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Abstract. When designing reinforced concrete (RC) members, the rebar is assumed to resist all tensile forces, but the
resistance of the concrete in the tension area is neglected. However, concrete can also resist tensile forces and increase the tensile
stiffness of RC members, which is called the tension stiffening effect (TSE). Therefore, this study assessed the TSE, particularly
after yielding of the steel bars and the effects of the steel ratio on the TSE. For this purpose, RC member specimens with steel
ratios of 2.87%, 0.99%, and 0.59% were fabricated for uniaxial tensile tests. A vision-based non-contact measurement system
was used to measure the behavior of the specimens. The cracks on the specimen at the stabilized cracking stage and the fracture
stage were measured with the image analysis method. The results show that the number of cracks increases as the steel ratio
increases. The reductions of the limit state and fracture strains were dependent on the ratio of the rebar. As the steel ratio
decreased, the strain after yielding of the RC members significantly decreased. Therefore, the overall ductility of the RC member
is reduced with decreasing steel ratio. The yielding plateau and ultimate load of the RC members obtained from the proposed
equations showed very good agreement with those of the experiments. Finally, the image analysis method was possible to allow
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flexibility in expand the measurement points and targets to determine the strains and crack widths of the specimens.
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1. Introduction

In reinforced concrete (RC) members, the concrete is
resistant to compression but very weak against tension.
When designing RC members, the rebar is assumed to resist
to all tensile forces by neglecting the cross section of the
concrete in the tensile area. However, concrete also resists
the tensile forces before a crack occurs. In crack locations,
the rebar transmits the tensile stresses over cracks with
bond stresses between the rebar and concrete. This
increases the tensile stiffness of RC members. Therefore,
the tensile stiffness of RC members tends to be higher than
that of bare rebar, which is called the tension stiffening
effect (TSE).

The ultimate behavior of the RC members is
significantly influenced by the increase in the stiffness due
to the TSE and the change in the local stiffness due to the
occurrence of cracks. The tensile behavior of the RC
member converges gradually to that of bare rebar after the
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concrete cracks occur, which is indicated in design
specifications, such as CEB-FIP Model Code 20100
(MC2010), Eurocode 2 (EC2), and British standards BS
8110-1997. The specifications also explain that there is no
difference in the tensile behavior between the RC member
and the bare rebar after yielding of the rebar. Therefore,
previous studies have accounted for the TSE of RC
structures only until the yielding of the rebar. However, the
tensile force is still transferred to the cracked concrete due
to its adhesion with the rebar, even after a crack occurs
(Watstein and Parsons 1943, Allam et al. 2012, 2013). The
TSE was estimated with an empirical value by many
researchers. Welch and Janjua (1971) calculated the average
steel strain &g, as Eq. (1).

&m = (fs —20.7)/E; 1)

The value of 20.7 is the empirical value of tension
stiffening which is approximately equal to f,.E;/E.. Where
fee s the tensile strength of the concrete, E; and E. are
the elastic modular of rebar and concrete, respectively.
Gergely and Lutz (1968) assumed that the concrete tension
stiffening is not affected by the steel stress when the
stabilized crack pattern has been formed. Therefore, in the
cracked stage, the tension stiffening is a constant value and
is affected only by the concrete tensile strength and the
bond behavior between the steel and concrete at the
tensioned region of the section, regardless the steel stress
level.

Leonhardt (1977) presented a model for computing the
mean strains. The average strain over the entire length,
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&sm, 1S less than the bare rebar strain, &, which is the
strain developed by the rebar alone after cracking. The
differences between ¢, and & is referred to as TSE. If
the cracking strain of the concrete, €., is ignored as being
very small, &, may be approximated by Eqg. (2).

2
Em = Em = & (1 - (fs]cc_srz) ) (2)
where f; is the stress in the tension reinforcement
assuming a cracked section, fi.., is the rebar stress after
cracking (2008).

If the TSE is neglected in the design of a structure, the
amount of rebar required can be overestimated. Accurate
estimation of the stiffness of concrete structures can be
important for a number of reasons. In general, these reasons
are related to the serviceability and occasionally the
constructability of the structure. In several cases where
stiffness governs the load distribution, the ultimate limit
state may also be affected. TSE has a relatively minor effect
on the deformation of heavily reinforced members but is
highly significant in lightly reinforced members. If the TSE
is disregarded, the stress of the rebar can be considerably
overestimated, which can result in underestimation of the
safety of RC structural members, such as panel, slab, and
shell structures (Balazs 1993, Yankelevsky et al. 2008, Lee
and Cho 2011a, 2011b, Scott and Beeby 2012, Lee and Cho
2013, Mondal and Prakash 2015).

Yankelevsky et al. (2008) developed a one-dimensional
model to simulate the tension stiffening of cracked
concrete. They formulated the analytical relationships in
terms of the stiffness of concrete-rebar composite and
predicted the stress, strain, and displacement fields in the
concrete along the rebar. Lee et al. (2011a) evaluated the
contribution of concrete TSE to the post-yielding
deformation response of RC members and formulated a
simplified constitutive model using analytical parametric
studies. They determined the influence of various
parameters, including the concrete compressive strength,
rebar yield strength, ultimate strength, hardening stress, and
hardening strain. Scott and Beeby (2012) discussed the
importance of deflection control in RC structures and
emphasized a number of problems that could affect the
accuracy of deflection calculations.

Lee et al. (2011b) conducted analytical parametric
studies to determine the influence of various parameters
including concrete compressive strength and rebar yield
strength, ultimate strength, hardening stress, and hardening
strain. The model was proposed to be able to estimate the
reduced ductility of the RC member. The proposed model
makes it possible to accurately calculated rebar stresses at
crack locations and average strain conditions which result in
rupture of rebar.

This study estimates the change of TSE after yielding of
rebar and investigates the effect of the steel ratio on the
TSE. RC member specimens were fabricated for uniaxial
tensile tests using steel ratios of 2.87%, 0.99%, and 0.59%.
A vision-based non-contact measurement system was used
to measure the behavior of the specimens. The vision-based
system has been effectively applied to measure the
displacements and strains in civil and architectural

engineering applications (Lee et al. 2012, Fukuda et al.
2013, Ye et al. 2013, Lin 2015, Feng and Feng 2016, Ye et
al. 2016, Kang et al. 2017). The image processing
algorithm involved in this study is based on the color
information of several reference objects in the Lab color
space. In addition, a load indicator that is wirelessly
connected to a data logger system on the main server was
applied to synchronize it with the time of the captured
targets. In the post-processing step, the strains and load
were analyzed to evaluate the TSE and ductility of the RC
member. The relationship between the TSE and steel ratio
of the RC members was analyzed to determine the post-
yielding TSE of the RC members. The results are
distinguished from MC2010 in that MC2010 only accounts
for the TSE until the vyielding point. Based on the
experimental results, empirical equations are proposed to
estimate the TSE from the yielding to limit states.

2. Tension stiffening effect

A main study on the TSE in the RC members was
performed by Johnson (1951), who proposed a stress-strain
relationship to explain the effect. The theoretical equation,
proposed by Johnson (1951), has been adopted in MC2010
and EC2 as the function of the mean strain of concrete and
rebar. Several studies have also proposed empirical models
for the prediction of the TSE in RC members. Collins and
Mitchel (1991) used the mean tensile stress of concrete after
cracking to evaluate the TSE. Belarbi and Hsu (1994)
evaluated the mean strain function of TSE, which is
obtained from the stress-strain relationship between
concrete and rebar.

2.1 CEB-FIP Model Code 2010 (MC2010)

MC2010 separates the behavior of an RC member into
four stages based on the cracking of the concrete and the
yielding of the bar. After concrete cracks occur, the load is
transferred from the rebar to concrete by the bond stresses
at their interface in the stabilized crack stage. The concrete
resists a part of the transferred load. Therefore, the strain in
the rebar of an RC member is smaller than that in bare
rebar. In the crack formation stage the normal tensile force
does not increase, because it falls back after the occurrence
of any new crack. If so many cracks have been formed that
there are no undisturbed areas left the tensile strength of the
concrete cannot be reached anymore between the cracks, so
no new cracks will appear. After this phenomenon the
stabilized cracking stage will be started. In the stabilized
cracking stage the existing cracks widen. Finally, the rebar
will start yielding. For the crack formation stage the
constant tensile cracking force, N,., can be expressed by Eq.
(3). The crack formation stage applies when, for imposed
deformation, the strain satisfies the Eq. (4).

N, = Acfctm(1 + aeps,ef) (3)
fetm'(0.6+ae)
S T (4)

where a, = E;/E. is modular ratio, ps.r is effective
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reinforcement ratio for tensile bar, and N, is tensile force
at which cracking occurs. The mean rebar strain can be
expressed by

Esm = Es0 — .Bt,mAgsr = &0~ Bt,m(gsrz — &r1) )
where S, ., is an integration factor for the rebar strain along
the transmission length, &g, is the mean rebar strain, &5,
is the strains of the rebar in cracked concrete, &4 and &g,»
are the rebar strains at the point of zero slip and the crack
under the cracking force, respectively, and Aeg,,. is the
increase of the rebar strain in the cracking state.

After the crack formation, the transferred bond force
reduces with decreasing transmission length. The reduction
of the rebar strain from the crack to the middle point
between the cracks, Aeg,,, can be calculated using Eg. (6).
The mean strain over the total member, & ,,, is obtained
using Eq. (7).

2
Aggy = gAé‘sr (6)
= &5 — BrAgg, (7

where 5, = gﬂt,m' which is equal to 0.4 for instantaneous
loading and 0.25 for long-term and repeated loadings.

€sm = &2 — ﬂt,mAgs,m

2.2 Eurocode 2 (EC2)

In EC2, the TSE is defined using the mean strain of an
RC member after cracks, similar to MC2010. EC2
calculates the crack width of a flexural member using the
following equation

Peff
Eg

( . Kt(/’ cter(1+nPess)

(ssm - Scm) = )> = 06£_SS (8)
where K; is a factor expressing the duration of loading (0.6
for short-term loading and 0.4 for long-term loading), and
fs is the stress in the tension rebar, computed based on the
cracked section. n is the modular ratio of the rebar to
concrete, f.err is the mean tensile strength of the concrete

when the crack first occurs, and p.rr = AL, which is the
ceff

ratio of the area of the tension rebar to the effective tension

area of the concrete surrounding the tension rebar.

Therefore, (&g, — €cn) In EQ. (8) represents the difference

of the mean tensile strains of the rebar and concrete, and

Kt(f creff(1+"9eff))
Peff

thus, the term
Eg

represents the TSE in the
RC member.

3. Experimental program
3.1 Test variable and specimens

Test specimens were manufactured to observe the
characteristics of the TSE with different steel ratios.
According to MC2010, the rebar is completely restrained in
the concrete when the cover thickness of the RC member is
more than or equal to five times the rebar diameter. Based

Table 1 Overview of the features of each specimen

Component Bare Steel ratio

rebar  2.87%  0.99%  0.59%
Length (mm) 1,000 1,000 1,000 1,000
Steel grade SD400 SD400 SD400 SD400

Rebar diameter (mm) 19.1 19.1 19.1 19.1
Rebar area (mm?) 286.5  286.5 286.5 286.5
Section area (mm) - 100100 170x170 220x220

Strength of concrete

(MPa) - 30 30 30
Ratio of cover thickness

to rebar diameter ) 2.12 3.95 5.26

(B) uring specimens
Fig. 1 Manufacturing process of the specimens

on this regulation, specimens were fabricated with steel
ratio of 0.59%. The specimens with steel ratio of 2.87% are
applied with the cover thickness of the RC member which is
built in the normal environmental condition (KHBS 2012).
Finally, the steel ratio of 0.99% was selected from among
the values between 2.87% and 0.59%. Through the test
parameter of theses specimens, it was tried to understand
the behavior of the tensile member with a thin cover
thickness. Table 1 overviews the features of each specimen.
The compressive strength of the concrete was 30 MPa, and
the yield strength of the rebar was 400 MPa. Fig. 1 shows
the manufacturing process of the specimens.

3.2 Test set-up and vision system instrumentation

The specimens were tested under uni-axial tension using
a 1000-kN universal testing machine (UTM). The rebar was
exposed at both ends of the specimen and gripped by the
UTM. Tensile force was applied to the specimen using the
displacement control. The test was performed until the rebar
ruptured. Targets were attached to the surface of the
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Wirelessly connected to
load indicator

Fig. 2 Instrumentation and measurement of the specimen Mesh grid of topographic model

specimen to measure the displacement and strain of the
specimen using an image processing method. The diameter
of the target is 5 mm. The targets were arrayed with 25 mm
by 25 mm distance. The strains can be calculated from the
distances between the targets. Three digital cameras (Sony
Alpha 7R) were used to take pictures of the top, middle, and
bottom of the specimen. The pictures contained both the
targets attached to the specimen and the load indicator.

Both the load and the strain are easily and accurately
synchronized using the load indicator and recording the
current load value with the target. The object distance from
the camera and the image resolution (7360x4912 pixels)
were determined to maintain a scale of approximately 0.08
mm/pixel. This means that the measurement resolution
obtained from the image processing is approximately 0.08
mm, which is similar to that from a 100-mm linear variable
differential transformer (LVDT). Fig. 2 shows the
instrumentation and measurement for the experiment.

3.3 Vision-based measurement system

A non-contact image processing method was used to
evaluate the displacement of the targets on the specimen.
The target recognition algorithm used in image processing
significantly affects the accuracy of the analysis results. A
conventional target recognition algorithm is based on only
the coherence analysis requires a long time for computation
for accurate analysis. However, the algorithm used in this
study is based on the geometric shape of the objects in
addition to coherence analysis of the color information.
Using these two types of information reduces the amount of
calculation and increases the accuracy of the results.
Furthermore, the method can analyze many targets in an
image, which reduces the analysis time. Fig. 3 shows the
algorithm of the image processing method. The algorithm
consists of obtaining an image, converting the image to a
binary image, analyzing the binary image to determine the

Image o
Acquisition | [mage Acquisition Digital Camera
Set ROI 1) Targets 2) Load value
Prose i :
Processing Img. Conversion Binary Img. With Color Space
Find Boundaries Flood-fill Algorithm
Find Centroid Geometrical Boundary Analysis
Image i .
Analysis OCR for Load Value Optical Character Recognition
o — £ Relationship

Fig. 3 The algorithm for the image processing method (Lee,
2017)

Fig. 4 Image used for evaluating image distortion

centers of the targets, and calculating the strain and load of
the specimen (Lee 2017).

To investigate the degree of image distortion of the
digital camera used for the image acquisition, targets with a
diameter of 5 mm were divided into groups of nine and
arranged in 5 rows and 5 columns, as shown in Fig. 4. The
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Fig. 5 Deviation of the diameter of the target groups

Table 2 Results of bare rebar specimens
Limit state Fracture

Yield stress Ultimate stress

(fy, MPa)  (f,, MPa) ful Ty strain (g,) strain (gf)
A 489.18 600.24 123 0111 0.119
B 499.30 606.63 121  0.109 0.116
o 496.34 602.55 121  0.095 0.113
Average 494.94 603.14 122 0.105 0.116

image was then analyzed using the image processing
method. The diameter of the target is expressed as the
number of pixels to examine the variance in the diameter
according to the location of the targets in the image. Fig. 5
shows the deviation of the target diameters. The number
pixels of the 5-mm diameter targets ranged from around
117.5 to 118.5, which means that the average error of the
diameter from image distortion is less than 1 pixel.
Therefore, the image processing was carried out using the
distortion correction function of the digital camera.

4. Experimental results and discussion
4.1 Load and strain relationship

The yielding and ultimate loads of bare rebar were first
evaluated to determine the relationship between the TSE
and steel ratio. Table 2 summarizes the experimental
results. The mean yield and ultimate stresses were 494.94
and 603.14 MPa, respectively. The ratio of the ultimate
stress to the yield stress was 1.22. The mean limit and
fracture strains were 0.105 and 0.116, respectively.

The experimental results of the bare rebar were
compared with those of RC members, as shown in Fig. 6.
The ductility and vyielding plateau of RC members were
lower than those of the bare rebar. In addition, the RC
members had lower ductility and yielding plateaus as the
steel ratio decreased. As the load increased, the number of
cracks continued to increase after the initial cracks, and the
total number of cracks decreased as the steel ratio increased.
The initial cracking load tends to increase as the steel ratio
decreases. The initial cracks occurred at the same level of
stresses, which were calculated using the transformed
section area.

Rebar

Load (kN)

Bare Rebar

Steel Ratio 2.87%-A
Steel Ratio 2.87%-B
Steel Ratio 2.87%-C
| | | | I I I

0
0 0015 003 0045 006 0075 009 0105 0.12
Strain

(a) Steel ratio 2.87%

Load (kN)

Bare Rebar

407 Steel Ratio 0.99%-A

Steel Ratio 0.99%-B

Steel Ratio 0.99%-C

0 | | | I I I

0 0.015 0.03 0.045 0.06 0075 009 0105 0.12
Strain

(b) Steel ratio 0.99%

Load (kN)

Bare Rebar

40 Steel Ratio 0.59%-A
Steel Ratio 0.59%-B
Steel Ratio 0.59%-C

| | | I I I
0 0.015 003 0045 0.06 0075 009 0105 0.12
Strain

(c) Steel ratio 0.59%
Fig. 6 Load-strain relationship

4.2 Effect of steel ratios on the load and strain

Fig. 7 shows the strain results of the specimens. The
ductility and yielding plateau decreased as the steel ratio
decreases. The mean limit state and fracture strains of the
bare rebar were 0.105 and 0.119, respectively. The mean
limit state strains of RC members with steel ratios of 2.87%,
0.99%, and 0.59% were 0.090, 0.064, and 0.051,
respectively, while the mean limit state strains were 0.090,
0.064, and 0.051. According to linear regression analysis,
the limit state and fracture strains are proportional to the
steel ratios, as shown Fig. 8.
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Fig. 7 The strain results of the specimens

4.3 Crack patterns and crack widths

Figs. 9 to 11 show the cracks on the specimen at the
stabilized cracking stage and the fracture stage. The
horizontal axis in the graph over the crack figure means the
distance from the left end of the specimen. The vertical axis

0.12

0.10 |-
- ]
" 0.08 -
2 § Y = 0.0139X+0.0446
g 006 _ R?=0.961
= (o]
E L
S o0

0.02 -

0.00 | | I | |

0 0.5 1 1.5 2 2.5 3
Steel ratio (%)
(a) Limit state strain
0.12
0.10 |- Y
<

-E 0.08 - o
£ Y=0.0161X+0.0537
5 & & R2=0.894
2006
£ o
£
= 0.04

0.02 -

0.00 | | I | |

0 0.5 1 1.5 2 2.5 3
Steel ratio (%)

(b) Fracture strain
Fig. 8 The statistics result of the test results

in the graph is the crack width. The specimens of steel ratio
of 2.87% showed the average 8.7 cracks, and the specimens
of steel ratio of 0.99% showed the average 6 cracks. The
specimens of steel ratio of 0.59% showed the average 2.7
cracks. The results shows that the number of the cracks
increases as the steel ratio increases. In the specimens of

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000

[ S I )
@ W o

W(mm)

S W

(b) Fracture stage

L(mm)

500 550 600 650 700 750 800 850 900 950 1000

Fig. 9 Crack pattern and crack width (Steel ratio 2.87%)
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Fig. 10 Crack pattern and crack width (Steel ratio 0.99%)
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(b) Fracture stage
Fig. 11 Crack pattern and crack width (Steel ratio 0.59%)

steel ratio of 0.59% and 0.99% the splitting cracks occurred
at the fracture stage. According to the MC2010, the cover
thickness to rebar diameter ratio is related with the splitting
cracks. The splitting cracks can affect the behavior by
increasing the ductility of the RC member. Usually, the
cover thickness of the RC girder can be less than 5 times of
the rebar diameter. The tensile part of the RC girder can
show the similar behavior with the results of this study.
Therefore, the tension stiffening effect after the yield of the
rebar should be estimated to analyze the ultimate behavior
of the RC girder.

5. Evaluation method for the tension stiffening of RC
members

5.1 Tension stiffening until the yielding of the rebar

Based on the experimental results, an empirical equation
is proposed to estimate the TSE from the yielding to limit
states. Fig. 12 shows the load-strain relationships of the
specimens until the yielding state. The experimental results
were compared with the theoretical results obtained using
the equation presented in MC2010. With a steel ratio of
2.87%, the stiffness of RC members from the beginning of
the crack formation to the yielding of the rebar was greater
than the result of MC2010. The concrete of the RC member
had a greater contribution to the stiffness than suggested by
MC2010, but the difference between the experimental
results and MC 2010 was minimal. For the steel ratio of
0.59%, the load suddenly decreased in the beginning of the
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Steel Ratio 2.87%-A
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Steel Ratio 2.87%-C
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(a) Steel ratio 2.87%
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(b) Steel ratio 0.99%
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(c) Steel ratio 0.59%

Fig. 12. Comparisons between the experimental results and
the results of MC2010 in the load-strain relationship

crack formation stage. In general, the equation proposed in
MC2010 showed good agreement with the TSE of the
experimental results

5.2 Tension stiffening after the yielding of the
reinforcement

As shown in Fig. 6, the ductility of RC members after
the yielding of the rebar decreased with decreasing steel
ratio. In addition, the reductions of the limit state and
fracture strains were dependent on the ratio of the rebar.
Therefore, MC2010 is limited in assessing the TSE after the

Pa
o1 AN
1
I
Pl ,
1 ]
1 1
1 1
1 1 1
1 1 1
1 1 ¢ > 1
1 : £ 1
1 €r1) r2 1
1 1 1
1 1 1
1 1 1
P ' »
sr'y] sryz Eru £
(a) Bare rebar
P A
P,
Py

MC2010

£y1 £y2 €y VS
(b) Tension stiffening effect (TSE)

Fig. 13 Notation of the characteristic value in the load-strain
relationship

yielding of RC members. To expand the applicability of the
TSE equations proposed in MC2010, an empirical equation
is proposed to account for the effect of the steel ratio on the
TSE after the yielding of an RC member. The new TSE
equations also account for the material properties of the
rebar, such as the diameter, yield strength and plateau, and
ultimate strength.

The TSE after yielding of an RC member was defined
USING €41, €2, Ex1v Ex2, and AP, shown in Fig. 13. The
steel ratio significantly influences the TSE after yielding of
the member and was expressed in terms of the yielding
plateau and strain hardening. The TSE up to the yielding of
the RC member was formulated using MC2010. The
resulting TSE equations are as follows

0.065

&1 = &ry2 T Ery1 T Joass (6)
€2 = &ru T Ery2 (1

Ex1 = Ey2 — Ey1 = &1 — 0!;%(_)4156 (8)
Exa = &y — Eyp = 2.6&1 -p? ©)

2
AP = — (5800 + ?) (e —£,,)" + (8500 + %)(s — &)
(E<e,— &) (10)
where &,,; and &,,, are the strains at the beginning and
end of the yielding plateau of the bare rebar, respectively;

d is the diameter of the rebar; p is the steel ratio; ¢, is
the limit state strain of the bare rebar, which is obtained
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Steel Ratio 2.87%-C
&—6—o Estimated (2.87%)

Estimated Estimated

Rebar

Load (kN)

- - - - - Bare Rebar

Steel Ratio 0.99%-A
Steel Ratio 0.99%-B
Steel Ratio 0.99%-C
4—6—o Estimated (0.99%)

- - - - - Bare Rebar
Steel Ratio 0.59%-A
Steel Ratio 0.59%-B
Steel Ratio 0.59%-C
&—6—= Estimated (0.59%)

120 ¢
0.06 0075 0.09 0105 0.12 0
Strain

(a) 2.87%
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(b) 0.99%
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Fig. 14 Comparison between the experimental results and the result calculated with the proposed equation

Table 3 Comparisons between the experimental results and the estimated results of the TSE of RC members

Steel ratio Ex1 Ex2 AP
(%) Exp.  Prop. Ratio Avg.  Exp. Prop. Ratio Avg. Exp. Prop. Ratio Avg.
A 0.0137 0.737 0.0870 0.823 22.29 1.428
287 B 0.0121 0.0101 0.834 0.730 0.0873 0.0716 0.821 0.827 26.39 3183 1.206 1.343
C 0.0163 0.620 0.0855 0.838 22.81 1.395
A 0.0047 1.128 0.0580 0.898 27.14 1.168
099 B 0.0038 0.0053 1.395 1.243 0.0655 0.0521 0.795 0.847 2894 3170 1.095 1.133
C 0.0044 1.205 0.0616 0.846 27.94 1.135
A 0.0025 0.760 0.0469 0.952 28.32 1.100
059 B 0.0017 0.0019 1.118 0.999 0.0513 0.0446 0.870 0915 27.22 31.16 1.145 1.143
C 0.0017 1.118 0.0484 0.922 26.32 1.184
Avg. 0.991 0.863 1.109

from the tensile test; ¢,, and &, are the strains at the
beginning and end of the yielding plateau of the RC
member, respectively; and AP is the increase of the load
from the end of the yielding plateau to the ultimate state of
the RC member.

The post-yielding TSE calculated using the proposed
equations was compared with the experiments. As shown in
Fig. 14, the values of the yielding plateau and ultimate load
of the RC members matched very well with the
experiments. Table 3 compares the limit state strain and
ultimate load obtained from the proposed equations with
those of the experiments. The proposed equations exhibited
a good estimation of the load-strain relationship of RC
members until the ultimate state.

6. Conclusions

An experimental investigation was performed to
evaluate the ultimate behavior characteristics and TSE of
RC members with steel ratios of 2.87%, 0.99%, and 0.59%.
Based on the experimental results, the relationship between
the TSE and steel ratio of RC members was analyzed to
characterize the post-yielding TSE of RC members. The
new formulation is distinguished from MC2010, which only
accounts for the TSE until the yielding point. Findings and
conclusions derived from this study are summarized as
follows:

» The reductions of the limit state and fracture strains

were dependent on the ratio of the rebar. As the steel

ratio decreased, the strain after yielding of RC members

decreased significantly. Therefore, the overall ductility
of the member is reduced as the steel ratio decreases.

+ Based on the experimental results, an empirical

equation was proposed to account for the effect of the

steel ratio and material properties of the rebar on the

TSE from the yielding state to the ultimate state of the

member. The vyielding plateau and ultimate load

calculated using the proposed equations matched very
well with the experimental results.

 The cracks on the specimen at the stabilized cracking

stage and the fracture stage were measured with the

image processing method. The results show that the
number of cracks increases as the steel ratio increases.

« In this study the image processing method was used to

measure the strains and crack widths of the RC member

in tension. It was possible to allow flexibility in expand
the measurement points and targets to determine the
strains and crack widths of the specimens.

The equations proposed for estimating the TSE are
based on experiments for concrete with a compressive
strength of 30 MPa and rebar with a yield strength of 400
MPa, which can generally be applied to RC structures.
Further studies are recommended using different strengths
of concrete and steel grades of rebar. The multiple effect of
the cover thickness and steel ratio on the ultimate behavior
of the RC member should be considered in the future
works.
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