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Abstract. The ductility of reinforced concrete beams is very important, since it is essential to avoid a brittle failure of the 

structure by ensuring adequate curvature at the ultimate limit state. One of the procedures used to quantify ductility is 

based on curvatures, namely, curvature ductility. It is necessary to know the curvature ductility of singly reinforced high-

strength concrete (HSC) sections for determining a maximum permissible tensile reinforcement ratio or a maximum depth 

of the concrete compression area in design codes. The requirements of several codes and methods of prediction of the cur-

vature ductility are based on the experimental results of normal strength concrete (NSC). The rules derived for NSC sec-

tions may not be appropriate for HSC sections, and verifications and modifications may be required for the evaluation of 

curvature ductility of HSC sections. In this study, the major factors affecting the curvature ductility of a singly reinforced 

HSC beam section are investigated. Based on numerical analyses, a parametric study has been carried out to evaluate the 

effects of various structural parameters on the curvature ductility of reinforced HSC beam sections. 

Keywords: reinforced concrete, beam, curvature ductility, high-strength concrete, flexural strength, deformation. 

 

1. Introduction 

Although high-strength concrete (HSC) is often consid-

ered a relatively new material, its development has been 

gradual over many years (ACI 363R 1992). In recent 

years a marked increase in the use of HSC has been evi-

dent in construction projects around the world. HSC, 

50cf  MPa, offers significantly better structural engi-

neering properties, such as higher compressive and ten-

sile strengths, higher stiffness, better durability, compared 

with conventional normal-strength concrete (NSC) (Men-

dis 2003). Experimental studies (Leslie et al. 1976; Kaar 

et al. 1978; Regan et al. 1993; Attard and Setunge 1996; 

Razvi and Saatcioglu 1999; Oztekin et al. 2003) have 

shown that significant differences exist in the stress-strain 

behaviors of NSC and HSC. Based on these studies, it is 

shown that concrete becomes increasingly more brittle as 

its compressive strength is increased. Despite HSC being 

a more brittle material compared with NSC, the curvature 

ductility for a specified reinforcement ratio of reinforced 

HSC section in flexure increases with the increase in the 

compressive strength of concrete (Park and Paulay 1975). 

Hence, HSC flexural members exhibit greater ductility, 

owing to lower neutral axis depths. This has been exper-

imentally verified by Attard and Setunge (1996), Pendya-

la et al. (1996), Sarkar et al. (1997), Razvi and Saatcioglu 

(1999), Shin et al. (1999), Ashour (2000), Ko et al. 

(2001), Lin and Lee (2001). 

Energy absorption capacities of reinforced concrete 

(RC) structural members depend on the level of ductility 

which is described in various ways. These include curva-

ture, rotational, and displacement ductility (Cihanli and 

Arslan 2009). In order to provide a consistent level of 

minimum flexural ductility, an upper limit is generally set 

to ensure sufficient ductility at ultimate state, either by a 

maximum permissible tensile reinforcement ratio or by a 

maximum depth of the concrete compression area in de-

sign codes (TS 500 2000; ACI 318 2005; GBJ 11 1989; 

EN 1992:2004; NZS 3101 1995; BS 8110 1997). Ho et 

al. (2004) indicated that the values of section curvature 

ductility for NSC and HSC with the same upper limits are 

different, so it may be suggested for Codes that sections 

can be designed by setting minimum section curvature 

ductility for NSC and HSC. According to Leslie et al. 

(1976), to achieve the accustomed ductility in beams, 

b /  values should be limited to 0.35, for cf  in excess 

of 55MPa. Based on experimental results, Pam et al. 

(2001a)
 
proposed to set a maximum limit to the tension 

steel to balanced steel ratio, whose values at different 

concrete strengths are given and developed a simple for-

mula for predicting the ductility of beams. 

Unconfined models developed for NSC may not be 

applicable to HSC. These models were shown to overes-

timate the strain of concrete at the peak stress and ductili-

ty when applied to HSC. Most of the models (Attard and 

Setunges 1996; Razvi and Saatcioglu 1999) proposed for 

HSC are modified versions of Hognestad’s model deve-
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loped for NSC. Razvi and Saatcioglu’s
 
(1999) model can 

not be used for concrete having compressive strength 

higher than 108 MPa. Attard and Setunge’s
 
(1996) model 

is applicable to a broad range of concrete strength from 

20 to 130 MPa but the extreme compression fiber of the 

unconfined concrete strain capacity is not limited. Hence, 

the values of curvature ductility and the ratio of ultimate 

neutral axis depth to the effective depth of section 

( dxu / ) are higher than the experimental values. Based 

on this evaluation (Cihanli and Arslan 2009), Hognes-

tad’s model (1951) is modified and the predictions of the 

model are compared with Ashour’s (2000) experimental 

results. The comparisons of experimental and numerical 

results clearly show that the modified Hognestad’s model 

(1951) is capable of accurately predicting the behavior of 

members subjected to flexure and evaluating the influ-

ence of various parameters on the curvature ductility of 

sections (Cihanli and Arslan 2009). 

In order to provide a consistent level of minimum 

flexural ductility, it can be proposed to set a fixed mini-

mum value for the curvature ductility factor. The mini-

mum curvature ductility factor may be established by 

referring to the minimum curvature ductility factors being 

provided by the various existing codes, such as TS-500 

(2000), ACI 318 (2005), GBJ 11 (1989), EN 1992:2004, 

NZS 3101 (1995) and BS 8110 (1997). According to Leet 

and Bernal (1997), curvature ductility ratios of 4 or more 

are typically considered desirable for reinforced concrete 

members that are subject to the large displacements and 

forces created by earthquakes. Knowledge of the curva-

ture ductility is important for the design of beam sections. 

Using the results of 456 data for section, a parametric 

study has been carried out to evaluate the effects of vari-

ous structural parameters on the curvature ductility and 

an alternative equation is proposed for predicting the 

curvature ductility of reinforced HSC beam sections.  

 

2. Curvature ductility factor 

Generally, the ductility is defined as the capacity of a 

material, section, structural element, or structure to un-

dergo an excessive plastic deformation without a great 

loss in its load-carrying capacity. Rashid and Mansur 

(2005) used curvature ductility,  , defined as the ratio 

of curvature at failure to that at yield, instead of deflec-

tion ductility that is more difficult to calculate accurately. 

It is convenient to express the maximum curvature of 

beam sections in terms of this ductility factor. The curva-

ture ductility of a RC section is expressed in the form of 

the curvature (  ): 

 
y

u




 , (1) 

in which u  and y are the curvature at failure and at 

yielding of the tensile reinforcement, respectively. The 

ability of curvature ductility for singly reinforced sections 

is influenced by some factors such as the tensile rein-

forcement ratio, the compressive strength of concrete and 

yield strength of reinforcement, but the most important 

one is the tensile reinforcement ratio. Many researches 

have been conducted for studying the curvature ductility 

of RC sections (Ho et al. 2003, 2004; Lee and Pan 2003; 

Pam et al. 2001a, 2001b; Kwan et al. 2002). The equa-

tions defining the curvature ductility in some of those are 

summarized below.  

Based on experimental results, Pam et al. (2001a)
 

developed a simple formula for predicting the ductility of 

NSC and HSC beams. The following equation has been 

suggested: 

   ,5.9

75.0
30.0




 


















b
cuf  (2) 

in which cuf  is cube compressive strength of concrete.  

According to Lee and Pan (2003), it is possible to 

devise a simple equation for the relationship between the 

curvature ductility and the tensile reinforcement ratio. 

The following equation has been suggested: 

 
GF  , (3) 

in which F and G are regression constants, tabulated for 

different material strengths and reinforcement ratios. 

However, F and G are expressed for only four concrete 

strengths (21, 28, 35 and 41 MPa), two reinforcement 

strengths (276 and 414 MPa) and five ratios of compres-

sive reinforcement to tensile reinforcement (0.5, 0.6, 0.7, 

0.8 and 0.9). Hence, this equation is not considered in the 

comparison of curvature ductility predictions.  

Based on the regression analysis of the numerical 

results, Pam et al. (2001b) proposed the following equa-

tion for the prediction of the curvature ductility: 
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in which b , '  and   are the balanced reinforcement 

ratio, compressive reinforcement ratio and tensile rein-

forcement ratio, respectively. Assuming that the com-

pressive reinforcement ratio is generally smaller than one 

quarter of the tensile reinforcement ratio and the last term 

in Eq. (4) is very close to 1.0, the ductility factor can be 

expressed as follows (Kwan et al. 2002):  

  
25.1

45.0 '
7.10




 


















b
cf . (5) 

 
3. Moment-curvature analysis 

It is important to know the details of stress-strain rela-

tionships of HSC in order to determine the full-range 

behavior of HSC members. Various stress-strain relation-

ships for both unconfined and confined HSC under uniax-

ial compression have been proposed in the literature 

(Hongnestad 1951; Attard and Setunge 1996). In this 

study, concrete is assumed to be unconfined and the 

complete stress–strain (σ–ε) curve model which has been 
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shown to be applicable to range of concrete compressive 

strength higher than 50 MPa is adopted. Some regulations 

(Cihanli and Arslan 2009; Cihanli 2009) are made on the 

Hognestad’s model for HSC using σ–ε relation obtained 

from numerical analyses. The σ–ε curve for ordinary 

concrete defined by Hognestad is given below (A-B 

curves in Fig. 1); 

 






































2
2

co

c

co

c
cc f , (6)  

in which c and co  are strain of concrete and strain of 

concrete at the peak stress, respectively. HSC specimens 

are fractured suddenly (brittle failure) when they reach 

ultimate stress under uniaxial compression. Thus, to de-

fine the falling branch of σ–ε curve is not easy. Accord-

ing to Sarkar et al. (1997), the BS 8110 (1997) assump-

tion of 0.0035 as the maximum usable concrete strain 

value seems to be high for the purpose of designing rein-

forced HSC members with compressive strength over 

100 MPa. In the regulations on the Hognestad Model, the 

beam is assumed to be failed when the extreme compres-

sion fiber of the unconfined concrete core reaches a strain 

capacity max,cu , suggested by Ko et al. (2001) as 

 













'
00054.0

1
44.1003.0

2
c

cu
f

, (7) 

in which cf  is the compressive strength of concrete,   

and '  are the ratio of tensile reinforcement and com-

pressive reinforcement, respectively (C in Fig. 1). The 

strain of concrete at the peak stress ranges from about 

0.002 to 0.003 for NSC and from about 0.003 to 0.0035 

for lightweight concretes, the larger values in each case 

corresponding to the higher strength (Nilson 1997). In 

this model (Cihanli and Arslan 2009), the strain of con-

crete at the peak stress is expressed as follows (B in 

Fig. 1): 

50 MPa 90 MPacf  , 

70/)20(001.0002.0  cco f , (8a) 

 90cf  MPa,   003.0co . (8b) 

The post-peak branch becomes steeper as the 

strength increases (or ductility reduces). Lower strength 

concretes exhibit extensive ductility beyond maximum 

stress, so the energy absorption capacity is limited in 

HSC. The post-peak branch is expressed as follows (B-C 

curves in Fig. 1):  

   coccc f  1 , (9) 

 50 MPa 90 MPacf      

 
cocu

cf






50/)40(35.05.0
, (10a) 

 90cf  MPa    cocu  /15.0 . (10b) 

 

Fig. 1. Typical uniaxial stress-strain relationships for unconfi-

ned concrete 

 

The relationship between concrete average principal 

tensile stress and strain is taken as linear elastic or para-

bolic up to cracking. A crack is assumed to initiate in a 

plane normal to the direction of the principal tensile strain 

once the principal tensile stress exceeds the concrete 

tensile strength, 3/23.0 cct ff   (EN 1992:2004; CST 49 

1998). The σ–ε curve of concrete is described by a se-

cond-degree parabola (Ersoy and Ozcebe 2001),  

 ctoct 0 ,  

 ct
ctct

ctct ff 




















 





2

0001.00001.0

2
, (11a) 

or  ctctct f 1000  (11b) 

in which ct  is the tensile stress of concrete, ct  and 

co  are the tensile strain of concrete in tension and ten-

sile strain of concrete at the peak stress, respectively. 

After initiation of cracking, the σ–ε model follows a line-

ar strain-softening branch intended to represent the post 

cracking tensile stress carried by concrete. The descend-

ing branch is linearly changing to a strain corresponding 

to 0002.0ctu .  

 ctuctcto    

  ctct
ctu

ct
ctct f

f
f 5.00001.0 


 . (12) 

The σ–ε relationship used for reinforcing steel con-

sists of three segments. The elastic and yield portions of 

the curve form a bilinear relationship. The strain harden-

ing portion is represented by a parabolic curve and fol-

lows the yield segment. A perfect bond is assumed be-

tween concrete and steel reinforcement and steel 

reinforcement is assumed to carry only axial loads. Rein-

forcing steels having yield strengths of 220, 420 and 

530 MPa are used in analyses.  

Three basic assumptions are made in the numerical 

analyses, that: a) plane sections before bending remain 

plane after bending; b) the tensile strength of the concrete 

may be neglected; c) there is no bond-slip between the 
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reinforcement bars and the concrete. The moment–

curvature behavior of the beam section is obtained by 

calculating moment and curvature for various values of 

compressive strain at the extreme fiber of concrete. Based 

on the above assumptions, the stresses developed have to 

satisfy the axial equilibrium condition, from which the 

neutral axis depth is evaluated by iteration. Having de-

termined the neutral axis depth, the resisting moment is 

calculated from the moment equilibrium condition. The 

calculations are performed by dividing the section into 

rectangular strips (Yalcin and Saatcioglu 2000; Ersoy and 

Ozcebe 2001; Cihanli and Arslan 2009). This procedure 

is repeated until the maximum compressive strain of con-

crete reaches the value of cu  or when the strain of the 

tensile reinforcement reaches the value of 10.0su  and 

0.16 for ,420yf  530 and 220 MPa, respectively. 

 

4. Development of an alternative curvature ductility 

prediction equation 

Based on the numerical analyses results (Cihanli and 

Arslan 2009), it can be observed that the use of the three 

important variables b / , cf  and yf  should be incorpo-

rated for developing an alternative equation for the curva-

ture ductility of sections (  ). The first step is to deter-

mine the basic format of the curvature ductility equation 

using parametric study. The resulting function is as fol-

lows: 

 
















 yc

b

ffkf ;; , (13) 

in which k is the constant. The balanced reinforcement 

ratio ( b ) is taken as (ACI 318 2005) 

 
yy

c
b

ff

f




600

600
85.0 1  (MPa), (14) 

in which 1  is defined as  

  65.030008.085.01  cf  for 30cf  MPa, (15a) 

85.01   for 30cf  MPa. (15b)   

In numerical analyses, minimum ratio of tension re-

inforcement is taken as (Turkish Earthquake Code 2007) 

 yct ff /8.0 , (16)   

where ctf  is the tensile strength of concrete in MPa and 

equals to cf35.0 . 

 

4.1. Parametric study 

A parametric study is undertaken to identify the influence 

of three parameters on the curvature ductility of RC beam 

sections, which are computed numerically, and to define 

the factor k and the function in Eq. (13) more precisely. 

Numerical results were compared to Ashour’s (2000) 

experiments in Cihanli and Arslan (2009), and it was 

observed that they are in good agreement. The section 

dimensions are the same as those of Ashour’s (2000) 

experimental beams, where the width, total depth and 

effective depth of beam section are 200, 250 and 

215 mm, respectively. They represent typical singly rein-

forced sections. Numerical analyses are carried out by 

varying compressive strength of concrete ( cf ) from 50 to 

110 MPa at increments of 5 MPa, tensile reinforcement 

ratio (  ) from 0.0059 to 0.0708 at increments of 0.0059 

and yield strength of reinforcement ( yf ) for 220, 420 

and 530 MPa.  

     32
1

b
y

b
c

b

b

ffk 
















 . (17) 

The exponents b1, b2 and b3, and the coefficient k 

in Eq. (17) are determined from multiple regression anal-

ysis. The effect of each parameter is studied by varying 

its magnitude while maintaining the other variables con-

stant. For each case, the value of the curvature ductility 

(  ) is computed numerically and the development of 

the exponents is determined from multiple regression 

analyses.  

 

4.2. Influence of b /  on curvature ductility 

The results of numerical analyses for fy = 420~530 MPa, 

fc = 48~110 MPa and 2708.1~0755.0/  b  indicate 

that the curvature ductility decreases as b /  increases 

for singly reinforced HSC sections.  

In order to ensure sufficient ductility, all the struc-

tural elements should be correctly reinforced: the detailed 

rules created for that purpose, especially in codes of prac-

tice, should be respected (Bernardo and Lopes 2004). The 

most commonly used means of guaranteeing adequate 

ductility is to limit the tensile reinforcement ratio,  . 

According to the Turkish Code (TS-500 2000) and ACI 

318R (2005) Building Code, in flexural members,   

should be limited to b85.0  and b75.0 , respectively. 

The results of numerical analyses for 50cf  MPa indi-

cate that the curvature ductility decreases while b /  

increases. The reduction in the curvature ductility can be 

explained by the increase in the neutral axis depth, result-

ing in a lower tensile force. Based on the numerical re-

sults for twelve series of b / , the effects of the all vari-

ables are evaluated collectively.  

A regression analysis is undertaken to identify the 

influence of b /  on the curvature ductility using the 

results of numerical analyses. The effect of b /  on the 

curvature ductility is illustrated in Fig. 2, which shows 

that the proposed equation matches closely with the nu-

merical results of curvature ductility. The b /  has a 

pronounced effect on the curvature ductility. The results 

of numerical  analyses  show that  the  curvature  ductility  
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Fig. 2. Influence of b /  on the curvature ductility 

 

decreases with increase in b / , though not proportion-

ally. Based on this parametric study, the variation of cur-

vature ductility of RC sections can be expressed as   

 

18.1

, 53.1



 


















b
num . (18) 

Eq. (18) indicates that b /  increases as a result of 

decreasing curvature ductility. Compared to the ACI 

code, this equation also indicates that for the same curva-

ture ductility, b /  increases with decreasing curvature 

ductility.  

 

4.3. The influence of compressive strength of concrete 

on curvature ductility 

The results of numerical analyses for fy = 420~530 MPa, 

fc = 50~110 MPa and 2708.1~0755.0/  b  are evalu-

ated, and the change of curvature ductility with the com-

pressive strength of concrete is studied.  

Higher-strength concrete is more brittle, and its ul-

timate strain capacity of extreme compression fiber is less 

than that of lower-strength concrete. Based on numerical 

analyses, Rashid and Mansur (2005) indicated that ductil-

ity increases first with an increase in concrete strength, 

reaching a maximum value at fc = 105 MPa. Thereafter, 

any increase in concrete strength leads to a decrease in 

ductility. Concrete strength corresponding to this opti-

mum ductility, however, is not the same as that observed 

experimentally. Nevertheless, the analysis supports the 

experimental trend (Rashid and Mansur 2005). 

A regression analysis is undertaken to identify the 

influence of compressive strength of concrete on the cur-

vature ductility using the results of numerical analyses. 

The variation of the numerical curvature ductility of sin-

gly RC sections ( .,num ) with the b /  can be ex-

pressed as follows, 

 
 

17.0

18.1

.,
28.3

/











c

b

num
f . (19) 

This equation clearly shows that the curvature duc-

tility is expressed as a function of   17.0
cf . The effect 

of compressive strength of concrete on curvature ductility 

and   18.1
/


 b  is illustrated in Fig. 3. 

 

 

Fig. 3. Influence of cf  on the ratio of curvature ductility to 

  18.1
/


 b  

 

4.4. Influence of yield strength of reinforcement on 

curvature ductility 

Pam et al. (2001a) proposed Eq. (2), which ignores the 

effect of the yield strength of the steel on the ductility, by 

considering 20 beams with the yield strength of the steel 

ranging from 519 MPa to 579 MPa. In the analyses, it is 

aimed to capture the relationship between the curvature 

ductility and the yield strength of the steel. The results of 

numerical analyses for fc = 70 MPa, 

2182.1~0917.0/  b , and fy = 220, 420 and 530 MPa 

indicate that the curvature ductility decreases as yf  in-

creases.   

A regression analysis is undertaken to identify the 

influence of yield strength of reinforcement on the curva-

ture ductility of HSC sections using the results of numer-

ical analyses. The variation of the numerical curvature 

ductility of singly RC sections ( .,num ) with cf  and the 

b /  can be expressed as follows, 

 

 

  42.0

17.0
18.1

.,
63.41

























y

c
b

num
f

f

. (20) 

This equation clearly shows that the curvature duc-

tility is expressed as a function of   42.0
yf . The effect of 

yield strength of reinforcement ( yf ) on the curvature 

ductility is illustrated in Fig. 4, which shows that the 

proposed equation matches closely with the numerical 

results.  
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Fig. 4. Influence of yf  on the ratio of curvature ductility to 

    17.018.1
/


 cb f  

 

5. Proposed curvature ductility equation for  

unconfined RC beams 

Based on the previous parametric study, considering the 

influence of parameters; the ratio of tensile reinforcement 

to balanced reinforcement ( b / ), the compressive 

strength of concrete ( cf ) and yield strength of rein-

forcement ( yf ), on the proposed curvature ductility 

( ., prop ) can be expressed as 

     42.017.0
18.1

., 40




 
















 yc

b
prop ff ,  (21)   

in which cf  is the concrete cylinder strength (MPa) and 

yf  is the yield strength of reinforcement (MPa).  

 

6. Evaluation of proposed equation 

The proposed curvature ductility in Eq. (21) captures the 

effect of change in the b / , cf  and yf  on the numeri-

cal results. The results obtained numerically are com-

pared with Pam’s et al. (2001a) predictions by Eq. (2), 

Kwan’s et al. (2002) predictions by Eq. (5), and the pro-

posed equation given by Eq. (21). 

Fig. 5 compares the proposed curvature ductility ob-

tained from Eq. (21) with the numerical results. It can be 

observed that the proposed curvature ductility values are 

in good agreement with the numerical results. Based on 

the results for 456 sections with reinforcement yield 

strengths 220, 420 and 530MPa, mean value(MV) and 

standard deviation(SD) for the ratio of the proposed cur-

vature ductility obtained from Eq. (21) to the numerical 

result are 0.935 and 0.052, respectively. Based on the 

same sections, MV and SD for the ratio of the Pam’s et 

al. (2001a) prediction by Eq. (2) to the numerical result 

are 1.137 and 0.193, respectively and MV and SD for the 

ratio of the Kwan’s et al. (2002) prediction by Eq. (5) to 

the numerical result are 0.931 and 0.060, respectively.  

 

Fig. 5. Proposed curvature ductility values using Eq. (21) versus 

numerical analysis results  

 

Fig. 6 show the errors which can be induced by the 

discrepancy of cf , / b  , yf  and   between the numeri-

cal results and the proposed curvature ductility values by 

Eq. (21). The ratio of the results obtained from Eq. (21) 

to the numerical results is not significantly influenced 

with increased cf , but it is influenced with changes in 

b /  and . The discrepancy between the numerical 

results and the results obtained from Eq. (21) increases 

for / 0.2b    and 0.1/  b . The same behavior is 

observed for 03.001.0  . 

Table 1 shows the comparison of the curvature duc-

tility values obtained numerically with the Pam’s et al. 

(2001a) predictions by Eq. (2), the Kwan’s et al. (2002) 

predictions by Eq. (5) and the proposed equation given by 

Eq. (21). It can be seen that the proposed Eq. (21) results 

in the lowest coefficient of variation (COV) and hence it 

provides better results than the Pam’s et al. (2001a, b) 

and the Kwan’s et al. (2002) predictions of curvature 

ductility, based on the comparisons with the numerical 

results.  

By testing the proposed curvature ductility Eq. (21) 

against 159 numerical results for fy = 220 MPa, the COV 

obtained for the ratio of proposed Eq. (21) to numerical 

result is 15% of that obtained using Pam’s et al. (2001a) 

prediction by Eq. (2) and 51% of that obtained using 

Kwan’s et al. (2002) prediction by Eq. (5). 

By testing the proposed curvature ductility equation 

Eq. (21) against 160 numerical results for fy = 420 MPa, 

the COV obtained for the ratio of proposed Eq. (21) to 

numerical result is 21% of that obtained using Pam’s et 

al. (2001a) prediction by Eq. (2) and 59% of that ob-

tained using Kwan’s et al. (2002) prediction by Eq. (5).  

By testing the proposed curvature ductility equation 

Eq. (21) against 137 numerical results for fy = 530 MPa, 

the COV obtained for the ratio of proposed Eq. (21) to 

numerical result is 21% of that obtained using Pam’s et 

al. (2001a) prediction by Eq. (2) and 59% of that ob-

tained using Kwan’s et al. (2002) prediction by Eq. (5).  
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Fig. 6. Comparing curvature ductility on proposed Eq. (21) with numerical analysis results for various cf , b / , yf  and   

 

 
Table 1. Verification of curvature ductility predictions 

 
fy = 220 MPa  fy = 420 MPa  fy = 530 MPa  

MV SD COV MV SD COV MV SD COV 

Prop. Eq. (21)/Num. 0.933 0.036 0.039 0.952 0.056 0.059 0.918 0.055 0.060 

Pam’s et al. (2001a)/Num. 0.725 0.193 0.266 1.304 0.374 0.286 1.419 0.398 0.281 

Kwan’s et al. (2002)/Num. 0.780 0.060 0.077 0.991 0.099 0.100 1.038 0.106 0.102 

Num.= Numerical 

 

It is worthy to note that the ductility definitions de-

veloped by Pam et al. (2001a, b) and Kwan et al. (2002) 

were based on moment-deflection and moment-curvature 

curves, respectively. 

 

7. Conclusions 

The predictions obtained from the proposed curvature 

ductility equation, Pam’s et al. (2001a, b) equation and 

Kwan’s et al. (2002) equation have been compared with 

the existing results of numerical analyses. The following 

conclusions can be drawn from the results of this study. 

By testing the proposed curvature ductility equation 

Eq. (21) against 456 numerical results for all reinforce-

ment yield strengths, the COV obtained for the ratio of 

proposed Eq. (21) to numerical result is 33% of that ob-

tained using Pam’s et al. (2001a) prediction by Eq. (2) 

and 85% of that obtained using Kwan’s et al. (2002) pre-

diction by Eq. (5). 

Based on the results of the numerical analyses, a 

simple equation is recommended for the prediction of the 

curvature ductility considering, / b  , cf  and yf .  

The curvature ductility can be conveniently predict-

ed using the proposed Eq. (21) but further calibrations 

with the results of numerical analyses of RC beam sec-

tions are needed to obtain a better performance. 
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STIPRIOJO BETONO SIJŲ SKERSPJŪVIO PLASTIŠKUMO KREIVĖS PROGNOZĖ 

G. Arslan, E. Cihanli 

S a n t r a u k a  

Gelžbetoninių sijų plastiškumas yra labai svarbi savybė, apsauganti konstrukciją nuo staigios irties. Tam užtikrinti 

reikalinga atitinkama kreivė, esant tinkamumo ribiniam būviui. Plastiškumas įvertinamas naudojant kreivines diagramas – 

plastiškumo kreives. Norint nustatyti didžiausią tempiamos armatūros kiekį arba didžiausią gniuždomosios zonos aukštį, 

remiantis normomis reikia žinoti armuoto stipriojo betono (HSC) plastiškumo kreivę. Kai kurios normos ir metodai plas-

tiškumo kreivę nustato pagal paprastojo betono (NSC) eksperimentinius duomenis. Taisyklės, skirtos paprastojo betono 

skerspjūvio plastiškumo kreivei nustatyti, gali netikti stipriajam betonui, todėl reikia atlikti papildomus tyrimus ir metodų 

pakeitimus. Šiame darbe tiriami pagrindiniai veiksniai, darantys įtaką stipriojo betono plastiškumo kreivei. Atliekant skai-

tinį modeliavimą, buvo įvertinti įvairūs skerspjūvio konstrukciniai parametrai, darantys poveikį stipriojo betono plas-

tiškumo kreivei.  

Reikšminiai žodžiai: gelžbetonis, sija, plastiškumo kreivė, stiprusis betonas, stiprumas lenkiant, deformacija. 
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