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Abstract 

The test result of an experimental study on the flexural strength of reinforced 

concrete beams strengthened with steel plates is presented. The beams were 

simply supported and loaded monotonically with two point loads. The test 

variables used in this study were strengthening method and development length 

of steel plates. Nine beams without strengthening and nine beams strengthened 

with steel plates were tested until the beams reach the flexural failure specified 

by crushing of concrete on the top surface of compression region. The test results 

show that steel plates increase the capacity of the beam significantly and slightly 

increase the flexural stiffness of the beams. In addition, the ultimate load of the 

strengthened beams with debonding failure was similar to the beams without 

strengthening if the load kept increasing until flexural failure. The test results also 

showed that the debonding failure occurred after the steel plate reach the yield 

stress value and the development length affects the failure mode of the 

strengthened beams. Analytical study based on a theoretical moment-curvature 

calculation of reinforced concrete cross-section was carried out in order to obtain 

the complete flexural response of the beams analytically. The comparison shows 

that analytical prediction provides good accuracy for both reinforced concrete 

beams with and without strengthening. 

Keywords:  Debonding failure, Development length, Flexural strength, Steel 

plate, Strengthening. 
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1.  Introduction 

Improving the members of reinforced concrete structures by using epoxy resins [1] 

and steel bars or plates adhesively attached to the tension face of concrete has been 

used for the past three decades [2-10]. This method is a simple and low-cost method 

of flexural strengthening. 

As reported by Swamy et al. [2], reinforced concrete beams strengthened 

with externally glued steel plates show higher flexural strength and rigidity 

compared to beams without strengthening. As reported by Oehlers et al. [4], 

however, reinforced concrete members strengthened with steel plates can fail 

suddenly due to the separation of the plates and concrete surfaces. Therefore, 

structural members that use externally glued steel plates must be designed to 

avoid this sudden failure. 

A previous study designed to observe the contribution of steel plates on the 

flexural strength of the strengthened beams has been carried out [8]. In this past 

study, steel plates were glued to the soffits of the beams using near surface mounted 

method. Debonding failure after yielding of the steel plates with concrete cover 

separation occurred on two of the strengthened beams. The result also showed that 

the strengthened beam has higher flexural strength. 

Although reinforced concrete beam strengthening with steel plates has been 

extensively researched, there are still some important issues, such as debonding 

problem, that need to be investigated. The main purpose of this study is to examine 

the effect of strengthening method (tension face plated and near-surface mounting) 

and development length of steel plates on flexural strength of strengthened 

reinforced concrete beams experimentally. 

Analytical prediction using theoretical moment-curvature determination of 

reinforced concrete cross section was also carried out and a computer program was 

developed. The output of the program is the flexural response of the beam cross-

section in the form of a load-deflection curve. Analytical results then compared 

with the data obtained from the test. 

2.  Experimental Study 

A series of experimental studies were carried out on simply supported reinforced 

concrete beams strengthened with steel plates. Eighteen reinforced concrete beams 

were divided into three groups with six teams in each group. Each group consisted 

of three beams as control specimens and three beams flexural strengthened with 

steel plates. The complete list of material properties used in this study is shown in 

Table 1. Group II was adopted from author's test data in a previous study [8]. 

Fresh concrete was supplied by the ready-mix concrete company. The 

cylindrical specimens were taken out from a concrete mixer truck before the 

concrete poured into the beams framework. The maximum aggregate size of 

concrete was 10 mm and the concrete compressive strength at age 28 days for 

each group are listed in Table 1. The concrete compressive strength was obtained 

from the standard test method for compressive strength of cylindrical specimens 

with 150 mm diameter of cross-section and 300 mm high (ASTM C39/C39M-14) 

[11]. The compressive testing machine used for concrete compression test is 

shown in Fig. 1(a). 
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Longitudinal reinforcement used was deformed steel bars with 13 mm diameter 

of cross-section. Three ratios of longitudinal reinforcement used for control 

specimens and for both types of strengthening method were 1%, 1.5% and 2.5%. 

All beams were reinforced with 10 mm diameter closed type stirrups and the 

spacing between stirrups was 100 mm. The tensile strength of steel bars and steel 

plates was obtained from a standard test method for the tensile strength of steel 

products (ASTM A370-16) [12]. Figure 1(b) shows the universal testing machine 

used for the tensile test of steel bars and steel plates. The results of the tensile test 

in term of yielding strength are listed in Table 1. 

Table 1. Material properties. 

Group 

Concrete 

compressive 

strength, fc (MPa) 

Yield strength, fy (MPa) 

Longitudinal 

reinforcement 

Transversal 

reinforcement 

Steel 

plate 

I 27.0 417 368 240 

II 23.0 580 391 250 

III 23.7 340 389 304 

 

  

(a) Concrete compression test. (b) Universal testing machine 

used for tensile test of steel bar. 

Fig. 1. Equipment used for material test. 

Figure 2 illustrates the side view and cross-section of control beams and 

reinforced concrete beams strengthened with steel plates used in this study. The 

cross-sections of the beams were 125 mm wide and 250 mm high. The sheer span 

length was 800 mm, the length of constant moment zone was 400 mm and the total 

length for all beams was 2300 mm. To avoid bond failure in support region the 

sufficient development length of longitudinal reinforcement beyond the support 

was used as 150 mm as suggested in references [13-15]. The position of loads and 

the dimension of the beams are shown in Fig. 2(a). 

Three methods of mounting the steel plates on the soffit of the beam can be 

seen in Figs. 2(b) to (d). In the case of beams labelled BP0 the surface of the steel 

plates was directly bonded with an adhesive (epoxy) to the tension face of the 

beams after removing dust and fine particles from the bottom surface of the 

beams (tension face plated). Epoxy used in this study is Sikadur 31 with a tensile 

adhesion strength of 12 MPa after 3 days of curing time. This epoxy can be used 

to glue steel on concrete and the price of this epoxy is not too expensive. The 

cross-section detail of beam BP0 showing the position of the steel plate is 

illustrated in Fig. 2(e). 
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The effect of development length (Lp) of near surface mounted steel plate was 

observed in beams BP and BP2. In these beams (BP and BP2), the groove cuts were 

initially arranged before pouring fresh concrete into the formwork of the beam. 

After curing the concrete beams for 28 days formwork is released. Then, the groove 

surfaces were cleaned by compressed air to take out fine particles and dust. The 

epoxy adhesive is filled halfway into the grooves using a palette knife before 

inserting the steel plates. The steel plates (3 mm thick and 50 mm width) were 

immediately placed inside the grooves and pressed lightly along the plate to the 

adhesive. The grooves were finally filled with epoxy adhesive paste and the surface 

was levelled as illustrated in Fig 2(f). Support condition for beam BP2 beams is 

illustrated in Fig. 2(g). 

The hydraulic jack with 500 kN capacity was used to applied two-point loads 

monotonically until failure. The magnitude of the applied load was measured 

using a load cell placed above the steel spreader beam as shown in Fig. 3(a). 

Three linear variable displacement transducers (LVDT's) were used to measure 

the deflections at mid-span and at both loading points. Load cell and LVDT's 

were connected to a data logger. The cracks occurred during the test were 

observed and the crack loads value were plotted beside the crack line. To ensure 

the beams reached the ultimate state, the loading was stopped due to crushing of 

concrete on the top surface of the compression region as shown in Fig. 3(b). 

 

(a) Control beams. 

 

(b) BP0 (tension face plated). 

 

(c) BP (near surface mounted). 
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(d) BP2 (near surface mounted). 

  
 

(e) Cross section detail 

of BP0 beams. 

(f) Cross section detail 

of BP and BP2 beams. 

(g) Support condition for 

BP2 beams only. 

Fig. 2. Type of beam specimens and cross-section detail of each group. 

  

(a) Beam before test (test setup). (b) Typical failure after test. 

Fig. 3. Experimental setup. 

3.  Analytical Study 

According to Thamrin [8] and Park and Paulay [16], a numerical study based on 

the theoretical moment-curvature calculation of reinforced concrete cross section 

used in references was applied in this study. The first step of this method is 

performed by dividing the cross section into a finite number of reinforcement and 

concrete layers as illustrated in Fig. 4. In the analytical model, the steel plate is 

assumed as the reinforcement layer and connection between reinforcement layers 

and concrete layers are assumed to be perfectly bond. Hence, the strain 

distribution along the height of the beam cross-section can be assumed to be 

linear as shown in Fig. 4. 

The strain, i, in the concrete and reinforcement elements for an assumed value 

of curvature, , and the lever arm of each element, yi, can be calculated as: 

)( ioi y                       (1) 

The second step is calculating the stresses by using a given stress-strain law of 

concrete and steel. The stresses, i, acting on each reinforcement layers, concrete 

elements and the steel plate can be determined as: 
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)( ii f                    (2) 

As suggested by Mander et al. [17], the stress-strain law of concrete in 

compression applied in this study is adopted from the model, while for concrete in 

tension a linear model up to the maximum concrete tensile strength without a 

tension stiffening effect is used. The stress-strain law for steel bars and steel plates 

used in this study is a bi-linear model. 

The third step is calculating the internal forces, Fi, for each of the concrete 

elements and reinforcement layers with an area, Ai, can be obtained as: 

iii  AF                      (3) 

The fourth step is checking whether the equilibrium of internal forces is 

satisfied. An iterative procedure is required to obtain the value of axial strain, o, 

which fulfilled the equilibrium of the internal forces. The fifth step is calculating 

the internal moment, M, in the cross-section as: 

ii yFM                      (4) 

The last step is to calculate the load, P, and deflection, , values by using the 

appropriate moment and curvature distribution with each incremental step along 

the length, L, of the beam and can be calculated as: 


2/

0

L
dxx                     (5) 

The complete details of the computation procedure can be found in the literature 

[8, 16]. The algorithm of the computation procedure is illustrated in Fig. 5. The 

calculation process was aided by a computer program (using FORTRAN 

programming language) developed by the author. 

  

Fig. 4. Analytical model and strain distribution 

along the height of beam cross section. 

Fig. 5. The algorithm 

of the computation 

procedure [8, 9]. 

4.  Results and Discussion 

Table 2 shows beam data, the calculated beam capacities and the test results. 

Where b is the diameter of longitudinal reinforcement, N is a number of tensile 

longitudinal reinforcement,  is the ratio of longitudinal reinforcement, s is 

the diameter of stirrups, s is spacing of stirrups, t is plate thickness and w is the 

plate width. 
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Table 2. Beam data, failure modes and test results. 

Specimen 

Longitudinal 

reinforcement 

(tensile) 

Stirrups Steel plate 

Calculated 

flexural 

capacity 

First 

crack 

Deb. 

load 

Max. 

load Failure 

mode 
b 

(mm) 
N 

 

(%) 

s 

(mm) 

s 

(mm) 

t 

(mm) 

w 

(mm) 

Vf 

(kN) 
(kN) (kN) (kN) 

Group I BC0-01 

13 

2 1.0 

10 100 

Control 

specimens 

25 11.0 - 29 F 

BC0-02 3 1.5 37 12.0 - 39 F 

BC0-03 5 2.5 54 10.5 - 53 F 

BC0-01 2 1.0 

3 50 

35 11.0 - 38 F 

BC0-02 3 1.5 46 10.0 26.2 39 F 

BC0-03 5 2.5 66 10.5 38.4 54 F 

Group II BC0-01 2 1.0 
Control 

specimens 

35 8.9 - 39 F 

BC0-02 3 1.5 51 8.5 - 52 F 

BC0-03 5 2.5 76 6.0 - 71 F 

BC0-01 2 1.0 

3 50 

44 8.8 42.0 42 F 

BC0-02 3 1.5 60 9.3 - 59 F 

BC0-03 5 2.5 81 12.4 79 79 F 

Group III BC0-01 2 1.0 
Control 

specimens 

22 4.9 - 23 F 

BC0-02 3 1.5 32 5.3 - 38 F 

BC0-03 5 2.5 48 5.1 - 51 F 

BC0-01 2 1.0 

3 50 

35 5.7 - 38 F 

BC0-02 3 1.5 45 6.8 - 51 F 

BC0-03 5 2.5 63 5.1 - 64 F 

Representative crack patterns of the beams at failure are shown in Fig. 6. For 

all control beams, the flexural crack was first initially developed in the zone 

between the two-point loads (constant moment zone) at an average load level of 8.4 

kN. Higher values of the first crack load were observed in beams with steel plates 

showing the contribution of steel plates to withstand tensile forces. The diagonal 

shear cracks develop in the shear span zone after the occurrence of flexural cracks 

in the tension side of the beams as shown in Fig. 6.  

In this study, debonding failure occurred after the occurrence of diagonal shear 

cracks. The yielding points of tensile reinforcement occurred at various load stages 

depending on the amount of the tensile longitudinal reinforcement. Finally, all the 

beams failed in flexural failure as indicated by higher values of deflection and 

crushing of concrete on the top fibre of the compression zone. 

The modes of failure for each beam are listed in Table 2. Two types of failure 

mode were observed, i.e., debonding failure (D) indicated by debonding from plate 

end and debonding failure with concrete cover separation and flexural failure (F) 

indicated by crushing of concrete on the top of compression zone, yielding of steel 

plate and yielding of tensile longitudinal reinforcement as shown in Fig. 7. In this 

experimental study, if a debonding failure occurred, load continued to be increased 

until flexural failure occurred, and the beams reached the ultimate condition as 

shown in Fig. 7. The maximum loads listed in Table 2 are the load of flexural 

failure. The values of debonding load are listed in Table 2 and pointed out in load-

deflection curves in Fig. 7. 

The first mode of failure (debonding) was observed in two beams from Group 

I (BP0-02 and BP0-03) and two beams from Group II (BP-01 and BP-03) while 

only the second mode of failure (flexural) was observed from beams in Group III. 

This difference was caused by the different mounting methods of the steel plates. 

Additionally, due to longer development length of the steel plates, no debonding 

failure was found on the strengthened beams in Group III. 
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(a) BP0-02. 

 
(b) BP0-03. 

 
(c) BP-01. 

 
(d) BP-03. 

Fig. 6. Debonding from plate end (BP0-02 and BP0-03) and debonding 

failure with concrete cover separation (BP-01 and BP-03). 

plate end 

plate end 

plate end 

plate end 
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(a) Group I. (b) Group II. 

Fig. 7. Load-deflection curves of beams with debonding failure. 

In order to observe the effect of tensile reinforcement ratio on the beam 

capacity, the midpoint deflections obtained from the test are plotted against the 

point loads as shown in Fig. 8 (black line). It is shown that the tensile reinforcement 

ratio significantly affected the beam capacity for all beams, both with and without 

steel plates. However, an increase in the tensile reinforcement ratio led to an 

increase in the shear forces sustained before failure. Hence, the possibility of 

debonding failure for beams with higher reinforcement ration is higher when beams 

are strengthened with steel plates. 

A comparison between analytical (red line) and experimental (black line) load-

deflection curves are shown in Fig. 8 (a to f). The analytical model can accurately 

predict the full flexural response of all beams. The analytical result indicates that 

the flexural strength of the plated beams is higher than for beams without steel 

plates by 6 to 60%, depending on the values of concrete compression strength, the 

ratio of longitudinal reinforcement, the yield strength of longitudinal reinforcement 

and the yield strength of steel plates. In addition, the test results obtained from the 

analytical study indicate that debonding failure for BP0-02, BP0-03, BP-01, and 

BP-03 occurs after yielding of the steel plates. 

The debonding failure loads of beams BP0-02, BP0-03, BP-01 and BP-03 are 

also shown in Fig. 8(b) and (d). The failure load for beams BP0-02 and BP0-03 was 

similar to that beams without steel plates (BC0-02 and BC0-03) as shown in Fig. 

8(b). In this case, the debonding failure occurred before yielding of the tensile 

reinforcement. However, in beams, BP-01 and BP-03 debonding failure occurred 

after yielding of the tensile reinforcement. The resulting increase in capacity can 

be seen in Fig. 8(d). In addition, it is observed from this study that the occurrence 

of debonding failure can be avoided by increasing the development length (Lp) of 

the steel plates. The flexural strength of control and strengthened beams for Group 

III can be seen in Figs. 8(e) and (f). 

Figure 9 shows the comparison of load-deflection curves between beams with 

(red line) and without (black line) steel plates. In the case of beams with steel plates, 

only beam BP0-01 in Group I and beam BP-02 in Group II reached the flexural 

capacity without premature debonding failure. The flexural capacities of the 
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strengthened beams in Group I and Group II were about 31% and 13% higher than 

that of the control beams. 

It is also shown in Fig. 9(b) that the flexural capacity of the beams in Group II 

was relatively high compared to that of beams in Group I and III due to the higher 

value of yield strength of the tensile reinforcement (580 MPa). This frequently led 

to debonding failure, which started at the plate ends and developed towards the 

centre of the beam (debonding failure with concrete cover separation). Figure 9(c) 

shows that all the beams with steel plates in Group III (BP2-01, BP2-02 and BP2-

03) reached flexural capacities that were 65%, 33%, and 25% higher than the 

control beams. It also shows that steel plates increased the stiffness of all the 

strengthened beams significantly. 

  

(a) Group I (control beams). (b) Group I (with steel plates). 

  

(c) Group II (control beams). (d) Group II (with steel plates). 

0

10

20

30

40

50

60

70

80

90

0 10 20 30 40 50 60

L
o

a
d

 (
k

N
)

Deflection (mm)

BC0-01 BC0-02 BC0-03

BC0-01A BC0-02A BC0-03A

0

10

20

30

40

50

60

70

80

90

0 10 20 30 40 50 60

L
o

a
d

 (
k

N
)

Deflection (mm)

BP0-01 BP0-02 BP0-03

BP0-01A BP0-02A BP0-03A

0

10

20

30

40

50

60

70

80

90

0 10 20 30 40 50 60

L
o

a
d

 (
k

N
)

Deflection (mm)

BC-01 BC-02 BC-03

BC-01A BC-02A BC-03A

0

10

20

30

40

50

60

70

80

90

0 10 20 30 40 50 60

L
o

a
d

 (
k

N
)

Deflection (mm)

BP-01 BP-02 BP-03

BP-01A BP-02A BP-03A



Effect of Strengthening Method and Development Length on Flexural . . . . 3791 

 
 
Journal of Engineering Science and Technology    November 2018, Vol. 13(11) 

  

(e) Group III (control beams). (f) Group III (with steel plates). 

Fig. 8. Comparison between analytical prediction and test result. 

  

(a) Group I. (b) Group II. 

 

(c) Group III. 

Fig. 9. Comparison between beams with and without steel plates. 

In order to compare the experimental debonding load with the available theoretical 

procedure the value of the ultimate peeling moment is then calculated using Eq. (10): 
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t sE 

bf cpEI
upM

9.0

)(
                   (6) 

where (EI)cp is the flexural rigidity of the cracked plated section, fb is the Brazilian 

tensile strength taken as 0.5(fc')0.5, Es is Young's modulus of steel plate and t is the 

thickness of the steel plate. 

Furthermore, the theoretical ultimate peeling load can be determined based on the 

calculated ultimate peeling moment. The comparison between the theoretical ultimate 

peeling load and test data is listed in Table 3. It is shown that in the case of beams 

Group I (tension face plated) the predicted values are closed to the test data. However, 

in the case of beams Group II (near surface mounted) the test data higher than the 

predicted values. This result indicates that the near surface mounted method bond 

more effectively the steel plates to the surface of the concrete. 

Table 3. Comparison between theoretical ultimate peeling load and test data.  

Beams 
Mup 

(kNm) 

Pup 

(kN) 

Experimental  

debonding load 

(kN) 

BP0-01 24.93 31.17 - 

BP0-02 25.64 32.05 26.2 

BP0-03 26.02 32.53 38.4 

BP0-01 20.96 26.20 42.0 

BP0-02 21.53 26.91 - 

BP0-03 22.71 28.38 79.0 

BP0-01 20.77 25.96 - 

BP0-02 20.39 25.49 - 

BP0-03 20.83 26.04 - 

5.  Conclusions 

In this paper, two strengthening methods to increase the flexural capacity of reinforced 

concrete beams are presented. The first method was carried out by glueing directly the 

steel plates to the tension surface of the beams and the second was by installing the steel 

plate using near surface mounted method. In the second method, two types of different 

development length were used in order to examine the effect of plate length in the shear 

span zone. Eighteen reinforced concrete beams with and without steel plates were 

tested. The comparison between these two strengthening methods are discussed and 

based on the test results the following conclusions are drawn: 

 The analytical model based on theoretical moment-curvature calculation predicts 

the full flexural response of beams with and without steel plates accurately. 

 The flexural capacity of the beam is significantly influenced by the ratio of tensile 

reinforcement to both beams with and without steel plate. The flexural capacity of 

the strengthened beams was 6 to 65% higher than beams without steel plates. 

 Load-deflection curves show that flexural stiffness of beams strengthened with 

steel plates slightly higher than beams without steel plates. 

 Failure mode and crack patterns of the beams are significantly affected by the 

method used for strengthening. Near-surface mounted steel plate method bond 

more effectively to the surface of the concrete than tension face plated method. 
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 Two modes of debonding failure of steel plates were observed from the test, the first 

one is debonding from plate end (BP0-02 and BP0-03) and the second is debonding 

failure with concrete cover separation (BP-01 and BP-03). However, the test result 

found that no debonding failure was observed in the beam in Group III. 

 The value of theoretical ultimate peeling load obtained using Eq. (6) correlates 

well with the test result of Group I (tension face plated) but not for Group II 

(near surface mounted). 

 Overall observation from the experimental work found that the method used 

for strengthening and the development length (Lp) applied on the bottom 

surface of the beams affect the failure mode of the strengthened beams. 
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Nomenclatures 
 

Ai Area of each concrete and reinforcement element 

As Area of longitudinal reinforcement 

EIcp The flexural rigidity of the cracked plated section 

Es Young's modulus of steel plate 

fb Brazilian tensile strength  
fc' Concrete compressive strength 
fy Yield strength of longitudinal reinforcement 

Fi Force in each concrete and reinforcement element 

Lp Development length of the steel plate 

M Total moment of cross-section 

Mup Ultimate peeling moment 

N Number of longitudinal reinforcement 

Pup Ultimate peeling load 

s Stirrups space 

t Thickness of steel plate 

Vf Calculated flexural strength of concrete 

Vm Maximum load 

w Width of steel plate 
yi Lever arm of each element 
 

Greek Symbols 

 Beam deflection calculated from obtained curvature value 

 Strain in each concrete and reinforcement element 
o Strain at the centre of beam cross section 

 Curvature 

 Ratio of longitudinal reinforcement 
b Diameter of longitudinal reinforcement 
 s Diameter of stirrups 
 

Abbreviations 

LVDT Linear Variable Displacement Transducers 
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