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The effects of reducing shear reinforcement ratio in polypropylene fiber reinforced engineered cementi-
tious composites (PP-ECC) beams were investigated in this study. A normal RC control beam was prepared 
with providing an amount of shear reinforcements. Furthermore, five specimens using PP-ECC were fab-
ricated with monotonic reducing shear reinforcement ratio from the level of RC control beam to zero. And 
there is also another RC beam without shear reinforcement in shear span was prepared for comparison. 
Based on the experimental results obtained, it was found that the shear carried by PP-ECC in the beam 
decreased as the increase in shear reinforcement ratio. This is because of the sliding along the critical crack 
surface which damaged the bridging effect of fibers. If the reduction of shear carried by fibers is caused due 
to increasing shear reinforcement, it may result in overestimation of shear strength for PP-ECC structural 
members. 
 
   Key Words : shear behavior, PP-ECC, shear reinforcement ratio, shear tension failure 
 
 

1. INTRODUCTION 
 

Polypropylene Fiber Reinforced Engineered Ce-
mentitious Composites (PP-ECC, referred herein 
after), as one kind of ECCs, exhibits multiple fine 
cracking, pseudo strain hardening behavior and high 
ductility under uniaxial tensile loading. It has higher 
tensile strength compared to normal concrete and has 
capability of reaching ultimate tensile strain between 
1 and 5% under monotonic loading. Its pseudo 
strain-hardening behavior results from its unique 
multiple fine cracking mechanism, in which closely 
spaced fine cracks form because of the bridging ac-

tion of fibers 1), 2). Different from the normal concrete 
in mixture, ECC generally uses fine aggregates and 
relatively low volume fractions of short and random 
fibers (approximately 2 to 3%). Since the absence of 
coarse aggregate, the elastic modulus of ECC is 
comparatively lower than that of normal concrete 
while its compressive strength is equivalent to that of 
normal concrete. 

So far, various types of fiber have been utilized to 
produce ECCs, including steel, carbon and polymer 
fibers1). Most structural and retrofit application of 
ECC reported in the literature use ultra-high molec-
ular weight polyethylene (PE) and polyvinyl alcohol 
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(PVA) fibers. Compared with widely used PVA 
fibers, polypropylene (PP) fiber is softer, lower cost 
and easier dispersing which results in better worka-
bility. In addition, because of hydrophobic and 
non-polar nature of PP fiber, PP-ECC has better 
durability in alkaline environment3). In this research, 
a cementitious composite combined with fabricated 
polypropylene fibers with improved bond properties 
(Fig. 1) that exhibits the pseudo strain hardening and 
multiple fine cracking of ECCs4) was used. The 
properties of PP fiber are shown in Table 1. 

Although the steel reinforced ECC (R/ECC) 
structural members such as column and 
beam-column joints with reduction of shear rein-
forcements5), 11) have been confirmed in previous 
studies, the shear behavior of ECC beams with re-
duction of shear reinforcements has not been com-
pletely clarified yet. Therefore, Shimuzu et al.6) have 
done several experimental programs on evaluating 
the shear behavior of PVA-ECC beams by conduct-
ing Ohno-type shear tests and uniaxial tensile tests. 
The shear strength of tested beams was predicted by 
employing truss-and-arch model with reduced tensile 
strength which was obtained from the uniaxial ten-
sile tests. However, Kabele et al.10) revealed that only 

a fraction of ECC’s tensile strength and strain ca-
pacity might be utilized in shear elements due to 
possible damage of bridging fibers on sliding crack 
surfaces. However, there is no study on the reduction 
factor of tensile strength of ECC due to the sliding on 
the crack surfaces. Therefore, investigating reduc-
tion factor for PP-ECC tensile strength is the key to 
evaluate the shear strength of PP-ECC beams pre-
cisely. 

In this research, totalling five PP-ECC and two 
normal RC beams with various shear reinforcement 
ratios were tested to clarify shear behavior. The 
tensile properties of ECC were obtained from uni-
axial tensile tests. The reduction factor was evalu-
ated in this study. 
 
 
2. UNIAXIAL TENSILE TESTS OF PP-ECC 
 

Tensile behavior, as one of the most important 
characteristics of ECC, was investigated by uniaxial 
tensile tests. PP-ECC material used in this research is 
a class of short-fiber, randomly distributed cementi-
tious composites with 3% fiber volume fraction. The 
polypropylene fiber has a diameter of 36 μm and a 

Zoom: ×500 

Fig. 1 Cross section of PP fiber 

Table 1 Properties of polypropylene fiber 

Fiber type
Length
(mm)

Diameter
(μm)

Young’s
modulus

(MPa)

Tensile
strength
(MPa)

Polypropylene
(PP)

12 36 5000 482

Front view Side view 

76

50

Location #2

50

For Epoxy

For Epoxy

10
0

13

Unit: mm 

(a) Dimensions of specimen (b) Setup of tests 

Fig. 2 Uniaxial tensile tests of PP-ECC 

W/C
(%) Water Cement PP Fiber AE
27 371 1400 27 7

Unit (kg/m3)

Table 2 Mix proportion of ECC 

Fig. 3 Results of uniaxial tensile tests 
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length of 12 mm. The modulus of elasticity and ten-
sile strength of this fiber are 5 GPa and 480 MPa, 
respectively. This fibrillated polypropylene fiber 
with rugged surface as shown in Fig. 1 results in 
improvement of bond properties and exhibits the 
pseudo strain hardening and multiple fine cracking 
of ECC under tensile stress3). The mixture proportion 
of PP-ECC used in this study is shown in Table 2. 

 
(1) Specimen layout and test method 

Tensile properties of PP-ECC were also inspected 
by employing uniaxial tensile method. The speci-
mens for uniaxial tensile tests were plates with cross 
sectional size of 76×13 mm, as shown in Fig. 2(a). 
The epoxy was used to glue both sides of plate 
specimens with aluminium plates so that they could 
be hinged with loading steel by two bolts at each 
side. Before loading tests, a specimen together with 
fixed loading steel were set into testing facility.  

Two linear variable differential transformers 
(LVDTs) set parallel to the loading direction at both 
sides, as shown in Fig. 2(b), were used to measure 
the axial deformation. 0.1 mm/min was selected as 
the head speed of loading facility. 

 
(2) Test results 

Tensile stress versus strain curves of three spec-
imens are shown in Fig. 3. The test result clearly 

shows typical pseudo strain hardening behavior of 
ECCs. From the beginning of tests, the stress con-
tinued to increase until occurrence of the first crack. 
The stress then suddenly decreased, whereas it con-
tinued to increase after this sudden decrease result-
ing from occurrence of the first crack. As the loading 
continued, the increase and sudden decrease of stress 
continued to take place. Meanwhile, more and more 
fine cracks were observed on the surface of the 
specimen. At the strain around 3%, a localized crack 
gradually formed and the stress began to decrease 
slowly. The tesnsile yield strength is determined to 
the lower value immediately after first cracking 
based on the stress-strain relationship, and the tensile 
strength is defined as the maximum stress in the 
tensile stress-strain curve obtained from uniaxial 
tensile tests. In this study, the yield and tensile 
strength were greater than 2 and 3 MPa, respestively. 

 
 

3. BEAM TESTS PROGRAM 
 
(1) Steel reinforcements 

A regular deformed steel reinforcing bar with 
nominal diameter of 25.4 mm and yield strength of 
400 MPa was used for longitudinal reinforcement in 
tension in all beam specimens. The shear rein-
forcement was adopted deformed bar with nominal 

Table 3 Properties of steel reinforcements 

fy is yield strength; fu is ultimate strength; εu is ultimate strain; εy is yield strain. 

Table 4 Mix proportion of concrete 

Table 5 Summary of beam specimens 

rw is shear reinforcement ratio. s is the spacing of shear reinforcements. As is the total cross 
sectional area of longitudinal reinforcements. pw is the longitudinal reinforcement ratio. 

Steel bars Nominal
diameter (mm)

f y

(MPa)
f u

(MPa)
ε u ε y

Rebar in tension 25.4 400 577 0.22 0.002000
Shear reinforcements 6.35 323 499 0.17 0.001615
Rebar in compression 6 277 434 0.33 0.001385

Gmax is the maximum size of coarse aggregate. 

r w  (%) s (mm) A s  (mm2) p w  (%)
RC-Ref 0.42 100
RC-00 0.00 –
RE-42 0.42 100
RE-30 0.30 140
RE-24 0.24 175
RE-12 0.12 350
RE-00 0.00 –

Specimen
designation

Length L
(mm)

Shear reinforcements Longitudinal bar
Matrix type

2100 1013.4 2.7

Concrete

ECC

G max W/C
(mm) (%) Water Cement Fine aggregate Coarse aggregate Superplasticizer

20 60 176.6 294.3 829.9 970.3 2.943

Unit (kg/m3)
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diameter of 6.35 mm and yield strength of 323 MPa. 
The round steel bar with diameter of 6 mm and yield 
strength of 277 MPa was used for longitudinal re-
inforcement in compression. The type and properties 
of all steel bars used in these seven beam specimens 
are summarized in Table 3.  
 
(2) PP-ECC and concrete 

PP-ECC material used in this research is as de-
scribed in Chapter 2. The mixture proportion of 
PP-ECC used in this study is shown in Table 2. 

For normal concrete beams, concrete with a design 
compressive strength of 27 MPa was used. Mixture 
components include 20 mm maximum size coarse 
aggregate, fine aggregate and high-early strength 
cement. Table 4 gives the mix proportion of normal 
concrete. 
 
(3) Layout of test specimens 

Two different types of matrixes (concrete and 
PP-ECC), totalling seven beams, including one con-
trol beam (RC-Ref), one RC beam without shear 
reinforcement within the shear span (RC-00) and five 
PP-ECC beams with varying shear reinforcement 
ratio from the level of control beam to zero, as 
summarized in Table 5, were tested by four-point 
loading method as shown in Fig. 4. The designations 
of these seven specimens were selected according to 
their matrix type and shear reinforcement ratio. ‘RC’ 
and ‘RE’ indicate that the matrix type of the speci-
men was ‘Reinforced Concrete’ and ‘Reinforced 
ECC’, respectively. Except the case of control beam 
(RC-Ref), the latter digit in specimen designations 
indicates the shear reinforcement ratio, e.g. RE-24 
implies the specimen with shear reinforcement ratio 
of 0.24% using steel reinforced ECC. 

All beam specimens had the same cross-sectional 
dimension (150×300 mm), longitudinal reinforce-
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100 100 Shear reinforcement Rebar in compression

Strain Gauge

250 700 200 700 250

2100

100

Rebar in compression

Shear reinforcement

Strain Gauge

250 700 200 700 250

2100

Rebar in compressionShear reinforcement100 s

Strain Gauge

Unit: mm 

s = 140, 175 and 350 mm 

Fig. 4 Experimental setup 

Fig. 6 Dimensions and reinforcement details of RC-00 and RE-00 
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Fig. 7 Dimensions and reinforcement details of RE-30, 24 and 12 
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Fig. 5 Dimensions and reinforcement details of RC-Ref and RE-42 
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ments and shear span-effective depth ratio. The 
normal concrete beam, RC-Ref was designed fol-
lowing JSCE code, providing exactly equivalent 
amount of shear reinforcements in both shear span 
symmetrically (six shear reinforcements in one shear 
span) which satisfied an under-reinforced condition. 
The beam specimen corresponding RC-Ref using 
PP-ECC, namely RE-42, having identical shear re-
inforcement ratio to normal concrete control beam 
RC-Ref, was also prepared for comparisons. The 
dimension and reinforcement details of these two 
beam specimens are as shown in Fig. 5. To evaluate 
the shear behavior without shear reinforcements, 
another normal concrete beam specimen RC-00 
without shear reinforcements was designed to com-
pare the shear capacity with the specimen RE-00 
with identical reinforcement but using matrix of 
PP-ECC. The dimension and reinforcement ar-
rangement are shown in Fig. 6. For the rest three 
PP-ECC beam specimens, the shear reinforcement 
ratios varied from 0.30 to 0.12%. All shear rein-
forcements were uniformly arranged within the shear 
span as shown in Fig. 7. 
 
(4) Test setup and procedure 

The arrangement of test setup is shown in Fig. 4. 

The beam was subjected to a four-point bending 
load. The distance of 200 mm between two loading 
points was fixed for all specimens. To reduce the 
horizontal friction between supporting points and 
beam specimen, the Teflon sheets were placed be-
tween supporting points and a specimen. The shear 
span- effective depth ratio a/d for all specimens was 
2.8. Two LVDTs were used to monitor the dis-
placement in the mid-span, and another two LVDTs 
were attached to the supporting points at two sides of 
the specimen to measure the displacement. As for all 
specimens, two strain gauges were attached at the 
center of two tension rebars. For shear reinforce-
ments within shear span, there were strain gauges 
attached at the region where a diagonal crack was 
expected to occur. The locations of strain gauges are 
shown in Figs. 5, 6 and 7. All specimens were ap-
plied with a monotonic load up to the failure. 
 
 
4. THE RESULTS OF BEAM TESTS AND 

DISCUSSIONS 
 
(1) Load-deflection behaviors and failure modes 

The experimental load versus mid-span deflection 

0 20 40 60 80 100 120 140 160

RE-00
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RC-00

RC-Ref

Shear capacity (kN)

-57.0%

+20.6%

+11.6%

+7.0%

+7.7%

-10.8%

Fig. 8 Load vs. midspan deflection curves for all 
specimens 

Fig. 9 Load vs. midspan deflection curves forRE-42, 
00 and RC-Ref, 00 

*Tensile strength was obtained by split compression method. The 
rest were tested by direct tensile tests as described in Chapter 2. 
Vexp is the peak shear force taken by specimens during the tests. 
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Fig. 10 Shear carrying capacity compared 
with control beam 

RC-Ref 117.03 6.98 29.1 2.53*
RC-00 50.27 3.54 34.9 2.88*
RE-42 141.09 7.39 30.4 3.67 2.51
RE-30 130.56 8.44 33.1 3.56 2.30
RE-24 125.24 7.89 31.5 3.39 2.38
RE-12 126.05 8.01 35.6 3.68 2.45
RE-00 104.38 6.55 32.8 3.71 2.50

Beam V exp

(kN)

Mid-span
deflection

(mm)

Compressive
strength
(MPa)
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curves for all specimens involved in this study are 
shown in Figs. 8 and 9. The mid-span deflection was 
the average value of displacements obtained by two 
LVDTs which were set at the center on both sides of 
a beam. The results of all specimens including ma-
terial tests are summarized in Table 6. The shear 
carrying capacity by comparing ECC specimens with 
RC control beam is shown in Fig. 10. Figure 11 
shows the failed span at the ultimate stage after 
loading test. The steel tension rebars for six speci-
mens with shear reinforcements just reached yielding 
strength at their peak loads but soon decreased as the 
increase in load as well as development of localiza-
tion of a critical crack, indicating that all specimens 
were failed in shear. As for the steel reinforced 
concrete beam RC-Ref, the first crack appeared in 
the moment constant region at a load of 54 kN, then 
inclined shear cracks were induced and propagated 
with increasing load. The ultimate load capacity of 
RC-Ref was 234.1 kN. After the peak load, the beam 
finally failed in crushing and spalling of the concrete 
in the compression zone of shear span closing to the 
loading point.  

Beam RE-42 had an identical reinforcement layout 
to that of RC-Ref, except a different matrix, how-
ever, the ultimate load capacity was 20.6% higher 
than that of RC-Ref, achieved 282.2 kN. The first 
crack load of RE-42 was 86 kN, which was 32 kN 
greater than that of RC-Ref. Beyond the cracking 
load, the flexural stiffness decreased slightly but kept 
almost constant up to the failure. Several diagonal 
cracks were developed in the shear span, forming as 
extension of flexural cracks. These shear cracks bent 
following the compressive stress trajectory with the 

increase in load. Because of the lower shear 
span-depth ratio a/d (2.8 for all specimens), the beam 
flexural capacity cannot be fully developed, and then 
the shear capacity dominates the ultimate 
load-carrying capacity. The failure of RE-42, similar 
to that of RC-Ref, was initiated by crushing of ECC 
at the top compression side of the main shear crack.  

RC-00 and RE-00 was a pair of counterpart beam 
specimens without shear reinforcements compared to 
the rest of specimens. RE-00 exhibited similar 
load-displacement behavior to that of RC-00 before 
the diagonal cracking. Compared with commonly 
known brittle mode of shear failure such as occurred 
in RC-00, the shear failure of RE-00 was compara-
tively gentle and slow. This is due to the bridging 
effect resulting from PP fibers. At the beginning, 
vertical flexural cracks firstly appeared at the tensile 
side of the beam. When the principle tensile stress 
within a shear span exceeded the cracking strength of 
ECC, a diagonal crack propagated through the beam 
web. Instead of appearance of several wide cracks, 
numerous fine cracks developed in the ECC beams 
and they spread throughout the shear span. The shear 
resistance of ECC beam was significantly increased 
by bridging force carried by fibers. The peak load of 
RE-00 was 208.76 kN, compared to that of concrete 
control beam with shear reinforcements (RC-Ref) 
wherein the load and deflection capacity just de-
creased by 10.8% and 6%, respectively. However, 
compared to another counterpart concrete beam 
without shear reinforcements (RC-00), the load and 
deflection capacity of RE-00 increased by 107.6% 
and 85.2%, respectively. 

Fig. 11 Failure pattern after loading 

RC-Ref RC-00

RE-42

RE-30 RE-24

RE-00

RE-12
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With various shear reinforcement ratios between 
the level of control beam and zero, RE-30, 24 and 12 
were specimens failed in shear similar to that of 
RE-42. The stiffness of these three beams was found 
to be slightly higher than that of RE-00 but lower 
than that of RE-42. The maximum load carried by 
RE-30, 24 and 12 were 261.1, 250.5 and 252.1 kN, 
respectively. 
 
(2) Cracking behavior during loading 

Figure 12 presents visible cracks of all specimens 
at the peak load as well as the critical crack devel-
oped after the peak load in the interest zone as shown 
in bold lines with red color. The interest zone for 
investigation was the zone between longitudinal 
rebars in tension and compression with height from 
50 to 250 mm. The portion above the interest zone 
adjacent to loading plates was considered as the 
compression dominating zone due to where the 
concrete was crushed. In addition, since the tip of 
diagonal crack in tension stopped propagating at the 
level of longitudinal tension rebars, and thereby the 
level of tension rebars was considered as the lower 
boundary of interest zone. 

For RC beams, only one diagonal crack formed at 
the peak load. Since four to six predominant inclined 
cracks developed at the web of the beam before the 
load capacity in each PP-ECC beam, the main di-
agonal crack was difficult to be identified. After the 
peak load, as the loading further progressed, these 
inclined cracks propagated to both supporting and 
loading plates and the main diagonal crack became 
more and more distinguishable among these inclined 
cracks. All five PP-ECC beams exhibited cracking 
behavior in a similar way. Figure 13 shows the de-
velopment of cracking in beam RE-42 in the loading 
test. Initially, a number of flexural cracks became 
visible at the edge of beam where subjected to ten-
sion. At the load level of 106 kN, first inclined crack 
A (A in Fig. 13(a)) appeared. As the loading up to 
170 kN, another three inclined cracks (B, C and D in 
Fig. 13(b)) had been formed. The initially appeared 
inclined cracks had an angle about from 40° to 50° to 
the member axis. As the loading progressed, the tip 
of these cracks began to propagate to supporting and 
loading plates (E in Fig. 13(b)) and some inclined 
cracks merged with the other existed ones (White 
line circles in Fig. 13(c)). The peak load of a beam 
was reached before the full development of cracking 

Fig. 12 Cracking behavior at the peak load 

Fig. 13 Development of visible cracks in RE-42 
(a) At 110 kN (b) At 170 kN (c) At the peak load 

A
Rebar in tension

B
C

DA

E

E

Rebar in 
tension

F

Rebar in 
tension
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propagation. Immediately after the peak load, an 
inclined crack, as shown in red dot line in Fig. 13(c), 
propagated into the uncracked compression zone 
reaching to the loading plates. Meanwhile, the crit-
ical crack began to be localized and which propa-
gated to the loading plate was earlier than it came 
close to the supporting plate. By investigating on the 
area where the critical crack crossed tension rebars, a 
number of cracks due to the dowel force developed 
parallel to tension rebars and propagated to merge 
with inclined cracks (F area in Fig. 13(c)).  

According to the above mentioned cracking be-
havior of RC and PP-ECC beams, the failure mech-
anism of these two types of beams was considered as 
follows: 

For RC beams, during the propagation of the 
critical crack, the opening at the critical crack tip 
simultaneously induced the sliding along the crack 
surfaces between the crack tip, which in turn de-

velops the significant degree of shear resistance be-
cause of the aggregate interlock and rough planes of 
crack surfaces. The shear resisting factors incorpo-
rated shear reinforcements, aggregate interlock along 
the crack surfaces, dowel action of longitudinal ten-
sion rebars and uncracked compression zone. When 
the critical crack propagated, the maximum shear 
carrying capacity of RC beam was achieved. 

For PP-ECC beams, due to the absence of coarse 
aggregate, the aggregate interlock effect in PP-ECC 
beams was significantly weakened. Nevertheless, the 
fiber bridging contributed substantially to shear 
transfer resistance. Thus, the shear resisting factors 
of PP-ECC beams with shear reinforcements during 
the propagation of shear cracks incorporates shear 
reinforcements, weakened interlock along the crack 
surfaces, fiber bridging, dowel action of longitudinal 
tension rebars and uncracked compression zone. The 
maximum shear capacity of PP-ECC beams was 

Fig. 14 Regions divided for critical crack 

Fig. 15 Critical crack behavior of RE-12 at the ultimate stage 
(a) Region 1 (b) Region 2 (c) Region 3 

Rebar in 
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Fig. 16 Displacement of a sample point Fig. 17 Opening and sliding of the critical crack at 130 kN in post peak stage 
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achieved when the critical crack propagated into 
uncracked zone, which led to a sliding failure through 
the compressive strut. 

 
(3) Investigation on behavior of critical crack 

In all five PP-ECC beams, three types of crack 
paths in the critical crack were observed. Therefore, 
the critical crack was divided into three regions, 
namely, Region 1, 2 and 3. For beam RE-42 and 
RE-12, three regions were divided as shown in Fig. 
14. In Region 1, the inclination of crack surface was 
comparatively flat. The crack surface in this region 
was smoother than that in Region 3. Fewer ruptured 
PP fibers extended out of crack surface, as shown in 
Fig. 15(a), could be observed compared to that of 
Region 2. Some remaining fibers extended out of 
crack surface oriented to the direction of relative 
displacement of two surfaces occurred as shown in 
Fig. 15(a). In Region 2, the angle of crack to the 
beam axis was about 45°. Compared with Region 1, 
fibers out of crack surface became more and they 
tended to be perpendicular to crack surface, as shown 
in Fig. 15(b). In Region 3, the critical crack formed 
at the level of rebar in tension, and the surface of 
crack was jagged and a number of fine cracks oc-
curred close to the critical crack. Quantity of visible 
fibers in this region was the most among these three 
regions. Most fibers were oriented to the direction 
which perpendicular to crack surface, as shown in 
Fig. 15(c). Since the tension rebars crossed the crit-
ical crack, the jagged crack was considered to be 
formed because of the dowel action of longitudinal 
bars, which tended to separate the cover of ECC off.  

It was considered that the damage induced by 
ruptured PP fibers resulting from sliding on the 
critical crack surfaces for each PP-ECC beam at the 
peak load was different. Therefore, more significant 
sliding on the critical crack surfaces could be ob-
served at the post peak stage in the PP-ECC beam 
due to more ruptured fibers at the peak load. There-
fore, to further investigate the damage induced by 
sliding of the critical crack surfaces in the post peak 
stage, the grid with unit square size of 50mm×50mm 
was marked on the side surface of beam specimens 
prior to the loading tests. Those points at where the 
critical crack crossed horizontal lines of the grid 
were selected for sample points. By measuring their 
horizontal displacement (Δx) and vertical displace-
ment (Δy) as shown in Fig. 16, the resultant dis-
placement (ΔL) of a sample point and its angle (α) to 
horizontal axis can be calculated by Eq. (1) and (2), 
respectively. 
 

2 2L x y                         (1) 

arctan y
x

                           (2) 

 
The resultant displacement consists of two dis-

placements resulting from the crack opening (δop) 
which is perpendicular to the crack surface and the 
crack sliding (δsl) which is along the crack surface. 
According to Fig. 16, the opening and sliding of the 
critical crack could be calculated by Eq. (3) and (4), 
respectively. 
 

sinop L                         (3) 
cossl L                         (4) 

 
where, δop and δsl are opening and sliding of the 
critical crack, θ is the angle of resultant displacement 
to the crack surface. θ can be obtained by Eq. (5): 
 

                              (5) 
 
where, β is the average angle of the critical surface to 
horizontal axis in one grid. 

The calculated opening and sliding of the critical 
cracks along the height of a beam in the interest zone for 
four PP-ECC beams (RE-42, RE-30, RE-24 and RE-00) 
at the load level of 130 kN in the post peak stage were 
presented in Fig. 17. Figure 17(a) shows that the 
opening of the critical crack along the beam height in 
the interest zone, indicating the opening decreases as 
the increase in the beam height for four PP-ECC beams 
investigated. However, the relationship between the 
opening and shear reinforcement ratio was difficult to 
be observed. Figure 17(b) shows the sliding of the 
critical crack along the beam height. It indicates more 

Fig. 18 Angle of critical crack for PP-ECC beams 

Table 7 Angle of critical crack in interest zone 

Beams RE-42 RE-30 RE-24 RE-12 RE-00
Angle (°) 43.9 40.3 39.3 27.3 26.5
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significant sliding displacement on the critical crack 
surfaces in PP-ECC beams with larger shear rein-
forcement ratio, which further reveals that the damage 
to fiber bridging induced by sliding on the critical crack 
surfaces in PP-ECC beam with higher shear rein-
forcement ratio at the peak load is more significant. 
 
(4) Shear cracking angle of PP-ECC beams 

As shown in Fig. 12, the angles of the critical 
cracks in the interest zone at the peak load for five 
PP-ECC beams were measured. The angle was de-
termined as the beam axis to the line which linked 
points crossed by the critical crack with upper and 
lower boundary of the interest zone. The angle of 
critical crack to the beam axis for five PP-ECC 
specimens were listed in Table 7. The relationship 
between the angle of critical crack and shear rein-
forcement ratio, as shown in Fig. 18, shows that the 
critical crack of PP-ECC beams with more shear 
reinforcements become more steeper, which implies 
that the development of critical crack was suppressed 
in PP-ECC beams with increasing shear reinforce-
ment ratio rw. The steeper critical cracks results in 

shorter diagonal crack length and thereby reduced 
the shear carried by PP fibers in ECC. 
 
(5) Effect of shear reinforcement ratio 

As confirmed by previous extensive experimental 
studies12), for RC beams with shear reinforcements 
governed by shear failure, the shear capacity will 
increase significantly as increase of shear rein-
forcement ratio. Figure 19 shows the relationship 
between shear capacity of beams and quantity of 
shear reinforcements in this study, in which, Vu is the 
maximum shear applied to specimens, rw is shear 
reinforcement ratio and fyw is the yield strength of 
shear reinforcement. The shear capacity of PP-ECC 
beams did not increase significantly as that of RC 
beams with the increase in shear reinforcement ratio. 

Although the shear capacity of RC beams in-
creases with the increase in shear reinforcement 
ratio, it should be noted that the shear taken by con-
crete can be assumed to be almost constant with 
varying of shear reinforcement ratio, which has been 
experimentally demonstrated. In JSCE code, the 
shear taken by concrete (Vc) was defined as Eq. (6): 
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Fig. 20 Experimental shear proportion of  two RC beams Fig. 21 Experimental shear proportion of five PP-ECC beams 

Vc_exp 

Vs_exp 

VECC_exp 

Vs_exp 

rwfyw (MPa) 
Fig. 19 Shear stress versus shear reinforcements 

Table 8 Shear resisting proportion of VECC or Vcon and Vs 
V u

/b
wd

(M
Pa

)

0

1

2

3
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0 0.2 0.4 0.6 0.8 1 1.2 1.4

R/ECC
RC

a/d = 2.8 y = 0.64x+2.90  R=0.94
y=1.31x+1.34  R=1

Beam V exp

(kN)
V ECC_exp or
V c_exp (kN)

V s_exp

(kN)
V ECC_exp or
V c_exp  (%)

V s_exp

(%)
RC-Ref 117.0 45.1 71.9 39% 61%
RC-00 50.3 50.3 0.0 100% 0%
RE-42 141.1 59.3 81.8 42% 58%
RE-30 130.6 69.6 61.0 53% 47%
RE-24 125.2 84.3 40.9 67% 33%
RE-12 126.1 105.6 20.5 84% 16%
RE-00 104.4 104.4 0.0 100% 0%
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43 30.20 ' 1 100c c w wV f d p b d        (6) 
 

where, Vc is the shear force carried by concrete (N), 
f’c is compressive strength of concrete (MPa), d is 
effective depth (m), pw is longitudinal reinforcement 
ratio and bw is the web thickness (mm). The exper-
imental shear carried by shear reinforcements (Vs_exp) 
can be obtained from the strain of shear reinforce-
ments which the critical diagonal crack crossed. The 
strain of shear reinforcements was captured by strain 
gauges attached on the shear reinforcements during 
the tests. Thus, the shear carried by shear rein-
forcements (Vs_exp) can be formulated by Eqs. (7) and 
(8). 

 

1

sn

s _exp w si
i

V A                         (7) 

s si si y
si

wy si y

E

f
                   (8) 

 
where, ns is the number of shear reinforcements 
crossing the critical crack, σsi is the stress of shear 
reinforcement crossing a critical crack at the peak 
load, Aw is cross sectional area of a pair of shear 
reinforcements within s (mm2), Es is the elastic 
modulus of shear reinforcement, εs is the stirrup 
strain recorded in the tests, εy is the yielding strain of 
shear reinforcements listed in Table 3. The total 

shear carried by PP-ECC and RC beams can be 
formulated by Eqs. (9) and (10), respectively.  
 

Vexp = VECC_exp + Vs_exp                      (9) 
Vexp = Vc_exp + Vs_exp                      (10) 

 
where, VECC_exp is the experimental shear carried by 
ECC for PP-ECC beams, Vc_exp is the experimental 
shear carried by concrete for RC beams. From Eqs. 
(7) to (10), VECC_exp and Vc_exp can be calculated by 
Eqs. (11) and (12), respectively. 
 

VECC_exp = Vexp – Vs_exp                   (11) 
Vc_exp = Vexp – Vs_exp                     (12) 

 
The experimental value of shear taken by shear 

reinforcements and matrix (ECC or concrete) is 
listed in Table 8. The experimental shear resisting 
components versus shear reinforcement ratio (rw) for 
RC and PP-ECC beams were plotted as shown in 
Figs. 20 and 21, respectively. For two RC beams, as 
shown in Fig. 20, the shear taken by concrete was 
almost constant even as the variation of shear rein-
forcement ratio, whereas the shear taken by shear 
reinforcements (Vs_exp) increased proportional to the 
shear reinforcement ratio. For five PP-ECC beams, 
as shown in Fig. 21, the tendency of shear carried by 
PP-ECC was decreasing as the increase in shear 
reinforcement ratio while the shear carried by shear 
reinforcement increased as the increase in shear re-

Fig. 22 Free body diagram of PP-ECC beam 

Table 9 Experimental and calculation results of shear forces 

Fig. 23 Shear forces of PP-ECC beam Fig. 24 Reduction factor for the shear carried by fibers 
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RE-30 130.6 33.2 61.0 36.4 88.4 0.41
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RE-12 126.1 34.0 20.5 71.6 154.7 0.46
RE-00 104.4 33.1 0.0 71.3 163.3 0.44
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inforcement ratio. Since the increase of shear carried 
by shear reinforcements was more significant than 
the decrease of shear carried by PP-ECC, as a result 
that the reinforcing effect of shear reinforcements in 
PP-ECC beams is not significant as that of RC 
beams. 

 
 

5. EVALUATION OF REDUCTION ON 
SHEAR CARRIED BY PP-ECC 

 
So far, several researchers8),9) have attempted to 

develop some models to evaluate the shear strength 
of PP-ECC structural members. The currently 
available simplified models are the truss-and-arch 
model based on recommendation of AIJ for RC 
structural members13), and modified truss model 
recommended by JSCE, which incorporated an 
equation accounting for the shear carried by fibers 
(Vf). Both models mentioned above incorporated the 
shear carried by fibers independently by employing 
an equation. In this study, the shear carried by 
PP-ECC structural members followed Recommen-
dations for Design and Construction of HPFRCC by 
JSCE7). JSCE recommendations evaluate the shear 
strength of R/ECC beams by summing up the shear 
resisting factors, as shown in Fig. 22 and expressed 
by Eq. (12). 

 
c s fV V V V                     (12) 

 
where, V represents calculated total shear capacity of 
ECC structural member, Vc, Vs and Vf represent shear 
carried by members without shear reinforcements 
excluding the fiber effects, shear reinforcements and 
fibers, respectively. Vc is similar to the equation that 
is defined in JSCE code for RC structural members, 
but a reduction factor of 0.7 is incorporated because 
ECC allows cracks in service, which is expressed by 
Eq. (13). 
 

43 30.7 0.20 ' 1 100c ECC w wV f d p b d  (13) 
 
where, Vc is the shear carried by members without 
shear reinforcements excluding the fiber effects, 
f’ECC is compressive strength of ECC (MPa), d is 
effective depth (m), pw is longitudinal reinforcement 
ratio and bw is the web thickness (mm). 

The experimental and calculation values of shear 
carried by fibers can be obtained by Eqs. (14) and 
(15). 
 

Vf_exp = Vexp – Vc – Vs_exp               (14) 

_ tanf cal ty u wV f b z             (15) 

 
where, fty is the yield tensile strength of ECC deter-
mined based on the stress-strain relationship imme-
diately after the first cracking based on the testing 
method described in Chapter 2 (MPa), βu is the 
angle of diagonal crack surface to the member axis, 
taking the value listed in Table 7. 

Table 9 lists experimental and calculation results 
of shear forces. The values of Vc, Vs_exp, Vf_exp and 
Vf_cal were calculated from Eqs. (13), (8), (14) and 
(15), respectively. As shown in Fig. 23, the experi-
mental value of shear carried by fibers decreased as 
the increase in shear reinforcement ratio resulted 
from the rupture of PP fibers due to more significant 
sliding along the critical crack in PP-ECC beams 
with more shear reinforcement. For the shear carried 
by fibers, a reduction factor, which was defined as 
the ratio of experimental value to calculation value 
as expressed by Eq. (16) and listed in Table 9, was 
used to account for the reduced shear due to sliding. 

 
f _exp f _calv V V                    (16) 

 
As shown in Fig. 24, the value of a reduction 

factor ranges from 0.32 to 0.54 and its trend is that 
the value decreases as the increase in shear rein-
forcement ratio, which indicates that the shear car-
ried by fibers in ECC beams with dense shear rein-
forcements is smaller than that with less shear rein-
forcements. Therefore, it was concluded that the the 
reduced shear carried by fibers due to the increase in 
shear reinforcement ratio was not considered in 
JSCE code, which may result in overestimation on 
the shear capacity of ECC structural members. 

 
 

6. CONCLUSIONS 
 

This paper describes the shear behavior of 
PP-ECC beam specimens with various shear rein-
forcement ratios by experimental investigation. To-
tally seven beams, such as two normal steel rein-
forced concrete and five steel reinforced PP-ECC 
beams, were tested under static monotonic loading 
condition. The following conclusions could be de-
duced. 

 
1) Since the absence of coarse aggregate in 

PP-ECC, attributing to the fiber bridging effect 
in PP-ECC, the shear carrying capacity of the 
beam with shear reinforcements and without 
shear reinforcements increased 20.6% and 
107.6%, respectively by replacing concrete with 
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PP-ECC. The shear carrying capacity can be in-
creased by replacing cement matrix from con-
crete to PP-ECC, especially in case of lower 
shear reinforcement ratio. 

2) The damage to fiber bridging effect induced by 
sliding on the critical crack surfaces in PP-ECC 
beam with higher shear reinforcement ratio at the 
peak load is more significant compared to the 
case with lower shear reinforcement ratio, which 
becomes one of factors resulting in shear carried 
by ECC in PP-ECC beams decreases as the in-
crease in shear reinforcement ratio. 

3) The angle of critical crack to the beam axis in 
PP-ECC beam decreases as the increase in shear 
reinforcement ratio, which simultaneously trig-
gers in reduction on the shear carried by fibers 
along the critical crack, becoming another factor 
resulting in the reduction on shear carried by 
PP-ECC as the increase in shear reinforcement 
ratio. 

4) Different from the case of shear resisting pro-
portion in RC beams, in which the shear carried 
by concrete is almost constant even with varying 
shear reinforcement ratios and the shear carried 
by shear reinforcement is proportional to shear 
reinforcement ratio, the shear carried by ECC in 
PP-ECC beams decreases as the increase in shear 
reinforcement ratio. This decrease of shear car-
ried by fibers results from combined action be-
tween the reduction on shear carried by fibers 
along the critical crack and increased damage to 
fiber bridging induced by sliding along the crit-
ical crack surfaces. 

5) The current JSCE code does not take the factors 
that the reduction on shear carried by fibers in 
ECC due to sliding as the increase in shear re-
inforcement ratio into consideration which may 
result in overeastimation on shear capacity of 
PP-ECC structural members. 
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