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The objective of this study was to evaluate the effect of corrosion 
level on shear behavior of engineered cementitious composite 
(ECC) beams. Reinforced normal concrete (R-NC) specimens with 
compressive strength equal to the ECC specimens were also used 
for control purposes. Ten reinforced concrete beams (five ECC 
and five NC) with dimensions of 150 x 220 x 1400 mm (5.91 x 
8.66 x 55.12 in.) were manufactured for the study. Using accel-
erated corrosion through the application of a constant current of 
1 ampere, four levels of corrosion were established at 5%, 10%, 
15%, and 20% of mass loss of the reinforcing bars. To ensure the 
highest probability of shear failure mode, all beams were tested 
under a four-point loading system with a shear span-effective 
depth ratio of 2.5. General structural behavior, strength, stiffness, 
failure mode, and energy absorption capacities of ECC and R-NC 
beams subjected to different corrosion levels were evaluated and 
compared. Experimental results showed a high correlation between 
calculated mass loss and measured mass loss in reinforcing bars 
due to accelerated corrosion. Compared to NC, ECC beams exhib-
ited significantly higher strength, stiffness, and energy absorption 
capacity, along with superior performance in terms of the restric-
tion of damage caused due to corrosion. The increase in corro-
sion level negatively influenced the structural behavior of the ECC 
beams tested.

Keywords: corrosion; engineered cementitious composites (ECCs); normal 
concrete; reinforced concrete beam; shear.

INTRODUCTION
Engineered cementitious composite (ECC) is a relatively 

new type of concrete that appeals to the construction industry 
for a number of reasons. When properly designed and used, 
it is an economical and environmentally friendly alternative 
to normal concrete, with practical ease of use in construction 
sites. It is a ductile, fiber-reinforced, cementitious composite 
designed to achieve high damage tolerance under severe 
loading and superior durability characteristics under normal 
service conditions.1-10 ECC strain-hardens after cracking, 
similar to a ductile metal, and demonstrates a strain capacity 
300 to 500 times greater than normal concrete. Even at large 
imposed deformations, crack widths are restricted to levels 
below 100 μm (0.004 in.). The intrinsically tight crack width 
of ECC has been shown to be an important parameter for the 
high durability of structures.

Shear behavior of normal concrete has been studied for 
more than 100 years. However, there has not been a unified, 
rational approach for predicting the shear strength of  
reinforced concrete (RC) beams. Shear behavior depends on 
many parameters, including shear span-depth ratio, section 
shape, type of structural element, and applied loading. The 

approaches accepted by current codes in calculating shear 
strengths for a particular beam section can vary by factors 
of more than 2. On the other hand, the flexural strengths 
predicted by these codes are unlikely to vary by more than 
10%.11 Unlike pure flexure, experiments cannot be performed 
on reinforced concrete beams subjected to pure shear. In the 
common four-point loading test for concrete beams, the zone 
between the two point loads is under pure flexure, while the 
shear span of the beam, located between the support and 
applied load, is under the influence of constant shear and 
linearly varying moments. Therefore, it is not easy to predict 
shear behavior in general because the responses vary from 
section to section along the shear span.12

One of the main mechanisms contributing to the early 
deterioration and reduced service life of concrete struc-
tures is the corrosion of steel reinforcing bars. Recent life 
cycle analysis10 indicated that substantial material resource 
consumption, primary energy usage, and CO2 emissions 
occur during the service life of bridge infrastructure systems 
due to repeated maintenance activities. Globally, rehabil-
itation plans for concrete structures are affected by corro-
sion costs, which add up to billions of dollars every year.13 
Although the mechanism of corrosion is well-known, the 
deterioration between reinforcing bar and concrete caused 
by corrosion needs further clarification, and the influence 
of corrosion on structural response and residual structural 
capacity of the corroded elements requires further study.

In the literature, a number of studies exist in which several 
properties, including corrosion behavior of ECC mixtures, 
are evaluated. Sahmaran et al.13 focused on the performance 
of ECC beams subjected to accelerated corrosion using an 
electrochemical test method in which a constant potential 
was used to induce different levels of corrosion into the 
reinforced ECC mortars. After the induction of different 
corrosion levels, cracks, residual flexural load capacity, and 
mass loss of the reinforcing bars embedded in the specimens 
were determined. As a result of this study, it was concluded 
that due to its high tensile strain capacity and microcracking 
behavior, ECC significantly prolongs the corrosion prop-
agation period while enhancing the ability to maintain 
the load-carrying capacity of the beams being tested. In a 
different study by Maalej et al.,14 the performance of ECC 
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reinforced with hybrid fibers was investigated in a number 
of potential structural applications. The reviewed applica-
tions included the use of hybrid fiber-ECC for designing 
impact- and blast-resistant protective panels, strengthening 
of unreinforced masonry (URM) walls, strengthening of RC 
beams, and enhancing corrosion durability of RC beams. 
The review demonstrated that hybrid fiber-ECC can signifi-
cantly enhance the performance of structures made of these 
materials. Sahmaran et al.15 also investigated chloride ion 
permeability, which is a decisive property for corrosion in 
microcracked ECC specimens containing different supple-
mentary cementitious materials (SCMs). In the same study, 
self-healing of microcracks introduced after the application 
of pre-loading was also investigated in cases where speci-
mens were exposed to different environmental conditions. 
It was reported that, depending on the type of SCM used 
in ECC mixtures, even the failed specimens could exhibit 
low and/or very low chloride ion permeability according to 
ASTM C1202,16 after exposure to a certain period of envi-
ronmental conditioning. This behavior of ECC specimens 
was found to be related to the ease of self-healability of 
micron-size cracks in improving permeability characteris-
tics. As explained previously, ECC proves itself worthy in 
terms of several durability characteristics, including corro-
sion resistance. Although information related to the material 
properties of ECC mixtures is widely available in literature, 
studies that evaluate large-scale structural elements, espe-
cially in cases where structural behavior and certain mechan-
ical properties are considered in the presence of reinforcing 
bar corrosion, have rarely been encountered. To account 
for the related knowledge gap, an experimental study was 
planned to investigate shear behavior of reinforced ECC 
and NC beams subjected to different corrosion levels. Shear 
behavior of both types of beams was evaluated by comparing 
shear strain γxy, strain in the x-direction εx, and strain in y- 
direction εy when different corrosion levels were introduced 
to the specimens. The effects of the different levels of corro-
sion on the failure modes and cracking patterns of reinforced 
beams were also investigated, and a comparison was made 
between the strength, stiffness, energy absorption capacity, 
and failure modes of reinforced beams using ECC and NC.

RESEARCH SIGNIFICANCE
The corrosion of steel reinforcement in aging structures 

is one of the main problems facing the civil engineering 
community. While the durability characteristics of small-
scale ECC specimens under accelerated corrosion condi-
tions are well-known, the influence of reinforcing bar corro-
sion on structural behavior and mechanical properties of 
large-scale structural elements incorporating ECC is not. 
This study aims to further the knowledge and information 
required for this key issue.

EXPERIMENTAL PROGRAM
Materials, mixture proportions, and basic 
mechanical properties

To investigate the influence of different corrosion levels 
on shear behavior of reinforced ECC and NC beams, ECC 
and NC mixtures of similar compressive strengths were 

produced. The ECC mixture had a water-cementitious  
materials ratio (w/cm) of 0.27 and a fly ash-portland cement 
ratio (FA/PC) of 2.2 by mass. Components similar to those of 
typical fiber-reinforced concrete were used for ECC produc-
tion, including CEM I 42.5 type cement (similar to ASTM 
Type I), sand, Class F FA with lime content of 5.57%, water, 
fibers (2% by volume), and a high-range water-reducing 
admixture (HRWRA). Proportion details for the mixture are 
presented in Table 1. To minimize matrix fracture toughness, 
which is necessary to obtain multiple microcracking and 
consequently strain-hardening behavior, smaller aggregates 
are preferred. Silica sand with a maximum aggregate size 
of 1 mm (0.04 in.) was therefore incorporated into the ECC 
mixtures. Fibers were polyvinyl alcohol (PVA) type with an 
average diameter of 39 μm (0.002 in.), an average length 
of 8 mm (0.315 in.), and a tensile strength of 1610 MPa 
(235 ksi). HRWRA was added to the mixture until the desired 
fresh ECC characteristics, described in another study,17 were 
visually observed. The mixture proportion for NC is also 
presented in Table 1. During the production of NC, natural 
sand and crushed coarse aggregates with a maximum aggre-
gate size of 10 mm (0.394 in.) were used in combination 
with CEM I 42.5 type portland cement and ground-granu-
lated blast-furnace slag. To achieve desired fresh properties, 
a water-reducing admixture (WRA) similar to Type A of 
ASTM C494 was used.

Six Ø100 x 200 mm (4 x 8 in.) cylinder specimens 
from each mixture were prepared for the determination of 
compressive strength. Flexural parameters (flexural strength 
and deformation) were evaluated with four-point bending 
tests, using six 400 x 100 x 75 mm (16 x 4 x 3 in.) beam 
specimens from each mixture. Four-point bending tests were 
performed at a loading rate of 0.005 mm/s (0.0002 in./s) 
using a universal testing machine. In addition, rapid chloride 
permeability tests (RCPTs) were performed on cylinder spec-

Table 1—Mixture proportions and basic 
mechanical and permeability properties

Ingredients, kg/m3 ECC NC

Portland cement 375 300

Fly ash 823 —

Slag — 100

Water 318 160

Coarse aggregate — 1130

Fine aggregate — 725

Silica sand 446 —

Polyvinyl alcohol fiber 26.0 —

High-range water-reducing admixture 2.3 —

Water-reducing admixture — 1.2

Mechanical and transport properties (28-day)

Compressive strength, MPa 46.3 45.5

Flexural strength, MPa 10.5 5.8

Flexural deformation, mm 4.75 0.30

Chloride ion permeability, Coulomb 2921 1423

Notes: 1 kg/m3 = 1.685 lb/yd3; 1 MPa = 0.145 ksi; 1 mm = 0.0394 in.
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imens measuring Ø100 x 50 mm (4 x 2 in.) cut from Ø100 
x 200 mm (4 x 8 in.) cylinders. After 24 hours in the molds, 
all specimens were moved into plastic bags at 95 ± 5% RH, 
23 ± 2°C (73.4°F) to be cured until the age of 28 days. Basic 
mechanical and permeability properties of ECC and NC 
mixtures are tabulated in Table 1. Typical bending test results 
are displayed in Fig. 1 as flexural stress-deflection diagrams 
for ECC and NC mixtures at the age of 28 days. As seen 
from Table 1, compressive strength test results at 28 days 
were similar for ECC and NC mixtures, with values of 46.3 
and 45.5 MPa (6.78 and 6.66 ksi), respectively. Even though 
the NC and ECC exhibited similar compressive strengths, 
the ECC showed a substantially higher ultimate flexural 
strength than the NC prisms (10.5 and 5.8 MPa [1.52 and 
0.84 ksi] for ECC and NC, respectively). Ultimate deflection 
capacities, which reflect the material ductility of ECC and 
NC mixtures, were 4.75 and 0.30 mm (0.187 and 0.0118 in.), 
respectively. As seen from Fig. 1, the NC mixture was a brittle 
material with sudden fracture failure, but ECC samples had 
a significantly higher deformation capability. Chloride ion 
permeability test results, which can play a decisive role in 
reinforcement corrosion, are also presented in Table 1. As 
can be seen from the table, average 28-day RCPT results 
of ECC specimens (2921 Coulombs) were more than two 
times those obtained from NC specimens (1423 Coulombs). 
The higher ECC results were attributed to the higher FA/PC 

and to inadequate curing time, which was not sufficient for 
substantially increased amounts of Class F fly ash particles 
to be hydrated enough to attain lower chloride ion permea-
bility results. It is to be noted that the highest 28-day RCPT 
result obtained for ECC specimens was in the moderate chlo-
ride ion permeability range, according to ASTM C1202.16 

During the implementation of typical four-point bending 
tests to obtain flexural stress-deflection behavior of the spec-
imens, not only the midspan beam deflection results, but 
also support settlement results, were measured. Therefore, 
graphs in Fig. 1 were drawn by excluding the support settle-
ment results (if there is any) from midspan beam deflection 
results. The lower initial stiffnesses of ECC than NC beams 
shown in Fig. 1 can be attributed to the lack of coarse aggre-
gate and the significantly lower aggregate content of ECC 
mixtures (refer to Table 1).

The study included 10 reinforced beams, five incorpo-
rating ECC and five NC. The shear span-depth ratio (a/d) 
was set at 2.5 for all beams, where a is the distance from the 
concentrated load to the reaction, and d is the distance from 
the center of the tensile flexural reinforcing bars to the top of 
the reinforced concrete beam. Geometry and details of steel 
reinforcements are shown in Fig. 2.

Corrosion acceleration and mass loss 
measurements

To identify different levels of corrosion, mass losses 
recorded from reinforcing steel were used. Apart from two 
reference specimens from each mixture, the testing of beams 
subjected to accelerated corrosion was done in two steps. In 
the first step, reinforced specimens were kept in the accel-
erated corrosion test setup until they reached the predeter-
mined corrosion levels. In the second step, all of the beams 
were tested under monotonous four-point flexure loading 
until failure to evaluate structural performance under the 
influence of shear forces.

Saline water with a concentration of 5% NaCl, along with 
a cathode and power supply to provide electrical current, is 
normally used as an accelerated corrosion technique in the 
laboratory. In this technique, reinforcing steel bars embedded 
inside concrete should act as anodes in the corrosion cells.18 
According to ASTM C876-91,19 the half-cell potential test is 
designed to estimate the expected level of corrosion activity 

Fig. 1—Typical flexural stress-deflection graphs of ECC and 
NC mixtures after 28 days. (Note: 1 MPa = 0.145 ksi; 1 mm 
= 0.0394 in.)

Fig. 2—Reinforcement details of specimens. (Note: 1 mm = 0.0394 in.)
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in uncoated reinforcing steel bars embedded in concrete. The 
mass loss resulting from corrosion can be predicted by using 
Eq. (1), which is reproduced from Faraday’s law.

 MassLoss t i M
z FHypothetical =
⋅ ⋅

⋅
 (1)

where MassLossHypothetical is the difference between the 
original mass of the metal at the anode and the mass after 
corrosion, g; t is time, s; i is current, amp; M is the atomic 
weight of iron (55.847 g/mol); z is ion charge (Meta valency, 
assumed 2 for Fe → Fe2+ + 2e–); and F is Faraday’s constant 
(96,487 amp·s).

In this research, the hypothetical mass loss targeting 5%, 
10%, 15%, and 20% was calculated from the reinforcing 
bars. A current of 1.0 amp was used throughout all corro-
sion levels; this value was decided on after testing power 
supplies, wiring connections, and the initial electrical resis-
tivity of the concrete beams through NaCl—an electrolyte 
solution of 5% by weight. Throughout the experiments, 
beam specimens, connections, power supplies, and drainage 
tubes were monitored, and voltage readings were recorded 
every 12 hours. During the accelerated corrosion tests, 
the temperature of the specimens was controlled at 21°C 
(69.8°F), the electrical current was constant at 1.0 amp, and 
the salinity of the electrolyte solution was at 5% concen-
tration by weight. Test setup for the accelerated corrosion 
application is shown in Fig. 3.

Each of the reinforcing steel bars used in the beams was 
weighed and the average weight of the reinforcing bars 
subjected to corrosion was found to be 7502 g (16.5 lb) in 
NC beams and 7386 g (16.2 lb) in ECC beams. After these 
values were obtained, the time required for the attainment 
of 5%, 10%, 15%, and 20% of mass losses was calculated 
using Eq. (1). According to Eq. (1), the time necessary to 
attain 5%, 10%, 15%, and 20% mass loss was 15, 30, 45, 
and 60 days, respectively. To verify the predicted time, 

the embedded reinforcement steel bars were retrieved and 
weighed after the accelerated corrosion tests to calculate the 
real mass loss values.

Crack characteristics over specimens subjected to corro-
sion effect were analyzed from all sides using a portable 
microscope and an electronic caliper. The typical distribu-
tion of cracks observed in NC beam specimens after 10% 
mass loss and ECC beam specimens after 15% mass loss 
is provided in Fig. 4. After the completion of tests under 
four-point bending loading, ECC and concrete covers were 
crashed entirely and the reinforcement mesh was weighed. 
In Fig. 5, typical cleaned-up reinforcement mesh after 
accelerated corrosion testing is shown as an example. This 
process was repeated for all of the specimens, and the mass 
losses that occurred as a result of corrosion processes were 
calculated with care.

Experimental setup for four-point flexure loading
Loading test setup measures structural capacity in rela-

tion to load based on midspan beam displacement curves 
and shear strain εx and εy. During the experimental study, 
along with the aforementioned values, cracking patterns 
and failure modes were compared depending on different 
concrete types and corrosion levels. To increase the possi-
bility for shear failure, inadequate amount of shear rein-
forcement was used in the beam specimens and the a/d was 
selected to be 2.5. Because the a/d is between 2.0 to 3.0, 
and there is not enough shear reinforcement embedded to the 
beams, shear failure is more likely to take place.

As Fig. 6(a) clearly shows, loading arrangement produced 
shear stresses in the tested concrete specimens. At the begin-
ning, a square element of reinforced concrete with vertical 
sides parallel to the direction of loading was deformed by 
shear stresses into a diamond shape, as illustrated in Fig. 6(b) 
(deformation is exaggerated for the illustration). It can be 
concluded from Fig. 6(b) that shear strain is defined as the 

Fig. 3—Accelerated corrosion test setup.
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magnitude of the change in value of the initial right angle of 
the element at the X-Y origin. It is not possible to determine 
the maximum shear strain or the complete state of strain 
from any combination of linear variable displacement trans-
ducer (LVDT) outputs unless the orientation of the LVDT 
axes with respect to the principal axes is known. In general, 
when the directions of the principal axes are unknown, a 
three-LVDT 45-degree rectangular rosette can be used, as 
shown in Fig. 7. To determine the shear (γxy), longitudinal 
(εx), and transversal (εy) strains, the data obtained from 
LVDTs (numbers 1 to 6) were divided by the initial length of 
the beam covered by these LVDTs.

EXPERIMENTAL RESULTS AND DISCUSSION
Corrosion test results

At the end of the flexural testing, concrete beams were 
demolished, reinforcement mesh was removed, and concrete 
debris and corrosion residue were cleaned away. Muriatic acid 
was used to clean the corrosion residue from the corroded 
reinforcing bar. The epoxy-coated top reinforcing bar was 
free of corrosion due to electrical isolation (Fig. 5). Targeted 
corrosion levels before the commencement of tests together 
with the acquired values are presented in Table 2 for both 
NC and ECC beams. The average differences between calcu-
lated and targeted corrosion levels were found to be 12.6% 
and 5.4% for NC and ECC specimens, respectively. Differ-
ences from both mixture types were found to be acceptable 
and it was concluded that targeted corrosion levels can be 
reached with the accelerated corrosion duration calculated in 
accordance with Faraday’s equation. The enforced constant 
current sent through the RC beams produced a corrosion 
product affecting both the electrical resistance of beams 
and the bond strength between reinforcing bar and concrete. 
Accumulated corrosion residue around the reinforcing steel 
bars increased the pressure on the concrete in all directions 
surrounding the reinforcing bar. During the early stages of 
corrosion, internal pressure generally strengthened the bond 
between reinforcing bar and concrete. The positive effect of 
slight corrosion can be clearly seen from the load-midspan 
beam deflection curves of ECC beams after 5% mass loss. 
When the pressure started to exceed the tensile strength of 
concrete, cracks in the concrete cover appeared, reducing 

Fig. 4—Cracking layouts of NC and ECC beam specimens after corrosion process. (Note: 1 mm = 0.0394 in.)

Fig. 5—Reinforcement mesh of Specimens 5 and 6 after 
testing.



776 ACI Structural Journal/November-December 2015

the electrical resistance of RC beams due to direct elec-
trical contact through the cracks. The daily voltage readings 
showed that average electrical resistance was reduced as 
corrosion proceeded. Fluctuation in the electrical resistance 
is related to the cracks in the concrete cover, which leads to 
a wider path between the reinforcing bar and saline solution, 
resulting in decreased resistance, or to narrower paths that 
make direct contact more difficult and increase the beam 
resistance value. Relatively large drops in the electrical 
resistance value of the beams can be attributed to the devel-
opment of very wide cracks or to the spalling of some pieces 
from the concrete cover. Sudden drops in the beam resistance 
were observed with increased corrosion levels or in the weak 
spots of concrete cover at early stages. According to Ohm’s 
law, the resistance of a concrete beam is determined by the 
amount of current that passes through it for a given electrical 

potential difference (voltage) across the beam. For a constant 
current of 1 amp, the daily voltage readings showed higher 
initial resistance in NC beams (21.7 – 27.1 V.) compared to 
ECC beams (10.3 – 14.3 V.). It can therefore be suggested 
that the results are in line with the rapid chloride permea-
bility test results and initial resistivity is a reasonable factor 
for the evaluation of concrete’s resistance.

As an indicator of the corrosion process, cracks started to 
be observed over the surface of beam specimens and crack 
widths and numbers increased as time passed. As the subse-
quent outcome of advanced corrosion, spalling is generally 
observed in normal concrete, especially at the places near 
the edges of specimens, where reinforcement is congested 
(Fig. 8). Transverse cracks originated from the stirrups, 
while longitudinal cracks were generated from the flexural 
reinforcing bars. Electrical isolation of the epoxy-coated 
top reinforcing bars in each beam left the top parts of both 
the NC and ECC beams free of any longitudinal cracks. 
The pattern of cracks that originated due to corrosion exhib-
ited a high correlation with the shapes of corroded welded 
wire reinforcement. In Fig. 4, the distribution of corrosion- 
induced cracks is shown for the two selected specimens. As 
seen from the figure, the cracking pattern was significantly 

Fig. 6—Measurement technique of shear and normal strain. 

Fig. 7—Instrumentation of specimens. (Note: Dimensions in mm; 1 mm = 0.0394 in.)

Table 2—Comparison of hypothetical and real 
mass loss due to corrosion

Spec-
imen
No.

Level of 
corrosion

Concrete 
type/beam 

number

Real 
mass 
loss

Hypothetical 
mass loss

Differ-
ences, %

1
Zero

NC/B1 — — —

2 ECC/B1 — — —

3
5%

NC/B3 5.79 5 15.8

4 ECC/B3 5.61 5 12.2

5
10%

NC/B10 9.60 10 4.2

6 ECC/B4 10.39 10 3.9

7
15%

NC/B4 14.62 15 2.6

8 ECC/B5 15.56 15 3.7

9
20%

NC/B8 20.41 20 2.1

10 ECC/B6 20.39 20 2.0
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different for ECC and NC. The crack width of NC specimens 
increased with corrosion exposure time. Average crack widths 
observed as a result of corrosion processes were 0.48 mm 
(0.019 in.), 0.96 mm (0.038 in.), 4.92 mm (0.194 in.) in the case 
of 5%, 10% and 15% of mass losses for NC beams, respec-
tively. These were typical corrosion-induced cracks caused 
by circumferential tensile stresses due to the expansive corro-
sion products. The exponential increase in crack width with 
the linear increase in mass losses for NC beams influenced 
structural load-carrying capacity and failure modes, which are 
discussed in detail in the next section. In the case of 20% of 
mass loss, spalling was observed for both NC beams (Fig. 8). 
On the other hand, multiple microcracks with widths less than 
0.2 mm (0.0079 in.) were observed on the faces of the ECC 
beams. The number of microcracks on the surfaces of ECC 
specimens increased as corrosion progressed, which could 
be attributed to the strain hardening and multiple-cracking 
behaviors of ECC compared to that of NC.

Test results of NC and ECC beams
General behavior and failure modes—After inducing 

different degrees of accelerated corrosion, the corroded 
beams were tested under a four-point flexure test setup (as 
shown in Fig. 7) to determine their residual load-deflection 
curves and flexural properties. After the completion of tests, 
load-midspan beam displacement curves were plotted by 
taking different corrosion levels into consideration (Fig. 9). 
Test results are summarized in Table 3, and crack distributions 
of beam specimens after flexural tests are shown in Fig. 10.

In the case of the NC/B1 beam specimen, flexure cracks 
were observed in the maximum moment region at the begin-
ning of the test, and diagonal shear cracks were observed 
near shear spans as loading was increased. Tensile region- 
reinforcements of reference Beam Specimen NC/B1 yielded 
at 152.1 kN (34.2 kip) total load level and, as a conse-
quence of the widening of shear cracks observed near the 
shear spans, the beam suddenly failed at 9.44 mm (0.37 in.) 
midspan deflection level after it showed a small amount of 
further deflection, as presented in Fig. 9(a).

In the case of the reference beam specimen incorporating 
ECC (ECC/B1), yielding of reinforcement was observed at 
220.0 kN (49.5 kip) loading level and deflection of 8.53 mm 
(0.34 in.). The higher yield load of ECC/B1 showed a higher 
tensile stress contribution by ECC than in NC/B1. After the 
ECC/B1 beam specimen showed a maximum load-carrying 
capacity of 226.1 kN (50.8 kip), it continued to carry addi-
tional load until 50.25 mm (1.98 in.) deflection value. At this 
level of deflection and at a load of 199.0 kN (44.7 kip), failure 
occurred due to the crushing of concrete in the maximum 
moment region. When the failure modes of the NC/B3 and 
ECC/B3 beam specimens that were subjected to 5% mass 
loss were evaluated, it was observed that tensile region- 
reinforcements of both beams had reached their tensile 
yielding points. Moreover, an increase in the load-car-
rying capacity of the NC/B3 beam was observed, which 
was related to the increased bond between concrete and 
reinforcements that is the result of increased internal pres-
sure occurring in tensile and shear reinforcing bars after 
the corrosion process. Although the increments occurred in 

the NC/B3 beam, the ECC/B3 beam exhibited similar load- 
deflection behavior to the ECC/B1 reference beam that 
was not subjected to corrosion, with no change observed in 
load-carrying capacity values. The NC/B3 beam specimen 
showed sudden shear failure at 200.6 kN (45.1 kip) loading 
and 13.36 mm (0.53 in.) deflection level due to sudden 
widening of the shear crack that occurred in the right shear 
span. The ECC/B3 beam specimen exhibited ductile behavior 
under flexure loading and failed at 191.9 kN (43.1 kip) 
loading and 55.1 mm (2.17 in.) deflection level as a result of 
the crushing of the concrete material itself in the compres-
sion zone. When the load-deflection graphs of the NC/B10 
and ECC/B4 beam specimens subjected to 10% mass loss 
are assessed, it can be observed that the tensile region-rein-
forcements of both beams had reached their tensile yielding 
points. The NC/B10 beam specimen showed similar 
load-deflection behavior to the NC/B1 reference specimen, 
and failed suddenly right after the yielding of tensile-region 
reinforcements at 162.2 kN (34.5 kip) loading and 7.25 mm 
(0.29 in.) deflection level due to excessive widening of shear 
cracks in the left span. Tensile region-reinforcements of the 
ECC/B4 beam yielded at 199.8 kN (44.9 kip) loading and 
7.91 mm (0.31 in.) deflection level. After the beam reached 
212.8 kN (47.8 kip) maximum load-carrying capacity, it failed 
at 175.1 kN (39.4 kip) loading and 30.14 mm (1.19 in.) deflec-
tion level due to crushing of concrete in the compression zone.

When the load-deflection graphs of the NC/B4 and 
ECC/B5 beam specimens subjected to 15% mass loss are 
assessed, it can be observed that both beams failed in a 

Fig. 8—NC and ECC specimens after 20% mass loss.
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brittle manner before the tensile-region reinforcements 
reached their yielding points. NC/B4 showed sudden and 
brittle behavior without any ductile deformation at 73.7 kN 
(16.6 kip) loading level due to excessive widening of shear 
cracks in the left shear span. The same failure behavior was 
observed in the ECC/B5 beam, but failed at a much higher 
loading level of 175.0 kN (39.3 kip) due to further opening 
of shear crack in the right shear span.

The NC/B8 and ECC/B6 beam specimens subjected to 
20% mass loss showed brittle shear failure before tensile- 
region reinforcements of the specimens reached their yield 
strength. In the case of the NC/B8 specimen, along with 
the shear cracks in the right shear span, a wide bond crack 
formed parallel to the tensile-region reinforcements and 
continued throughout the entire beam. This crack negatively 
affected the bond between main tensile-region reinforce-

ment and the concrete material, causing sudden and brittle 
failure of the beam with no ductile behavior. Internal pres-
sure due to the corrosion of main tensile region-reinforce-
ment caused separation of concrete and reinforcing bar at 
very low loading levels in this area. The NC/B8 beam spec-
imen failed without exhibiting any ductile behavior at the 
loading level of 62.3 kN (14 kip). Sudden and brittle failure 
was also observed at 190.1 kN (42.7 kip) loading level in 
the ECC/B6 beam, due to the widening of shear cracks that 
occurred in the left shear span.

Failure modes of the beam specimens varied depending 
on the induced corrosion level. Although all of the speci-
mens incorporating NC showed shear failure, tensile-region  
reinforcements of the beams yielded when the corrosion 
levels were 5% and 10%. When the corrosion level was 
increased to 20% for the same specimens, bond degradation 

Fig. 9—Load-midspan beam displacement graphs of specimens. (Note: 1 kN = 0.225 kip; 1 mm = 0.0394 in.)
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of reinforcements was observed along with the shear failure. 
In ECC beams subjected to 5% and 10% corrosion, ductile 
flexural behavior was monitored. However, when the level 
of corrosion was increased to 15% and 20%, both NC and 
ECC beams showed shear failure.

Strength and stiffness—Maximum load-carrying capac-
ities of the beams were compared and evaluated, taking 
different concrete types and corrosion levels into consid-
eration. Generally speaking, the average load-carrying 
capacity of ECC beams was 58% higher than that of the NC 
beams. The difference in load-carrying capacity between 

reference ECC and NC beams was 49%. In the case of spec-
imens exposed to 5% corrosion, the difference decreased to 
13%. As the level of corrosion was increased, the differences 
in load-carrying capacity became more evident. When the 
maximum load-carrying capacities of ECC beams subjected 
to 10%, 15%, and 20% corrosion levels were compared with 
the corresponding NC beams, the ECC beams results were 
31%, 138%, and 205% higher than those of the NC beams 
for the given corrosion levels, respectively. Corrosion was 
less influential on the load-carrying capacity of ECC beams 
compared to NC beams. Tensile-region reinforcements in 

Table 3—Overall results of beam specimens after four-point bending tests

Specimen No.
Level of 
corrosion

Concrete type/
beam number

Ultimate load, 
kN

Flexure crack 
load, kN

Shear crack 
load, kN

Initial stiffness, 
kN/mm

Energy absorption 
capacity, kN·mm Ratio*, %

1
Zero

NC/B1 152.1 50 80 35.65 1035 6

2 ECC/B1 226.1 90 145 27.03 9277 8

3
5%

NC/B3 200.6 30 130 35.37 2230 4

4 ECC/B3 227.0 80 135 31.12 9995 1

5
10%

NC/B10 162.2 20 70 38.79 1382 33

6 ECC/B4 212.8 75 125 30.89 5072 12

7
15%

NC/B4 73.7 50 70 31.16 681 29

8 ECC/B5 175.0 65 110 41.14 1973 26

9
20%

NC/B8 62.3 10 40 28.44 534 31

10 ECC/B6 190.1 60 100 36.33 2754 24

*Ratio of shear displacement to midspan displacement.

Notes: 1 kN = 0.225 kip; 1 kN/mm = 5.71 kip/in.; 1 kN·mm = 0.009 kip·in.

Fig. 10—Cracking patterns of beam specimens after four-point flexural test.
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the reference ECC beam showed yielding at the same level 
as the reinforcements in ECC beams exposed to 5% and 10% 
corrosion, and all of the specimens showed ductile flexural 
behavior thereafter. Tensile-region reinforcements of NC 
beams exposed to 0% (reference), 5%, and 10% corrosion 
levels reached the yielding point but were followed by brittle 
shear failure due to the enlargement of shear cracks.

The initial stiffness values of the beams were determined 
by calculating the slope of the line that connects the origin 
to the point where the first change in slope was observed 
in the load-midspan deflection curve. When the calculated 
initial stiffness values are evaluated, it can be seen that NC 
beams possess higher initial stiffness values than that of 
ECC beams at corrosion levels of 0%, 5%, and 10% so that 
the results were higher by 32%, 14%, and 26%, respectively. 
The higher initial stiffness value of NC beams, which indi-
cates higher rigidity of the material, could be attributed to the 
significantly high amount of coarse aggregate in the produc-
tion of NC mixtures compared with ECC mixtures. Because 
of micromechanical design constraints, only limited amount 
of microsilica sand is used in ECC production. However, at 
15% and 20% corrosion, the stiffness values of NC beams 
were 32% and 28% lower than those of ECC beams, respec-
tively. While the increment of corrosion caused NC beams 
to show reduced initial stiffness results, it did not result in 
important changes in the stiffness results of ECC beams. 
As a matter of fact, with the increments in corrosion levels, 
initial stiffness values of ECC beams increased as well. For 
example, initial stiffness results of ECC beams subjected 
to 0%, 5%, and 10% of corrosion levels were found to be 
30% less than those exposed to 15% and 20% of corrosion 
on average. These results, therefore, suggest that increased 
corrosion levels have a more adverse effect on the initial 
stiffness results of NC beams than ECC beams, leading to 
rapid reductions in the initial stiffness of NC beams.

Energy absorption capacity—Energy absorption capac-
ities of the specimens were calculated as the area under 
load-midspan beam deflection curves (shown in Fig. 9), 
and the results are tabulated in Table 3. The average 
energy absorption capacity of NC beams was 1172 kN·mm  
(10.4 kip·in.), while the capacity of ECC was nearly five times 
greater, with an energy absorption value reaching 5814 kN·mm 
(51.5 kip·in.). This is mainly related to the high deformability 
and ductility exhibited by ECC beams. Because ECC beams 
showed ductile behavior and failed at the compression zone, 
their absorption capacitiy was higher than NC beams, which 
generally exhibited sudden and brittle failure.

As the level of corrosion applied to the beam specimens 
was increased, the difference in the energy absorption 
capacity results became less pronounced, and the maximum 
difference monitored was in the reference specimens. The 
reference ECC/B1 beam absorbed nine times more energy 
than the reference NC/B1 beam. For corrosion levels of 5%, 
10%, 15%, and 20%, the energy absorption capacity of ECC 
beams was 4.5, 3.7, 2.9, and 5.2 times that of NC beams, 
respectively. As the corrosion levels increased, the differ-
ence between the energy absorption capacity results of ECC 

and NC beams showed decreasing trend. For instance, when 
the corrosion level reached to 20% level, while there was no 
reduction in the load-carrying capacity of ECC beams, there 
was a significant decrement for NC beams. Therefore, the 
difference between the energy absorption capacities of ECC 
and NC beams increased at 20% of corrosion level. This 
finding therefore suggests that, even in the cases where high 
levels of corrosion were experienced, ECC-beams preserve 
their load-carrying and energy-absorption capacities.

Shear displacement—Shear displacement values presented 
in Table 3 were calculated by simply recording the percent 
share of shear displacements in overall displacement 
measurements until failure. In other words, percent values 
given in Table 3 are assumed to be the ratio of vertical shear 
displacement values arising from diagonal shear cracks to 
total midspan displacement measurements recorded from the 
specimens at failure. For the calculation of shear displace-
ment values, rosettes composed of three different LVDTs 
were placed over left and right shear spans of the beams. 
Through the use of shear crack measurements recorded by 
45-degree angled LVDTs, vertical displacement compo-
nents formed due to these cracks were calculated and the 
ratio between calculated vertical displacements to midspan 
beam displacements was evaluated. Shear displacement 
values of the beams were calculated by taking the average 
of results obtained from LVDTs placed over the right and 
left shear spans. Details of the LVDTs are shown in Fig. 7. 
The approach used for this calculation is shown in Fig. 11 
together with strain geometry. According to the approach 
presented in Fig. 11, Eq. (2), (3), (4), and (5) below were 
used for the calculation of vertical shear displacement, 
which was the three LVDT measurements recorded from 
left and right shear spans. Some examples of the calculated 
load-vertical shear displacement curves were provided in 
Fig. 12. For each beam specimen, vertical shear displace-
ment values were calculated by averaging the vertical shear 
displacement results obtained from left and right shear 
spans. The ratios between calculated shear-to-midspan 
displacements for all the beams tested are presented in the 
last column of Table 3. The overall average shear displace-
ment ratio values calculated for NC and ECC beams were 
20.6% and 14.2%, respectively. Therefore, the overall shear 
displacement results of the NC beams were 45% higher than 
in ECC beams, on average. This finding therefore implies 
that shear displacement of specimens incorporating NC was 
significantly higher than in specimens incorporating ECC. 
This result also corresponds well with the failure modes of 
the specimens, because NC beams failed due to the exces-
sive widening of shear cracks.
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 γxy = α + β  (4)

 δsh = γxy · h (5)

As seen from Table 3, with the increase in induced corrosion 
levels, the ratio of shear displacement to midspan displace-
ment values increased substantially. For example, while the 
average shear displacement result was approximately 5% for 
specimens exposed to a 0% and 5% corrosion level, these 
values were 23%, 28%, and 28% for specimens exposed to 
10%, 15%, and 20% corrosion levels, respectively. As the 
level of corrosion increased, the difference between shear 
displacement values in ECC and NC beams decreased. 
Shear displacement ratio results of NC beams exposed to 
5% and 10% corrosion were 4 and 2.75 times the results of 
the corresponding ECC beams, respectively. However, the 
difference in shear displacement ratios decreased to 12% and 
29% at 15% and 20% corrosion levels, respectively. Experi-
mentally calculated shear displacement values of both ECC 
and NC beams were found to be high. For all the specimens, 
it was observed that shear displacement values reached up 
to 17.5% of the displacement obtained from midspan. This 
was an anticipated outcome because the RC beam speci-
mens were designed with inadequate shear strength and high 
shear failure possibility. Because the main purpose of the 
present study was to investigate the shear behavior of ECC 
and NC beams subjected to different corrosion levels, shear 
displacement values of beams were large. However, shear 
displacement ratio of ECC beams went down to a 14.2% 
value, which was believed to be a significant achievement 
because, as previously explained, the risk of shear failure to 
take place in the beams is rather high.

CONCLUSIONS
In this experimental study, 10 beam specimens incor-

porating two different concrete types (NC and ECC) with 
similar compressive strength values were investigated in 
terms of shear behavior. Accelerated corrosion tests were 
applied to the beams to achieve 5%, 10%, 15%, and 20% 
mass loss in the reinforcing steel bars. Data collected from 
the tests were used to monitor and assess the shear behaviour 
of NC beams in comparison to ECC beams, along with final 
structural failure modes. Based on the results and analysis 
presented in this paper, the following conclusions can be drawn:

1. ECC had significantly higher load-carrying and energy- 
absorption capacity than NC. With the use of ECC, even 
reinforced beams with inadequate shear strength values 
could be upgraded to a level where the structural elements 
behave in a ductile manner under four-point bending. 
Moreover, corrosion was significantly less influential 
on the shear performance of ECC beams in compar-

ison to NC beams. However, as corrosion increased 
to 15% and 20% levels, load-carrying and energy- 
absorption capacities of the specimens were negatively 
influenced and failure modes changed to brittle shear failure.

2. Corrosion was less influential on load-carrying capacity 
of ECC beams compared to NC beams. The average 
load-carrying capacity of beams produced with ECC was 
58% higher than that of the beams produced with NC. The 
differences between the load-carrying capacities became 
more obvious with the increase in corrosion level. When the 
maximum load-carrying capacities of ECC beams subjected 
to 10%, 15%, and 20% of corrosion levels are compared 
with the corresponding NC beams, the results of the ECC 
beams were 31%, 138%, and 205% higher than those of the 
NC beams for the given corrosion levels, respectively.

3. It was shown that NC beams possess higher initial 
stiffness than that of ECC beams at corrosion levels of 0%, 
5%, and 10%. For the given corrosion levels, intial stiffness 
values of NC beams were found to be 32%, 14%, and 26% 
higher than ECC beams, respectively. However, at 15% and 
20% corrosion, the stiffness values of NC beams were 32% 
and 28% lower than those of ECC beams, respectively. As 

Fig. 11—Vertical shear displacement calculation approach 
for diagonal shear crack.

Fig. 12—Examples of load-calculated vertical shear 
displacement graphs of specimens. (Note: 1 kN = 0.225 kip; 
1 mm = 0.0394 in.)
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the corrosion levels increased, initial stiffness values of ECC 
beams increased as well. These results, therefore, suggest 
that increased corrosion levels have a more adverse effect on 
initial stiffness results of NC beams than ECC beams, which 
leads to rapid reductions in the values.

4. The average energy absorption capacity of NC beams 
was 1172 kN·mm (10.4 kip·in.), while that of ECC beams 
was nearly five times higher, reaching 5814 kN·mm  
(51.5 kip·in.). Differences in the energy absorption capac-
ities of ECC and NC beams became less evident with the 
increase in induced corrosion levels.

5. Shear displacement results for the NC beams were, on 
average, 45% higher than these recorded for the ECC beams. 
This finding implies that shear displacement of specimens 
incorporating NC was significantly higher than that for spec-
imens incorporating ECC. As the corrosion levels applied to 
the beams were increased, shear displacement results signifi-
cantly increased as well. However, the increase in corrosion 
level caused shear displacement differences between NC 
and ECC beams to decrease.

AUTHOR BIOS
Mustafa Sahmaran is an Associate Professor in the Department of Civil 
Engineering at Gazi University, Ankara, Turkey. His research interests 
include advanced materials technology and composite materials develop-
ment for sustainable infrastructures.

Ozgur Anil is a Professor in the Department of Civil Engineering at Gazi 
University. His research interests include repair and retrofit of reinforced 
concrete structures, static and dynamic analysis of structures, and finite 
element analysis.

Mohamed Lachemi is a Professor in the Department of Civil Engineering 
at Ryerson University, Toronto, ON, Canada. His research interests include 
the use of high-performance materials in the built infrastructure.

Gurkan Yildirim is a PhD candidate in the Department of Civil Engi-
neering at Gazi University. His research interests include the development 
of composite materials for sustainable infrastructures.

Ashraf F. Ashour is a Reader in Structural Engineering at the Univer-
sity of Bradford, West Yorkshire, UK. He received his BSc and MSc from 
Mansoura University, Mansoura, Egypt, and his PhD from Cambridge 
University, Cambridge, UK. His research interests include shear, plasticity, 
and optimization of reinforced concrete and masonry structures.

Fikri Acar is an Engineer at the Ministry of Environment & Urbanization, 
Turkey. He received his MSc and PhD from Middle East Technical Univer-
sity, Ankara, Turkey.

NOTATION
a = distance between applied shear force and support
d = effective height (distance between upper concrete fiber and 

tensile reinforcement)
F = Faraday’s constant (96,487 amp·s)
h = height of rectangle
i = current, amp
l1 = length of first diagonal of rectangle
l2 = length of second diagonal of rectangle
l1′ = length of first diagonal of rectangle after deformation
l2′ = length of second diagonal of rectangle after deformation
M = atomic weight of iron (55.847 g/mol)
t = time, s
w = width of rectangle
xa = x-coordinate of Point A
xb = x-coordinate of Point B
xc = x-coordinate of Point C
ya = y-coordinate of Point A
yb = y-coordinate of Point B
yc = y-coordinate of Point C

z = ion charge (Meta valency assumed 2 for Fe → Fe2+ + 2e–)
α = first component of shear strain
β = second component of shear strain
δsh = shear displacement
δ1 = displacement in direction of first diagonal
δ2 = displacement in direction of second diagonal
εx = longitudinal strain
εy = transversal strain
ε1 = strain in direction of first diagonal
ε2 = strain in direction of second diagonal
γxy = shear strain
θ = angle between horizontal axis and diagonal of rectangle
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