
1. INTRODUCTION

Modern buildings with super-high-rise stories require not 
only more functions but also safer, highly durable and high-tech 
smart construction to protect people and property from natural 
disasters and human accidents (Arup, 1998; Otero, 2004; Parviz, 
2001; Song, 2006; Toshinori, 1990). Beams, which play a very 
important role in transferring building loads to the slabs and 
columns, should be checked for their structural behavior and 
shear strength, among other things. When a load is applied to 
a beam, it generates bending moment as well as shear strength 
(Vc). The main factors influencing shear strength are: (a) the 
strength of the concrete design standard expressed as fck; (b) the 
ratio of rebar ( ), which controls the crack and 

dowel action; and (c) the shear span-effective depth ratio (a/
d=M/Vd). 

With regard to the structural behaviors, various crack types 
are examined this paper (Park et al., 1975; Spadea, 1998). 
The crack types include the flexural crack, which is vertically 
generated by the maximum flexural stress on the floor of the 
beam, and the diagonal tension crack (or inclined shear crack), 
which is generated at the support area by bending and shear. 
Diagonal tension crack types include the flexural-shear crack, 
in which a crack begins due to bending and develops into an 
inclined crack in the web, and the web-shear crack, which is 
generated by the shear at the neutral-axis area of the web. These 
cracks are generated before the beam collapses due to shear, and 
some inclined cracks develop towards the base along the rebar, 
weakening the settlement of the rebar. These crack pattern and 
failure mode are discussed in section 3.(2).

Based on previous results, this study used main reinforcements 
(upper and lower rebars) made of Ni-Ti-based superelastic 
SMA and wire mesh, and employed SMA diameter change, 
wire mesh reinforcement or non-reinforcement, the SMA and 
wire mesh reinforcement position, the increase in effective 
depth, the difference between garnet and fly-ash, and the fiber 
reinforcement (nylon, polypropylene) difference as the major 
variables (Choi, 2011; Lee, 2017). In addition, a flexural load 
test was conducted to compare the test values and the existing 
reference formulae regarding not only the structural behavior 
but also concrete shear strength (AIJ, 1988; CEB, 1990; JSCE, 
1991; KBC, 2016).
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Figure  1.  Instrumentation sketch Figure  2.  Test beam SMA in the test set-up

Figure  3.  Schematic of specimen with embedded SMA and Wire mesh (dimensions in mm)

Table  1.  The list of HIRC beam

Specimen b (mm) h (mm) d (mm) h/b SMA Wire Mesh Additive Fiber
RCB1 100 100 - 1.00 - - - -
RCB2 78 100 70 1.28 - 2-Ø2.0 - -

HIRCGN1 78 100 70 1.28 2-Ø2.5 1-Ø2.0 Garnet Nylon
HIRCGN2 78 100 70 1.28 3-Ø2.0 - Garnet Nylon
HIRCGP1 78 100 65 1.28 2-Ø2.5 1-Ø2.0 Garnet Polypropylene
HIRCGP2 78 100 65 1.28 3-Ø2.0 - Garnet Polypropylene
HIRCFN1 78 100 80 1.28 2-Ø2.5 1-Ø2.0 Fly-ash Nylon
HIRCFN2 78 100 80 1.28 3-Ø2.0 - Fly-ash Nylon
HIRCFP1 78 100 80 1.28 2-Ø2.5 1-Ø2.0 Fly-ash Polypropylene

HIRCFP2 78 100 80 1.28 u-2-Ø2.5
B-1-Ø2.0 - Fly-ash Polypropylene

Note: b-width, h-overall depth, d-effective depth, u-upper SMA, B-bottom SMA
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2. TEST SAMPLE OVERVIEW OF HIRC BEAMS

To evaluate the structural behaviors and shear strength of 
beams according to changes in multiple variables (SMA, wire 
mesh, effective depth, fibers, garnet, fly-ash, etc.), data were set 
up as shown in Table 1. Fig. 1 shows the various test gauges, tem-
perature control devices, etc. that were used in this study, with 
their positions, etc. To determine if the specimens’ crack widths 
were reduced after application of maximum failure to the spec-
imens, thermocouples were used, and the strain rates of all the 
specimens were measured using the TDS-530 device.

Stirrups were not used so that shear failure could be induced. 
Two general beam (RCB1, RCB2) specimens and eight SMA-re-
inforced beam (HIRC) specimens were manufactured for com-
parison and were subjected to a flexural test, as shown in Fig. 2 
and 3. SMA and wire mesh-reinforced beams were manufac-
tured in the form of compression and tension main reinforce-
ments, and they were given different numbers and designed 
with different diameters (1-Ø2.0, 2-Ø2.0, 2-Ø2.5, and 3-Ø2.0). 
Specimens are designed to be 100mm×100mm, 78mm×
100mm for a section and 484mm for length and 400mm as their 

clear span. The concrete compressive strength was 39.2MPa, 
and the physical features of the SMA are presented in Table 2. 
The stress versus strain curve of the SMA at room temperature 
is shown in Fig. 4. The ultimate tensile strength and strain of the 
SMA are about 1230MPa and 12.27%, respectively.

Figure  4.  Stress versus strain curve SMA at room temperature

Table  2.  Phase transition temperature NiTi SMA and Physical properties of SMA

Phase transition temperature (℃)
Physical properties

Elasticity modulus (MPa) Tensile strength (MPa) Yield strength (MPa)

Mf Ms Rf Rs As Af
2300 1230 163

9.9 28.7 34.8 46.1 52.1 60.1

Note: Ms-martensite start temperature, Mf-martensite finish temperature, Rs-R phase start temperature, Rf-R phase finish temperature, As-austenite 
start temperature, Af-austenite finish temperature

Table  3.  Test results of HIRC beam

Specimen
Vi Vy Vu Recovery

(%) Du/DyLoad
(kN)

Deflection
(mm)

Load
(kN)

Deflection
(mm)

Load
(kN)

Deflection
(mm)

RCB1 0.2 0.1 5.4 0.8 14.4 1.1 - 1.88

RCB2 0.1 0.1 5.4 0.6 13.4 1.1 - 1.22

HIRCGN1 0.1 0.1 2.8 0.5 9.5 1.1 62.8 2.30

HIRCGN2 0.1 0.7 2.6 1.4 12.0 1.9 77.4 1.50

HIRCGP1 0.1 0.1 4.9 1.0 9.0 2.7 60.8 1.38

HIRCGP2 0.1 0.1 2.3 0.5 10.7 0.9 33.3 2.2.

HIRCFN1 0.1 0.1 3.2 0.6 11.7 1.1 97.6 1.97

HIRCFN2 0.1 0.2 2.3 0.6 10.9 1.1 73.7 2.10

HIRCFP1 0.1 0.1 6.6 2.6 12.9 2.8 76.7 1.08

HIRCFP2 0.2 0.1 3.6 0.5 12.7 1.1 55.6 2.46

Note: Vi-Initial load, Vy-Yield load, Vu-Maximum load, Dy-Yield deformation, Du-Deformation within the strength limit
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3. TEST RESULTS AND DISUSSION

(1) Load and Deflection Curves
The RCB1 specimens, compared to most of the other 

specimens, reached the maximum load then experienced 
sudden brittle fracture, as shown in Fig. 5. Most of the other 
specimens, except RCB1, reached the maximum load then 
increased in load, revealing that their secondary maximum 
load was increased. For instance, the HIRCGN1 specimen 
wielded the largest secondary load. These results suggest that 
as shown in the previous study, the compressed area, made 
of concrete, received the primary force before being pressed 
and destroyed, and the wire mesh and SMA under the neutral 
axis shared the load using their tensile load (Lee, 2017). In 
the HIRCG series, HIRCGN2 experienced fast deflection 
not only in the initial load but also in the yielding load. After 
application of the maximum load, however, HIRCGP1 showed 
the largest deflection distribution. Compared to the nylon-
based specimen, the polypropylene-based specimen exhibited a 
greater deflection distribution. In the HIRCF series, most of the 
specimens showed a similar load-deflection relationship. 

After application of the yielding and maximum loads, the 
HIRCFP1 specimen showed the most significant load-deflection 
increase. Overall, the polypropylene-added specimens exhibited 
an increase in the maximum load. These results were similar 
to those of the HIRCG series. The deflection-temperature rela-
tionship values are shown in Fig. 6. The temperature inside the 
concrete was 21°C, and the heat in the SMA was increased to 
measure the temperature using a thermocouple.

As a result, the temperatures of HIRCGN2 and HIRCFN2 
increased to up to 181 and 142°C, respectively, before falling, 
while those of HIRCGN1 and HIRCFP1 reached the maximum 
temperatures of 105 and 88°C, respectively, before falling. When 
reinforced with garnet, most of the specimens (except HIRC-
GN1) reached the maximum temperatures before their tem-
perature suddenly fell. The specimens reinforced with fly-ash 
rather than with garnet had somewhat low temperatures and 
most of the specimens showed nearly similar temperature-de-
flection tendencies at less than 55°C.

(2) Crack Patterns and Failure Mode
Fig. 7 shows the crack pattern and failure mode of the SMA 

before (a) and after (b) heat application. Regarding RCB1 and 
RCB2 with no SMA, the impact of the temperature on the crack 
width was not considered. First, RCB1 experienced a sudden 
increase after loading, and a simultaneous increase in the 
flexural crack in the bottom center, resulting in significant brittle 
fracture. 

RCB2, a specimen with two wires inserted for the tensile bar at 
the bottom, experienced vertical crack to the left of the concrete 
gauge after loading, and before reaching complete failure due to 
flexural crack. HIRCGN1 experienced the initial concrete crack, 
a gradual increase in the crack at the bottom, and final shear 
failure. HIRCGN2 reached the final load before its crack width

Figure  5.  Load versus mid-span deflection curve of specimen

Figure  6.  Temperature versus midspan deflection curved of specimen
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Figure  7.  Crack pattern of specimens: 
(a) Before activation of SMA (b) After activation of SMA

significantly decreased to 1.2 mm because after the insertion of 
one SMA in the compressed area and two SMAs in the tensile 
area around the neutral column, the SMA was heated to as high 
as the shape memory temperature. This resulted in a significant 
decrease in the crack width. HIRCGP1 showed a tendency 
similar to that of the previous HIRCGN1, while HIRCGP2 
showed subtle crack width reduction. HIRCFN1 showed 
considerable crack width reduction vis-à-vis the maximum 
crack width to the extent of nearly being restored to its original 
state. HIRCFN2 showed a tendency similar to that of HIRCFN1. 
HIRCFP1 and HIRCFP2 reached the first maximum load and 
then slowly experienced flexural crack before experiencing 
shear failure. In conclusion, the crack and load progress of the 
specimens underwent (1) concrete reaction force formation 

against the external load compression; (2) wire mesh and SMA 
reaction force formation inside the concrete; and (3) final shear 
failure following the cross-linking effects of the admixtures and 
fibers.

(3) Ductility and Effective Depth Recovery
For the definition of the specimens’ ductility and recovery 

rate, the same method as in the previous study was used (Lee, 
2017). After loading test and the appearance of a large (Fig. 7 (a)), 
the crack on this beam was closed (Fig. 7 (b)) under the elastic 
restoration force during an unloading test after heating the 
SMAs. It is reasonable that a recovery rate be defined as 

Where, Sf is a maximum crack width during a loading test 
before heating the SMAs and Sw is the crack width after the 
heating in the unloading test. Fig. 8 shows the relationship curve 
line between ductility and recovery rate. In most of the study 
specimens, the recovery rate decreased as ductility increased. 
In particular, HIRCGP2’s recovery rate significantly decreased 
with increased ductility, with the recovery rate sharply declining 
by 63.8%.

Figure  8.  Recovery versus Du/Dy of specimen

Figure  9.  Recovery versus effective depth of specimen
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In the case of HIRCFN1, its recovery rate decreased by just 
2% compared to its initial recovery rate even though its ductility 
increased. This was the highest recovery rate among all the 
specimens. All the specimens except RCB2 tended to increase 
in effective depth in proportion to their recovery rate. It can 
be confirmed from experimental results that the recovery rate 
and Du/Dy values of HIRC specimens reinforced with fly-ash 
and nylon are better than garnet and polypropylene reinforced 
specimens. When reinforcements (SMA, wire mesh) were 
inserted in the tensile or compressed area inside the specimens, 
stronger results were obtained as shown in Fig. 9.

4. COMPARISON OF THE TEST RESULTS WITH THE 
CURRENT CODES

The factors that influence the shear strength of concrete beams 
include the concrete cross-section size, compressive strength, 
rebar rate, and shear span-effective depth ratio. This study 
sought to evaluate the effects of SMA by comparing the test 
values of the shear behavior of non-reinforced concrete beams 
and of the concrete beams that used SMA with the existing 
reference formulae. The current reference formulae of KBC1 

Table  4.  Summary of current concrete shear strength design formula

Design Codes Shear Strength Models of Concrete (Vc) Code Notation

KBC 1
 = compressive strength of concrete

 = width
 = effective depth

KBC 2
 = ratio of As to bd

 = factored shear force at section
 = factored moment at section

AIJ

 = a function of the effective depth d to account for the size 
effects in shear

 = yield strength of the web reinforcement

JSCE  = compressive strength of concrete

CEB-FIP
 = distance between load point and support point

Table  5.  Comparisons between tests and concrete shear strength

Specimen  
(kN)

 (kN)

KBC1 KBC2 AIJ JSCE CEB-FIP

RCB1 14.4 10.54 - - - - 1.366 - - - -

RCB2 13.4 5.755 5.558 6.653 7.470 4.693 2.328 2.410 2.014 1.793 2.855

HIRCGN1 9.5 5.755 5.579 7.437 8.832 5.543 1.651 1.702 1.277 1.076 1.714

HIRCGN2 12.0 5.755 5.558 7.098 7.470 4.693 2.085 2.159 1.690 1.606 2.556

HIRCGP1 9.0 5.344 5.182 7.998 8.107 5.176 1.684 1.736 1.125 1.110 1.738

HIRCGP2 10.7 5.344 5.164 6.769 6.984 4.459 2.002 2.072 1.581 1.532 2.399

HIRCFN1 11.7 6.578 6.483 10.832 14.431 8.786 1.778 1.805 1.080 0.810 1.332

HIRCFN2 10.9 6.578 6.483 11.887 14.431 8.786 1.657 1.681 0.917 0.755 1.241

HIRCFP1 12.9 6.578 6.483 10.832 14.431 8.786 1.961 1.989 1.190 0.893 1.468

HIRCFP2 12.7 6.578 6.483 11.887 14.431 8.786 1.930 1.958 1.068 0.880 1.445

Note: ① KBC1, ② KBC2, ③ AIJ, ④ JSCE, ⑤ CEB-FIP, -tested strength, -calculated strength
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(KBC, 2016), KBC2 (KBC, 2016), AIJ (AIJ, 1988), JSCE (JSCE, 
1991), and CEB-FIP (CEB, 1990) were compared with the 
test results. Table 4 summarizes the shear strength models of 
concrete for design codes. 

(1) Influences of the Shape Memory Alloy and Wire Mesh
The comparative analysis of the existing reference formulae 

revealed that for RCB2 to HIRCGP2, the JSCE formula 
earned the best rating compared with the test values, while for 
HIRCFN1 to HIRCFP2; the AIJ (1988) formula earned the best 
rating. The examination of the test values on the average surface 
showed that the best test results were obtained in the following 
order: when more SMAs were inserted in the compressed area 
> when more SMAs were inserted in the tensile area > when 
two SMAs were inserted at the bottom and one wire mesh was 
inserted at the top. The results showed that compared to the 
other reinforcement insertion methods, the insertion of more 
SMAs in the compressed area produced the best load. The 
specimens with a wire mesh inserted in the compressed area 
showed a load not much lower than that shown when SMAs 
were inserted in the compressed and tensile areas.

In conclusion, the shear strength of the specimens with an 
SMA inserted in the compressed area increased by more than 
15% compared to the shear strength of the specimens with an 
SMA inserted at the bottom and a wire mesh inserted at the 
top. They also had a 12% greater load than the specimens with 
two SMAs inserted in the tensile area. Moreover, the specimens 
with an SMA inserted at the top compressed area around the 
neural axis of the concrete cross-section had a greater load than 
the specimens with an SMA inserted in the tensile area at the 
bottom, but showed no significant differences in flexural crack 
and shear failure shape. 

(2) Influences of Effective Depth
Effective depth (d) is an important factor that greatly 

influences not only the type of beam to be used but also the 
beam failure mode and the evaluation formula for shear 
strength. In particular, according to a beam’s shear span (a)/
effective depth (d) (shear span/depth), beams are classified into 
slender beams, medium-sized beams, and deep beams. In this 
study, most of the specimens were deep beams. Beams with 
intensive workloads were subjected to the a/d=1-2.5 range. As 
mentioned in section 3.(2), most of the specimens showed that 
as the load increased, shear failure finally occurred because 
the higher beams, which had greater shear strength than the 
diagonal tension crack, experienced shear compressive failure.

Fig. 10 confirms that as the effective depth length increases in 
the same shear span, the Vexp/Vcal gradually approaches 1.0. In 
particular, the AIJ (1988) and JSCE (1991) reference formulae 
approach 1 the best. Overall, such tendency is the highest when 
d=70. Comparing Vexp/Vcal and effective depth, if d=65, there is 
a 61.13% shear-resisting force difference, and if d=70, there is a 
73.6% difference. Among all the reference formulae, the shear 
strength formula, which best approaches 1.0, was analyzed, 
and the effective depth in the AIJ (1988) formula was primarily 

used to gain the tensile bar rate, and was used again in the entire 
calculation. The effective depth in the JSCE (1991) formula 
was first used together with the concrete design strength (fck), 
was used again to induce the middle-sized beam, and was 
finally used in the entire calculation for selecting the method of 
obtaining the shear strength value (Vc).

(3) Effect of Reinforcement with Garnet and Fly-ash
Fig. 11 shows the influence of the garnet-reinforced specimen’s 

shear strength compared to the non-shear-reinforced HIRC 
beam based on the reference formulae. Most of the specimens 
showed 1.0 or greater resistance for Vexp/Vcal.

Figure  10.  Vexp/Vcal versus effective depth of specimen

Figure  11.  Relation between garnet-reinforced specimens and Vexp/Vcal

Figure  12.  Relation between fly-ash reinforced specimens and Vexp/Vcal
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In particular, the load based on the CEB-FIP (1990) formula 
showed a 36.1-37.2% greater load compared to the other 
reference formulae. This is because compared to the other 
reference formulae, in the CEB-FIP (1990) formulae, the 
difference between the effective depth (dc) of the compressive 
bar and the effective depth (dt) of the tensile bar had a greater 
effect on the load distribution of shear strength. In addition, 
compared to the top main reinforcements reinforced with wire 
mesh, the top and bottom main reinforcements, all reinforced 
with SMA, produced a greater maximum load as well as a 
greater shear-resisting force. Overall, compared to the other 
reference formulae, JSCE (1991) approached 1.0 for Vexp/Vcal, 
proving that it is the best reference formula for evaluating the 
load of shear strength. 

Fig. 12 confirms that in the case of the fly-ash-reinforced 
specimens, the reference formulae of KBC1, (2016), KBC2 
(2016), and CEB-FIP (1990) tended to excessively evaluate shear 
strength. The AIJ (1988) reference formula approached closest 
to 1.0 for Vexp/Vcal, proving that it is the best reference formula 
for evaluating shear strength (Vc).

5. CONCLUSIONS

1) The load and deflection relationship curve line showed that 
regardless of the type of admixture used, the polypropylene-con-
taining specimens had the greatest deflection distribution and 
the greatest load. In terms of the impact of the temperature after 
heating SMA, the fly-ash-reinforced specimens had a somewhat 
lower temperature distribution, and most of the specimens 
showed a similar tendency at less than 55°C. This phenomenon 
is presumably influenced by the Af (Austenite Finish) setting 
temperature when making SMA.

2) Compared to the general beams, the specimens reinforced 
with wire mesh and SMA, and the fiber-mixed SMA, reached 
the first maximum load before exhibiting the 2nd and 3rd 
greater loads and greater deflection and crack resistance. When 
heating SMA, the specimens reinforced only with SMA showed 
excellent crack width reduction compared to the specimens 
reinforced with SMA and wire mesh.

3) Comparing the existing reference formulae and the 
test values, the AIJ (1988) formula showed the best results 
presumably because it evaluated Vexp/Vcal using a method similar 
to that used in evaluating the cumulative shear strength (Vc+Vs) 
in concrete shear strength (Vc).

4) Further tests are needed with increased number of wire 
meshes to be inserted as well as with insertion of three or more 
SMAs. There is a need to propose a formula for shear strength 
without shear reinforcement that can reflect such multiple-
variable conditions, to test shear-reinforced beams using SMA, 
and to propose the corresponding shear strength formula.  
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