressive cylinder strength fc=50MPa, 

Young’s modulus Ec=36.7GPa, and Brazilian tensile strength fbt=4.4MPa. Through the tests, it was 

found that all the beams failed due to CDC debonding caused by the formation of critical diagonal 

crack in the vicinity of the angle plate ends. The shear strengths of the test beams at failure were 200 

to 230% greater than that of the same beam without plates and without stirrups; but less than the 

shear capacity of the same unplated beam with stirrups (Mohamed Ali 2000).   
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Figure 4.24 Geometry of beams with angle plates (Mohamed Ali 2000) 

 

Table 4.11 Fully plated of beams with angle plates (Mohamed Ali 2000) 

Test bweb (mm) dtop (mm) bsof (mm) Vtest (kN) 

Shear-01 67 233 100 138 

Shear-02 67 233 100 134 

Shear-03 142 158 90 159 

Shear-04 142 158 90 162 

 

Table 4.12 Fully plated of beams with angle plates (Mohamed Ali 2000): material properties of steel 

Item Yield strength fy  (MPa) ultimate strength fu (MPa) 

8mm plate 360 518 

Y20 bars 480 566 

R10 bars/stirrups - 602 
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4.2.6.4  SIDE AND TENSION PLATED BEAMS 

Extensive experimental work was carried out by Lou (1993) to study the effects of enhancing the CDC 

debonding strength of tension face plated beams by adhesively bonding side face plates above the 

tension face plate ends. Details of the test beams are given in Table 4.13 and Figure 4.25. All the test 

beams were 180mm deep by 130mm wide, reinforced with 2Y10 compressive internal bars and two 

tension internal bars of diameter dia,  with a total cross-section area of Ast; and tension face plates of 

width btfp = 130mm, and thickness ttfp = 5mm terminated at distance Lend away from the support as 

illustrated in Figure 4.25.  

The experimental program was divided into three series. For the beams in series 1, the lengths of the 

side face plates were varied, with the dimensions given in Table 4.13, where Lout is the bond length of 

the side plate measured from the end of the tension face plate to the outer edge of the side plate as 

shown in Figure 4.25; and Lin is the bond length of the side plate from the tension face plate end to the 

inner edge of the side plate. Specimens SP/S1L and SP/S2L were plated with tension face plates only 

to examine the increase in shear load achievable by applying side face plates. All the other specimens 

in series 1 had 180mm wide (bsp) and 4mm thick (tsp) side face plates.  In series 2, the effect of 

different area of tensile internal bars Ast was studied. In series 3, the thickness of the side face plates, 

tsp, was varied, where beams SP/S5R, SP/S6R and SP/S7R had side face plates of the same length 

and which were folded around the beam edges for 65mm. The concrete properties of all the beams 

were the same with a compressive cylinder strength of fc = 35.1MPa, indirect tensile strength of ft = 

3.6MPa, and a Young’s modulus of Ec = 34200MPa. Minimal stirrups were used in each beam to hold 

the longitudinal reinforcement in position.  The material properties of the steel used are given in Table 

4.14. 
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Figure 4.25 Geometry of side and tension face plated beams by Lou (1993) 
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Table 4.13 Side and tension face plate beams by Lou (1993) 

Test 
bsp 

(mm) 
tsp 

(mm) 
Lin 

(mm) 
Lout 

(mm) 

Lend 

 (mm) 

dia 
(mm) 

Ast 

(mm2) 

Vtest 

 (kN) 

Series 1 

SP/S1L 0 0 0 0 150 16 402 33.4 

SP/S2L 0 0 0 0 150 16 402 26.4 

SP/S3L 180 4 45 45 150 16 402 30.8 

SP/S2R 180 4 90 90 150 16 402 37.0 

SP/S4R 180 4 135 135 150 16 402 35.0 

SP/S1R 180 4 180 180 150 16 402 43.2 

SP/S3R 180 4 270 270 150 16 402 50.0 

SP/S4L 180 4 345 345 150 16 402 60.6 

Series 2 

SP/S8L 0 0 0 0 70 10 157 33.0 

SP/S8R 180 4 420 270 70 10 157 62.8 

SP/S9L 0 0 0 0 70 20 628 31.5 

SP/S9R 180 4 420 270 70 20 628 69.8 

Series 3 

SP/S5L 0 0 0 0 70 16 402 27.9 

SP/S5R 180 1 915 335 70 16 402 54.6 

SP/S6L 0 0 0 0 70 16 402 33.1 

SP/S6R 180 2 915 335 70 16 402 64.7 

SP/S7L 0 0 0 0 70 16 402 33.0 

SP/S7R 180 3 915 335 70 16 402 72.6 

 

Table 4.14 Side and tension face plate beams by Lou (1993): material properties of steel 

Item Yield strength fy  (MPa) ultimate strength fu (MPa) Young’s Modulus Ec (GPa) 

1mm plate - 317 200 

2mm plate 300 352 215 

3mm plate 321 411 205 

4mm plate 243 320 210 

5mm plate 317 447 210 

Y10 bars - 590 210 

Y16 bars 460 580 210 
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The shear load obtained at failure Vtest is shown in Table 4.13. For all beams tested, except for beams 

SP/S3L, SP/S2R, SP/S4R and SP/S1R, failure was caused by CDC debonding of the tension face 

plates, where it was found that complete debonding of the tension face plate often occurred before the 

side plates debonded. For specimens SP/S3L and SP/S2R which had short side face plates, failure 

occurred due to complete debonding of the side face plates caused by the formation of a CDC.  For 

beams SP/S4R and SP/S1R, both side and tension face plates debonded upon failure. It can be 

concluded from the results given in Table 4.13 that side face plates can significantly enhance the CDC 

debonding strength of tension face plated beams, and the amount of increase is largely dependent on 

the bond length and the thickness of the side face plates, while the area of the tension internal bars 

have a minor effect on the overall CDC debonding strength.  

Mohamed Ali (2000) tested four specimens plated with side and tension face steel plates, where the 

lengths of the plates were varied. The typical geometry of the test beams is shown in Figure 4.26 and 

Table 4.15, where each beam had Y12 stirrups at 185mm centre to centre spacing and L is the span 

of the beam. All beams were plated with 200mm wide and 6mm thick steel plates over the tension 

face, which were terminated at various distances Lend away from the support as given in Table 4.15. 

Except for specimen MB01, which had a tension face plate only, all the other specimens had side face 

plates of width bsp = 340mm and thickness tsp = 6mm bonded at dtop=15mm between the top of the 

beam and the top edge of the plate.  The bond length of the side plate from the end of the tension face 

plate to the outer edge of the side plate Lout and the bond length of the side plate from the tension face 

plate end to the inner edge of the side plate Lin are given in Table 4.15. The concrete properties of all 

the beams were the same with a compressive cylinder strength of fc = 52MPa, Brazilian tensile 

strength of fbt = 4.05MPa, and a young’s modulus of Ec = 35400MPa. The material properties of the 

steel used are given in Table 4.16. 
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Figure 4.26 Geometry of side and tension face plated beams by Mohamed Ali (2000) 
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Table 4.15 Side and tension face plate beams by Mohamed Ali (2000) 

Test L (mm) Lin (mm) Lout (mm) Lend (mm) Vtest (kN) 

MB01 3975 0 0 200 112 

MB02 4720 440 590 450 114 

MB03 4720 885 660 600 126 

MB04 4620 1030 800 800 133 

 

Table 4.16 Side and tension face plate beams (Mohamed Ali 2000): material properties of steel 

Item Yield strength fy  (MPa) ultimate strength fu (MPa) 

6mm plate 365 491 

Y12 bars 456 552 

Y20 bars 481 566 

 

From the test, it was found that specimen MB01 failed by CDC debonding at a lower shear load (Vtest) 

than the other three beams which were also strengthened with side face plates, as shown in Table 

4.15. Beam MB02 failed due to CDC debonding of the tension face plate, while no debonding was 

observed in the side face plates. Beam MB03 had a longer bond length in the side face plates 

compared to beam MB02, but the tension face plate was terminated further away from the support, 

such that when the debonding crack formed at the tension face plate end, it caused both tension and 

side face plates to completely debond. Beam MB04 had a tension face plate with a short bond length 

which resulted in the complete debonding of the tension face plate, but at a failure load higher than all 

the other specimens due to the long bond strength in the side face plates.  

4.2.6.5   COMPRESSION PLATED BEAMS 

Extensive experimental work was carried out by Mohamed Ali (2000) on the CDC debonding of fully 

and partially plated compression face plated beams. The test program was divided into two groups: 

Group 1 – beams in which the plate ends under bending compression were subjected to the least 

bending moment than in the other regions of the plate under bending compression, as illustrated in 

Figure 4.27; and Group 2 – beams in which the plate ends under bending compression were at a 

higher moment than in the other locations of the plates under bending compression, as shown in 

Figure 4.28. All the test beams were 370mm deep by 200mm wide, reinforced with 2Y10 compressive 

internal bars and 4Y20 tension internal bars, and had R10 stirrups at 100mm centre to centre spacing 

throughout the beam. All test beams had a concrete compressive cylinder strength of fc = 35.3MPa, 
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Brazilian concrete tensile strength of fbt = 3.6MPa, and a concrete Young’s modulus of Ec = 

34300MPa. The material properties of the steel used are given in Table 4.19. 

Table 4.17 and Figure 4.27shows the details of three group 1 beams tested, where the beams were 

fully plated, i.e. the plate was terminated close to the support, with a point load applied at a shear 

span a of 1200mm. The compression face plates in these tests were 200mm wide, with varying 

thickness as tcfp and lengths Lp given in Table 4.17. Through these tests, it was found that the CDC 

debonding of the plates occurred in three stages: stage I - formation of a critical diagonal crack; stage 

II - its extension along the bottom edge of the plate towards the load point; and stage III - the 

formation of secondary debonding crack from the load point to the plate end (Mohamed Ali 2000). The 

shear loads Vtest obtained at each stage are shown in Table 4.19.  

Four partially plated beams were tested in group 1 with details given in Table 4.18 and Figure 4.27. 

Compression face plates of width 200mm and thickness 20mm were used in all the beams, while the 

position of the plate end Lend and the shear span a was varied. It was found from the tests that beam 

SF-C3 failed by plate end debonding due to the high moment where the plate was terminated, while 

the other three beams all failed by CDC debonding of the compression face plate. Note that for the 

tests that failed by CDC debonding, Vtest in Table 4.18 is the shear load recorded after the formation of 

the critical diagonal crack, when the crack extended along the edge of the plate towards the load 

point, that is the shear load at stage II of debonding. 

In Group 2 of the test program, six partially plated beams were tested, where all spans were 

adhesively bonded with a 200mm wide by 20mm thick compression face steel plate, whose distance 

between the plate end and the support was varied for the different beams. Details of the tests are 

shown in Table 4.18 and Figure 4.28. From the test, it was found that all the test beams failed due to 

concrete crushing beneath the load plate. 

P

5000

L

compression plate

Lend

a

200

tcfp
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[all dimensions in mm]

Lp 370
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Figure 4.27 Geometry of compression face plated beams: group 1 (Mohamed Ali 2000) 
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Figure 4.28 Geometry of compression face plated beams: group 2 (Mohamed Ali 2000) 

 

Table 4.17 Fully plated, compression face plate beams by Mohamed Ali (2000) 

Test tcfp (mm) L (mm) 
Lp 

(mm) 

Lend 

(mm) 
Vtest (stage I) 

kN 
Vtest (stage II) 

kN 
Vtest (stage III) 

kN 

SPC6 6 4700 4600 50 80.7 124 148.2 

SPC12 12 4700 4600 50 88.1 117 141.7 

SPC20 20 4700 3600 0 80.7 94 155.6 

 

Table 4.18 Partially plated, compression face plate beams by Mohamed Ali (2000) 

 

 

 

Test a (mm) La (mm) Lend (mm) Lp (mm) L (mm) Vtest (kN) 

Group I 

SP-C20 1200 - 0 3600 4700 94.0 

SF-C1 1450 - 250 3950 4700 95.3 

SF-C2 1700 - 500 3950 4700 87.8 

SF-C3 2200 - 1000 3670 4650 52.7 

Group 2 

SF-C5(b) 1100 375 750 1125 4250 102 

SF-C6(a) 2200 375 1000 1375 4250 66.4 

SF-C6(b) 1350 375 1000 1375 4250 87.2 

SF-C7(a) 1850 250 1500 1750 4500 78.0 

SF-C7(b) 1850 250 1500 1750 4500 86.7 

SF-C7(c) 1525 250 1500 1750 4500 102 
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Table 4.19 Compression face plate beams (Mohamed Ali 2000): material properties of steel 

Item Yield strength fy  (MPa) ultimate strength fu (MPa) 

6mm plate 365 491 

12mm plate 306 514 

20mm plate 433 526 

R10 stirrups/bars - 567 

Y20 bars 433 526 

 

 

4.3 PASSIVE PRESTRESS CRACK SLIDING MODEL FOR PLATED BEAMS 

As discussed in Section 4.2.5, Mohamed Ali’s crack sliding model analyses the CDC debonding 

behaviour of externally plated beams by treating the EB plate as an additional layer of longitudinal 

reinforcing bar. This, however, restricts the model to metal plates only, as FRP plates cannot be 

converted to an equivalent area of longitudinal reinforcement due to the non-yield behaviour of the 

material. Alternatively, the plate can be considered to provide directly a passive prestress Pinter across 

the intercepting diagonal crack induced by the aggregate interlock mechanism. Passive meaning that 

the axial force in the plate is ignored prior to cracking. Based on this assumption, a passive prestress 

crack sliding model has been developed in this research, which is described in the journal paper 

presented in the Section 4.3.1.  In Section 4.3.2, the application of the proposed model to the test 

beams reviewed in Section 4.2.6 is further discussed, and compared with results obtained from 

Mohamed Ali’s crack sliding model for plated beams.  

 

4.3.1 JOURNAL PAPER: PRESTRESS MODEL FOR SHEAR DEFORMATION DEBONDING 

OF FRP- AND STEEL- PLATED RC BEAMS 

The journal paper presented in this section examines the critical diagonal crack debonding behaviour 

of RC beams externally bonded with FRP plates, where a passive prestress approach was developed 

based on modifying Mohamed Ali’s (2000) crack sliding model for plated beams in Section 4.2.5 and 

the prestressed beams model developed by Zhang (1994, 1997) in Section 4.2.3. The accuracy of the 

proposed model was verified in the paper using test results obtained from existing literature, where 

detailed descriptions of the tests can be found in Section 4.2.6. 
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4.3.2 FURTHER DISCUSSION 

In the paper presented in Section 4.3.1, a generic passive prestress model has been introduced which 

determines the CDC debonding strength of externally plated RC beams, and the model was verified 

using the test results discussed in Section 4.2.6. In the following Section, the application of the model 

to the test beams is further discussed, and the results are compared with those obtained from 

Mohamed Ali’s crack sliding model (Mohamed Ali 2000).  

In the proposed model, the plates are treated as passive prestress forces, meaning that the prestress 

forces in plates are induced after the formation of the diagonal cracks.  Therefore, contribution of the 

prestress force Fps on the load to cause cracking, (Vdat)crack, given by Equation (1) of the paper 

presented, is zero. All the test beams were simply supported and subjected to a concentrated load 

applied, therefore it can be assumed that the focal point O, that is the top of the diagonal crack, occurs 

at the edge of the loading plate. The load to cause cracking (Vdat)crack can, hence, be calculated using 

the Vcr equations derived by Mohamed Ali (2000) as discussed in Section 4.2.5. 

4.3.2.1  TENSION FACE PLATED BEAMS 

The tests performed by Mohamed Ali (2000) and Lou (1993) on tension face plated beams, as 

discussed in Section 4.2.6.1, were analysed using the passive prestressed model and Mohamed Ali’s 

crack sliding model (Section 4.2.5). The concrete shear strength of the beams neglecting the EB plate 

was also evaluated using Zhang’s crack sliding model (Section 4.2.2). The results are presented in 

Table 4.20, where Vtest is the shear load recorded at failure; Vuc.theo is the concrete shear capacity of 

the unplated beam; Vcrit.theo and Vp.theo is the shear strength of the beam at failure calculated using 

Mohamed Ali’s crack sliding model and the passive prestressed (Passive Pres) model respectively, 

and where the failure mode in the last column is the type of failure predicted from the analysis. The 

ratio of test results and theoretical predictions from the passive prestress analysis, Vtest/Vp.theo, and 

Mohamed Ali’s analysis, Vtest/Vcrit.theo, are also plotted in Figures 14 and 15 of the journal paper in 

Section 4.3.1. 
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Table 4.20 CDC analysis of tension face plated beams 

Expt Zhang’s model M. Ali’s Model Passive Pres Model 

Test Vtest 
(kN) 

Vuc.theo 

(kN) 
theouc

test

V

V

.

 Vcrit.theo 

(kN) 
theocrit

test

V

V

.

 Vp.theo 

(kN) 
theop

test

V

V

.

 
Failure mode 

Mohamed Ali (2000) 

SP01 140 92.7 1.51 128  1.09  125  1.12  CDC debonding 

SP-T6 113 80.0 1.41 101 1.12  102  1.10  CDC debonding 

SP-T12 112 79.9 1.41 117  0.958  117  0.957  CDC debonding 

Lou (1993) 

SP/S1/L 33.4 32.8 1.02 32.8 1.02  32.8  1.02  Shear failure 

SP/S2/L 26.4 32.8 0.805 32.8 0.805  32.8  0.805  Shear failure 

SP/S9/L 31.5 36.4 0.866 39.6 0.795  39.6  0.795  Shear failure 

SP/S5/L 27.9 32.8 0.850 39.6 0.704  39.6  0.704  Shear failure 

SP/S6/L 33.1 32.8 1.01 39.6  0.836  39.6  0.836  Shear failure 

SP/S7/L 33.0 32.8 1.01 39.6 0.833  39.6  0.833  Shear failure 

SP/S8/L 33.0 28.7 1.15 37.9 0.871  37.4  0.882  CDC debonding 

FP/B2/L 46.8 32.8 1.43 43.9 1.07  44.1  1.06  CDC debonding 

FP/B2/R 50.0 32.8 1.53 43.9 1.14  44.1  1.14  CDC debonding 

FP/B3/L 64.2 32.8 1.96 51.5  1.25  51.6  1.24  CDC debonding 

FP/B3/R 70.8 32.8 2.16 51.5  1.37  51.6  1.37  CDC debonding 

FP/B4/L 85.0 32.8 2.59 58.6  1.45  68.8  1.24  CDC debonding 

FP/B4/R 78.7 32.8 2.40 58.6  1.34  68.8  1.14  CDC debonding 

 

In Table 4.20, two failure modes were found to occur from the numerical analysis: (1) CDC debonding 

of the plate, where the critical diagonal crack intercepts the plate causing complete debonding; and (2) 

shear failure where the critical diagonal crack formed in the unplated region between the support and 

the plate end, such that the externally bonded plate does not contribute directly to the shear strength 

of the beam at failure but may cause the inclination of the CDC to be shallower. For example from the 

passive prestress analysis of specimen SP/S1/L shown in Figure 4.29, the load to cause a CDC 

debonding failure in the vicinity of the plate Vp.theo(1) is greater than the load to cause shear failure in 

the unplated region between the plate end and the support Vp.theo(2). Therefore, a critical diagonal 

crack will form at Vp.theo(2) in the unplated region, and since there are no stirrups, failure occurs 

immediately. If there were stirrups in the beam, failure would be postponed such that further loading 

would be possible after the formation of the diagonal crack at Vp.theo(2), and hence, CDC debonding 
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failure would occur at Vp.theo(1). In Figure 4.29, x is the distance from the applied load; Vcr and Vu is the 

shear load to cause a diagonal crack and to cause sliding failure respectively. 
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Figure 4.29  Passive prestressed CDC analysis of test specimen SP/S1/L 

 

From Table 4.20, it can be seen that the passive prestressed and Mohamed Ali’s approach give 

similar predictions of the failure loads. It is worth noting that for tests FP/B3/L and FP/B3/R, the same 

beam geometry and test setup was used, but a large difference in Vtest was obtained; the same 

applies to beams FP/B4/L and FP/B4/R.  Both passive prestressed and Mohamed Ali’s approach give 

conservative estimations of the debonding load for fully anchored beams, that is the FP test series in 

Table 4.20, with the passive presstressed approach giving slightly better predictions, since the model 

does not limit the contribution of the reinforcement to the shear strength of the specimen, as opposed 

to Mohamed Ali’s approach, which limits the reinforcement ratio ρ+ρtfp≤4.5. 

4.3.2.2  SIDE FACE PLATED BEAMS 

Tests performed by Mohamed Ali (2000), and Nguyen and Oehlers (1997) on fully plated side face 

plated beams, as discussed in Section 4.2.6.2, were analysed using the passive prestressed model 

and Mohamed Ali’s crack sliding model (Section 4.2.5). The concrete shear strength of the beams 

neglecting the EB plate, was also evaluated using Zhang’s crack sliding model (Section 4.2.2). The 

results are presented in Table 4.21. The ratios of Vtest/Vp.theo, and Vtest/Vcrit.theo, are given in Table 4.21, 

and are also plotted in Figures 14 and 15 of the journal paper in Section 4.3.1 respectively. From 

Table 4.21, it can be seen that both the passive prestressed and Mohamed Ali’s approach have good 

correlation with the test results, except for specimens SP-S5 and SP-S8. This is because Mohamed 

Ali’s model has a limit on the reinforcement ratio, i.e. (ρ + ρsfp)≤4.5, which underestimates the load at 



Intermediate Crack Debonding of Plated RC Beams   Critical Diagonal Crack Debonding 

 

- 244 - 

CDC debonding failure for beams with large amount of reinforcement such as specimens SP-S5 and 

SP-S8. 

Table 4.21 Theoretical analyses of fully side face plated beams 

Expt Zhang’s model M. Ali’s Model Passive Pres Model 

Test Vtest 

(kN) 

Vuc.theo 

(kN) theouc

test

V

V

.

 
Vcrit.theo 

(kN) theocrit

test

V

V

.

 
Vp.theo 

(kN) theop

test

V

V

.

 

Tests by Mohamed Ali (2000) 

SPREF 86 92.7 0.928 - - - - 

SP21 157 92.7 1.69 135  1.16 130 1.21 

SP22 162 92.7 1.75 135 1.20 130 1.25 

SP31 169 92.7 1.82 132  1.28 126  1.35 

SP32 166 92.7 1.79 132  1.26 126  1.32 

SP41 96 92.7 1.04 118 0.814 113 0.846 

SP42 132 92.7 1.42 118  1.12 113  1.16 

SP-S5 66.7 46.7 1.43 58.5 1.14 67.3  0.991 

SP-S8 72.8 46.7 1.56 54.53 1.34 61.8  1.18 

Tests by Nguyen (1997) 

2a  85 90.3 0.941 - - - - 

2n1 103 90.3 1.14 106.03  0.971 103  0.997 

2n2 126 90.3 1.40 106.03  1.19 103  1.22 

2n3 109 90.3 1.21 112.90  0.965 109 1.00 

2n4 127 90.3 1.41 112.90  1.13 109  1.17 

 

Tests performed by Nguyen and Oehlers (1997) on partially plated side face plated beams reviewed in 

Section 4.2.6.2 were analysed, where the loads at intermediate crack (IC) debonding VIC, CDC 

debonding Vp.theo, and PE (plate end) debonding VPE failure were checked to determine the resultant 

load Vtheo and type of debonding failure that occurred in these beams. CDC debonding analyses were 

carried out using the passive prestressed approach. IC debonding analysis was carried out using the 

classical full interaction analysis, neglecting the slip at the plate/concrete interface. The strength at 

which IC debonding occurred for each plate was predicted using Chen and Teng’s model (Teng et al. 

2002) given in Section 2.2.3.5, where an average α of 0.887 obtained from slabs and beams tests 

was used in the analysis. PE debonding analysis was carried out using the model by Oehlers et al. 

(2000) given by Equation 4.27. The results are presented in Table 4.22, and also plotted in Figure16 

of the journal paper in Section 4.3.1. 
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  ( )cmppspp

cpbt
PE htE

EIf
M

.0185.0185.0

)(

+
=  Equation 4.27 

 

where MPE is the average moment to plate end debonding; (EI)cp is the flexural rigidity of the cracked 

plated section; and hp.cmp is the distance between the neutral axial of the plated beam to the centroid 

of the plate. 

Table 4.22  Theoretical analyses of partially side face plated beams 

Theoretical failure 

Test 
a

Lend  

Expt 

Vtest 
(kN) 

CDC 
analysis 

Vp.theo (kN) 

PE 
analysis 

VPE (kN) 

IC 
analysis 

VIC (kN) Vtheo (kN) 
theo

test

V

V
 Failure mode 

3c1N 0.214 103 97.3  339 120 97.3  1.06 CDC debonding 

3c2N 0.214 105 97.3  339 120 97.3  1.07 CDC debonding 

3d1N 0.650 74.7 105 112 120 105  0.709 CDC debonding 

3d2N 0.650 87.5 105  112 120 105  0.831 CDC debonding 

3f1N 0.857 65.2 233  84.7 95.3 84.7  0.770 PE debonding 

3f2N 0.857 55.7 233  84.7 95.3 84.7  0.658 PE debonding 

3e1N 1.96 40.3 80.7  51.9 - 51.9  0.777 PE debonding 

3e2N 1.71 42.1 80.7  44.1 - 44.1  0.955 PE debonding 

 

From Table 4.22, it can be seen that good correlation was obtained between the theoretical Vtheo and 

test Vtest results. For specimens with plates terminated far away from the support, that is beam 3f1N, 

3f2N, 3e1N and 3e2N, PE debonding failure was found. The fact that the PE debonding analysis and 

CDC debonding analysis gave close estimation of the failure loads of the test beams for a range of 

distance Lend between the plate end and the support, indicates that there is no interaction between the 

different debonding mechanisms. 

4.3.2.3  ANGLE PLATES 

Tests performed by Mohamed Ali (2000) on fully plated beams which angle plates, as discussed in 

Section 4.2.6.2, were analysed using the passive prestressed model and Mohamed Ali’s crack sliding 

model (Section 4.2.5). The concrete shear strength of the beams, neglecting the EB plate, was also 

evaluated using Zhang’s crack sliding model (Section 4.2.2). The results are presented in Table 4.23. 

The ratios of Vtest/Vp.theo, and Vtest/Vcrit.theo, are given in Table 4.23, and also plotted in Figures 14 and 

15 of the journal paper in Section 4.3.1 respectively. From Table 4.21, it can be seen that both passive 

prestressed and Mohamed Ali’s approach have good correlation with the test results. 
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Table 4.23 Theoretical analyses of fully angle plated beams 

Expt Zhang’s model Ali’s Model Prestressed Model 

Test 
Vtest Vuc.theo 

theouc

test

V

V

.

 Vcrit.theo 
theocrit

test

V

V

.

 Vp.theo 
theop

test

V

V

.

 

Shear-01 138 83.2  1.66  130  1.06  129  1.07  

Shear-02 134 83.2  1.61  130  1.03  129 1.04  

Shear-03 159 83.2  1.92  143  1.12  141  1.13  

Shear-04 162 83.2  1.94  143  1.13  141  1.15  

4.3.2.4  SIDE AND TENSION FACE PLATED BEAMS 

Mohamed Ali’s crack model for analysing side and tension face plated beams, discussed in Section 

4.2.5.4, is based on the assumption that the root of the critical diagonal crack always occurs at the 

plate end, that is x=a-Lend, with the top of the crack, point O, at the edge of the applied load. However, 

depending on the geometry of the beam and the plates, the CDC may not always occur at the plate 

end. For example, where the applied load is very far away from the plate end, the root of the crack is 

less likely to occur at the plate end, as greater shear is required to cause cracking further away from 

the applied load. In the Section below, Mohamed Ali’s model is modified to allow for any possible CDC 

positions. However this model, like all other crack sliding models which assume that the plates act as 

reinforcing bars, is only applicable to steel plates with a limit on the maximum reinforcement ratio 

allowed. In Section 4.3.2.4.2, the passive prestressed model presented in the paper in Section 4.3.1 is 

applied to a series of side and tension face plated beams, and the results are compared with those 

obtained from Mohamed Ali’s simplified model, and the modified crack sliding model. It is worth noting 

that for beams without prestressing tendons, the equations for determining the load to cause cracking 

Vcr.wsp is the same for Mohamed Ali’s crack sliding model and the passive prestress model.  

4.3.2.4.1 MOHAMED ALI’S CRACK SLIDING MODEL 

The presence of the tension face plate, tfp, and the side face plate, sfp, will delay the formation of the 

critical diagonal crack by resisting forces Tcr.tfp and Tcr.sfp, as illustrated in Figure 4.30, where a point 

load P is applied to a beam such that the top of the diagonal crack, point O, will always occur at the 

edge of the loading plate. These additional forces can be evaluated by transformation of the plate into 

an equivalent area of concrete.  The equation for the shear load to cause a crack Vcr.wsp is derived by 

first finding the length of the side plate crossing the inclined crack Lisp and, hence, the area crossing 

the crack plane. Then, determine the component force exerted by the side plate across the crack, 

Tcr.sfp, and multiply by the tensile strength of concrete to transform into an equivalent concrete area. 

For a diagonal crack which intercepts the tension face plate, find the component force exerted by 
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tension plate across the crack, Tcr.tfp, and multiply by the tensile strength of concrete to transform into 

an equivalent concrete area. Knowing the distances from the focal point, to Tcr.tfp and Tcr.sfp 

respectively, take the moment of all forces about point O to obtain the equation for the load to cause a 

diagonal crack Vcr.wsp.  

 P 

O 

x 
a 

Vcr.wsp 

ftef 

Tcr.sfp 

side plate 

diagonal crack 

h 

Lend 
reinforcing bar 

dsp 

dtop 

b 

tension plate Lout Tcr.tfp 

 

Figure 4.30 Model fro determining diagonal cracking load of side and tension face plated beams 

 

For different diagonal crack positions, the areas of the side and tension face plates which intercept the 

crack differs, hence resulting in a different equation for Vcr.wsp. In the following context, different 

equations of Vcr.wsp are presented for two cases considered: Case 1 - where the diagonal crack 

intercepts the top edge of the side plate as illustrated in Figure 4.31; and Case 2 - where the diagonal 

crack intercepts the side edge of the side face plate as shown in Figure 4.32. 

Case 1: )( inend
top

LLa
d

h
x −−≥ ; diagonal crack intercepts the top edge of the side plate

 

 

 

dtop 

dbot 

dsp 

Lout Lin 

Crack A  

Crack B  

x 

P 

Lend 

a 

 

Figure 4.31 Shear load to cause cracking for case 1 – Crack A & B 
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For x ≦ a – Lend-Lin, the diagonal crack forms in the region between the load and the inner edge of 

the side plate where the beam is only plated over the tension face as illustrated in Figure 4.31. 

Therefore, the shear load to cause cracking can be evaluated using Equation 4.14 for tension face 

plate beams.  

For x > a – Lend, the diagonal crack forms in the region between the support and the tension face plate 

end, such as crack A in Figure 4.31. Therefore Vcr.wsp can be calculated using Equation 4.16 for side 

face plated beams. 

For x ≦ a – Lend, such as crack B in Figure 4.31, Vcr.wsp can be calculated using Equation 4.28, which 

allows for the contribution of both side and tension face plates on the shear load to cause cracking.  

( ) ( )[ ]






 ++++






 += sptopspsptfptfptfp
t

tefwspcr ddtdthtb
h

mf
bf

a

hx
V 5.025.0

2

1
2

22

.  Equation 4.28 

 

Case 2: )( inend
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d
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x −−< ; diagonal crack intercepts the side edge of the side face plate 
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Figure 4.32 Shear load to cause cracking for case 2– Crack C & D 

 

For x ≦ a – Lend-Lin, the diagonal crack forms in the region between the load and the inner edge of 

the side plate where the beam is only plated over the tension face as illustrated in Figure 4.32. 

Therefore the shear load to cause cracking can be evaluated using Equation 4.14 for tension face 

plate beams. 
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For )()( outend
bot

inend LLa
dh

h
xLLa +−

−
≤≤−− , the diagonal crack forms in the vicinity of the 

side and tension face plate, such as crack C in Figure 4.32, and the shear load to cause cracking 

Vcr.wsp can be evaluated using: 
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For )( outend
bot
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> , the diagonal crack forms in the region between the support and 

the tension face plate end, such as crack D in Figure 4.32. Therefore, only the side face plates 

contribute to the shear load to cause cracking Vcr.wsp, which is given by: 
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The sliding action along the diagonal crack induces axial forces in the side and tension face plates. 

The axial force of the side plates Psp, is given by the lesser of the yield strength of the two side plates 

2Aspfyp and the total bond strength in the side plates 2PIC with an anchorage length of LB.sp. The axial 

force of the tension face plate Ptfp is given by the lesser of the yield strength of the plate Atfpfyp and the 

total bond strength in the plate PIC with an anchorage length of LB.tfp. To derive the equation for the 

load to cause sliding failure of a side and tension face plated beam, Vu.wsp, the Vu for RC beams 

(Equation 4.3) is modified by replacing the reinforcement ratio factor f3(ρ) with f3(ρwsp) in Equation 

4.31. The analysis procedures given in Section 4.2.2.3 are used to determine the position of the CDC 

and load at failure. 

( ) 58.0)(15.03 +++= sfptfpwspf ρρρρ  where 5.4≤++ sfptfp ρρρ  

and 100= x
bh

Asρ , 100x
bhf

P

yp
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sfp =ρ , 100x
bhf

P

yp

tfp

tfp =ρ  
Equation 4.31 
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4.3.2.4.2 ANALYSIS OF TEST SPECIMENS 

In the following Section, the experimental work carried out by Lou (1993) on side and tension face 

plated specimens, summarized in Section 4.2.6.4, are analysed using the passive prestressed model, 

Mohamed Ali’s diagonal crack model which assumes that a CDC forms at the plate end, i.e. x=a-Lend 

(Section 4.2.5); and the modified Mohamed Ali’s crack sliding model presented in Section 4.3.2.4.1 

which allows for different crack positions. The concrete shear strength of the beams neglecting the EB 

plates was also evaluated using Zhang’s crack sliding model (Section 4.2.2). The results are 

presented in Table 4.24. The ratios of Vtest/Vp.theo, and Vtest/Vcrit.theo, are given in Table 4.24, and also 

plotted in Figures 14 and 15 of the journal paper in Section 4.3.1 respectively. 

From Table 4.24, it can be seen that the passive prestress model and the two Mohamed Ali’s crack 

sliding models gave good correlation with test results. Mohamed Ali’s model which assumes that the 

CDC occurs at the plate end gives a good estimation of the failure load because it was found both 

experimentally and analytically that the CDC formed near the tension face plate end for majority of the 

specimens. Furthermore, from Table 4.24 it is found that for beams with large Lin, such as the series 3 

beams, the models tend to be less accurate. 

Tests performed by Mohamed Ali (2000) on partially plated side and tension face plated beams 

reviewed in Section 4.2.6.4, were analysed for the loads at intermediate crack (IC) debonding VIC, 

CDC debonding Vp.theo, and PE (plate end) debonding VPE to determine the resultant load Vtheo and 

type of debonding failure that occurred in these beams. CDC debonding analyses were carried out 

using the passive prestressed approach. IC debonding analysis was carried out using the classical full 

interaction analysis, neglecting the slip at the plate/concrete interface. The strength at which IC 

debonding occurs for each plate was predicted using Chen and Teng’s model (Teng et al. 2002) given 

in Section 2.2.3.5, where an average α of 0.887 obtained from slabs and beams tests was used in the 

analysis. PE debonding analysis was carried out using the model by Oehlers et al. (2000) given by 

Equation 4.27. The results are presented in Table 4.25, and also plotted in Figure16 of the journal 

paper in Section 4.3.1. From the analyses it was found that all four beams failed due to CDC 

debonding, and good correlation was obtained between the test and theoretical results. 
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Table 4.24 Theoretical analyses of side and tension face plated beams 

Expt Zhang’s model 
M. Ali’s model for 

x=a-Lend 

Modified M. Ali’s 
model for different x 

Passive Pres 
model 

Test 
a

Lin  

Vtest Vuc.theo 
theouc

test

V

V

.

 Vp,wsp 
wspp

test

V

V

.

 Vcrit.theo 
theocrit

test

V

V

.

 Vp.theo 
theop

test

V

V

.

 

Series 1  

SP/S1L 0 33.4 32.8 1.02 28.2 1.18 32.8 1.02 32.8 1.02 

SP/S2L 0 26.4 32.8 0.805 28.2 0.935 32.8 0.805 32.8 0.805 

SP/S3L 0.09 30.8 32.8 0.939 33.5 0.919 37.6 0.819 37.0 0.834 

SP/S2R 0.18 37.0 32.8 1.13 38.1 0.972 40.3 0.918 39.3 0.941 

SP/S4R 0.27 35.0 32.8 1.07 41.9 0.836 43.0 0.814 41.9 0.836 

SP/S1R 0.36 43.2 32.8 1.32 45.0 0.961 45.5 0.949 45.0 0.961 

SP/S3R 0.54 50.0 32.8 1.52 49.0 1.02 49.9 1.00 49.0 1.02 

SP/S4L 0.69 60.6 32.8 1.85 50.1 1.21 52.2 1.16 50.1 1.21 

Series 2 

SP/S8L 0 33.0 28.7 1.15 39.6 0.833 37.9 0.871 37.4 0.882 

SP/S8R 0.84 62.8 28.7 2.19 70.3 0.893 55.4 1.13 50.5 1.24 

SP/S9L 0 31.5 36.4 0.866 39.6 0.795 39.6 0.795 39.6 0.795 

SP/S9R 0.84 69.8 36.4 1.92 70.3 0.993 59.0 1.18 64.0 1.09 

Series 3 

SP/S5L 0 27.9 32.8 0.850 39.6 0.705 39.6 0.705 39.6 0.705 

SP/S5R 1.83 54.6 32.8 1.66 46.9 1.16 46.9 1.16 46.9 1.16 

SP/S6L 0 33.1 32.8 1.01 39.6 0.836 39.6 0.836 39.6 0.836 

SP/S6R 1.83 64.7 32.8 1.97 55.3 1.17 55.3 1.17 55.3 1.17 

SP/S7L 0 33.0 32.8 1.01 39.6 0.833 39.6 0.833 39.6 0.833 

SP/S7R 1.83 72.6 32.8 2.21 61.9 1.17 56.9 1.28 59.0 1.23 

 

Table 4.25  Theoretical analyses of partially side and tension face plated beams  

Theoretical failure 

Test 
a

Lend  

Expt 

Vtest 
(kN) 

CDC 
analysis 

Vp.theo 

(kN) 

PE 
analysis 

VPE (kN) 

IC 
analysis 

VIC (kN) 
Vtheo 

(kN) 
theo

test

V

V
 Failure mode 

MB01 0.167 111 114 909 150  114 0.977 CDC debonding 

MB02 0.375 114 133  497 150  133  0.856 CDC debonding 

MB03 0.500 126 140  373 212 140  0.898 CDC debonding 

MB04 0.667 133 140  280 212 140  0.945 CDC debonding 
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4.3.2.5  COMPRESSION FACE PLATED BEAMS 

Tests performed by Mohamed Ali (2000) on fully plated side face plated beams, as discussed in 

Section 4.2.6.5, were analysed using the passive prestressed model and Mohamed Ali’s crack sliding 

model (Section 4.2.5). The concrete shear strength of the beams neglecting the EB plate was also 

evaluated using Zhang’s crack sliding model (Section 4.2.2). The results are presented in Table 4.26 

where the experimental and analytical results for the three stages of debonding (Section 4.2.5.5) are 

given. The ratios of Vtest/Vp.theo, and Vtest/Vcrit.theo, are given in Table 4.26, and also plotted in Figure 14 

of the journal paper in Section 4.3.1 respectively. 

Comparing Vcr
II, that is the shear load at stage II of CDC debonding (Figure 4.14b and Section 

4.2.5.5), obtained using Mohamed Ali’s model with the results from the passive prestressed model in 

Table 4.26, it was found that both approaches gave a conservative prediction, especially Mohamed 

Ali’s model, of the debonding load. In general, the shear load at complete debonding (Figure 4.14b 

and Section 4.2.5.5), Vcr
III, predicted using the two models tends to overestimate the failure load Vtest. 

Therefore, for conservative design Vcr
II can be used as a lower bound for predicting the CDC 

debonding failure of compression face plated beams.  

Table 4.26 CDC analysis of fully compression face plated beams 

Expt Zhang’s model M. Ali’s Model Passive Pres Model 

Debonding 
stage Vtest Vuc.theo 

theouc

test

V

V

.

 Vcrit.theo 
theocrit

test

V

V

.

 Vp.theo 
theop

test

V

V

.

 

Specimen: SPC6 

Vcr
I 80.7 79.9 1.01 - - - - 

Vcr
II 124 79.9 1.55 85.3  1.45  86.3  1.44  

Vcr
III=Vfail 148 79.9 1.85 149  0.992 149  0.992  

Specimen: SPC12 

Vcr
I 88.1 79.9 1.10 - - - - 

Vcr
II 117 79.9 1.47 89.2  1.32  89.2  1.32 

Vcr
III=Vfail 142 79.9 1.77 151  0.937  151  0.937  

Specimen: SPC20 

Vcr
I 80.7 79.9 1.01 - - - - 

Vcr
II 94 79.9 1.25 89.2  1.12  92.5  1.08  

Vcr
III=Vfail 155.6 79.9 1.95 155  1.00  155  1.00  
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In the analysis of the partially plated compression face plated beams tested by Mohamed Ali (2000), 

discussed in Section 4.2.6.5, the shear load at CDC (VCDC) and PE (VPE) debonding were checked to 

determine the type of debonding failure that occurred. IC debonding was ignored in the analysis as 

this mode of debonding does not occur in the compression region. In the CDC debonding analyses, 

debonding failure was assumed to occur at stage II of debonding, where the passive prestressed 

approach was used to predict the shear load Vcr
II. PE debonding analysis was carried using the model 

by Oehlers et al. (2000) shown in Equation 4.32, where kcfp=0.206 for the mean value, and 0.393 for  

the characteristic value. The characteristic value of kcfp was used in the analysis as it was found from 

comparing the theoretical and the test result for test FP-20 (in pure flexure) that the mean value 

largely overestimates the moment at plate end debonding. The results are presented in Table 4.27, 

and also plotted in Figure16 of the journal paper in Section 4.3.1.  

cfppcfp

cpt

cfpPE tEk

EIf
M

)(
. =  Equation 4.32 

 

Table 4.27  Theoretical analyses of partially compression face plated beams 

Expt 
CDC 

analysis 
PE analysis Theoretical failure 

Test 
a

Lend  
Vtest 
(kN) 

Mtest
 

(kNm) 
Vcr

II
 (kN) 

VPE 

(kN) 
MPE 

(kNm) 
Vtheo 

(kN) 
theo

test

V

V
 Failure mode 

Group 1 

SP-C20 0.00 156 0 92.5 0.000 55.3 92.5 1.47 CDC debonding 

SF-C1 0.167 119 29.8 86.6 221 55.3 86.6 1.38 CDC debonding 

SF-C2 0.286 94.1 47.1 81.9 110 55.3 81.9 1.15 CDC debonding 

SF-C3 0.444 52.7 52.7 74.9 55.3 55.3 55.3 0.954 PE debonding 

Group 2 

SF-C5(b) 0.652 102.1 76.6 82.4 73.7 55.3 73.7 1.39 PE debonding 

SF-C6(a) 0.444 66.4 66.4 64.7 55.3 55.3 55.3 1.20 PE debonding 

SF-C6(b) 0.714 87.2 87.2 80.3 55.3 55.3 55.3 1.58 PE debonding 

SF-C7(a) 0.790 78 117 77.4 36.8 55.3 36.8 2.12 PE debonding 

SF-C7(b) 0.790 86.7 130 77.4 36.8 55.3 36.8 2.35 PE debonding 

SF-C7(c) 0.952 102 153 83.5 36.8 55.3 36.8 2.77 PE debonding 

 

Looking at Group 1 tests in Table 4.27, the theoretical models give good correlation with test results. 

For the Group 2 beams, theoretically all the beams failed by PE debonding, but the predicted VPE for 
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these beams are a lot lower than the experimental results as shown in Table 4.27. This is because the 

formation of the diagonal cracks relieved the stresses in the plate, that is the curvature in the plate 

was reduced, hence postponing plate end debonding and also largely reducing the rate of propagation 

of the debonding cracks. The results also indicate that there is no interaction between plate end and 

CDC debonding. 

 

 

4.4 PASSIVE PRESTRESS CODE APPROACH 

4.4.1 JOURNAL PAPER: SHEAR DEFORMATION DEBONDING OF ADHESIVELY 

BONDED PLATES 

The research performed in the previous section implies that existing national standards for predicting 

the shear resistance of prestressed beams can be used directly in predicting the shear load to cause 

CDC debonding of both steel and FRP plated beams, which will be illustrated in the following paper. 

The accuracy of the application of prestressed design rules on plated beams was verified using test 

results obtained from existing literature, where detailed descriptions of the tests are included in 

Section 4.2.6. 
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4.5 SUMMARY 

From the literature review carried out in this Chapter, it has been shown that the concrete shear 

capacity of a plated beam, and hence its resistance to CDC debonding, is analogous to the shear 

capacity of a prestressed beam. Based on this theory, a generic design procedure for CDC debonding 

has been developed in this research, which can be used for any type of plate material and for plates 

bonded to any surface of an RC beam. This model was verified using seventy-seven plated beam 

tests carried out by various researchers in which CDC debonding was the primary mode of debonding. 

The mathematical model is shown to give a lower bound and, hence, can be used with safety. It has 

also been shown that there is no interaction between CDC debonding and PE debonding so that a 

plated beam can be designed for each debonding mechanisms independently. 

Based on the assumption that externally bonded plates impose a passive prestressing force, this 

implies that design rules in national standards for predicting the concrete component of the shear 

capacity of prestressed beams can be used to predict CDC debonding. The application of prestressed 

design rules for CDC debonding of on plated beams was verified using the collection of test 

specimens from existing literature. It is recommended that only prestress code models for the 

concrete shear capacity that can be applied to both prestressed and unprestressed beams, such as 

the eurocode model, should be used.  
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4.7 NOTATIONS 

The following symbols are used in this chapter: 
(EI)cp flexural rigidity of the cracked plated section 
(Vdat)crack shear load to cause cracking due to the prestressing force Fps 

a shear span; distance between centre of support plate and edge of load plate 
Abar total cross-sectional area of bars 
Acfp cross-sectional area of compression plate 
Ap cross-sectional area of plate 
As total cross-sectional area of bars 
Asof cross-sectional area of soffit plate 
Asp cross-sectional area of side plate 
Ast cross-sectional area of the tensile reinforcing bars 
b width of beam 
bcfp width of compression face plate 
bsof width of soffit plate 
btfp width of tension face plate 
bweb width of angle plate on the side face 
d depth of beam 
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dbot distance from bottom of beam to the bottom edge of the side plate 
dia diameter of bars 
dse depth of the prestressed tendon 
dsp width of the side plate 
dtop distance from top of beam to the top of side or angle plates 
Ec Young’s modulus of concrete  
Ep Young’s modulus of plate  
f1 function of concrete compressive strength 
f2 function of beam depth 
f3 function of reinforcement ratio 
f4 function of the prestressing force 
Fbar bar force 
fbt Brazilian tensile strength of the concrete  
fc compressive concrete strength 
Fps prestressing force 
Fse prestressing force 
ft indirect tensile strength of the concrete, assumed to be 80% of the Brazilian tensile strength 

of the concrete fbt 
ftef effective plastic tensile strength 
fu ultimate strength 
fy yield strength 
fyp yield strength of plate 
h depth of beam 
hp.cmp distance between the neutral axial of the plated beam to the centroid of the plate 
kcfp characteristic value for PE debonding analysis of compression face plated beams 
LB distance between the root of CDC and the plate end; anchorage length 
LB.cfp anchorage length of compression plate 
LB.sof anchorage length of soffit plate 
LB.sp anchorage length of side plate 
Lend distance from the plate end to the support 
Lin distance between the end of the tension face plate and the inner edge of the side plate lying 

within the shear span 
Lisp length of the side plate crossing the inclined crack 
Lout bond length of side plate measured from the end of the tension face plate to the outer edge of 

the side plate 
Lp plate length 
m modulus ratio of Es/Ec 
MPE average moment to plate end debonding 
P applied load 
Pbar tension force in longitudinal bars 
Pcfp maximum possible force in the compression plate 
Pdowel dowel action 
PIC IC debonding resistance at plate/concrete interface  
Pinter compressive force across CDC 
Psfp maximum possible force in the side face plate 
Psof maximum possible force in the soffit plates 
Psp maximum possible force in the side plates 
Ptfp maximum possible force in the tension face plate 
tangle angle plate thickness 
tcfp compression face plate thickness 
Tcr.sfp additional resistance due to the side face plates 
Tcr.sof additional resistance due to the soffit plates 
Tcr.sp additional resistance due to the side plates 
Tcr.tfp additional resistance due to the tension face plate 
tsof soffit plate thickness 
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tsp side face plate thickness 
ttfp tension face plate thickness 

u relative displacement along the diagonal crack at an angle of α =90o-β 
V vertical shear force  
Vc concrete component of the vertical shear capacity 
VCDC shear load at CDC debonding failure 
Vcr vertical shear load to cause the formation of a diagonal crack 
Vcr,se shear load to cause the formation of a diagonal crack in a prestressed beam 
Vcr.angle shear load to cause the formation of a diagonal crack of angle plated beam 
Vcr.cfp shear load to cause the formation of a diagonal crack of a compression face plated beam 
Vcr.sfp shear load to cause the formation of a diagonal crack of a side face plated beam 
Vcr.tfp shear load to cause the formation of a diagonal crack of a tension face plated beam 
Vcr.wsp shear load to cause cracking  in beam with side and tension face plates 
Vcr

I
 shear load to cause the formation of the critical diagonal crack in compression face plated 

beam (stage 1) 
Vcr

II
 shear load to cause the extension of the CDC in compression face plated beam (stage 2) 

Vcr
III

 shear load to cause the formation of diagonal crack from support  in compression face plated 
beam (stage 3) 

Vcrit shear load to cause the formation of critical diagonal crack 
Vcrit.theo shear strength at failure calculated using Mohamed Ali’s crack sliding model 
Vfail shear load at beam failure 
Vp.theo shear strength at failure calculated using passive prestressed model 
Vp.wsp shear load to cause complete CDC debonding  in beam with side and tension face plates 
VPE shear load at PE debonding failure  
Vpure.cfp shear load to cause complete CDC debonding  in compression face plated beam  
Vtest shear load at failure obtained from experiments  
Vtheo shear load at failure obtained from theoretical analyses  
Vu vertical shear load to cause sliding failure along the diagonal crack 
Vu,se shear load to cause sliding failure of a prestressed beam 
Vu,sfp shear load to cause sliding failure of a side face plated beam 
Vu.angle shear load to cause sliding failure of a angle plated beam 
Vu.cfp shear load to cause sliding failure of a compression face plated beam 
Vu.tfp shear load to cause sliding failure of a tension face plated beam 
Vuc shear strength of unplated RC beam without stirrups 
Vuc.theo concrete shear capacity of unplated beam 
w width of beam 
x horizontal projection of a diagonal crack  

β inclination of the crack relative to the longitudinal axis of the beam 

γs sliding reduction factor due to cracking 

γo effectiveness factor for uncracked concrete 

γo,se effectiveness factor for prestressed beams 

λ constant  

ρ reinforcement ratio of longitudinal bars 

ρangle  reinforcement ratio of angle plate 

ρcfp  reinforcement ratio of compression face plate 

ρsfp  reinforcement ratio of side face plates 

ρsof  reinforcement ratio of soffit plates 

ρsp  reinforcement ratio of side plates 

ρtfp  reinforcement ratio of tension face plate 

σp prestressing stress  

σse average prestressing stress  

σp prestressing stress 

τRd basic design shear strength 
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The following acronyms are used in this chapter: 
c/c centre to centre spacing 
CDC  critical diagonal crack 
EB  externally bonded 
FA fully anchored 
FRP fibre reinforced polymer 
IC Intermediate crack  
PE  plate end  
Pres prestressed 
RC reinforced concrete 
 
 
The following subscripts are used in this chapter: 
angle angle plate 
cfp compression face plate 
sfp side face plate 
sof soffit plate 
sp side plate 
tfp tension face plate 
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