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Abstract: Experimental evaluation of reinforced concrete beam specimens with different characteristics of reinforcement 
subjected to pushover and cyclic loading is presented. Plastic hinge rotation parameters are determined based on the 
idealization of pushover and hysteresis curves of reinforced concrete beam specimens constructed in two percentage of 
reinforcement (0.471% and 0.71%) with different ductile characteristics.  The experimental test results provide a clear 
demarcation of the effect of types of loading and the types of reinforcement on the nonlinear performance characteristics 
of beam specimens. These results are helpful to update the nonlinear modeling parameters of beam components for the 
specifi c type of reinforcement used in the construction of a structure. The updated non-linear modeling parameters of beam 
components in lumped plasticity model are compared with the values of ASCE/SEI 41-06 (2007) used for the performance 
based design of structures.
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1   Introduction

Precise evaluation of nonlinear modeling parameters 
of components is important for predicting the non-
linear response of any reinforced concrete structure. 
The modeling accuracy depends upon the representative 
material models by which the components are actually 
composed. Analytical predictions of plastic rotations 
are very challenging and are only appropriate if the 
characteristics of constituent materials are experimentally 
evaluated and validated ranging from material testing 
to their component behavior. Deformation capacities 
of components vary with the types and amount of 
reinforcement. The ASCE/SEI 41-06 (2007) provides 
the moment-rotation parameters of beam component 
under different modes of failure based on tension and 
compression reinforcement, condition of confi nement 
and shear strength. The nonlinear modeling parameters 
specifi c to reinforcement type as a component have not 
been prevalent in ASCE/SEI 41-06 (2007). 

The various types of reinforcing bars used as a 
constructional material possess different characteristics 

such as brittle, ductile and highly ductile. It is necessary 
to study the effect of the reinforcement characteristics 
on the nonlinear behavior of components. Evaluation 
of specifi c plastic rotation capacity of a specifi c type 
of reinforcement component is necessary for proper 
representation of the specifi c non-linear deformation 
capacity. In this regard, experimental evaluation proves 
to be the best means to determine the comparative 
performances of a component involving varied 
constituents under cyclic loading. There is limited 
number of studies available on beam tests under cyclic 
loading and pushover for comparison. Experimental and 
analytical studies on beam components carried out in 
the past are limited to one specifi c type of reinforcement 
(Iyengar et al., 1972; Hwang and Scribner, 1984; 
Darwin and Nmai, 1986; Marfi a et al., 2004; Fantilli et 
al., 2005; Oehlers et al., 2005; Scott and Whittle, 2005; 
Inel and Ozmen, 2006; Caripinteri et al., 2009; Haskett 
et al., 2009; Marefat et al., 2009; Melo et al., 2011). This 
paper presents two types of reinforcement with different 
characteristics. The results demonstrate the effect of type 
of reinforcement and type of loading on the non-linear 
behavior of components. These results are useful for 
updating the lumped plasticity models under pushover 
analysis as per ASCE/SEI 41-06 (2007).  

2     Comparative study of reinforcing bars based 
     on uni-a xial and cyclic tests

Reinforcements with different characteristics are 
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used in the preparation of beam specimens, namely, 
(i) twisted ore reinforcement (TOR) also called high 
yield strength deformed (HYSD) reinforcement and 
(ii) thermo mechanically treated (TMT) reinforcement. 
In this study, TMT reinforcement is obtained from two 
different sources, namely, from a leading manufacturing 
agency known as STMT reinforcement and second is 
from a local agency known as LTMT reinforcement. The 
TOR reinforcement is generally used in  past construction 
while TMT reinforcement is widely used in recent 
reinforced concrete (RC) construction.  Monotonic and 
cyclic behaviors of these types of reinforcement have 
been studied with the aim to highlight the effect of 
reinforcement characteristics on structural performance. 
The performance of different types of reinforcements 
under uni-axial tensile and cyclic test at different strain 
rates is shown in Fig. 1(a) and comparative performance 
of STMT and TOR type of reinforcement is shown in 
Fig. 1(b).

The TMT reinforcement demonstrates higher strength 
with more deformation over the TOR reinforcement. 
An approximately quantifi able increase in deformity of 

about 50% is observed in case of TMT reinforcement as 
compared to TOR reinforcement. Also a specifi c yield 
point is not observed in case of TOR reinforcement 
as compared with TMT reinforcement. The observed 
mode of failure of TMT reinforcement is necking before 
fracture and hence show maximum possible ductile 
behaviors. The increase in fracture strain energy of TMT 
reinforcement is about 70% over TOR reinforcement. 

The hysteresis curves of TMT reinforcement show 
improvement in resisting more cycles compared to 
TOR type reinforcement within similar strain-amplitude 
loading up to fracture. The comparative cyclic strength 
decay curves clearly distinguish the individual 
performances of the TMT and TOR reinforcement. A 
degradation of (≈ 25%) in tension side and (≈ 45%) in 
compression side occurs in the second cycle of both 
the reinforcements.  From 3rd cycle onwards, up to the 
points of initiation of fracture, the strength degradation 
decreased and is more or less the same for both  
reinforcement types and also on both the tension and 
compression sides of loading (≈ starting from 20% and 
up to 2%). This shows that under cyclic type of loading, 
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the initial leg (i.e. 1st cycle to 2nd cycle), last leg (i.e. 
after initiation of cracking to the point of fracture) and 
the intermediate leg (the cycles between fi rst and last 
legs) have similar trends of degradation, and in case 
of TMT reinforcement there is increased degradation 
in the intermediate legs than the TOR reinforcement. 
What is signifi cant is that TMT reinforcement gives an 
increase in fracture strain energy of about 50% with an 
approximate quantifi able increase in deformity of about 
40% as compared to TOR reinforcement. This trend is 
also observed in monotonic loading. 

3      Pushover and cyclic performance evaluation 
 of beam specimens with different 
     characteristics of reinforcing bars

In total, twelve beam specimens with span to  
effective depth ratio (l/d) of 6.5 (S BEAM) have been 
tested under quasi-static loading in displacement 

control. These beam specimens are cast in two types 
of reinforcement, namely, TMT and TOR. The 
reinforcement details of these beam specimens 
are shown in Fig. 2. The actual sizes are  275 mm × 
275 mm × 1.78 m reinforced with the same percentage of 
tension steel ρ (ρ =As/b.d), where As is the area of bars in 
tension, b is the width and d is the effective depth of the 
section with cover of concrete 25 mm on both the faces 
in all the beams. Two variations in the quantity of tension 
reinforcement (0.47% and 0.71%) have been adopted for 
each type of reinforcement. The size of beam specimens 
and % of reinforcement are  designed as per  IS 13920: 
1993 on the basis of minimum practical size dimension 
and failure in fl exure, i.e., under-reinforced beam. The 
% of reinforcement varies on the basis of minimum 
(ρmin =0.24 ck

y

f
f

 ) and maximum (ρmax = 2.5%) % of 

reinforcement as recommended in IS 13920 (1993). All 
the beam specimens are cast in same aggregate, sand and 

Fig. 1(b) Comparative performance of 10 mm of STMT and TOR reinforcement under uni-axial tensile and cyclic tests
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cement ratio under similar environmental conditions to 
maintain uniform characteristic strength of concrete fc 
(around 25 MPa). The pushover and cyclic performances 
of beam specimens have been evaluated under three 
different cases based on types of reinforcement i.e. (i) 
STMT (ii) LTMT and (iii) TOR. 

The beam tests are carried out in simply supported 
conditions under pushover loading and cyclic loading. 
The tests have been carried out in the quasi-static testing 
facility. The salient features of the test set-up are; (i) 
Strong Floor (ii) Reaction Wall, (iii) Two Servo-Hydraulic 
Actuators with inbuilt, linearly varying displacement 
transducers (LVDTs) and load cells, with capabilities to 
displacement control as well as synchronization and (iv) 
Two Mechanical Jacks, as shown in Fig. 3. 

The loading history is the ramp displacement with 
gradual increase in displacement amplitude under 
pushover loading whereas cyclic loading consists of 
sine waves with two cycles of equal displacement and 
increasing amplitudes in subsequent cycles at a very low 
frequency (f = 0.0083 Hz), starting from 5 mm cycle 
onwards with an increment of 5 mm. Test results of load-
deformation up to failure under both types of testing for 
all specimens are presented. Since two actuators (A1, 
A2) are used for application of load, the resultant load 
(F) is the sum of the actuator loads while the resultant 
displacement (δ) is the average of actuator  displacements 
as shown in Fig. 4. 

The test results of all the beam specimens under 
pushover and cyclic testing are summarized in Table 1. 
The evaluated parameters for the beam specimens are: 
(a) fl exural capacity of beams i.e. yield capacity (Fy) and 
ultimate capacity (Fu), (b) over strength factor (Fu/Fy), 
(c) displacement ductility level μL = (δu(i)/δy(i)) 
and displacement ductility μ = (δu /δy) and fi nally (d) 
energy dissipation (area under load deformation curve 
or cumulative area of load-deformation cycles. The 
specimens are evaluated to quantify the differences 
caused by the type of reinforcement or loading on 
the basis of these parameters. The experimentally 
evaluated ductility of beams reinforced with two typical 
reinforcement types (TOR as “1” and TMT as “2”) 
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Fig. 4   Idealization of envelope of pushover or cyclic curve of beam specimens with different types of reinforcement
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is based on the idealization of characteristic load-
deformation envelope curves of pushover as well as 
cyclic tests as shown in Fig. 4. The post elastic strength 
degradation over yield (FDeg%) and post elastic stiffness 
degradation over yield stiffness (KDeg%) is given in 
Eqs. (1) and (2). 

Deg% y y(1 ( ) / ) 100F F F F                       (1)

 Deg% y y(1 ( ) / ) 100K K K K                 (2)

The pushover test results of beam specimens with 
STMT reinforcement are shown in Figs. 5(a) and 5(b). 
The typical behavior of specifi c yield type reinforcement 
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Sl. 
No. Specimen ID Test type/ Ast 

(%)
Moment (kN.m) Over-strength

       factor
Ductility at % of 
ultimate load cycles

Energy dissipated
        ( kN.m)

Yield         Ult. Cycles Envelop
Short beam (SBEAM) specimens with 10 mm STMT reinforcement 

1 “SBEAM-01” Pushover/0.47  37.14  41.89 1.13 C 08.0 @ 80%   - 4.80
2 “SBEAM-02” Pushover/0.71  50.84  59.07 1.16 C 07.0 @ 98%   - 7.00
3 “SBEAM-03” Cyclic/ 0.47  37.81  42.96 1.14 T 03.2 @ 98.7%  11.2 2.70

C 03.3 @ 90.8%  9.5 2.00
4 “SBEAM-04” Cyclic/ 0.71  53.03  56.30 1.06 T 03.0 @ 81%  36.2 6.30

C 03.0 @ 91% 34.9 6.80

 Short beam (SBEAM) specimens with 10 mm LTMT reinforcement
5 “SBEAM-05” Pushover/0.47 21.03  31.33      1.49 C 22.6 @ 87.3% - 5.80
6 “SBEAM-06” Pushover/0.71 47.44  53.52      1.13 C 07.9 @ 99.0% - 7.00
7 “SBEAM-07” Cyclic/ 0.47 21.26  29.85      1.40 T 07.8 @ 99.1% 17.6 2.5

C 07.7 @ 98.8% 16.9 2.4
8 “SBEAM-08” Cyclic/ 0.71 30.88  41.08      1.33 T 05.0 @ 98.6% 17.4 2.8

C 06.7 @ 84.6% 16.2 2.6
Short beam (SBEAM) specimens with 10 mm TOR reinforcement

9 “SBEAM-9” Pushover/0.47 36.70  41.06      1.12 C 06.8 @ 99.2% - 3.8
10 “SBEAM-10” Pushover/0.71 39.83  48.78      1.22 C 02.3* @ 100%

(up to 6.5)
- 1.2*

(up to 2.3)
11 “SBEAM-11” Cyclic/ 0.47 31.55  34.75      1.10 T 03.9 @ 99.3% 5.8 2.0

C 02.7 @ 97.7% 4.0 1.2
12 “SBEAM-12” Cyclic/ 0.71 42.96  50.97      1.19 T 04.7 @ 100% 15.0 3.4

C 04.4 @ 97.4% 16.3 3.2
 Note: T, C represents tension side and compression sides respectively, * indicates insuffi cient data

Table 1   Test results of beam specimens with different types of reinforcement under pushover and cyclic loading
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is observed in both sets of results with a clear appearance 
of yield point. A ductility level of greater than 7 is  
observed. The resulting failure is in the form of major 
fl exural cracks below the loading face and fi nally leading 
to fracture of reinforcing bars giving scope to a clear 
manifestation of reinforcement characteristics from 
elastic to plastic and fi nally with fracture after necking. 
The cyclic test results of beam specimens with STMT 
reinforcement are shown in Figs. 5(c) and 5(d). The yield 
points are also observed but ductility is reduced to about 
3.0. The resulting failure is similar to the pushover tests 
but major fl exural cracks form on both faces of the beam, 
fi nally leading to fracture of reinforcing bars. There is 
a clear manifestation of reinforcement characteristics 
from elastic to plastic, and fi nally with a sign of brittle 
fracture due to breaking of reinforcement at failure.

The pushover results of beam specimens with 
LTMT reinforcement are shown in Figs. 6(a) and 6(b). 
The yield point is observed in both the results of this 
type of reinforcement with a large difference in ductile 
pattern. The failure pattern of beam specimens with 
LTMT reinforcement is the same as in the previous 
case. The cyclic results of LTMT reinforcement beams 
are shown in Figs. 6(c) and 6(d) which also manifests 
the yield point, but the ductility is equal or greater  than 
6. The resulting failures of beam specimens are in the 
form of development of fl exural cracks on both the faces 
that fi nally lead to fracture of reinforcing bars. A large 
variation in strength is  observed in the beam specimens. 
The effect of variation in specifi ed nominal yield may 
lead to variation in design strength which results in 
variation in failure load. Hence, complete characteristics 
of the reinforcement involved in the construction need 

to be known.  
The pushover test results of beam specimens with 

TOR reinforcement are shown in Figs. 7(a) and 7(b). The 
typical behavior of nonspecifi c yield type reinforcement 
is observed in both the results, i.e., with the absence of 
a distinct yield point. The specimens show very limited 
ductile behavior. Failure is initiated with formation of 
major fl exural cracks  at localized area of the applied 
load,  which fi nally lead to sequential fracture of 
reinforcing bars. Failure patterns of the specimens clearly 
refl ect brittle sequential fracture of the reinforcing bars. 
The cyclic test results of TOR reinforcement beams 
are shown in Figs. 7(c) and 7(d). The yield point is 
not observed and ductility is reduced to about 2.7. The 
resulting failure is similar to those in the  pushover tests 
except major fl exural cracks form on both faces of the 
beam leading to fracture of reinforcing bars. 

4 Comparative performance of beam 
   specimens with different characteristics 
       of reinforcing bars

A comparative study is also carried out on beam 
specimens in order to evaluate the effect of number 
of experimental and constructional parameters. The 
discussion of the test results is as follows.

4.1  Under varied ρ% but with similar reinforcement & 
      similar loading types

The comparative performance of  beam specimens 
with STMT reinforcement is shown in Fig. 8 (a) under 

Fig. 5   Pushover and cyclic performance of beam specimens with STMT reinforcement
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pushover and cyclic loading. It is observed that the 
strength increases and the overall deformation capacity 
also increases under pushover and cyclic loading as the 
percentage of reinforcement increases. Similarly, the 
comparative performances of  beam specimens with 
LTMT reinforcement and TOR reinforcement are shown 
in Fig. 8(b) and Fig. 8(c), respectively.  It is observed 
that an increase in % of reinforcement helps to increase 

Fig. 7   Pushover and cyclic performance of beam specimens with TOR reinforcement
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                                       Fig. 6   Pushover and cyclic performance of beam specimens with LTMT reinforcement 
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the strength only, but the ductile response is not affected 
signifi cantly.  

4.2 Under similar ρ% & loading, but with varied 
       reinforcement types

The comparative performances of  beam specimens 
with different types of reinforcement of equal percentage, 
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i.e., 0.47% & 0.71%, under pushover and cyclic loading 
are shown in Fig. 9 and Fig. 10, respectively. It is clearly 
evident that beam specimens with STMT reinforcement 
under either pushover loading or cyclic loading 
sustain maximum load and deformation as compared 
to specimens with other types of reinforcement. The 
pushover and cyclic performance of beam specimens 
with LTMT reinforcement exhibits no obvious trend. 
The pushover curves of beam specimens with TOR 
reinforcement show sudden brittle failure as compared 
to beam specimens with STMT reinforcement. 

4.3  Under varied ρ% & varied loading but with 
         similar reinforcement types

The comparative performance of beam specimens 
with different types of reinforcement under pushover 
and cyclic loading are shown in Fig. 11.  It is evident 
that the type of loading is a more pronounced factor for 
the determination of load-deformation characteristics of 
any RC component. There is a large variation in strength 
and ductility parameters of beam specimens evaluated 
under pushover loading and cyclic loading. There is a 

Fig. 8   Comparisons of pushover and cyclic envelope curve of beam specimens of different types of reinforcement (a) STMT 
              (b) LTMT (c) TOR
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signifi cant decrease in deformation capacities under 
cyclic loading as compared to pushover loading. The 
type of reinforcement  also has a predominant effect on 
the deformation capacity of beams. 

4.4   Under the energy dissipation capacity
The energy dissipation of the beam specimens with 

different types of reinforcement under pushover and 
cyclic loading is  shown in Fig. 12. Beam specimens 
with STMT reinforcement have much higher energy 
dissipation as compared to other types of reinforcement. 
Lesser energy dissipation is observed in specimens 
with TOR reinforcement. This pattern is observed in 
pushover or cyclic testing of beam specimens, with both 
% of reinforcements.

4.5   Under the strength and stiffness degradation

Strength and stiffness degradation over the yield 
strength and yield stiffness of the beam specimens 
are evaluated and compared in Fig. 13. The reduction 
of resistance (degradation of strength and stiffness) is 
mainly due to reduction in moment of inertia or cross 
sectional area because of propagation of cracking 
with increasing displacement load history, either in 
pushover testing or cyclic testing. The upper bunch of 
curves represents the post elastic stiffness degradation 
in % and the lower bunch of curves represents the post 
elastic strength degradation in %. It is evident that 
stiffness degradation of beam specimens with STMT 
reinforcement is less as compared to specimens with 
LTMT and TOR reinforcement. It is also evident that the 
initial trend of stiffness degradation of beam specimens 
is nearly the same either in the case of cyclic loading or 
pushover loading. There is no signifi cant loss of strength 
after yielding of beam specimens constructed with 
different types of reinforcement. The specimens also 
represent an over-strength factor which depends upon 
the strain hardening effect of respective reinforcement. 

5  Evaluation of plastic rotation capacity of 
 beam specimens with different 
      characteristics of reinforcing bars

The plastic rotations are useful for modeling the 
nonlinear component deformation capacities of structure 
under seismic performance evaluations. The experimental 
plastic rotation (θP) is defi ned as the difference between 
the ultimate rotation (θU) and the rotation at yielding (θY). 
The rotation at yielding is evaluated by idealizing the 
moment-rotation relationship obtained from pushover 
and cyclic testing of beam specimens with different 
types of reinforcement as shown in Fig. 14. The ultimate 
rotation is taken as the rotation corresponding to a 
residual (reduced) strength of about 80% of maximum 
load (or 20% drop of maximum strength) responsible for  
fl exural failure of the beams.

As per ASCE/SEI 41-06, the force-deformation 
curves are modifi ed as idealized force-deformation 
curves for computer modeling and acceptance criteria 
for deformation-controlled actions so that force–
deformation curves are converted to normalized force 
(Q/Qy) versus deformation (θ or Δ) with the parameters 
a, b and c or normalized force (Q/Qy) versus deformation 
ratio (θ/θy, Δ/Δy, Δ/h) with the parameters d, e and c as 
shown in Figs. 15(a) and 15(b).  Elastic stiffness and the 
values for the parameters a, b, c, d and e are used to defi ne 
the acceptance criteria for Primary (P) and Secondary 
(S) components. The most common acceptance criteria 
are Immediate Occupancy (IO), Life Safety (LS) and 
Collapse Prevention (CP) as shown in Fig. 15(c).

As per ASCE/SEI 41-06, for beams controlled by 
fl exure, the following controlling parameters are defi ned 
as below;

(i) The ratio of the difference of tension (ρ) & 
compression steel (ρ′) to balanced steel (ρbal) i.e.  

bal
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In the present study, the ratio of the difference of 
tension (ρ) & compression steel (ρ′) to balanced steel 
(ρbal) i.e.  (ρ-ρ′)/(ρbal) is in the limiting range of (≤  0), 
as all the tested beams are with equal tension and 
compression reinforcements.

(ii) Condition of transverse reinforcement 
confi nement i.e. Confi rming “C” and Non-confi rming 
“NC”

In the present study, all the beam specimens come 
under non-conforming condition (“NC”) since d/3 ratio 

Fig. 13  Post elastic strength and stiffness degradation over 
      yield in beam specimens with different types of 
               reinforcement
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for short beam specimens is 82 mm while dprovided = 180 mm.
(iii) Ratio of nominal shear stress to square root 

of compressive stress of concrete i.e. 
'

w c

V
b d f

 
 
 
 

  

under two limits i.e. ≤ 3 and ≥ 6. Where, V is the shear 
strength and is considered under two concepts (i) based 
on fl exure capacity and (ii) shear capacity of section 
reinforcement as per IS 456: 2000 (2000)  and obtained 

as, c S c SV y0.87dV V V bd A f
x

    , where, ASV is the 

area of vertical stirrups, τc is the design shear strength 
of concrete,  fy is the nominal yield strength of shear 
stirrups,  x is the spacing of vertical stirrups with b and d 
being breadth and effective depth of beam section. bw is 
the width and d is the effective depth of beam.

The ratios correspond to beam specimens 0.47% and 
0.71% reinforcement is 3.8 and 4.2 respectively. 

Based on the above mentioned controlling parameters, 
the nonlinear modeling parameter “a” for fl exural failure 
condition of all the beam specimens are evaluated in 
Table 2 by interpolation of the values given in ASCE/
SEI 41-06. The values as compared to experimentally 
obtained values with different types of reinforcements 
(STMT, LTMT, and TOR) are shown in Fig. 16. It may be 
concluded that the type of reinforcement is a signifi cant 
parameter on which the Force–Deformation relationship 
of an RC component depends.
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Table 2   Experimental obtain non-linear modeling parameter “a” for the beam specimens with different types of reinforcement 
                under pushover and cyclic testing 

SBEAM types Plastic rotations (radians) Ratios of plastic rotations

Ast (%) Pushover Cyclic
ASCE/SEI 41-06

Pushover Cyclic
(Flex. Cond.) (Max.)

                 (i)         (ii)             (iii)         (iv)  

STMT 0.47 0.051   0.0195 0.017 0.025 2.62  3.0 2.04   1.15   0.78
0.71 0.058   0.0305 0.017 0.025 1.90  3.4 2.32   1.80   1.22

LTMT 0.47 0.088 0.032 0.017 0.025 2.75    5.17 3.52   1.90   1.28
0.71 0.061 0.025 0.017 0.025 2.44    3.60 2.44   1.47 1.0

TOR 0.47 0.046 0.015 0.017 0.025 3.07    2.70 1.84 0.9 0.6
0.71 0.019 0.031 0.017 0.025 0.61    1.17 0.76   1.82   1.24

(ii)
(i)

(iii)
(i)

(iv)
(i)

(iii)
(ii)

(iv)
(ii)

Fig. 16  Comparison of nonlinear plastic hinge parameter “a” of beam specimens under different reinforcement (a) STMT 
                (b) LTMT and (c) TOR with the ASCE/SEI 41-06 prescribed values
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6  Conclusions

(1) The load-deformation pushover curves of beam 
specimens with STMT and LTMT reinforcements refl ect 
a ductile performance in their behavior by depicting 
clear yield point with 1.12 over strength factor and 
approximately the same amount of ductility. The pushover 
curves of beam specimens with TOR reinforcement 
do not refl ect any specifi c yield of reinforcement and 
show a brittle failure with comparatively low ductility 
as well as energy dissipation. The load-deformation 
pushover curves of beam specimens under two different 
characteristics of reinforcement clearly depict difference 
in ductile performance. Therefore, the nonlinear plastic 
hinge properties have to be updated on the basis of types 
of reinforcement.

(2) Cyclic load-deformation curves of beam 
specimens refl ect similar strength attainment, but with 
reduced ductility as compared to pushover loading. Beam 
specimens with STMT/ LTMT reinforcement exhibit  
ductile behavior and also more energy dissipation as 
compared to beam specimens in TOR reinforcement. 
Therefore, for seismic performance evaluations, the 
nonlinear hinge properties obtained from pushover 
tests have to be modifi ed on the basis of experimental 
investigations.

(3) The energy dissipation ratio of beam specimens 
obtained from the envelope of cyclic hysteretic diagram 
to load-deformation pushover curve for beam specimens 
vary from 0.4 to 1.0 depending upon the type and % 
of TMT reinforcement. The energy dissipation ratio 
obtained from the cyclic hysteresis diagram i.e. total 
energy dissipation in all the cycles to fail the specimens 
to its envelope of cyclic hysteretic diagram becomes 
2.5 to 5.0.  Low energy dissipation is observed in beam 
specimens with TOR reinforcement under pushover and 
cyclic testing. Therefore, it is conferred that pushover 
curve represents the approximate actual strength of the 
specimens but higher ductility and also manifests lower 
energy dissipation as compared to its cyclic counterpart.

(4) Evaluated plastic rotations parameters clearly 
manifest the effect of types of reinforcement. The values 
of plastic rotation are much smaller in case of brittle type 
of reinforcement (TOR) as compared to ductile type of 
reinforcement (TMT). This is important particularly 
in case of assessment and evaluation of old buildings 
which are generally constructed in TOR reinforcement 
while recent construction is in TMT reinforcement. It is 
also observed that the variation in nonlinear parameters 
is not signifi cant in the same nature of reinforcements 
such as STMT, LTMT. It may be concluded that the type 
of reinforcement is a signifi cant parameter on which the 
Force–Deformation relationship of an RC component 
depends.

(5) The values of nonlinear plastic hinge parameters 
as suggested by ASCE/SEI 41-06 (2007) are closer to 
values obtained from the cyclic testing of specimens. 
The values obtained from the specimens in TOR 

reinforcement lie in between the prescribed values 
of ASCE/SEI 41-06 (2007). It seems reasonable that 
the testing in the past has generally been carried out 
on brittle type of reinforcement or deformed type of 
reinforcement while the TMT type of reinforcement is 
a recent development and hence the properties are to be 
modifi ed based on reinforcement in use.

(6) Nonlinear hinge modeling parameter obtained 
from the pushover testing is approximately 2 to 3 times 
higher than the values obtained from cyclic testing. The 
experimentally observed values of the parameters under 
cyclic tests of beam specimens with STMT and LTMT 
reinforcement are closer to maximum recommended 
values in ASCE/SEI 41-06 (2007).
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