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In the current study, experimental and analytical analysis were carried 

out to propose models for the maximum reinforcement ratios for high 

strength concrete flexural beams and to compare the behavior of HSC 

beams with normal strength concrete beams with respect to this point of 

view. The behavior is represented by failure mode, ultimate load, 

deflection and strain. The failure mode of HSC beams is relatively 

different than that of normal strength beams and this is mainly due to the 

higher degree of brittleness of HSC. High strength beams require more 

quantity of steel reinforcement to achieve the ductility. Using HSC leads 

to an increase of the cracking and ultimate loads of beams and to a 

decrease of ductility. The steel reinforcement of HSC beams should be 

increased in such a way that yielding of steel should occur first before 

crushing of concrete to avoid brittle failure. From the given results of 

failure mode, load deflection relations and from recording the 

propagation of cracks and failure mode of beams and following the 

concept of the required steel reinforcement which is given by the code for 

normal strength concrete, the required reinforcement of HSC flexural 

beams is determined and given by equations 4 and 5 in the text. The 

equations are applicable to all grades of concrete (normal and high 

strength concrete).  

Analytical analysis is carried out to consider the effect of size of cross 

section on the required reinforcement. Nonlinear plane stress finite 

element model is utilized to give the required steel reinforcement 

considering the size effect. Based on experimental and theoretical results 

and by using parametric analysis and curve fitting, a model of the 

maximum required steel reinforcement of high strength concrete flexural 

beams considering the effect of size is recommended and represented by 

equation 15 in the text. The model is recommended to be used in the 

design of beams.  

  

KEYWORDS: High Strength and normal strength, Flexural beams, 

Maximum Requirements of steel reinforcement, Size Effect, Failure Mode, 

Experimental and finite element analysis 
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INTRODUCTION 
 

The use of high strength concrete (HSC) in construction is widely used 

nowadays due to many advantages such as; it allows a self weight reduction, a 

decrease of reinforcing steel bars and a cost saving. HSC can be produced by 

careful selection of ingredients and mix proportions, use of pozzolanic additives 

and super plasticizers and with the use of low w/c ratios. Thus it is easy to get 

such concrete with high quality control in production and casting [1,2]. It 

should be mentioned that most of researchers consider that concrete of 

compressive strength equal to or more than 40 MPa is HSC. The practical 

applications of HSC have preceded full knowledge of HSC material properties 

and the behavior of structural members constructed with the material. Although 

HSC has been increasingly used in the construction in the last few years, much 

more study is still needed for better understanding of its behavior. An increase 

in the strength of concrete is directly associated with an improvement in most 

of its properties, in special the durability, but this also produces an increase in 

its brittleness and smoother crack surfaces which affects significantly the shear 

strength. The significant problem concerning the use of high strength concrete 

is its increased brittleness with higher strength. Ductility level of HSC structural 

member is low and hence its use is not widespread in flexural members. 

There are few researches concerning the amount of steel reinforcement of 

flexural beams. In Ref. [3] the authors studied minimum flexural ductility 

design of HSC beams. It is proposed that the usual method of achieving the 

minimum level of flexural ductility in reinforced concrete beams, by either 

limiting the tension steel ratio or the neutral axis depth to below a fixed 

maximum values, is no longer a suitable approach. Bosco [4] carried out a 

study on minimum reinforcement of HSC beams based on the condition of 

simultaneous first cracking and steel yielding. 

In some codes [4, 5, 6] the required amount is established on the basis of 

the ratio between the computed stresses in the concrete and steel. Other codes 

[4, 5, 6] take into account only the steel yield strength. Italian code [4] and 

Russian code [4] fix a minimum percentage of steel independently of any 

geometrical and mechanical feature. It is possible to consider the beam size 

effect on the required steel percentage, through the concept of fracture 

mechanics. The fracture mechanics model defines a brittleness number Np, 

which is considered as a measure of the brittleness or ductility of the test. Np is 

a function yield strength fy, concrete fracture toughness KIC, steel percentage 

As/A and beam depth [4, 7]. 

 

Purpose of the Study 
The Egyptian code does not include provisions for the required flexural 

reinforcement of HSC beams. The formulae given by the international codes are 

not adequate for HSC beams because they neglect most of the factors especially 
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the effect of size. In the current study, experimental and theoretical 

investigations are carried out to suggest the required reinforcement of HSC 

flexural beams. The purposes of the study are to investigate the behavior of 

HSC beams and to compare such behavior with that of normal strength concrete 

beams and to suggest the required flexural reinforcement of HSC beams 

considering the effect of size. The study is divided into two parts; experimental 

and theoretical. 
 

PART I: EXPERIMENTAL ANALYSIS 
 

Experimental Program and System of Loading 
To achieve the purposes of the current study, eighteen specimens were prepared 

and constructed at the Laboratory of reinforced concrete and strength of 

materials at Civil Department of Assiut University. The specimens were 

divided into three groups; A, B and C. The difference between the three groups 

is the grade of concrete. Table 1 summarizes the details and description of each 

specimen of all the groups. Fig. 1 illustrates the system of loading, details, 

dimensions and reinforcement of the tested beams. All the specimens were 

tested after 28 days after casting. A testing machine of 60 tons capacity was 

utilized. All the specimens were tested under two-point static loading system. 

Mid-span deflection and strains were recorded at each loading increment, which 

was kept as 100 kg. Figure 2 illustrates the loading system and the test setup. 

The obtained results are represented by the failure mode, deflections and 

strains. 
 

Table 1 Details and Description of Test Specimens 

Group Details and description 

Group 

A 

C 250 

Beam A - 1 A – 2 A - 3 A - 4 A - 5 A – 6 

Reinft. mm82
mild 

mm102
HTS 

mm122
HTS 

mm123
HTS 

mm124
HTS 

mm125  

HTS 

% As 0.64 1.0 1.45 2.17 2.9 3.62 

Group 

B 

C 500 

Beam B - 1 B – 2 B - 3 B - 4 B - 5 B – 6 

Reinft. mm82
mild 

mm102
HTS 

mm122
HTS 

mm123
HTS 

mm124
HTS 

mm125  

HTS 

% As 0.64 1.0 1.45 2.17 2.9 3.62 

Group 

C 

C 700 

Beam C - 1 C – 2 C - 3 C - 4 C - 5 C – 6 

Reinft. mm82
mild 

mm102
HTS 

mm122
HTS 

mm123
HTS 

mm124
HTS 

mm125  

HTS 

% As 0.64 1.0 1.45 2.17 2.9 3.62 

 
* Mild steel was used as compression steel. For this reason, compression steel was not 

considered in the analysis. 
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Materials: Three grades of concrete are used as follows: 

1- Normal strength concrete. Concrete mix design was carried out to 

produce normal strength concrete. The proportions are illustrated in table 2 

as follows:  

 

Table 2: Concrete Mix proportions of Normal Strength Concrete 

 
Cement kg/m

3
 Sand kg/m

3
 Gravel kg/m

3
 water Litre/m

3
 

350 670 1200 165 (w/c=0.47) 

 

A total of 18 standard cubes was prepared and tested after 28 days. The 

dimensions of the cube are 15x15x15 cm. The average concrete strength of 

cubes is 250 kgf/cm
2
. 

 

2-High strength concrete (HSC). Two grades of high strength concrete were 

produced in the study. The concrete mix proportions by weight are given in 

table 3. 

 

Table 3: Concrete Mix proportions to produce High Strength Concrete 

 
Grade cement  

kg/m
3
 

Sand 

kg/m
3
 

bazalt kg/m
3 

mm 10 10-20mm 

Silica 

fume 

kg/m3 

Sikament 

FF-3 

kg/m3 

Water 

 Litre/m
3 

C700 500 525 600 600 90 17 125 (0.25) 

C900 450 600 600 600 70 14 165 (0.37) 

 

The coarse aggregate is crushed basalt with 10 and 20 mm nominal size. 

Natural sand was used as fine aggregate. Ordinary Portland cement was used 

(Assiut Cement) in all concrete mixes. For each of C 700 and C 500, a total of 

18 standard cubes was prepared and tested after 28 days for each grade. The 

average concrete strength of standard cubes is 700 and 500 kgf/cm
2
. These 

concrete mixes were used by the author in a previous study [2]. High strength 

ribbed bars of grade 36/52 and mild steel bars of grade 24/35 are used in the 

study. 
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55 cm10 cm 10 cm55 cm30 cm

P (ton)

2   8 mm for A-1, B-1, C-1         2 10 mm  for A-2, B-2, C-2

2   12 mm  for A-3, B-3, C-3       3  12 mm  for A-4, B-4, C-4

4   12 mm  for A-5, B-5, C-5        5    12 mm for A-6, B-6, C-6

2    8 mm  (mild bars)

Stirrups are of diameter 6 mm (mild steel)

The spacing between stirrups in the middle part = 7.5 cm

The spacing between stirrups in the distance 55 cm =6.5 cm

1

1

15
 c

m

12 cm

Sec. 1-1

For beams 

A-1, B-1, C-1

2    8 mm 

(mild bars)


15
 c

m
12 cm

Sec. 1-1

For beams 

A-2, B-2, C-2

2    10 mm 

( ribbed bars)


2    8 mm 

(mild bars)


15
 c

m

12 cm

Sec. 1-1

For beams 

A-3, B-3, C-3

2    12 mm 

( ribbed bars)


2    8 mm 

(mild bars)


15
 c

m

12 cm

Sec. 1-1

For beams 

A-6, B-6, C-6

5    12 mm 

( ribbed bars)


2    8 mm 

(mild bars)


15
 c

m

12 cm

Sec. 1-1

For beams 

A-4, B-4, C-4

3    12 mm 

( ribbed bars)


2    8 mm 

(mild bars)


15
 c

m

12 cm

Sec. 1-1

For beams 

A-5, B-5, C-5

4    12 mm 

( ribbed bars)


2    8 mm 

(mild bars)


2    8 mm 

mild bars


 

Position of strain 
gauge on steel bar

 
 

Fig. 1 System of loading, details, dimensions and reinforcement of test 

specimens 

 

 

 

 

 

 

 

 

 

Fig. 2  Test Setup and system of loading 
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RESULTS AND ANALYSIS 

With Respect to Failure mode 
Photos 1 to 6 illustrate the final failure modes of specimens A-1 to A-6 of 

Group A in which the grade of concrete is 250 kg/cm
2
. The following points are 

to be summarized: 

Severe flexural failure mode occurred for specimen A-1 which has steel 

percentage of 0.64 %. In specimen A-2, with steel percentage of 1.0 %, flexural 

failure occurred associated with spalling of concrete cover in the compression 

surface. The severity of flexural failure was reduced in specimen A-3 of steel 

percentage of 1.45 %. Failure mode of specimen A-4 of steel percentage of 2.17 

is compression failure of concrete at the top surface associated with some 

flexural cracking. Similar compression failure was recorded for specimens A-5 

and A-6, which have steel percentages of 2.9 and 3.62 % respectively. As the 

steel percentage increases, flexural cracking is reduced and after a certain steel 

ratio, the failure mode is changed to compression failure. This is normal 

conclusion; because as steel ratio is small, yielding of steel occurs before 

crushing of concrete and as steel ratio is high, crushing of concrete occurs 

before yielding of steel. At a certain steel ratio, balanced failure occurs. 

Photos 7 to 12 illustrate the final failure modes of specimens B-1 to B-6 

of Group B in which the concrete is HSC of grade 500 kg/cm
2
. The following 

points are summarized: 

Severe flexural failure mode occurred for specimen B-1, which has steel 

percentage of 0.64 %. The severity of flexural cracking of B-1 (HSC) is higher 

than that of A-1 (normal strength) and this is due to the brittleness of HSC. In 

specimen B-2, with steel percentage of 1.0 %, flexural failure occurred 

associated with spalling of concrete cover in the compression surface and this is 

similar to A-2 of Group A. The severity of flexural failure was reduced in 

specimen B-3 of steel percentage of 1.45 %. Failure mode of B-4 of steel 

percentage of 2.17 is compression failure of concrete at the top surface 

associated with some flexural cracking. Similar compression failure was 

recorded for specimens B-5 and B-6, which have steel percentages of 2.9 and 

3.62 % respectively. As the steel percentage increases, flexural cracking is 

reduced and after a certain steel ratio, the failure mode is changed to 

compression failure. Comparing groups A and B, it is concluded that HSC 

beams need bigger amount of reinforcement.  

Photos 13 to 16 illustrate the final failure modes of specimens C-1 to C-6 

of Group C in which HSC of grade 700 kg/cm
2
 is used. The following points 

are summarized: 

Severe flexural failure mode occurred for specimens C-1, which has steel 

percentage of 0.64 % associated with spalling of concrete cover in compression. 

The severity of flexural cracking of C-1 (HSC) is higher than that of B-1 

(C500) and A-1 (normal strength) and this is due to the brittleness of HSC. In 
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specimen C-2, with steel percentage of 1.0 %, flexural failure occurred 

associated with spalling of concrete cover in the compression surface and this is 

similar to B-2 of group B and A-2 of Group A. The severity of flexural failure 

was reduced in specimen B-3 of steel percentage of 1.45 %. Failure mode of 

specimen C-4 of steel percentage of 2.17 is compression failure of concrete at 

the top surface associated with some flexural cracking. Similar compression 

failure was recorded for specimens C-5 and C-6 which have steel percentages 

of 2.9 and 3.62 % respectively. Comparing the similar beams of the same steel 

percentage in the different groups, it is clear that as the strength of concrete 

increases, its brittleness increases and hence the ductility should be increased. 

This can be done through many provisions such as increasing the percentage of 

reinforcement, admixtures, fibres,…etc. 
 

 

 

Photos of Group A 
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Photos of Group A (cont.) 

 

Photos of Group B 
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Photos of Group C 

 

With Respect of Load Deflection Relation 
Firstly, we investigate the effect of steel reinforcement on load deflection 

diagrams for the same grade of concrete. Fig. 3 illustrates the load deflection 

diagrams for specimens of group A of normal strength concrete. It is clear that 

as percentage of steel increases, ultimate strength increases, but maximum 

deflection decreases for specimens A-3, A-4 and A-5 and the biggest deflection 

is recorded for specimen A-2 of steel ratio of 1.0 %, considering the change of 

failure mode with increase of steel ratio. Fig. 4 illustrates the load deflection 

diagrams for specimens of group B of HSC (C500). It is clear that as percentage 
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of steel increases, ultimate strength increases, but maximum deflection 

decreases and the biggest deflection is recorded for specimen A-2 of steel ratio 

of 1.0 %, considering the change of failure mode with increase of steel ratio. 

Thus, there is a change of the behavior of HSC beams as compared with that of 

normal strength concrete. Fig. 5 illustrates the load deflection diagrams for 

specimens of group C of HSC (C700). The behavior of group C is 

approximately similar to that of group B. Note that the behavior of beams C-1 

and C-2 is similar, beams C-3 and C-4 is similar and C-5 and C-6 is similar 

considering the failure mode of such beams.  

Secondly, we investigate the effect of changing the grade of concrete on 

load deflection diagrams for the same steel reinforcement. Fig. 6 illustrates load 

deflection diagrams for beams A-1, B-1 and C-1, which have the same steel 

reinforcement 0.64 % and with different grades (C250, 500 and 700). Figs. 7, 8, 

9, 10, 11 illustrate similar diagrams for [A-2, B-2 and C-2 with steel percentage 

of 1.0 %], [A-3, B-3 and C-3 with steel percentage of 1.45 %] , [A-4, B-4 and 

C-4 with steel percentage of 2.17 %], [A-5, B-5 and C-5 with steel percentage 

of 2.9 %] and [A-6, B-6 and C-6 with steel percentage of 3.62 %]. All these 

figures give a comparison between the behavior of beams, which have similar 

reinforcement but with different concrete grades. Also, the figures illustrate the 

effect of HSC on the behavior of beams as compared with the beams of 

ordinary strength. It is clear that using HSC generally improves the ultimate 

load of the beams but it reduces its ductility for most of the beams. The beams 

of group B of HSC (C500) usually have higher load capacity and higher 

ductility than that of group A (C250). In addition, beams of group B usually 

have higher ultimate load and higher ductility than that of group C. This 

indicates that beams of group C should have bigger quantity of steel 

reinforcement to improve the behavior. For HSC grades, bigger quantity of 

steel reinforcement is needed.  
   

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 load deflection curves of group A           Fig. 4 Load deflection curves of group B 
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Fig. 5 Load deflection curves of group C 

 

 

 

 

 
 

 

 

 

 

Fig.6 Load deflection relations for                Fig.7 Load deflection relations for 

A-1, B-1, C-1                                                   A-2, B-2, C-2 

 

 

 

 

      Fig. 8 Load deflection relations for                   Fig. 9 Load deflection relations for 

                       A-3, B-3, C-3                                                        A-4, B-4, C- 4 
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Fig. 10 Load deflection relations for           Fig. 11 Load deflection relations for 

A-5, B-5, C-5                                          A-6, B-6, C-6 

 

With Respect to Load strain diagram 
Following the same way, we plotted the relations between load and strain of 

steel reinforcement. Firstly, we investigate the effect of percentage of steel 

reinforcement on load strain diagrams for the same grade of concrete. Fig. 12 

illustrates the load strain diagrams for specimens of group A of normal strength 

concrete (C250). The highest load was recorded for specimen A-3 with steel 

reinforcement of 1.0 % and the minimum load associated with maximum strain 

was recorded for beam A-6 of steel ratio of 3.62 %. Fig. 13 illustrates the load 

strain diagrams for specimens of group B of HSC (C500). On Contrary with 

group A, minimum load was recorded for beam B-2 (1.4 %) and maximum load 

was recorded for beams B-5 and B-6. This indicates that HSC beams require 

bigger quantity of steel reinforcement. Fig.14 illustrates the load strain 

diagrams for specimens of group C of HSC (C700). Minimum load was 

recorded for beam C-2 (1.0 %) and maximum load was recorded for beams C-6.  

Secondly, we investigate the effect of changing the grade of concrete on load 

strain diagrams for the same steel reinforcement. Fig.15 illustrates load strain 

diagrams for Beams A-2, B-2 and C-2, which have the same steel reinforcement 

1.0 % and with different grades (250, 500 and 700). Even there is small 

difference in the ultimate load, the strain of steel changes significantly. Lower 

strain was measured for A-2 and biggest strain was for C-2. Fig.16 illustrates 

load strain diagrams for Beams A-3, B-3 and C-3 (steel reinforcement 1.45 %). 

Fig.17 illustrates load strain diagrams for Beams A-4, B-4 and C-4 (steel 

reinforcement =2.17%). Fig.18 illustrates load strain diagrams for Beams A-5, 

B-5 and C-5 (steel reinforcement 2.9 %), noting that highest strain was recorded 

for B-5. Fig. 19 illustrates load strain diagrams for Beams A-6, B-6 and C-6 

(steel reinforcement 3.62 %), noting that highest strain was recorded for C-6 

and the lowest for B-6. From the above curves, we can guess the required ratios 

of reinforcement for each beam, as it will be discussed in the following point. 
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Fig. 12 Relations of load and strain             Fig. 13 Relations of load and strain  

                  of group A            of group B 

 

 

 

 

 

 

 

 

Fig. 14 Relations of load and steel strain of group C 

 

 

 

  

 

 

Fig. 15 Relation of load and strain of                  Fig. 16 Relation of load and strain of 

                  A-2, B-2, C-2                                                         A-3, B-3, C-3 
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Fig.17 Relations of load and strain of           Fig.18 Relations of load and strain of 

A-4, B-4, C-4                                                                     A-5, B-5, C-5 

 

 

 

 

 

 

 

 

 

 

Fig. 19 Relations of load and steel strain of A-6, B-6 and C-6 

The Required Steel Reinforcement 

One of the main purposes of the current study is to establish the required 

reinforcement of flexural beams. This can be done by many methods such as: 

1- Crack control. Fracture energy method is used which is a function of 

crack width 

2- Maximum allowable deflection. In the Egyptian code of practice, 

maximum allowable deflection of simple beam is L/250 where L is the 

span of the beam. Figure 20 shows the maximum deflection of the tested 

beams as affected by steel reinforcement for different groups (A, B and 

C). Groups B and C of HSC have the same trend and close values of 
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ultimate load at the same steel ratios. Fig. 21 illustrates the maximum 

load as affected by steel reinforcement. From figures 20 and 21 with the 

given results of failure mode, load deflection relations and from noticing 

the propagation of cracks and failure mode of beams and following the 

concept given in Fig. 22 (a and b), the required steel reinforcement are 

determined. For normal strength concrete, required steel ratio is given 

by the code, then at this value we determine the deflection at which we 

obtained the percentage of steel reinforcement for HSC beams. This 

concept is utilized in the study together with noticing the failure mode, 

crack propagation and the above results.  
 

 

 

 

Fig.20 Relation of maximum deflection         Fig. 21 Relation of maximum deflection 

                and steel ratio                                                                     and load 

 % steel 

d
e
fl

e
c
ti

o
n

 min

normal strength 

concrete

 % steel 

d
e
fl

e
c
ti

o
n



high strength 

concrete

a) b)

Fig. 22 (a, b) A concept of determining the required reinforcement 

From parametric analysis, the recommended percentages of steel reinforcement 

for analyzed beams are as follows: 

For group A (C250): As = 1.45 %,     toleads
   cfAs 0058.0% max                   (1) 
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For group B (C500): As = 2.1 %      toleads
    cfAs 0042.0max%                  (2) 

For group C (C700): As = 2.25 %        toleads

cfAs 0032.0% max                     (3) 

Equation (1) agrees to a reasonable degree with the Egyptian code, which 

satisfies that the required percentage of steel reinforcement for steel 36/52 

equals 0.005 fc. Eqs. (2) and (3) are recommended for high strength concrete. 

From such results, the required steel reinforcement is represented by the 

following equation: 

cxma fKAs ][%                                                                                                     (4)  

Where, K is a factor, which depends on the grade of concrete (for steel grade 

36/52) and fc is the grade of concrete (kg/cm
2
). The factor K can be obtained 

from Fig. 23 or from Eq. (5).  

 6103443.50069164.0
c

fxK
 With correlation coefficient R=0.999       (5) 

Equations 4 and 5 are applicable to all grades of concrete. The recommended 

equation for percentage of steel reinforcement does not include effect of size. 

To overcome such problem, analytical analysis is to be carried out in the 

following part  

 

 

 

 

 

 

 

 

 

Fig. 23 Determination of Factor K of Eq. 5 

 

PART II: ANALYTICAL ANALYSIS 
 

Finite Element Modeling of Normal and High strength concrete 
In a previous study, the author utilized a nonlinear two-dimensional finite 

element model to study the shear strength of HSC beams. The accuracy of the 

model was verified in Japan [8, 9]. Nonlinear FE program called WCOMR 

[9,10,11] was used to carry out the numerical calculation. Modeling of concrete 
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for pre-cracking range is based on elasto-plastic fracture model, which was 

developed by Maekawa et al [9,10,11,12]. After cracking, the analysis is based 

on the smeared crack approach using the average stress–strain relationship of 

cracked concrete and reinforcing bars. The tension stiffening and softening 

model of concrete [9 -12] has the following form:  

σt =  ft (εtu /εt)
C
       (6) 

Where: σt is the tensile stress normal to cracks, ft  is the tensile strength of 

concrete, εt  is the tensile strain normal to the crack, εtu is the cracking strain and 

C is a parameter describing the sharpness of the descending curve. For 

reinforced concrete, C is considered 0.4 [9, 10,11,12,13]. Fig. 24 illustrates the 

model used for tension softening –stiffening for reinforced concrete [9]. It is 

assumed that the shear transfer ability of cracked concrete losses and exhibits 

softening [9,10,11,12,13]. The shear-softening model is considered based on a 

model of An et al [9,11,12,13,14] as follows:  

ι = ιmax (γu /γ)C
       (7) 

where, γu is the ultimate shear strain (taken as 0.004 for confined concrete or 

reinforced concrete and 0.04 for unconfined concrete or plain concrete) [8,9[, 

ιmax is the maximum shear stress corresponding to ultimate shear strain and C is 

the same as tension stiffening parameter. More details regarding the model were 

given in references [8-14]. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 24    Tension softening – stiffening model for plain and reinforced concrete 

 

The post cracking mechanism of cracked concrete is established by 

considering two adjacent cracks as illustrated in Fig. 25. At this stage the cracks 

get final spacing as shown in Fig. 26 Figure 27 illustrates the tensile behavior of 

concrete between two adjacent cracks. The figure illustrates also the change of 

tension stiffening for reinforced concrete

C=0.4

tension stiffening for plain concrete
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bond between steel bars and concrete. The average stress strain relationship of 

cracked concrete prior to yielding of reinforcement is taken as follows [8-14]:  

F = (1/5)
C
 ft [5.5 (ε / 5εtu) – 4.5 (ε / 5εtu)

1.25
]  (8) 

Where, εtu is the cracking strain and C is the parameter of tension stiffening 

(larger than or equal to 0.4 based on crack direction). The accuracy of the 

proposed model was verified [8, 9]. The model was proved to be suitable for 

analysis of normal and HSC. 
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Fig. 25 Behavior at beginning of cracking  Fig. 26 Behavior after propagation of cracks 
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Fig. 27 Tensile behavior of concrete between two adjacent cracks 

 

The model is used to analyze beams with different sizes and more details 

are found in Ref. [8]. In Ref. [8], the load deflection curves were given. Fig. 28 

illustrates the dimensions and details of the beams. Table 4 illustrates the cases 

of study. Three groups were analyzed; group A, B and C. The difference 

between the groups is the percentage of steel. Each group has different steel 

ratios. All the analyzed beams have HSC of grade 500 kg/cm
2
. Similar cases 

were analyzed for grade of 700 kg/cm
2
. 
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a a 30 cm

P stirrup of diameter 8 
mm each 15 cm

b

t

2  10 mm

 

Fig. 28 Details of Analyzed Beams 

 

Table 4 Cases of study of analytical results 

Group beam 
b 

(cm) 

t 

(cm) 

Span 

L cm) 

(a) 

cm 
a/d 

Reinft. 

bars 
%As

 cf  

kg/cm
2
 

 

A 

a1 10 10 120 40 4 102  1.85 500 

a2 10 20 160 60 4 102  0.85 500 

a3 10 40 200 80 4 102  0.41 500 

 

B 

b1 10 10 120 40 4 122  2.65 500 

b2 10 20 160 60 4 122  1.22 500 

b3 10 40 200 80 4 122  0.59 500 

 

C 

c1 10 10 120 40 4 123  4.0 500 

c2 10 20 160 60 4 123  2.11 500 

c3 10 40 200 80 4 123  0.88 500 

The same cases were analyzed for grade of concrete of 700 kg/cm
2
 

 

Following the same method followed in the experimental part, the 

required quantity of steel reinforcement for different beams with different sizes 

were obtained as it is shown in Fig. 29. Due to limited space we give only the 

final results. The results of Fig. 29 can be summarized by the following 

equations similar to Eqs. 1, 2 and 3.  

For C500 

For beam depth 10 cm: As=1.95 %,     toleads

cfAs 0039.0% max                      (9)  

For beam depth 20 cm: As=2.15%,     toleads

cfAs 0043.0% max                     (10) 

For beam depth 40 cm: As = 2.35 %,     toleads

cfAs 0047.0% max                 (11) 
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For C700 

For beam depth 10 cm: As = 2.2 %,     toleads
 cfAs 00325.0% max                (12)  

For beam depth 20 cm: As = 2.35 %,     toleads
   cfAs 0034.0% max             (13) 

For beam depth 40 cm: As = 2.55 %,     toleads
   cfAs 0037.0% max             (14) 

 

From the given equations, it is clear that the theoretical results agree to a 

reasonable degree with the experimental results. Also, the results show that as 

depth (size) of the beam increases, the required amount of steel reinforcement 

increases. This is because the brittleness increases with the increase of the size 

and hence bigger quantity of steel is needed to increase ductility. The effect of 

size on reinforcement of HSC beams is not included and should be considered.  

 

Recommended Model for Steel Reinforcement  
Based on the experimental results and theoretical results using finite element 

analysis, and by using parametric analysis and curve fitting (as shown in 

Fig.30), the following model is established to determine the recommended 

percentage of steel reinforcement of high strength concrete flexural beams 

considering the effect of size: 

cfKAs }[% max           (15) 

Where fc is the concrete strength in kg/cm
2
  

K is a factor, which depends on size of the cross section as follows: 

     6103443.50069164.0
c

fxK
 For all grades of concrete (size is not 

considered) 

cfhxK }104.20038.0{ 5      For C500 (size of cross section is considered) 

cfhxK }107.1003.0{ 5         For C700 (size of cross section is considered) 

Where h is the depth of the cross section in (cm).  

 

 

 

 

 

 

Fig. 29 Recommended steel reinforcement of beams   Fig. 30Factor [K] in Eq. 15 
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SUMMARY AND CONCLUSIONS 

In the current study, experimental and analytical analyses were carried out to 

propose the maximum requirements of reinforcement for high strength concrete 

flexural beams and to compare the behavior of HSC beams with that of normal 

strength concrete beams. The behavior is represented by failure mode, ultimate 

load, deflection and strain. From the study and from the parametric analysis, the 

following points are concluded: - 

1- Low grades of steel are not suitable to be used with high strength concrete. 

2- The failure mode of HSC beams is relatively different than that of normal 

strength beams and this is mainly due to the higher degree of brittleness of 

HSC. High strength beams require more quantity of steel reinforcement to 

increase the ductility in such a way that brittle failure should be avoided.  

3- Using HSC leads to an increase of the cracking and ultimate loads of beams 

and a decrease of ductility beams. The steel reinforcement of HSC beams 

should be increased in such a way that yielding of steel should occur first 

before crushing of concrete to avoid brittle failure.  

4- From the given results of failure mode, load deflection relations and from 

noticing the propagation of cracks and failure mode of beams and following 

the concept of maximum steel reinforcement which is given by the code for 

normal strength concrete, the required reinforcement of HSC flexural beams 

is determined. The maximum reinforcement ratio is represented by: 

cfKAs ][% .max     
Where K is a factor, which depends on the grade of concrete (for steel grade 

36/52) and fc is the grade of concrete (kg/cm
2
). The factor K can be obtained 

as:  6103443.50069164.0
c

fxK
   

The above equations are applicable to all grades of concrete.  

5- The maximum steel ratio is usually dependent on the size. Analytical 

analysis was carried out to consider the effect of size of cross section on the 

required reinforcement. Nonlinear plane stress finite element model is 

utilized to give the required steel reinforcement considering the size effect. 

In the current study, the size is considered through changing the depth of the 

section.  

6- Based on experimental and theoretical results and by using parametric 

analysis and curve fitting, the final recommended model of the maximum 

reinforcement of high strength concrete flexural beams considering the 

effect of size is as follows: 

    cfKAs }[% max  ,  Where, fc is the concrete strength in kg/cm
2
,  

K is a factor, which depends on size of the cross section as follows: 
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     6103443.50069164.0
c

fxK
 For all grades of concrete (size is not 

considered) 

cfhxK }104.20038.0{ 5    For C500 (size of cross section is considered) 

cfhxK }107.1003.0{ 5       For C700 (size of cross section is considered) 

Where h is the depth of the cross section in (cm). The models are 

recommended to be included in design of high strength flexural beams. 

7- The effect of compression steel is not included. In the current study, effect of 

size is included through changing of beam depth only, however it can be 

done through changing the shear –span to depth ratio or changing the beam 

breadth. The recommended model needs to be checked with the calculations 

of strain compatibility.  These points should be included in further study. 
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ت مسلحة  ليحسدراسة معملية ونظرية عن نسب حديد ا خرسانية ا مرات ا ل قصوى  ا
انحناء معرضة  مقاومة وا ية ا خرسانة عا  ذات ا

بحث تم إجراء  تفي هذا ا تحديد نسب حديد ا خرسانية  ليحسدراسة معملية ونظرية  مرات ا ل قصوى  ا
معرضة  مقاومة وا ية ا خرسانة عا مسلحة ذات ا قصف.  ا جزء انحناء بشرط تجنب اانهيار ا في ا

دراسة تم صب ع اأول ى ثاث  مرة 81دد من ا مرات إ من خرسانات ذات رتب مختلفة. تم تقسيم ا
مجموعات  فرق بين ا مرات ذات نسب حديد تسليح مختلفة. ا ل مجموعة تحتوى على ست  مجموعات، 

مجم خرسانة بحيث أن ا مختلفة هو رتبة ا ى)مجموعة ا عادية  A)وعة اأو مقاومة ا خرسانة ذات ا من ا
ثة )مجموعة 0جم/سم052) ثا ثانية وا مجموعتان ا مقاومة ) (B, C)( بينما ا ية ا ، 522ذات خرسانة عا

از تحت تأثير تحميل اانحناء 0جم/سم322 مرات بسيطة اارت تحميل. من  نقطتي ذي(. تم اختبار ا ا
نتائج تم دراسة د  ا متو حمل واإجهاد ا ل وبين ا تش حمل وا عاقة بين ا مرات وا ل  فينموذج اانهيار 

حديد.   ا
تسليح   ي تزيد نسبة حديد ا تا خرسانة وبا خرسانة زادت قصافة ا لما زادت مقاومة ا قد ثبت أنه 

مطلوبة  خضوع  يا ية بشرط أن ا ممطو تسليح يجب أن يحدث قب  فيتحقق ا ل أن يصل حديد ا
ضغط  إجهاد مرات  فيا قصف. من مقارنة سلوك ا خرسانة أقصى قيمة حتى نمنع حدوث اانهيار ا ا

ترخيم وتوزيع اانفعال  ل اانهيار وا مقاومة ومن ش ية ا خرسانة عا عادية وتلك ذات ا مقاومة ا ذات ا
ود  معطاة با دنيا ا حديد ا مصريومن واقع نسب ا مرات ذات تصميم وتنفيذ  ا ل خرسانية  منشآت ا ا

ن  متغيرات أم مقاومة ومن واقع دراسة ا ية ا خرسانة عا مرات ذات ا ك با عادية وربط ذ مقاومة ا ا
عادية وتلك  خرسانة ا مسلحة ذات ا خرسانية ا مرات ا ل دنيا  حديد ا تحديد نسبة ا ة عامة  استنباط معاد

انحناء. معرضة  مقاومة وا ية ا عا م تأخذ  ا مستنبطة  ة ا معاد قطاع  فيا ااعتبار تأثير حجم وأبعاد ا
ل اانهيار ودرجة  بير على سلوك وش ه تأثير  حجم  مطلوبة حيث أن ا حديد ا خرسانى على نسبة ا ا

مقاوم خرسانة وخاصة ذات ا ية ومقاومة ا ممطو قصافة وا ك تم إجراء دراسة نظرية  ةا ذ ية. و عا ا
مستخدم  نظريوذج باستخدام نم نموذج ا ثنائية اأبعاد. ا اخطية ا محددة ا عناصر ا مبنى على نظرية ا
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د من دقته  تأ عادية  فيتم ا خرسانة ا مسلحة ذات ا عناصر ا دراسة سلوك ا أبحاث سابقة وهو مستحدث 
قد تم دراسة عدد  مقاومة.  ية ا عا مقاومة ) 81وتلك ا ية ا (. 0جم/سم322 ،522مرة ذات خرسانة عا

خرسانية  مرات ا ل قصوى  حديد ا تحديد نسبة ا ة عامة  ن استنباط معاد متغيرات أم من واقع دراسة ا
قطاع على سلوك  انحناء معتبرا تأثير حجم ا معرضة  مقاومة وا ية ا عا خرسانة  ا مسلحة ذات ا ا

ل مستنتج يصلح   نموذج ا مطلوبة. إن ا حديد ا مرات ونسبة ا خرسانة ا مسلحة ذات ا خرسانية ا مرات ا
انحناء ويأخذ  معرضة  ية وا عا خرسانة ا عادية وتلك ذات رتبة ا حجم وينصح  فيا ااعتبار تأثير ا

عناصر اإنشائية. فيباستخدامه   تصميم تلك ا
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