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Strengthening of concrete haunched beams with epoxy bonded external 

steel side plates in shear is becoming on increasing by popular retrofit 

technique among researchers and engineering worldwide. Concrete of 

higher compressive strength have been produced currently and 

increasingly used by the designers and contractors. Therefore, the main 

purpose of the research described in this paper is to give better and full 

understanding of the shear behavior of high strength concrete rectangular 

beams strengthened with epoxy bonded external steel side plates and 

subjected to static load. The main variables studied were the geometric 

dimensions of bonded steel plates, width, position and arrangements, 

thickness of plate bonded on both sides of shear zone of beams, the effect 

of haunches (Negative haunches (-0.20) and positive haunches (+0.20)) 

and effect of quality degree of used concrete strength. During the tests 

cracking load, ultimate load, concrete strains, steel strains and deflection 

under load application were measured 
Test results showed that the width, position, arrangements and thickness 

of plate used considerably affects strength, deformation and mode of 

failure of the tested beams. Increasing the width, position, arrangements 

and thickness of plate bonded on both sides of shear zone of beams 

increases the cracking and ultimate capacities of the strengthened beams. 

Increasing the quality degree of concrete strength decreases the relative 

cracking and ultimate capacities of the strengthened beams compared to 

unstrengthened beams. The change from positive haunches (+0.20) to 

Negative haunches (-0.20) increases the cracking and ultimate capacities 

of the strengthened beams. 

 

INTRODUCTION 

Some of the existing reinforced concrete structures may require strengthening or 

stiffening in order to increase their structural performance. Strengthening by using 

Epoxy bonded external Steel Plates has been established as an effective method 

applicable to many types of such structures. 

Several studies have been focused on the potential use of carbon fiber 

reinforced polymer "CFRP" and external Steel Plates for flexural and shear 
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strengthening of normal strength concrete beams and some of high strength concrete 

beams of constant depth. But relatively little researches have been done on the use of 

external Steel side Plates in shear strengthening of high strength concrete haunched 

beams [1-28]. In addition to that the current understanding of the shear behavior of 

R.C. beam strengthened with external Steel side Plates is limited and much further 

research is still needed. Therefore, the aims of this study were to gain a better 

understanding and enhance the experimental database of shear behavior of R.C.  

beams, with constant cross-section, shear span to depth ratio (a/d) equal (1.80), 

strengthened externally with steel side plate and to develop a simple accurate model to 

predict the contribution of steel side plate to the shear capacity of such beams at the 

complete debonding of steel side plate. The main variables investigated were, the 

geometric dimensions of bonded steel plates (width, position and arrangements), 

thickness of plate, the effect of the shape of haunches (Negative haunches (-0.20) and 

positive haunches (+0.20)) and effect of quality degree of concrete strength.  

   

EXPERIMENTAL PROGRAM 

Beams Having Negative Haunches 

Fourteen high strength concrete beams  and four reinforced normal strength concrete 

beams having  1.50 m  total length  with  rectangular  cross – section  of   0.12 m 

breadth  and  constant  height  equals  to  0.28 m .   along  the  mid  zone  of  beam (40  

cm) and  variable  height  along  the  shear  span  of  beams equals to 0.36 m. these  

beams  were  tested  over  a  simple  span  of  1.30 m. under two  equal  point loading 

of 40  cm apart.  All  beams were  reinforced  with  four  tension  bars  of  16.0 mm 

diameter  and  two  top  bars  of  10.0 mm. diameter  plus  stirrups  of 6.0 mm diameter  

at  variable  spacing, These beams were divided into five series ("AN", "BN", "CN", 

"DN" and "EN" = 250,400, 550,700 and550 kg/cm
2
) respectively according to the 

quality degree of high strength concrete and thickness of plate bonded on both sides of 

shear zone of beams, having constant negative haunch, (tan α = -0.20) and with 

constant shear span to depth ratio (a/d) equal (1.80).   
                                     

Beams Having Positive Haunches 

Fourteen high strength concrete beams  and four reinforced normal strength concrete 

beams having  1.50 m  total length  with  rectangular  cross – section  of   0.12 m 

breadth  and  constant  height  equals  to  0.28 m .   along  the  mid  zone  of  beam (40  

cm) and  variable  height  along  the  shear  span  of  beams equals to 0.20 m . these  

beams  were  tested  over  a  simple  span  of  1.30 m. under two  equal  pint loading of 

40  cm apart.  All  beams were  reinforced  with  four  tension  bars  of  16.0 mm 

diameter  and  two  top  bars  of  10.0 mm. diameter  plus  stirrups  of 6.0 mm  

diameter at variable spacing. These beams were divided into five series ("AP", "BP", 

"CP", "DP" and "EP" = 250, 400, 550, 700 and 550 kg/cm
2
) respectively according to 

the quality degree of high strength concrete and thickness of plate bonded on both sides 

of shear zone of beams, having constant positive haunch, (tan α = +0.20) and with 

constant shear span to depth ratio (a/d) equal (1.80).  

The  test  program  was  mainly   intended  to  cover  the  testing  of   high 

strength concrete haunched  beams  taking  into  account  the  following   parameters : 
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1. The geometric dimensions of bonded steel plates, width, position and 

"arrangements of steel plates bonded on both sides of shear zone of beams" 

2. Thickness of plate bonded on both sides of shear zone of beams. 

3. The effect of the sign of slope haunches: Negative haunches (-0.20) and 

positive haunches (+0.20). 

4. Effect of grade of used concrete (concrete strength) 

Figure (1-a) and (1-b) and tables (1-a) and (1-b) give details of the test beam specimen. 
 

  
Fig. (1-a) : Details of reinforcement of 

tested beams. 

 

Fig . (1-b) : Load configuration of beams 

 

2- MATERIALS 

(2-1) Concrete     

The beams were made from concrete having variable strengths. Therefore, concrete 

mixes design was made to produce concrete having a cube strength of about ( 250 , 400 

, 550 , 700 kg/cm
2
) at 28days age. The mix proportions by weight as follows in Table 

(2-a). 

 

Table (2-a) For mix design to give strength (250 kg/cm
2
) 

 

Water liter/m
3

 Gravel kg/m
3
 Sand kg/m

3
 Cement kg/m

3
 

192 1220 523 350 
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Table ( 1-a) : Details and data of tested beams of series 

"AN","BN","CN","DN" and "EN". 

 

% area s.p. = relative area strengthed plate to area of haunch 

n = number of side plate bonded on one side of haunch 

 

 

 
 

 

Shape of 

beams and 

position of 

side plate 

Data of bonded side 

plates 
Beam reinforcement Concrete 

strength 

(kg/cm
2
) 

Beam 

NO. S
er

ie
s 

% 

areas.p. 
n t mm  µ   

 
µ 

A. 

Steel 

 
---- ---- 

2.0 0.50 2Ф10 2.57 4Ф16 250 

AN.0 

AN  
0.500 2 AN.1 

 
0.469 1 AN.2 

 
1.000 1 AN.3 

 
---- ---- 

2.0 0.50 2Ф10 2.57 4Ф16 
400 

 

BN.0 

BN  
0.500 2 BN.1 

 
0.469 1 BN.2 

 
1.000 1 BN.3 

 
---- ---- 

2.0 0.50 2Ф10 2.57 4Ф16 
550 

 

CN.0 

CN  
0.500 2 CN.1 

 
0.469 1 CN.2 

 
1.000 1 CN.3 

 
---- ---- 

2.0 0.50 2Ф10 2.57 4Ф16 
700 

 

DN.0 

DN  
0.500 2 DN.1 

 
0.469 1 DN.2 

 
1.000 1 DN.3 

 
1.000 1 1.5 

0.50 2Ф10 2.57 4Ф16 550 
EN.1 

EN 

 
1.000 1 1.0 EN.2 
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Table ( 1-b) : Details and data of tested beams of series 

"AP","BP","CP","DP" and "EP". 

 

 

% area s.p. = relative area strengthed plate to area of haunch 

n = number of side plate bonded on one side of haunch 

 

 

Shape of 

beams and 

position 

of side 

plate 

Data of bonded side 

plates 
Beam reinforcement Concret

e 

strength 

(kg/cm
2
) 

Beam 

NO. S
er

ie
s

 

%areas.

p. 
n 

t 

mm 
 µ   µ 

A. 

Steel 

 
---- ---- 

2.0 0.50 2Ф10 2.57 4Ф16 250 

AP.0 

AP  
0.500 2 AP.1 

 
0.458 1 AP.2 

 
1.000 1 AP.3 

 
---- ---- 

2.0 0.50 2Ф10 2.57 4Ф16 
400 

 

BP.0 

BP  
0.500 2 BP.1 

 
0.458 1 BP.2 

 
1.000 1 BP.3 

 
---- ---- 

2.0 0.50 2Ф10 2.57 4Ф16 
550 

 

CP.0 

CP  
0.500 2 CP.1 

 
0.458 1 CP.2 

 
1.000 1 CP.3 

 
---- ---- 

2.0 0.50 2Ф10 2.57 4Ф16 
700 

 

DP.0 

DP  
0.500 2 DP.1 

 
0.458 1 DP.2 

 
1.000 1 DP.3 

 
1.000 1 1.5 

0.50 2Ф10 2.57 4Ф16 550 
EP.1 

EP 

 
1.000 1 1.0 EP.2 
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*For high strength concrete mix design was made to produce high strength concrete 

having 28 days cubic strength of (400,550,700 kg/cm
2
). Concrete mix proportions are 

given in Table (2 - b). 
 

Table (2 - b): Concrete mix proportions. 
 

Water 

liter/m
3

 

Additive 

B.V.F 

liter/m
3

 

Silica 

Fume 

kg/m
3

 

Crushed basalt 

Sand 

kg/m
3

 

Cement 

kg/m
3

 
Strength 10 - 20 

mm 

kg/m
3

 

< 10 mm 

kg/m
3

 

165 14 70 600 600 600 450 400 

155 20 100 586 586 586 500 550 

140 16 100 570 570 614 500 700 
 

 

The constituent used materials were: 

a) Ordinary Portland cement (Assiut Cement). 

b) Local sand; the used sand had a specific gravity, volume weight and fineness 

modulus of 2.5, 1.71 t / m
3
 and 2.50, respectively.                                                                           

c) The coarse aggregate used was crushed basalt with (10 and 20 mm) maximum 

nominal size, 2.78 specific gravity and 1.56 t/m
3 
volume weight. 

d) Local natural gravel; the used gravel was 20 mms maximum nominal size, 2.50 

specific gravity and 1.52 t/m
3
 volume weight  

e) Silica fume; it is produced by EFACO (Egyptian Ferro-Alloys company). 

f) Additive: Addicrete BVF was used as superplastilizer for increasing both 

workability and strength for the purpose of obtaining homogeneous mixture. The 

additive was added to mixing water by percentage of weight of cement dose of 

1.18 kg / liter volume weight.  

 

(2-2) Steel Reinforcement 

The used steel bars for stirrups of normal plain mild steel (M.S.) type and the used steel 

bars for the compression and tension reinforcement was high tensile ribbed steel bars 

(H.T.S.). The characteristics of the used bars (ø 6, Ф10and Ф16) are summarized in 

table (3) the values of the results included in this table are the average of three 

specimens. 
 

Table (3): Properties of the used steel bars 
 

Ф16 H.T.S. Ф10 H.T.S ø 6 M.S. Commercial diam.(mm) 

16.07 10.03 6.14 Actual diam.(mm) 

4330 4110 2760 Yield or proof stress. Fy. (kg/cm
2
) 

5970 5807 3920 Ultimate strength. Fu.(kg/cm
2
) 

18% 21% 25% % of Elongation 
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(2-3) External Bonded Steel Plates 

The external used steel plates of thickness (2.00, 1.50 and 1.00mm) for side plates. 

Tests of steel plates were carried out according to standard specification. The 

mechanical properties of tested steel plates are listed in table (4). 
 

  Table (4): Mechanical properties of used external bonded steel plates. 
 

Bonded steel plate thickness (mm) 
Properties 

2.00 1.50 1.00 

3080 2960 2710 Yield stress (kg/cm
2
) 

3895 3985 3805 
Tensile strength 

(kg/cm
2
) 

27.00% 27.5% 29.00% % of Elongation 

  

(2-4) Adhesive Material 

The epoxy adhesive mortar used in the study was manufactured and supplied by 

CHEMICALS FOR MODERN BUILDINGS, under commercial name of 

KEMAPOXY 165 compound. The compressive and bending strength of the adhesive 

material as given by the manufactures are 800 and 400 kg/cm
2
 respectively. Also its 

adhesive strength on concrete is recorded to be 103 kg/cm
2
. 

 

(2-5) Testing Procedure 

The available testing machine (EMS 60 tons) was used mainly in tested beams. The 

used machine has three ranges of loading (15, 30 and 60 tons) .The ranges were used, 

depending upon the predicted ultimate load of the tested beam through a tare having a 

weight of (1.40 ton).The load was applied in an increment of 0.50 ton up to cracking 

load , and in increment of 1.00 ton up to failure load. At each load stage, beam 

deflection was measured, and the developing crack pattern was marked on the beam 

surface. The final failure was carefully observed and the concrete, steel strain at mid-

span of beams was measured by using an electrical strain gauges.  
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Table (5): Results of tested beams having negative haunch (tan α = -.20): 

Series 
Beam 

NO. 

Position 

of plates 

Experimental Results P ul .The 
. Res 

(ton) 

Pcr str. 
/ pcr 

ori. 

Pul str. 

/pul.ori. 
( K ) 

(ton/mm)  

Tou. 
(t-mm) 

Mode 
of  

failure P cr. 
(ton) 

P ul. 
(ton) 

δcr 1 
(mm) 

δu 1 
(mm) 

δcr 2 
(mm) 

δu 2 
(mm) 

εcr.co
10^-5 

εu.co1
0^-5 

εcr.st 
10^-5 

εu.st 
10^-5 

A N 

250 

AN0 
 

5 17 1.56 5.10 1.55 5.30 23 96 18 101 9.32 1.00 1.00 0.322 48.8 S 

AN1 
 

6.5 25.2 1.26 6.39 1.21 6.48 20 115 17 183 23.00 1.30 1.48 0.527 97.7 S.C  

AN2 
 

6.5 24 1.47 6.54 1.57 6.39 22 110 22 169 16.74 1.30 1.411 0.428 90.5 S.C 

AN3 
 

6 26 1.04 7.19 1.00 7.35 11 291 10 210 23.00 1.20 1.53 0.589 125.0 F 

BN 

400 

BN0 
 

7 23.6 1.85 6.17 1.79 6.30 26 104 21 115 10.24 1.00 1.00 0.385 83.2 S 

BN1 
 

9 32 1.51 8.77 1.38 8.39 23 129 23 188 26.77 1.285 1.355 0.624 179.2 S.C 

BN2 
 

10 31 1.79 8.11 1.98 8.61 30 140 31 190 18.40 1.428 1.314 0.532 159.8 S 

BN3 
 

8 35 1.12 9.87 1.21 10.30 11 271 12 233 26.77 1.143 1.48 0.688 243.3 F 

CN 

550 

CN0 
 

6.5 26.1 1.55 7.00 1.62 6.86 22 108 16 119 11.01 1.00 1.00 0.410 108.0 S 

CN1 
 

8 34 1.27 8.44 1.20 8.02 17 133 15 208 28.34 1.23 1.302 0.649 179.2 S.C 

CN2 
 

10.5 31.2 1.89 7.68 2.02 7.86 27 129 25 149 19.76 1.61 1.20 0.538 148.1 S.C 

CN3 
 

9 37 1.14 10.67 1.10 11.31 11 264 9 244 28.34 1.38 1.42 0.804 297.4 F 
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S = shear ,     S.C = shear compression  ,     F = flexure 

δcr , δu = cracking and ultimate deflection in mm 

εcr.co , εu.co  = cracking and ultimate mid-span concrete strain. 

εcr.st ,  εu.st  = cracking and ultimate mid-span steel strain. 

P cr str. , P cr ori. = cracking load for both strengthened and original beams. 

P ul str. , P ul ori. = ultimate load carrying capacity for both strengthened and original beams. 

P ul . the. = Theoretical load carrying capacity. 

(K) = stiffness reference (the initial tangent load deflection curve at cracking level). 

(Tou.) = toughness of beam (the total area under the load deflection curve). 
 

 

 

 

 

 
 

 

 

 

 

DN 
700 

DN0 
 

8 29 1.27 6.61 1.38 7.11 24 120 13 139 11.63 1.00 1.00 0.605 122.9 S 

DN1 
 

9 36 0.99 8.67 0.80 8.98 14 139 13 230 29.20 1.125 1.24 1.017 224.8 S. C 

DN2 
 

11 35 1.30 8.32 1.33 8.32 26 136 18 196 20.88 1.375 1.207 0.837 190.3 S.C 

DN3 
 

11 38.2 0.76 11.3 0.74 11.98 11 233 12 260 29.20 1.375 1.32 1.467 348.8 F 

EN 
550 

EN1  10 36.5 1.39 11.0 1.34 10.42 18 276 14 239 28.34 1.538 1.398 0.733 279.2 F 

EN2  9 35.8 1.61 9.98 1.68 9.88 23 272 13 220 28.34 1.384 1.371 0.548 234.2 F 
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Table (6): Results of tested beams having positive haunch (tan α = +.20): 
 

 

 

 

Series 
Beam 

NO. 

Position 

of plates 

Experimental Results 
P ul .The . 

Res (ton) 

Pcr str. 

/ pcr 
ori. 

Pul str. 

/pul ori. 
( K ) 

(ton/mm)  

Tou. 

(t-mm) 

Mode 

of  
failure 

Pcr 

(ton) 

Pu 

(ton) 

δcr 1 

(mm) 

δu 1 

(mm) 

δcr 2 

(mm) 

δu 2 

(mm) 

εcr.co

10^-5 

εu.co1

0^-5 

εcr.st1

0^-5 

εu.st 

10^-5 

A P 
250 

AP0 
 

4 10.1 1.62 5.29 1.59 5.11 17 50 17 56 9.13 1.00 1.00 0.250 31.0 S 

AP1 
 

5.5 14 1.89 5.59 1.93 5.71 14 62 17 64 23.00 1.375 1.386 0.288 44.2 S.C 

AP2 
 

6 13 1.98 5.46 2.03 5.39 15 56 21 62 19.82 1.50 1.287 0.300 41.6 S 

AP3 
 

7 15.2 1.85 6.10 1.90 6.22 11 78 15 68 23.00 1.75 1.505 0.373 57.9 S.C 

BP 

400 

BP0 
 

5 16.5 1.72 6.74 1.77 6.88 18 85 18 81 10.03 1.00 1.00 0.287 66.4 S 

BP1 
 

6 20 1.73 6.97 1.72 7.12 10 89 14 90 26.77 1.20 1.212 0.348 80.7 S.C 

BP2 
 

6.5 22 1.75 6.59 1.85 6.98 11 101 10 88 21.76 1.30 1.333 0.361 81.4 S 

BP3 
 

8 23.3 1.64 7.75 2.00 7.94 10 112 11 96 26.77 1.60 1.412 0.444 114.2 S.C 

CP 
550 

CP0 
 

6 17.1 1.80 6.00 1.96 6.69 18 78 15 72 10.78 1.00 1.00 0.320 63.4 S 

CP1 
 

6.5 22.1 1.59 6.89 1.69 7.45 9 100 12 86 28.34 1.10 1.292 0.397 94.7 S.C 

CP2 
 

7 24.2 1.68 6.98 1.71 7.02 9 119 11 79 23.40 1.17 1.415 0.413 95.2 S 

CP3 
 

8.5 26.4 1.57 8.32 1.62 8.20 11 136 10 98 28.34 1.42 1.543 0.533 139.9 S.C 

DP 

700 

DP0 
 

7 20 1.89 8.30 1.95 7.88 18 91 13 70 11.38 1.00 1.00 0.365 104.2 S 

DP1 
 

8 23.2 1.71 7.90 1.85 7.79 11 105 9 81 29.20 1.14 1.160 0.450 117.4 S.C 

DP2 
 

8 25 1.58 7.33 1.68 7.69 11 125 9 80 24.70 1.14 1.25 0.491 114.3 S 

DP3 
 

9 27.5 1.29 8.93 1.61 9.13 7 135 8 95 29.20 1.285 1.375 0.629 171.3 S.C 
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S = shear ,     S.C = shear compression  ,     F = flexure 

δcr , δu = cracking and ultimate deflection in mm 

εcr.co , εu.co  = cracking and ultimate mid-span concrete strain. 

εcr.st ,  εu.st  = cracking and ultimate mid-span steel strain. 

P cr str. , P cr ori. = cracking load for both strengthened and original beams. 

P ul str. , P ul ori. = ultimate load carrying capacity for both strengthened and original beams. 

P ul . the. = Theoretical load carrying capacity. 

(K) = stiffness reference (the initial tangent load deflection curve at cracking level). 

(Tou.) = toughness of beam (the total area under the load deflection curve). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EP 

550 

EP1  8.5 24.1 1.75 7.11 1.80 7.50 16 129 12 88 28.34 1.416 1.41 0.479 107.7 S.C 

EP2  8 22.4 1.81 6.89 1.92 7.64 18 122 14 82 28.34 1.333 1.31 0.430 99.1 S 
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(3)- Results and Discussion 

Test results of the five series of beams having negative haunch are presented in Table 

(5) and test results of five series of beams having positive haunches are presented in 

Table (6). The table also includes the experimental values of both cracking and 

ultimate loads for tested beams, the theoretical values of load carrying capacity, and 

stiffness of beams and mode of failure.                     
 

(3-1) Beams Having Negative Haunch (tan α = - 0.20) 

(3-1-1) Effect of Width, Arrangements and Position of Bonded Side Steel 

Plates on: 

a – Crack Pattern and Mode of Failure 

For all strengthened beams it was observed that the major crack is initiated from the 

bottom concrete surface in small depth (tension zone) and propagated upwards towards 

the top surface (compression zone ) between the two point of load application as shown 

in Figs.(3,4and 5 ) but for  unstrengthened beam the major crack is initiated at one third 

of shear-span at bottom concrete surface and propagated upwards towards the  point of 

load application as shown in Fig.(2 ) , this behavior is ascribable to the high shear 

capacity for zones including bonded side plates .The mode of failure was of shear type 

one for unstrengthened beam but it changed to shear compression type for strengthened 

beam having side plate of area  according to area of haunched original beam of  0.50 , 

0.469 . But the mode of failure changed to flexural failure for strengthened beam by 

increasing the area of side plate to complete area of haunched zone. 
                                                                                                

b- Maximum Deformation: (Deflection, Concrete and Steel Strain) 

For all grades of concrete it was obvious that for beams having negative haunch, in 

general, the maximum deflection, mid-span concrete and steel reinforced bars strain 

decrease at any loading level before failure level by increasing the ratio of area of side 

plates to area of haunched original beam and change its position. However at the final 

failure level the maximum deflection, mid-span concrete and steel reinforced bars 

strain increases, as shown in Figs.(6 to 10). This is ascribable to the corresponding 

increase of both the stiffness and shear capacity for beams as a result of increasing the 

area, arrangements and changing the position of strengthened side plates on shear zone.                                                                                                 
 

 
 

Fig. (2):Crack pattern of beam "CN.0". 
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Fig. (3):Crack pattern of beam "CN.1". With thickness of steel plate (2.00 mm) 

 

 
 

Fig. (4):Crack pattern of beam "CN.2". With thickness of steel plate (2.00 mm) 
 

 
 

Fig. (5): Crack pattern of beam "CN.3".with thickness of steel plate (2.00 mm) 
 

c- Cracking Load 

The cracking loads usually increases by bonding of external steel plates on both sides 

of haunches. The increase depends mainly on both grade of concrete as well as on the 

ratio of the area of strengthened plates to the area of haunched original beam. e.g, 

increasing the area of strengthened plate to area of haunched original beam, regarding 

the cracking load for the strengthened beams showed 1.30, 1.30 and 1.20 times than 

that of the original beam for concrete (cube strength = 250 kg/cm
2
) and 1.285 , 1.428 

and 1.143 for concrete (cube strength = 400 kg/cm
2
) and 1.23 , 1.61 and 1.38 for 

concrete (cube strength = 550 kg/cm
2
) and 1.125 , 1.375 and 1.375 for concrete (cube 

strength = 700 kg/cm
2
)  for case of beams having side plate the area of strengthened 

plate to area of haunches original beam of 0.50, 0.469 and 1.00 respectively, as shown 

in Fig.(11).                      
 



Abd El-Rahman Megahid,  Rashwan . M . M., … 

 

1404 

250

550

400

700

0.00

0.40

0.80

1.20

1.60

2.00

2.40

N.0 N.2 N.1 N.3

Configuration of external bonded steel plates

D
e
fl

e
c
ti

o
n

 a
t 

p
o

in
t 

(2
) 

m
m

250

400

550

700

 

CN 0

CN 3

CN 1

CN 2

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

40.00

0 2 4 6 8 10 12

deflection at point (2) mm

lo
a

d
 t

o
n

CN 0

CN 1

CN 2

CN 3

 
Fig. (7): Relation between deflection at 

point (2) at cracking level and 

configuration of external bonded steel 

plates for different series of beams. 

Fig. (6) :Load deflection curves for beams 

CN.0", "CN.1","CN.2","CN.3" from 

series (C = 550 kg/cm
2
) 
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Fig. (9) : Relation between ultimate mid-

span concrete strain and configuration of 

external bonded steel plates for different 

series of beams " N.0","N.1","N.2","N.3"  

 

Fig. (8): Relation between ultimate 

deflection at point (2) and configuration 

of external bonded steel plates for 

different series of beams " 

N.0","N.1","N.2","N.3"  
 

d- Ultimate Loads 

The same trend was observed with respect to ultimate loads. The ultimate loads 

increase by increasing the ratio of area of side plate to area of haunched original beam, 

regarding the ultimate load for the strengthened beams showed 1.48, 1.411 and 1.53 

times than that of the original beam for concrete (cube strength = 250 kg/cm
2
) and 

1.355, 1.314 and 1.48 for concrete (cube strength = 400 kg/cm
2
) and 1.302, 1.20 and 

1.42 for concrete (cube strength = 550 kg/cm
2
) and 1.24, 1.207 and 1.32 for concrete 

(cube strength = 700 kg/cm
2
)for case of beams having side plate the area of side plate 

to area of haunched original beam of 0.50, 0.469 and 1.00 respectively, as shown in 

Fig.(12). Based on experimental results a proposed equations for predicting relative 

ultimate loads (P ul str. / P ul ori.) was derived for beams having the same negative 

haunch (tan α = - 0.20) and reinforced steel bars as follow, as shown in Fig. (13). 
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P ul str.= P ul ori. [1.00+0.6550*(A str./A ori.)]   

For concrete strength F c = 250 kg/cm
2
 

P ul str.= P ul ori. [1.00+0.5475*(A str./A ori.)]   

For concrete strength F c = 400 kg/cm
2
 

P ul str.= P ul ori. [1.00+0.4523*(A str./A ori.)]   

For concrete strength F c = 550 kg/cm
2
 

P ul str.= P ul ori. [1.00+0.3654*(A str./A ori.)]  

For concrete strength F c = 700 kg/cm
2
 

Where  

(A str./A ori.): The ratio of area of strengthened plate to area of haunched original 

beam. 
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Fig. (11): Relation between the cracking 

load and configuration of external bonded 

steel plates for different series of beams " 

N.0","N.1","N.2","N.3" 

Fig. (10): Relation between ultimate mid-

span steel strain and configuration of 

external bonded steel plates for different 

series of beams.  
 

 

e- Relative Beams Stiffness 

By increasing the ratio of area of strengthened plates to area of haunched original beam 

and the position of bonded side plates the relative stiffness (K str./K ori.) increases, 

based on experimental results a suggested equations for relative stiffness (K str./K ori.) 

at cracking level for all grades of concrete was derived for beams having the same 

negative haunch (tan α = - 0.20) and reinforcement steel bars as follow, disregarding 

the grade of concrete , as shown in Fig.(14)   
 

K str. = K ori. [1.00 + 1.0075 * (A str./A ori.)]  
 

Where: 

K str. = stiffness of strengthened beam. 

K ori. = stiffness of original beam. 
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Fig. (13): Relation between relative 

ultimate load and  (P ul str. / P ul ori.)and 

Area of strengthened plate to area of 

haunched original beams for negative 

haunched beams" N 0","N 1","N 2","N 

3"from series (A,B,C,D = 250,400,550,700 

kg/cm
2
) 

Fig. (12): Relation between ultimate load 

and configuration of external bonded 

steel plates for negative haunched 

beams" N 0","N 1","N 2","N 3" for 

different series. 

K str. =K ori.* ( 1.0 + 1.0075 * (A str. / A ori. ) )
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Fig. (14): Relation between relative stiffness (K str. / K ori.)  

at cracking level and area of strengthened plates to area of  

haunched of original beam (A str./A ori.)for all beams having 

 negative  haunch from series (A,B,C,D = 250,400,550,700 kg/cm
2
) 

 

(3-1-2) Effect of Thickness of Bonded Side Steel Plate on: 
a- Crack Pattern and Mode of Failure 
By increasing the thickness of steel plate from (1.00 to 2.00 mm) the number of cracks 

decreases at the same level of loading. The mode of failure changed from shear for 

unstrengthened beam to flexural failure for all beams with complete side plate on 

haunch at shear zone for any thickness of side plate. , as shown in Figs.(15 and 16). 
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Fig. (15): Crack pattern of beam "EN.1"with thickness of steel plate (1.50 mm) 
 

 
 

Fig. (16): Crack pattern of beam "EN.2"with thickness of steel plate (1.00 mm) 
 

b- Maximum Deformation: (Deflection, Concrete and Steel Strain) 

By increasing the thickness of steel plate the maximum deflection, mid-span concrete 

and steel reinforced bars strain decreases at any loading level before failure level. 

However at the final failure level the maximum deflection, mid-span concrete and steel 

reinforced bars strain increases by increasing the thicknesses of strengthened steel side 

plates as shown in Figs. (17 to 22).  
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Fig(18): Relation between ultimate 

deflection at point (2) and change in 

thickness of plate for negative haunched 

for beams"CN.3","EN.1","EN2" from 

series (CN and EN = 550 kg/cm
2
) 

Fig(17): Relation between deflection at 

cracking level at point (2) and change in 

thickness of plate for negative haunched 

for beams"CN.3","EN.1","EN2" from 

series (CN and EN = 550 kg/cm
2
) 
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Fig(20): Relation between mid-span steel 

strain at cracking level and change in 

thickness of plate for negative haunched 

for beams"CN.3","EN.1","EN2" from 

series (CN and EN = 550 kg/cm
2
) 

Fig(19): Relation between mid-span 

concrete strain at cracking level and 

change in thickness of plate for negative 

haunched for beams "CN.3", 

"EN.1","EN2" from series (CN and EN = 

550 kg/cm
2
) 
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Fig(22): Relation between ultimate mid-

span steel strain and change in thickness 

of plate for negative haunched for 

beams"CN.3","EN.1","EN2" from series 

(CN and EN = 550 kg/cm
2
) 

 

Fig(21): Relation between ultimate mid-

span concrete strain and change in 

thickness of plate for negative haunched 

for beams"CN.3","EN.1","EN2" from 

series (CN and EN = 550 kg/cm
2
) 
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c- Cracking and Ultimate Loads 

By increasing the thickness of steel side plate the cracking load is the same but the 

ultimate load increased. When considering the cracking load, the strengthened beams 

showed 1.384, 1.538 and 1.384 times more than that of the original beam for beams 

having steel plate thickness of 1.00, 1.50 and 2.00 mm respectively. Also when 

considering the ultimate load for the same latter beams showed 1.371, 1.398 and 1.42 

times more than that of the original beam respectively. Based on experimental results a 

suggested equations for relative cracking (P cr str./P cr ori.) and ultimate load (P ul 

str./P ul ori.) was derived for beams having the same negative haunch (tan α = - 0.20) , 

reinforcement steel bars(µ=2.57 %) ,grade of concrete (cube strength = 550 kg/cm
2
), 

position and arrangements "for plates bonded on both sides of shear zone of beams" as 

follows, see Figs.(23 and 24). 
                                                                                     

P cr str.= P cr ori. [1.00 + 0.6581 * ( t ) +  (- 0.2272) * ( t )
 2   

]   

P ul str.= P ul ori. [1.00 + 0.5061 * ( t ) +  (- 0.1507) * ( t )
 2
  ] 

 

Where: 

t = Thickness of steel plate in (mm) 
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Fig(24): Relation between relative 

ultimate load and change in thickness of 

plate for negative haunched for 

beams"CN.0","CN.3","EN.1"and"EN2" 

from series (CN  and EN = 550 kg/cm
2
) 

 

Fig(23): Relation between relative 

cracking load and change in thickness of 

plate for negative haunched for 

beams"CN.0","CN.3","EN.1"and"EN2" 

from series (CN  and EN = 550 kg/cm
2
) 
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d- Relative Beams Stiffness 

By increasing the thickness of steel side plate the relative stiffness (K str./K ori.) 

increases. Based on experimental results a suggested equations for relative stiffness (K 

str./K ori.) at cracking level was derived for beams having the same negative haunch 

(tan α = - 0.20) , reinforcement steel bars (µ=2.57 %), grade of concrete (cube strength 

= 550 kg/cm
2
), position and arrangements "for plates bonded on both sides of shear 

zone of beams" as follow, as shown in Figs.(25) . 
 

K str. = K ori. [ 1.00 + 0.4739 * ( t ) ]  
  

Where: 

K str. = stiffness of strengthened beam. 

K ori. = stiffness of original beam. 

t   = thickness of steel side plate in (mm). 
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Fig. (25): Relation between relative stiffness (K str./K ori.) at cracking level 

 and thickness of strengthened plates for beams having negative  haunch 

 "CN.0","CN.3","EN.1","EN2" from series (C and E = 550 kg/cm
2
) 

 

(3-1-3) Effect of the Grade of Concrete on: 
a- Crack Pattern and Mode of Failure 
By increasing the strength of concrete from (250 to 700 kg/cm

2
) the number of cracks 

decreases at the same level of loading, but the mode of failure is the same for 

strengthened and unstrengthened beams for all grades of concrete.                                                                                     
 

b- Maximum Deformation: (Deflection, Concrete and Steel Strain) 

By increasing the grade of concrete the maximum deflection, mid-span concrete and 

steel reinforced bars strain decreases at any loading level before failure level. However 

at the final failure level the maximum deflection, mid-span concrete and steel 

reinforced bars strain increases by increasing the grade of concrete. But the measured 

maximum mid-span concrete strain at failure point for strengthened beams with 

complete side plate on haunch at shear zone to begin crushing of concrete at 

compression zone decreases by increasing the grade of concrete, as shown in Figs. (26 

to 29).   
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Fig. (27): Relation between ultimate 

deflection at point (1) and change in the 

grade of concrete for negative haunched 

beams from series (AN, BN, CN and DN 

= 250,400,550,700 kg/cm
2
) 

 

Fig. (26): Relation between cracking 

deflection at point (1) and change in the 

grade of concrete for negative haunched 

beams from series (AN, BN, CN and DN 

= 250,400,550,700 kg/cm
2
) 
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Fig. (29): Relation between ultimate mid-

span steel strain and change in the grade 

of concrete for negative haunched beams 

from series (A,B,C,D = 250,400,550,700 

kg/cm
2
) 

Fig. (28): Relation between ultimate mid-

span concrete strain and change in the 

grade of concrete for negative haunched 

beams from series (A,B,C,D = 

250,400,550,700 kg/cm
2
) 

 

c- Cracking and Ultimate Loads 

By increasing the strength of concrete both of cracking and ultimate load increases. 

When considering the increasing of relative ultimate load between high strength 

concrete to reinforced normal strength concrete beams decreases when increasing the 

grade of concrete for strengthened beams to unstrengthened beams, as shown in Figs. 

(12 and 13).                                         
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d- Beams Stiffness and Toughnes 

By increasing the grade of concrete strength both of stiffness reference (K) and 

toughness increases, as shown in Figs. (30 and 31). 
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Fig. (31): Relation between toughness and 

grade of concrete for negative haunched 

beams" N .0","N .1","N .2","N .3 for  

different series 

Fig. (30): Relation between stiffness (K) 

and grade of concrete for negative 

haunched beams" N .0","N .1","N .2","N 

.3"for  different series 
 

(3-2) Beams Having Positive Haunch (tan α = + 0.20) 

(3-2.1) Effect of Width, Arrangements and Position of Bonded Side 
Steel Plates on: 
a- Crack Pattern and Mode of Failure 
For all strengthened beams it was observed that the major crack is initiated from the 

bottom concrete surface in big depth (tension zone) and propagated upwards towards 

the top surface (compression zone) between the two point of load application as shown 

in Figs. (33, 34 and 35 ), but for unstrengthened beam "AP.0"the major crack is 

initiated at one of the two supports at bottom concrete surface and propagated upwards 

towards the point of load application, as shown in Fig.(32) . This behavior is ascribable 

to the high shear capacity for zones including bonded side plates. The mode of failure 

was of shear type for unstrengthened beam and strengthened beams having area side 

plate to area of haunched original beam of 0.46 bonded at small depth on haunch but it 

changed to shear compression for strengthened beams having area side plate to area of 

haunched original beam ratio higher than of 0.50. 
 

b- Maximum Deformation: (Deflection, Concrete and Steel Strain) 

For all grades of concrete, it was obvious that for beams having positive haunch, in 

general, The effect of area side plates to area of haunched original beam and the 

position of bonded side plates on maximum deflection, mid-span concrete and steel 

reinforced bars strain decreases at any loading level before failure level by increasing 

the area of side plates to area of haunched original beam and change the position of it. 

However at the final failure level the maximum deflection, mid-span concrete and steel 
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reinforced bars strain increases, as shown in Figs.(36to 42). This is ascribable to the 

corresponding increase of both the stiffness and shear capacity for beams as a result of 

increasing the area, arrangements and position of strengthened side plates on shear 

zone. 
 

 
 

Fig. (32): Crack pattern of beam "CP.0". 
 

 
 

Fig. (33): Crack pattern of beam "CP.1"with thickness of steel plate (2.00 mm) 
 

 
 

Fig. (34): Crack pattern of beam "CP.2"with thickness of steel plate (2.00 mm) 
 

 
 

Fig. (35): Crack pattern of beam "CP.3"with thickness of steel plate (2.00 mm) 
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Fig. (37): Relation between deflection at 

point (1) at cracking level and 

configuration of external bonded steel 

plates for different series of beams" 

P.0","P.1","P.2","P.3" 

 

 

Fig. (36) :Load deflection curves for 

beams 

" CP.0","CP.1","CP.2","CP.3" from series 

(C = 550 kg/cm
2
) 
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Fig. (39): Relation between mid-span 

concrete strain at cracking level and 

configuration of external bonded steel 

plates for different series of beams" 

P.0","P.1","P.2","P.3" 

Fig. (38): Relation between ultimate 

deflection at point (1) and configuration 

of external bonded steel plates for 

different series of beams " 

P.0","P.1","P.2","P.3" 
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Fig. (41): Relation between mid-span steel 

strain at cracking level and configuration 

of external bonded steel plates for 

different series of beams" 

P.0","P.1","P.2","P.3" 

 

Fig. (40): Relation between ultimate mid-

span concrete strain and configuration of 

external bonded steel plates for different 

series of beams " P.0","P.1","P.2","P.3" 
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Fig. (42): Relation between ultimate mid-span steel strain and 

configuration of external bonded steel plates for different 

series of beams  " P.0","P.1","P.2","P.3". 

 

 
 

c- Cracking Loads 

The cracking loads increase by increasing the ratio of area of side plate to area of 

haunched original beam, regarding the cracking load for the strengthened beams 

showed 1.375, 1.50 and 1.75 times than that of the original beam for concrete (cube 

strength = 250 kg/cm
2
) and 1.20, 1.30 and 1.60 for concrete (cube strength = 400 

kg/cm
2
) and 1.10, 1.17 and 1.42 for concrete (cube strength = 550 kg/cm

2
) and1. 1.14, 

1.14 and 1.285 for concrete (cube strength = 700 kg/cm
2
) for case of beams having side 

plate the area strengthened plate to area haunches original beam of 0.50, 0.46 and 1.00 

respectively, as shown in Fig.(43). 
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d- Ultimate Loads 

General, the ultimate loads increases by increasing the ratio of area of side plate to area 

of haunched original beam. The ultimate load for the strengthened beams showed 

1.386, 1.287 and 1.505times than that of the original beam for concrete (cube strength 

= 250 kg/cm
2
) and 1.212, 1.333 and 1.412for concrete (cube strength = 400 kg/cm

2
) 

and 1.292, 1.415 and 1.543 for concrete (cube strength = 550 kg/cm
2
) and 1.16, 1.25 

and 1.375 for concrete (cube strength = 700 kg/cm
2
)for case of beams having area of 

side plate to area of haunched original beam of 0.50, 0.46 and 1.00 respectively, as 

shown in Fig.(44).  

Based on the obtained experimental results a suggested equations for 

predicting relative ultimate loads (P ul str. / P ul ori.) was derived for beams having the 

same positive haunch (tan α = + 0.20) and reinforced steel bars as follow, as shown in 

Fig. (45).   
 

P ul str. = P ul ori. [1.00 + 0.5665 * (A str./A ori.) ]  

For concrete strength F c = 250 kg/cm
2
 

P ul str. = P ul ori. [1.00 + 0.4589 * (A str./A ori.) ]  

For concrete strength F c = 400 kg/cm
2
  

P ul str. = P ul ori. [1.00 + 0.6019 * (A str./A ori.) ]  

For concrete strength F c = 550 kg/cm
2
 

P ul str. = P ul ori. [1.00 + 0.3893 * (A str./A ori.) ]  

For concrete strength F c = 700 kg/cm
2
 

 

Where 

(A str./A ori.): The ratio of area of strengthened plate to area of haunched original 

beam. 
 

e – Beams Stiffness 

By increasing the ratio of area of side plates to area of haunched original beam and the 

position of bonded side plates the relative stiffness of beams (K str./K ori.) increases. 

Based on experimental results a suggested equations for relative stiffness (K str./K ori.) 

at cracking level for all grade of concrete was derived for beams having the same 

positive haunch (tan α = + 0.20) and main steel bars as follow, as shown in Fig.(46). 
 

K str. = K ori. [1.00 + 0.5758 * (A str./A ori.)  ] 
 

Where: 

K str. = stiffness of strengthened beam. 

K ori. = stiffness of original beam. 
 

(3-2-2) Effect of Thickness of Bonded Side Steel Plate on: 

a- Crack Pattern and Mode of Failure 
By increasing the thickness of steel plate from (1.00 to 2.00 mm) the number of cracks 

decreases at the same level of loading, Also the height of vertical crack at tension zone  

decreases by increasing the thickness (1.00, 1.50, 2.00 mm) respectively. The mode of 

failure changed from shear type for unstrengthened beam to shear compression one for 

all beams with complete side plate on haunch at shear zone for any thickness of side 

plate, as shown in Figs.(47 and 48).  
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Fig. (44): Relation between ultimate load 

and configuration of external bonded steel 

plates for positive haunched beams" P. 

0","P.1","P.2","P.3"for different series. 

 

Fig. (43): Relation between cracking load 

and configuration of external bonded steel 

plates for positive haunched beams" P. 

0","P.1","P.2","P.3"for different series. 
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Fig. (46): Relation between relative 

stiffness at cracking level and area of side 

plates to area of haunched of original 

beam for all beams having positive 

haunch for different series. 

Fig. (45): Relation between relative 

ultimate load and Area of side plate to 

area of haunched original beams for 

positive haunched beams" P. 0" 

,"P.1","P.2","P.3"for different series. 
 

 
 

Fig. (47): Crack pattern of beam "EP.1"with thickness of steel plate (1.50 mm) 
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Fig. (48): Crack pattern of beam "EP.2"with thickness of steel plate (1.00 mm) 
 

b- Maximum Deformation: (Deflection, Concrete and Steel Strain) 

By increasing the thickness of steel plate the maximum deflection, mid-span concrete 

and steel reinforced bars strain decreases at any loading level before failure level.  

However at the final failure level the maximum deflection, mid-span concrete and steel 

reinforced bars strain increases by increasing the thicknesses of strengthened steel side 

plates as shown in Figs. (49 to54). 
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Fig(50): Relation between ultimate 

deflection at point (1) and change in 

thickness of plate for positive haunched 

for beams"CP.3","EP.1","EP.2" from 

series (CP and EP = 550 kg/cm
2
) 

Fig(49): Relation between deflection at 

cracking level at point (1) and change in 

thickness of plate for positive haunched 

for beams"CP.3","EP.1","EP.2" from 

series (CP and EP = 550 kg/cm
2
) 
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Fig(52): Relation between mid-span steel 

strain at cracking level and change in 

thickness of plate for positive haunched 

for beams"CP.3","EP.1","EP.2" from 

series (CP and EP = 550 kg/cm
2
) 

 

Fig(51): Relation between mid-span 

concrete strain at cracking level and 

change in thickness of plate for positive 

haunched for beams"CP.3","EP.1","EP.2" 

from series (CP and EP = 550 kg/cm
2
) 
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Fig(54): Relation between ultimate mid-

span steel strain and change in thickness 

of plate for positive haunched for 

beams"CP.3","EP.1","EP.2" from series 

(CP and EP = 550 kg/cm
2
). 

Fig(53): Relation between ultimate mid-

span concrete strain and change in 

thickness of plate for positive haunched 

for beams"CP.3","EP.1","EP.2" from 

series (CP and EP = 550 kg/cm
2
). 

 

c- Cracking and Ultimate Loads 

By increasing the thickness of steel side plate, both of cracking and ultimate loads 

increase. When considering the cracking load, the strengthened beams showed 1.333, 

1.417 and 1.417times than that of the original beam for beams having steel plate 

thickness of 1.00, 1.50 and 2.00 mm respectively. Also when considering the ultimate 

load the same latter beams showed 1.31, 1.41 and 1.544 times than that of the original 

beam respectively. Based on experimental results a suggested equations for relative 

cracking (P cr str. /P cr ori.) and ultimate load (P ul str. / P ul ori.) was derived for 

beams having the same negative haunch (tan α = - 0.20), reinforced steel bars, degree 
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of strength concrete, position and arrangements "for plates bonded on both sides of 

shear zone of beams" as follow, as shown in Figs. (55 and 56). 
 

P cr str.= P cr ori.  [ 1.00 + 0.4664 * ( t ) + (- 0.1284) * ( t )
 2
  ] 

P ul str.= P ul ori.  [ 1.00 + 0.3271 * ( t ) + (- 0.0291) * ( t )
 2
  ] 

 

Where:  

t = thickness of steel plate in (mm). 
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Fig(56): Relation between relative 

ultimate load and Change in thickness of 

plate for positive haunched for 

beams"CP.0","CP.3","EP.1"and"EP.2"fro

m series (CP  and EP = 550 kg/cm
2
) 

Fig(55): Relation between relative 

cracking load and Change in thickness of 

plate for positive haunched for 

beams"CP.0","CP.3","EP.1"and"EP.2"fro

m series (CP  and EP = 550 kg/cm
2
) 

 

d- Beams Stiffness 

By increasing the thickness of steel side plate the relative stiffness (K str./K ori.) 

increases. Based on experimental results a suggested equations for relative stiffness (K 

str./K ori.) at cracking level was derived for beams having the same positive haunch 

(tan α = + 0.20), reinforcement steel bars, grade of  concrete, position and 

arrangements "for plates bonded on both sides of shear zone of beams" as follows, see 

Fig.(57).                                                                                                                                                    
 

K str. = K ori. [1.00 + 0.3352 * ( t ) ] 

Where: 
 

K str. = stiffness of strengthened beam. 

K ori. = stiffness of original beam. 

t   = thickness of steel side plate in (mm). 

 



STATIC BEHAVIOUR OF REINFORCED HIGH STRENGTH … 

 

1421 

2.00mm

1.50mm

1.00mm

0.00

 K str.  =K ori.* ( 1.0 + 0.3352 ( t )  )

0

0.4

0.8

1.2

1.6

2

0 0.5 1 1.5 2 2.5

Thickness of plate mm

( K
 s

tr
. /

 K
 o

ri
. )

 
Fig. (57): Relation between relative stiffness (K s/K o) at cracking level 

 and thickness of strengthened plates for beams having positive haunch 

 "CP.0","CP.3","EP.1","EP.2" from series (CP and EP = 550 kg/cm
2
) 

 

(3-2-3) Effect the Grade of Concrete on: 
a- Crack Pattern and Mode of Failure 
By increasing the strength of concrete from (250 to 700 kg/cm

2
) the number of cracks 

decreases at the same level of loading, but the mode of failure is the same for 

strengthened and unstrengthened beams for all grades of concrete.                                                                                     
 

b- Maximum Deformation: (Deflection, Concrete and Steel Strain) 

By increasing the grade of concrete, the maximum deflection, mid-span concrete and 

steel strain decrease at any loading level before failure level. However at the final 

failure level the maximum deflection, mid-span concrete and steel reinforced bars 

strain increase by increasing the grade of concrete. But the steel bars strain at failure 

point is the same level values for high strength concrete beams but big for that of the 

reinforced normal strength concrete beams, as shown in Figs.(58 to61).                                                                                                                      
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Fig. (59): Relation between ultimate 

deflection at point (2) and change in the 

grade of concrete for positive haunched 

beams" P.0","P.1","P.2","P.3" for different 

series  

Fig. (58): Relation between cracking 

deflection at point (2) and change in the 

grade of concrete for positive haunched 

beams" P.0","P.1","P.2","P.3" for  

different series  
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Fig. (61): Relation between ultimate mid-

span steel strain and change in the grade of 

concrete for positive haunched beams" 

P.0","P.1","P.2","P.3"for  different series  

Fig. (60): Relation between ultimate mid-

span concrete strain and change in the 

grade of concrete for positive haunched 

beams" P. 0","P.1","P. 2","P. 3" for 

different series  
 

c- Cracking and Ultimate Loads 

By increasing the strength of concrete both of cracking and ultimate load increases. 

When considering the increasing of relative ultimate load between high strength 

concrete to normal reinforcement concrete beams is decreases when increasing the 

grade of concrete for strengthened beams to unstrengthened beams, as shown in Figs. 

(44 and 45).                                                   
 

d- Beams Stiffness and Toughness 

By increasing the grade of concrete strength both of stiffness reference (K) and 

toughness increases, as shown in Figs. (62 and 63).   
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Fig. (63): Relation between toughness and 

grade of concrete for positive haunched 

beams" P .0","P .1","P .2","P .3" from 

series (AP, BP, CP and DP = 

250,400,550,700 kg/cm
2
) 

Fig. (62): Relation between stiffness (K) 

and grade of concrete for positive 

haunched beams" P .0","P .1","P .2","P 

.3"for different series 
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(3-3) Effect of Haunch Inclination (α) on: 

a- Crack Pattern and Mode of Failure 
By changing the haunch inclination (α) from positive to negative the number of both 

shear and flexure cracks decreases at the same level of loading, The mode of failure 

was the same for all unstrengthened having negative and positive haunched beams as 

shear failure. But for strengthened negative haunched beams changed from shear 

failure to shear compression failure and flexure failure with crushing of concrete at 

mid-span for case of beams having side plate the area of side plate to area of haunched 

original beam of 0.46, 0.50 and 1.00 respectively. But strengthened positive haunched 

beams changed from shear failure to shear compression failure with crushing of 

concrete at the bearing support for the same area of side plate respectively. This is 

ascribable behavior is due to the increase of both stiffness and shear capacity of the 

beams having negative haunch with big depth at support. 
  

b- Maximum Deformation: (Deflection, Concrete and Steel Strain) 

By changing the haunch inclination (α) from positive to negative the maximum 

deflection decreases at any level of loading, but the corresponding measured of 

concrete compression and steel bars strain increases at any loading level, for all grade 

of concrete beams, as shown in Figs.(64 to 66).  This is ascribable this behavior is due 

to the increase of both stiffness and shear capacity of the beams having negative 

haunch with big depth at support. 
 

c- Cracking and Ultimate Loads 

For change the haunch inclination (α) from positive to negative the both of cracking 

and ultimate load increases, as shown in Figs.(67 and 68).  
                                       

d- Beams Stiffness 

By change the haunch inclination (α) from positive to negative the stiffness of beams 

(K) increases. as shown in Fig.(69)    
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Fig. (65): Relation between ultimate mid-

span concrete strain and change in slope for 

beams with negative and positive haunch 

from series  (A, B, C and D = 

250,400,550,700 kg/cm
2
) 

Fig. (64): Load deflection curves at 

point (1) for beams having positive and 

negative haunch  from series (C = 550 

kg/cm
2
) 
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Fig. (67): Relation between cracking load and 

change in slope for beams negative and 

positive haunched from series (A, B, C and D 

= 250,400,550,700 kg/cm
2
) 

Fig. (66): Relation between ultimate 

mid-span steel strain and change in 

slope for beams with negative and 

positive haunch from series  (A, B, C 

and D = 250,400,550,700 kg/cm
2
) 
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Fig. (69): Relation between stiffness (K) and 

change in slope for beams negative and 

positive haunched from series (A, B, C and 

D = 250,400,550,700 kg/cm
2
) 

Fig. (68): Relation between ultimate 

load and change in slope for beams 

negative and positive haunched from 

series (A, B, C and D = 

250,400,550,700 kg/cm
2
) 

 

4- CONCLUSIONS  

Based on the results of the experiments carried out on high strength reinforcement 

concrete beams strengthened with bonded steel side plates, the following conclusions 

can be drawn: 
 

Beams Having Negative Haunch (tan α = - 0.20) 

1- The mode of failure was shear failure for all unstrengthened having negative 

haunched beams. But for strengthened beams, the mode of failure changed from 

shear to shear compression and flexure failure with crushing of concrete at mid-
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span for case of beams having area of steel side plate to area of haunched 

original beam of about 0.46, 0.50 and 1.00 respectively. 

2- By increasing the thickness of steel side plate from (1.00 to 2.00 mm) the 

number of cracks decreases at the same level of loading. The mode of failure 

changed from shear failure for unstrengthened beam to flexural failure for all 

beams with complete side plate on haunch at shear zone for any thickness of 

steel side plate. 

3- By increasing the thickness of steel side plate the cracking load is the same but 

the ultimate load increases. The cracking load of strengthened beams "EN.1 

","EN.2" and "CN.3" having steel side plate of thickness 1.00, 1.50 and 2.00 mm 

respectively showed 1.384, 1.538 and 1.384 times more than that of the original 

beam "CN.0". The ultimate load for the same latter beams showed 1.371, 1.398 

and 1.42 times more than that of the original beam respectively. 

4- A general equation to determine the ultimate loads for beams strengthened by 

using steel side plate of relative area (A str./A ori.) and different thickness of 

side plate, as a main variables as follows ; 
 

P ul str.= P ul ori. [ 1.00 + C 1+ C 2  ]  
 

Where:  

C 1 = [ 0.6550 * (A str./A ori.)   ]  … for concrete strength F c = 250 kg/cm
2
 

C 1 = [ 0.5475 * (A str. /A ori.)  ]  … for concrete strength F c = 400 kg/cm
2
 

C 1 = [ 0.4523 * (A str. /A ori.)  ]  … for concrete strength F c = 550 kg/cm
2
 

C 1 = [ 0.3654 * (A str. /A ori.)  ]  … for concrete strength F c = 700 kg/cm
2
 

C 2 = [ 0.5061 * (thickness "mm") + (- 0.1507) * (thickness "mm")
2
]  

P ul str. , P ul ori. = ultimate load carrying capacity for both strengthened and 

original beams. 

(A str. /A ori.): the ratio of area of side plate to area of haunched original beam. 

5- The failure of strengthened beam with area of side plate to area of haunched 

original beam = 0.46, which bonded at the small depth was more sudden. 
 

Beams Having Positive Haunch (tan α = + 0.20) 

6- The mode of failure was shear failure for all unstrengthened having positive 

haunch beams. But for strengthened beams, the mode of failure changed from 

shear to shear compression and shear compression failure with crushing of 

concrete at the bearing support for the beams having area steel side plate to area 

of haunched original beam of about 0.46, 0.50 and 1.00 respectively. 

7- By increasing the thickness of steel side plate the both of cracking and ultimate 

loads increase. The cracking load of strengthened beams "EP.1 ","EP.2" and 

"CP.3" having steel plate of thickness 1.00, 1.50 and 2.00 mm respectively 

showed 1.333, 1.417 and 1.417 times more than that of the original beam "CP.0". 

The ultimate load for the same latter beams showed 1.31, 1.41 and 1.544 times 

more than that of the original beam respectively. 

8- A general equation to determine the ultimate loads for beams strengthened by 

using steel side plate of relative area (A str./A ori.) and different thickness of 

side plate, as a main variables as follows ; 
 

P ul str.= P ul ori. [ 1.00 + C 1+ C 2 ] 
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Where: 

C 1 = [ 0.5665 * (A str./A ori.)     ]  …… for concrete strength F c = 250 kg/cm
2
 

C 1 = [ 0.4589 * (A str. /A ori.)     ]  …… for concrete strength F c = 400 kg/cm
2
 

C 1 = [ 0.6019 * (A str. /A ori.)     ]  …… for concrete strength F c = 550 kg/cm
2
 

C 1 = [ 0.3893 * (A str. /A ori.)     ]  …… for concrete strength F c = 700 kg/cm
2
 

C 2 = [ 0.3271 * (thickness "mm") + (- 0.0291) * (thickness "mm")
 2
 ] 

 

Effect of Haunch Inclination (α) 

9- For change the haunch inclination (α) from positive to negative the number of 

shear and flexure cracks decreases at the same level of loading. But cracking and 

ultimate loads increase.   

10- With all grades of concrete, by changing the haunch inclination (α) from positive 

to negative, the maximum deflection decreases at any level of loading, but the 

corresponding measured concrete and steel bars strain increase. 

11- Generally, the effectiveness of strengthening increases by increasing the area of 

strengthening steel side plates, its position on haunch and its thickness, but 

decreases relatively by increasing the grade of concrete strength. 
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قاومة و ذات الشطف والمقواة السلوك الاستاتيكى للكمرات الخرسانية المسلحة عالية الم
 باستخدام الواح الصلب الخارجية الملصوقة بالايبوكسي

 

من المعروف ان بعض عناصرر المنأر ا السرنرانال الما مرل ملرم ال مرراا ار  لىلراع الرو لر عا  او لموارل 
الصراع  لمر  اصربىا لمنارل لر عا  للرم ال مرراا بانرلس ا  الروا  الانأرا .  ماوملها ولىنران ا ا هرالزاا ة م

لمر  اررا    ملبلر  ساريارا بمرا لا الاابو نرو مرن الاررة أررا عل الانرلس ا  لمرا لهرا مرن ممارزاا  لاررةالمع نارل 
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الع ارررر  مررررن البرررراىلان ب رانررررل نررررلوم ال مررررراا السرنررررانال ااا المماومرررر  العا اررررل  والممررررواة بهرررراة اللمناررررل 
لاررم ال مررراا ااا فررو  رانررل ولىوالمعرضررل لايهررا اا انىنرراج او ايهررا اا اررن و لارررا مررنه  انل اضرروا 

ول رن ابمرا للمعلومراا الملاىرل فران نرلوم    رن  لهرا علرو سرنرانل ااا مماومرل عا ارلالأاف الرانرو ول
ال مراا السرنانال العالال المماومرل ااا الأراف الرانر. والممرواة بهراة اللمنارل والمعرضرل لايهرا اا ارن 

لراا فران الهر ف مرن اراا البىرر ارو  رانرل نرلوم المرن لل مرراا  اع الرو ال لارر مرن ال رانرل مازالا لىل
والملصروال ساريارا  الممواة بانرلس ا  الروا  مرن الصرل  السرنانال العالال المماومل ااا الأاف الرانو و

ارراا وارر  ايراررا الليررار  علررو نررلل ولتلررون  مرررة ااا ننرربل ى ارر  لنررلا  لابررا ولا بمررا ة الاابو نرر.  
ا اللرو لمرا  رانرلها لل اناا لابرا   و انرا الملراررا عو)ى ا  م ن ( وااا ع  ا  يو لنلالىلوى عل

 او:
(   لراررر نررمم اللررو  .A str./A oriاللررو  المعرر نو فررو منامررل المررن ) منرراىللراررر م رران وعرررض و 

 – 052الررو سرنررانل عالاررل المماومررل ) المماومررل (   لراررر مماومررل السرنررانل مررن سرنررانل عا اررلtالمعرر نو)
   لرار مام الأاف من المام الموي  الو المام النال   ( 0 ي /ن  022 – 552 – 022

 ما ل  فو ااا البىر ممارنل مماومرل المرن اللرو نرااما بهرا الالروا  المع نارل واللرو لر  الىصروم علاهرا 
 -:( ومن اا  النلا ج اللو ل  انلستصها ما الوACIمعملاا لهاة ال مراا بللم المىنوبل ابما لل و  )

ارز ا   رم مرن ىمرم اللأرراح والىمرم  (منراىل لراالرل مرن الأراف )بزاا ة عرض الصاع اليرانبو -
 ننبل لما  نه  الانىناج و الان عام  لالااصو و علو الع س با

بزارا ة عرررض الصراع اليررانبو ومنرراىل لراالرل الراررر اررراز الانهارار مررن انهاررار ارن الررو انهاررار  -
( ول ررن الىرروم مررن  2202-=  اف النررال  ) ررا اررراا الأررالانىنرراج والررم فررو ال مررراا انلايررل 

انهاررار نلايررل المررن الررو انهاررار نلايررل المررن و الانىنرراج )انىنرراج اررن( والررم فررو ال مررراا ااا 
 (  2202= + رالأاف الموي  ) ا ا

نهارار لل مررة الممروالا بزاا ة مام الأاف ) من المام النال  الرو المارم الموير  ( الىروم ارراز الا -
نىنرراج والمررن )انىنرراج اررن ( و ررالم لررز ا  اررا  اررار نلايررل الانىنرراج الررو انهاررار نلايررل الامررن انه

 ااصو نه  لتنىناج و الان عام الننبو مع زاا ة ااصو ىمم ننبو  

مماومررل السرنررانل مررن سرنررانل عا اررل المماومررل الررو سرنررانل عالاررل  لبرراا أرر م اللمواررل و لرااررر مرع -
اى ان ارراة اللمناررل لهررا   لمررم مررع زاررا ة رلبررل السرنررانل فررو الاىمررامالمماومررل ويرر  ان ننرربل الزاررا ة 

 ى و  مع زاا ة مماومل السرنانل  

ارا  نره  املرم مرن بزاا ة نمم الصراع اليرانبو ارز ا   رم مرن ىمرم اللأرراح والىمرم الااصرو و    -
 الانىناج و الان عام  

 ال مراا  لال للل عا  فو مماومل المن لهال  انلنباا معا لاا لللنبؤ بالما  اللو لناا  بها ااة اللمنا -
 


