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Chapter 1
Introduction

Strain Hardening Cement Composites, SHCC hereafter, demonstrate excellent
mechanical behavior showing tensile strain hardening and multiple fine cracks. This
strain hardening behavior improves the durability of concrete structures employing
SHCC and the multiple fine cracks enhance structural performance. Reliable tensile
performance of SHCC enables us to design structures explicitly accounting for
SHCC’s tensile properties. Reinforced SHCC elements (R/SHCC) indicate large
energy absorbing performance under large seismic excitation.

Reinforced concrete structures are subjected to various types of loading, such as
dead load, live load, and seismic load. Against those loads, R/SHCC elements can
be designed by superimposing re-bar performance and SHCC’s tensile performance.
The estimation of SHCC’s shear resistance contribution in design, which is deduced
from SHCC’s tensile property, requires various investigations since the shear
resistance mechanism is usually complicated.

This State-of-the-Art Report is written collectively by members of Sub-
committee three of the RILEM TC 208-HFC. The report focuses on flexural design,
shear design, FE modeling and anti-seismic design of R/SHCC elements as well as
application examples. Establishing design methods for new materials usually leads
to exploring application areas and this trend should be demonstrated by collecting
actual application examples of SHCC in structures.

Exploring SHCC applications necessitates establishing structural design and
construction practice manuals at a very early opportunity. Hence, the Japan Society
of Civil Engineers published the “Recommendations for design and construction of
high performance fiber reinforced cement composite with multiple cracks” in 2007,
which contains technical knowledge accumulated in conjunction with the activity
of RILEM TC 208-HFC. This recommendation can be freely obtained from the
website of JSCE. The RILEM TC 208-HFC Subcommittee three activities described
in this report are intended to develop more reliable and practical recommendations
by reflecting the latest research results.

(K. Rokugo)

K. Rokugo and T. Kanda (eds.), Strain Hardening Cement Composites:
Structural Design and Performance, RILEM State-of-the-Art Reports 6,
DOI 10.1007/978-94-007-4836-1 1, © RILEM 2013
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Chapter 2
Structural Behavior and Design of R/SHCC
Elements

Abstract Structural behavior of steel reinforced SHCC (R/SHCC) elements are
discussed in this chapter. Based on the discussion, design approaches for R/SHCC
are also investigated. First, in flexure, R/SHCC appears to show similar behavior to
regular R/C and its design can be achieved in extension of R/C design by considering
short fiber contribution against flexural tensile stress. Second, the shear behavior of
SHCC clarified by Finite Element analysis is reviewed. Then the state of the art
in shear design approach is summarized. Finally, structural ductility under seismic
loading and seismic design concept for beams and columns are discussed.

Keywords Flexural capacity • Shear capacity • Cracking • Ductility • Macro
model • Finite element analysis

2.1 Flexural Characteristics and Design

2.1.1 Flexural Capacity of SHCC Members

2.1.1.1 General

Due to its capability of bearing tensile forces after cracking by the bridging
effect of fibers, the design of SHCC flexural members can be streamlined by
directly incorporating this effect. In other words, design taking into account the
tensile capacity of SHCC becomes possible by assuming a perfect elasto-plastic
constitutive model as shown in Fig. 2.1.

To make the effect of SHCC’s tensile properties on the cross-sectional perfor-
mance of flexural members easy to understand, Fig. 2.2 shows the concept of strain
and stress distributions of a flexural member cross-section having SHCC on the
tension side in comparison with those of an ordinary reinforced concrete member.
When SHCC is used on the tension side, the entire cross-section including SHCC

K. Rokugo and T. Kanda (eds.), Strain Hardening Cement Composites:
Structural Design and Performance, RILEM State-of-the-Art Reports 6,
DOI 10.1007/978-94-007-4836-1 2, © RILEM 2013
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(Ec gc)
etuftyk

ftyk

Tensile strain
T

en
si

le
 s

tr
es

s

0

gc

Fig. 2.1 Tensile stress–strain
curve of SHCC

Strain distribution Stress distribution

Steel

Plain concrete

ECC

(comp.)

(tens.)

Plain concrete

Neutral
axis

Steel

Stress distributionStrain distribution

Neutral
axis

(comp.)

(tens.)

SHCC is used on the tension side

Solid reinforced concrete

a

b

Fig. 2.2 Distribution of stress and strain

bears the tensile forces, reducing the tensile stress of tensile reinforcement even
under the action of a tensile strain exceeding the yield strain of reinforcement.
Under the same bending moment, the neutral axis of concrete having SHCC on the
tension side shifts to the tension side relative to solid reinforced concrete, increasing
the compression zone in the concrete. In other words, the use of SHCC on the
tension side has the same effect as an increase in the cross-sectional area of tensile
reinforcement.

The compressive stress–strain curve should be assumed to calculate the ultimate
capacity of section failure for the members subjected to a bending moment or a
bending moment and axial compressive forces. An example of a compressive stress–
strain relationship, which is derived from the results of tests on cylinder specimens
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of 100 mm in diameter and 200 mm in height, is shown in Fig. 2.3. As shown in the
figure, the strain value at the peak stress is 0.4% (0.004) approximately. This strain
value is greater than 0.002, i.e. that of ordinary concrete. This shows one of the
characteristics of SHCC; the stress decreases slowly with increasing strain after the
maximum load due to the confinement effect of fiber bridging.

To take into account these SHCC material characteristics in structural design, it is
necessary to determine the compressive stress–strain relation of SHCC. According
to the JSCE Recommendations, the stress–strain relation shown in Fig. 2.4 may be
used for the calculation of the flexural capacity of the section when appropriate test
data are not available [1]. The strain "’m at the peak stress can be set equal to the
strain at reaching the compressive strength obtained from the compression test on
the cylindrical specimen.

The influence of the exact shape of the compressive stress–strain curve on the
flexural capacity of SHCC members is marginal, if the compressive strength and the
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Table 2.1 Details of beam specimens using ECC

Specimen ECC1 ECC2 RC

Dimensions of
specimen

Web width (bw) mm 600

Effective depth (d) mm 132

Shear span length (a) mm 600

Shear span ratio (a/d) – 4:6

Size of steel bar Unit D16

Area of tensile
reinforcement (As)

mm2 1;477

Tensile reinforcement
ratio (As/(bw� d))

% 1:9

SHCC Comp. strength N/mm2 45:5 42:6 –
Ultimate comp. strain % 0:4 0:4 –
Young’s modulus kN/mm2 16:1 15:7 –
Tensile yield strength N/mm2 3:2 2:6 –
Ultimate tensile strain % 0:9 1:6 –

Plain concrete Compressive strength N/mm2 38:4 41:6 38.4
Young’s modulus kN/mm2 31:0 28:2 31.0
Tensile strength N/mm2 2:7 3:3 2.7

(Shear span) (Shear span)

(Span length)

(70mm at bottom is ECC)

Fig. 2.5 Beam specimen

ultimate strain are the same. However, the ultimate compressive strain and the shape
of stress–strain curve especially in the descending region, e.g., shown in Fig. 2.3,
are important to estimate the deformation capacity of SHCC members reinforced
with tensile steel bars.

2.1.1.2 Bending Tests on Beam Members

Table 2.1 and Fig. 2.5 show the specifications of tests using ECC, as an example of
bending testing on beam members having SHCC. Figures 2.6 and 2.7 show the test
values compared with the analyzed values by the fiber method(e.g., [2]).
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Fig. 2.7 Strain distribution of the section at mid span

Figure 2.6 reveals that the analyzed flexural capacity of beams having ECC is
around 90% of the test values similar to the analysis of normal reinforced concrete,
proving that the flexural capacity of flexural members having ECC on the tension
side can be accurately estimated by the fiber method. Also, Fig. 2.7 reveals that
the assumption that the cross-section of a plane remains plane holds by unifying
the cross-section of a member strengthened with ECC by an adequate method. The
stress in the tensile reinforcement in ECC specimens is lower than that of reference
reinforced concrete specimens under the same load, confirming that the use of ECC
on the tension side of a flexural member has the same flexural strengthening effect
as an increase in the cross-sectional area of reinforcement.

2.1.1.3 Comparison with the Simple Calculation Method

When SHCC is applied to the tension side of a reinforced concrete structure, on
which no axial forces act, to bear the load with its entire cross-section, the flexural
capacity can be calculated by Eqs. (2.1) and (2.2), assuming the distributions of
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Table 2.2 Comparison of ultimate load carrying capacity

Specimen Experiment (kN�m) Analysis (kN�m) Exp./Ana.

ECC-1 88.8 86.8 1.02
ECC-2 93.0 82.2 1.13

the compressive stress in concrete and the tensile stress in SHCC to be rectangular
distributions of compressive stress (equivalent stress blocks) shown in Fig. 2.8. It
is necessary, however, that cohesion between SHCC and concrete be adequately
maintained. Table 2.2 compares the results of the simple calculation method and the
test values. Since the calculations assess the test values on the safe side, this simple
calculation method using equivalent stress blocks can be applied in the case where
SHCC is placed on the tension side of a reinforced concrete structure under no axial
forces and bears the tension with its entire cross section. However, it is necessary to
confirm that the strain at the extreme compression fiber reaches the ultimate strain
(0.0035) before the tensile strain of SHCC exceeds its ultimate value.

x D pwdfyd C tfty

k1 f̌ 0
cd

(2.1)

Mu D k1ˇ

�
1 � ˇ

2

�
bwf 0

cd x2 C Asfyd .d � x/ C ftybwt

�
h � x C t

2

�
(2.2)

where

pw:As= .bw � d/

As: Cross-sectional area of steel on the tension side
fyd : design yield strength of steel on the tension side
fty : design tensile yield strength of SHCC
k1: strength reduction coefficient, generally assumed to be 0.85
ˇ D 0:52 C 80"0

cu

"0
cu D 155 � f 0

ck

30000
� 0:0035

f 0
ck : design compressive strength of concrete, but f 0

ck � 80 N/mm2
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Fig. 2.9 Test specimen for evaluation of flexural cracking of SHCC
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Fig. 2.10 Loading and measurement method

2.1.2 Flexural Cracking Behavior

2.1.2.1 General

A SHCC is characterized by its “strain-hardening property,” with which it increases
its tensile load (or tensile stress) as its deformation (or strain) increases without
causing brittle failure under tensile forces, and “multiple cracking property,”
with which it disperses cracks into multiple fine ones. The cracking behavior of
reinforced concrete beams patched with SHCC was experimentally investigated [3].

2.1.2.2 Outline of the Experiments

Figure 2.9 shows the shape and dimensions of the beam specimen. It is a double-
reinforced concrete beam measuring 200 by 300 by 3,000 mm. Assuming bending
failure, two and three deformed D16 bars (SD345) were arranged on the compres-
sion and tension sides, respectively. The joint surface of specimens to be patched
with SHCC was treated using a water jet. Figure 2.10 shows the flexural loading test
for beam specimens. The flexural loading tests consisted of four-point loading tests
with a moment span of 800 mm. The crack width on the tension side was measured
using 15   shape displacement gauges with a gauge length of 50 mm continuously
attached to the bending moment zone. The reference reinforced concrete beam with
same dimension was also examined to compare with SHCC patched beam.
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Fig. 2.12 Crack pattern

2.1.2.3 Test Results

Figure 2.11 shows the uniaxial tension test results of SHCC. The ultimate strain and
tensile strength of SHCC were 4.7% and 6.4 kN/mm2, respectively.

The state of cracking during the loading test in reference R/C specimens
significantly differed from that in specimens patched with SHCC. Cracks occurred
on the tension edge of reference RC specimens at 15–20 cm intervals, with their
width increasing as the load increased. On the other hand, dispersed fine cracks
occurred on the tension edge of specimens patched with SHCC as the load increased.
When cracking occurred in the concrete substrate, the cracks in SHCC tended to
concentrate on the locations of cracks in substrate concrete. However, the number
of fine cracks increased meanwhile on the tension edge, without crack concentration
on the tension edge (see Figs. 2.12 and 2.13). Note that the crack intervals in
the concrete substrate were around 10 cm, being evidently narrower than in the
reference R/C specimens. Also, no crack was visually observed along the joint
between concrete and SHCC until yielding of reinforcement.

Figure 2.14a shows the relationship between the width of a representative
crack in the tension edge of a reference R/C specimen measured by a   shape
displacement gauge and the strain of reinforcement at the location of the crack.
In this case, the crack width increased in proportion to the reinforcement strain.

Figure 2.14b shows the relationship between the width of a representative crack
measured in a specimen patched with SHCC and the reinforcement strain. In the
figure, the solid line represents the crack width measured by a   shape displacement
gauge, increasing as the reinforcement strain increases. However, the slope of the
curve is evidently gentler than the case of reference specimen shown in Fig. 2.14a.
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Fig. 2.14 Crack width and strain in steel reinforcement

For specimens patched with SHCC, loading was stopped at certain increments
in the load to visually count the number of cracks present within the measurement
length of each   shape gauge. The black circles in the figure represent the values
obtained by dividing the measured displacement by the number of cracks, which
correspond to the average crack width within the measurement range of each
  shape gauge. Also, the numbers in the figure denote the number of cracks.
Accordingly, the average crack width of specimens patched with SHCC is found
to increase to around 0.1 mm as the reinforcement strain increases but scarcely
increase thereafter by increasing the number of cracks instead.

2.1.2.4 Evaluation of Flexural Crack Width in JSCE
Recommendations [1]

In the ordinary RC members, the flexural crack width increases with the tensile
stress in the steel reinforcement. On the other hand, SHCC has the crack width
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control capability itself. As mentioned above, the crack width of SHCC reinforced
with steel bar increases to a certain width as the rebar strain increases but scarcely
increase thereafter by increasing the number of cracks instead. The experimental
results showed that the crack width of SHCC reinforced with steel bar is equivalent
to or smaller than that without steel reinforcement. Thus, the evaluation of crack
width can be made by estimating the strain of SHCC in the members providing that
the relation between crack width and tensile strain of SHCC as shown in Fig. 2.15
is determined by uniaxial tensile test in advance. The test method for crack width of
SHCC is specified in JSCE Recommendations of HPFCC for the purpose of crack
width evaluation in structural members.

2.1.3 Size Effect on Flexural Behavior

Kanakubo et al. reported test results concerning the size effect on flexural behavior
of SHCC beam specimens [4]. The flexural strength and deformation capacity
decrease as the size of beams increase. One of the reasons for this is considered
size effect, which is due to the fiber orientation in the specimens. For example, the
fiber orientation tends to be two or one dimension at the small size specimens.

Figure 2.16 shows the crack patterns of the SHCC beam specimens with different
height (40–280 mm). The cracks occur over the pure bending regions uniformly in
small size specimens, while multiple cracks concentrate in certain region in large
specimens. While the number of cracks is larger in large size specimens, crack
spacing is smaller in small size specimens.
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Fig. 2.16 Crack patterns in bending specimens
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Figure 2.17 shows tensile strength obtained from bending test results on the
different size beams. These tensile strengths were estimated according to the method
of the Appendix of JCI- S-003-2005 [5]. The horizontal axis represents high-stress
volume, which is defined as the volume of pure bending region in beam specimens
subjected to two point flexural loading. The tensile strength (ft;b) is normalized
by that of medium size specimen (ft;b�M ). The distinct size effect on the tensile
strength is shown in Fig. 2.17.

Kanakubo et al. also reported the test and calculated results on the flexural
strength of the SHCC beams reinforced with steel bars on the tension side. The
flexural strength was calculated by section analysis taking into account of size effect
on tensile strength of SHCC shown in Fig. 2.18. The size effect on flexural strength
(capacity) was also recognized in SHCC beams reinforced with steel bars.
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Contrary to Kanakubo’s results, Lepech and Li reported negligible size effects
on SHCC’s flexural strength [6]. They conducted beam flexural tests with different
size specimens with ECC, a representative SHCC type. As a result, flexural strength
of the beams did not decrease with beam size up to section height of 200 mm. This
contradiction may be led by adopted SHCC’s characteristics including tensile strain
capacity, and SHCC’s size effect is to be further investigated via future research.

(Y. Uchida)

2.2 Shear Characteristics and Design

2.2.1 Introduction

In many civil engineering and building structures, there exist members or details that
have to resist intense shear loading, such as coupling beams, shear walls, dampers,
beam ends, column bases, etc. When these elements are constructed with reinforced
concrete (R/C), they are prone to brittle failure, mainly due to the quasi-brittle char-
acter of concrete material. Thus, due to their high tensile strain capacity and damage
tolerance, SHCC appears as an attractive alternative for replacing concrete in these
critical regions. A large number of experimental studies (see below) have shown that
using SHCC in conjunction with conventional reinforcement (reinforced SHCC or
R/SHCC) in shear-critical elements indeed leads to significant qualitative improve-
ment of their structural behavior, namely in terms of load and deformation capacity.

The recent transitions from prescriptive to performance-based structural design
opens new possibilities for utilizing SHCC materials in engineering practice.
However, it is necessary to quantify the performance gains associated with the use
of SHCCs and relate them to elementary material properties, such as compressive
strength, tensile strength, and tensile strain capacity. Attempts to estimate the shear
load carrying capacity of R/SHCC members have been made, mostly along the
line of modifying existing formulas for reinforced concrete [8–13]. However, these
models have been usually validated on a limited set of experimental data. Presently,
there exists no consensus on a universal formula that could reliably predict the shear
load carrying capacity of R/SHCC members.

The purpose of the present section is to:

(a) summarize knowledge about shear failure of R/SHCC elements that has been
so far gained from experiments by various research groups;

(b) review some of the proposed simplified formulas for prediction of shear load
capacity of R/SHCC members and check them against available experimental
data;

(c) exemplify the potential of using an FE analysis to clarify a mechanism of shear
failure in R/SHCC members.
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It is expected that the information presented herein will support formulation of
a simplified behavioral model, that could be used in design of R/SHCC members
resisting shear loading.

We restrict attention to those cases, when R/SHCC members fail in shear. That
is, elements exposed to intense shear but failing in flexure mode, such as reinforced
dampers consisting of ECC, a typical material among SHCCs, reported in [9] or
precast panels presented in [14] and [15], are not elaborated on here. The main
consideration is paid to the cases when shear failure occurs in regions that, prior
to cracking, exhibit a smooth stress distribution (beams, panels, etc.). Fracture in
locations of shear stress concentration (e.g. stud connections, prestressing strands
anchorage [16] etc.) is not discussed.

It should be also noted that only SHCC materials with polymeric fibers (as
opposed to those with stiff steel fibers) are discussed in the present chapter.

2.2.2 Review of Previous Studies

2.2.2.1 Experiments

Reinforced SHCC Panel under Pure Shear Loading

A unique set of experiments is reported in [11]. Square panels made of reinforced
PVA-ECC, which is ECC reinforced with PVA fibers, were tested in a special rig
under pure shear loading conditions. Variable parameters were reinforcement ratios
and reinforcement yield strengths. All panels showed multiple cracking, evenly
distributed throughout the entire specimen. In samples with equal longitudinal
and transversal reinforcement (pl D pw), the cracks were all aligned with the main
compressive diagonal. However, in samples with pl > pw, cracks that formed after
yielding of the transversal reinforcement were slightly inclined toward the direction
of the heavier longitudinal reinforcement. The specimens with pl D pw failed by
localized tensile cracks aligned with the compressive diagonal after yielding of rein-
forcement in both directions. In samples with pl > pw failure occurred after yielding
of the transversal reinforcement by a sliding crack aligned with the panel edge.

Direct Shear Test under Tension

SHCC has to carry the stresses with the combination of tensile/compressive stress
and shear stress along the crack surface in the shear resistant elements such as
coupling beams, shear walls, dampers, beam ends, column bases, etc. Though
SHCC is well known as the cementitious composites with multiple cracks under
tension, the shear behavior along the crack surface remains not fully understood.
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Fig. 2.19 Direct shear test under tension [17]

Fig. 2.20 Failure pattern, left: ECC with fiber volume fraction 2%, and right: ECC with fiber
volume fraction 1.5% [17]

This characteristic gives one of the most important information when finite element
analysis is employed to investigate the structural behavior of shear resistant
elements.

A direct shear test using notched prism specimens is reported in [17]. The loading
system is shown in Fig. 2.19. The dimension of specimen is 100 � 100 mm section
and 400 mm length. The notches are set on the center of specimen. Direct shear load
was applied after the axial tensile loading and first cracking. The axial tensile load
was kept constant during the shear loading, so the axial tensile load was almost the
same as first cracking strength. Figure 2.20 shows the typical failure pattern. The
diagonal cracks were observed after the contacting of both cracked surfaces due to
the rotation of the both blocks of specimen.
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Figure 2.21 shows the examples of shear stress – deformation curves of the
specimens with PVA fiber of Vf D 2.0%. Axial deformation of around 0.1 mm is
observed by tensile loading only. After starting shear loading, both axial and shear
deformation increase, and the shear stress keep almost the constant value as same as
about 0.5 times of tensile stress. After that, the shear stress starts increasing again
because of the contacting of cracked surfaces. The report concludes that ECC has
the capacity to transmit the tensile stress of the same level of first cracking strength
even if the large shear deformation exists.

Bi-directional Multiple Cracking Tests

In order to elucidate the behavior of multiply-cracked SHCC when cracks are
exposed to shearing, Suryanto et al. [18, 19] conducted a series of bending tests
on pre-cracked PVA-ECC plates. In that study, different levels of multiple cracking
were first induced to large ECC plates by subjecting them to 4-point bending
(stage 1). Subsequently, smaller plates were produced by cutting the large plates at
different angles with respect to the pre-cracked direction. These smaller plates were
then loaded in bending (stage 2). The procedure is depicted in Fig. 2.22a. The tests
showed that during stage 2 the preexisting cracks were undergoing simultaneous
sliding and opening, as shear and tensile stresses developed on multiple cracks.
When these stresses were developed, a new set of cracks formed nearly orthogonal
to the preexisting ones, forming a bi-directional multiple cracking pattern (see
Fig. 2.22b). The orthogonal crack pattern suggests that the preexisting cracks
exhibited low shear stress transfer. The initial stiffness, load carrying capacity, and
the deflection at the peak load at stage 2 depended on the amount and direction of
pre-cracking. The tests showed that as the angle of the precrack direction becomes
larger (with respect to the longitudinal axis of the plate), there is an apparent
strength reduction, while initial stiffness consistently increases with the precrack
direction. Since this macroscopic response is related to the tensile and shear stresses
transferred along the bidirectional cracks, the test results can be used to verify
modeling of tensile and shear transfer.
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Ohno Shear Beams

In several experimental programs, the so-called Ohno beam was used to assess the
shear behavior of R/SHCC. As shown in Fig. 2.23, the beam is configured such
that the state of pure shear exists on the central cross-section, if the material is
isotropic and homogeneous. The configuration is characterized by shear-span to
depth ratio sr and longitudinal and transversal reinforcement ratios in the shear
span, pl and pw, respectively (see Fig. 2.23). Material parameters of the experiment
are typically yield strength of longitudinal and transversal reinforcement � ly and
�wy, resp., SHCC strength in compression �B, first crack strength �cr , ultimate
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strength in tension �max, and tensile strain capacity "u. The beams are loaded
either monotonically (M) or by alternating low-cycle shear (A). The behavior of
the beam is expressed in terms of average shear stress �av or shear force Vs at
mid-span and shear distortion (deflection angle, rotation angle) �av. The former
two are explained in Fig. 2.23 and the latter is defined as the difference between
the vertical displacements at the ends of the shear span, divided by its length L.
The experimental studies usually also report the failure mode, which can be flexure
(F), bond splitting (BS), or shear (S). Sometimes, shear-tension (ST) and shear-
compression (SC) failure modes are distinguished.

The parameters and results of several experimental studies [10, 12, 20–23] are
summarized in Table 2.3. In general, all of the experiments demonstrated that, when
SHCC was used, the shear beams were undergoing distributed diagonal multiple
cracking prior to formation of localized failure-crack(s). This behavior was reflected
in improved load and deformation capacity over similarly configured concrete or
quasi-brittle FRC specimens. The SHCC beams also exhibited sub-millimeter crack
widths and maintained better integrity and resisted cover spalling when exposed to
alternating shear load.

Study [21] involved two beams made of ECC with different strength and
ductility (SPECC, DRECC) and three control specimens: PC (ordinary concrete
without shear reinforcement), RC (ordinary concrete reinforced by wire mesh),
and FRC (quasi-brittle steel fiber reinforced concrete). This was the only series
among those discussed here, in which the longitudinal reinforcement did not extend
over the entire beam, but was terminated in the initially compressed zones of the
middle panel. However, tensile stress concentration at the ends of the bars caused
initiation of cracks near the beam top and bottom surfaces. These cracks propagated
diagonally into the mid-section at the peak load. Therefore the model shown in
Fig. 2.23 should not be used to infer the shear strength of the cementitious material
and the failure mode is categorized as flexure-shear in Table 2.3.

Variable parameters of experiments described in [12, 22] were beam material
(ordinary concrete [RC] and ECC), span ratio sr (0.5 and 1), and transversal
reinforcement ratio (0% and 1%). The ECC beams exhibited improved load carrying
capacity over concrete ones under both shear-tension and shear-compression failure
modes. Increased deformation capacity was observed when shear-tension failure
took place. The tests proved that combining transverse reinforcement with ECC is
effective in enhancing shear load capacity, although ECC beams behaved in a ductile
manner even without transverse reinforcement. They also demonstrated that using
SHCC (even without transversal reinforcement) is effective in preventing brittle
shear behavior typical for short-spanned elements.

Control R/C beams in experiments reported in [20] were configured so as to fail
in shear (#1) and by bond splitting (#5). Since identically reinforced ECC beams
(#2 and #6, resp.) both failed in flexure, the effectiveness of using SHCC to prevent
shear and bond splitting failure was demonstrated. Beams #3 and #4 contained high-
strength longitudinal reinforcement in order to induce shear failure. Therefore, their
results can be used to estimate the shear load carrying capacity of reinforced ECC
members.
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In experimental program [10], varied parameters included material (normal
concrete [NC] and ECC with 1%, 1.5%, and 2% volume fraction of PVA fibers)
and transversal reinforcement ratio (0%, 0.15% and 0.3%). The composite with
1% fiber content essentially did not show pseudo strain-hardening behavior. All
specimens in this study failed in shear and thus the failure load corresponds to the
shear load capacity of the member. This capacity increased both with increasing
reinforcement ratio pw and tensile strength of cementitious material �max. In the
continuing experimental program [23], the same specimen types were tested. The
varied parameters included material (mortar and ECC with 1%, 1.5%, and 2%
volume fraction of PVA fibers), transversal reinforcement ratio (0.6%, 0.89%) and
strength of longitudinal reinforcement. The main result supports the conclusions of
the former program.

R/C Beams with SHCC Layer

Reference [24] reports on experimental investigation of shear behavior of SHCC
repaired RC beams. RC beams without stirrups are repaired using SHCC (2%
volume fraction of PVA fibers) for the cover thickness (2.5 cm) and twice the
cover thickness (5 cm) at the bottom tension section. The former specimen showed
higher shear strength and a more stable shear failure behavior than the unrepaired
specimens. The later specimen showed similar shear behavior as the plain concrete
beam due to the bond failure between the repaired SHCC and original concrete
interface.

Short Beam-Columns, Coupling Beams, Flexural Members

Fukyuama and Suwada [13] experimentally tested R/SHCC dampers intended for
use for seismic structural control in high-rise buildings. The dampers were con-
figured as short columns exposed to alternating lateral force. The axial elongation
as well as rotation of the column end sections were constrained, which induced
considerable axial compression to the member at the maximum lateral deflection.
Variable parameters in this experiment were the type of cementitious material (MO:
mortar, PE: polyethylene fiber SHCC, and PS: steel & polyethylene fiber SHCC)
and reinforcement arrangement (1: parallel longitudinal & transversal hoop, 2:
X-shaped longitudinal, and 3: X-shaped longitudinal & transversal hoop) – for
details see Table 2.3. All type 1 specimens showed cracks inclined at 45ı all over
the volume. The MO-1 sample eventually failed in compression – by vertical cracks
splitting the compressed zone. In PE-1 and PS-1 this failure mode was prevented
due to lateral confinement provided by fibers. In type 2 specimens, a diagonal shear
crack along the X-shaped reinforcement developed abruptly, causing a drop in load
capacity. However, as seen in Table 2.3, in the SHCC dampers this happened at far
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higher load and deformation angle than in the mortar element. Cracking of type 3
specimens was intermediate between type 1 and 2. All SHCC samples exhibited
multiple cracking and superior integrity with steel reinforcement.

Canbolat et al. [25] conducted an experimental study on seismic behavior of
coupling beams. The study included reinforced members made of SHCC with
polyethylene (PE) or steel fibers with various configurations of conventional re-
inforcement without and with diagonal bars. The results demonstrated that by using
SHCC adequate seismic performance can be achieved even without transversal
hoops that are usually required to provide confinement to diagonal rebars. Compared
to a typical R/C member with tied diagonal reinforcement (also tested) the SHCC
specimen lacking diagonal bars showed lower drift capacity but sustained higher
maximum load. The SHCC specimens with diagonal reinforcement showed higher
load capacity and sustained drift of at least 4% while retaining about 80% of their
shear load carrying capacity.

Parra-Montesinos and Chompreda [26] tested reinforced SHCC cantilever flex-
ural members exposed to displacement reversals. The variable test parameters
included type of fiber (PE and steel), fiber volume fraction, type of cementitious
matrix, longitudinal reinforcement ratio, and presence or absence of transversal
reinforcement. Based on their results, the authors proposed a phenomenological
formula for the member shear load capacity, which accounts for the contribution
due to SHCC strain-hardening behavior.

Reinforced SHCC Walls and Wall-Frame Assemblies

Assemblies consisting of reinforced PVA-ECC wall surrounded by two R/C
columns, R/C top slab and R/C base mat were tested [8]. Alternating horizontal
force and constant vertical compression were applied to the top slab, while the
base mat was fixed. The test parameters were the wall reinforcement ratio (equal in
vertical and horizontal directions), the wall thickness, and anchorage of the wall to
the columns. In all of the specimens, the columns exhibited both horizontal bending
and inclined shear cracks. The walls were damaged by inclined cracks densely
distributed throughout their entire area, with a few interconnecting horizontal
cracks. Structural failure occurred in all of the specimens when a shear crack
suddenly widened and propagated at the center of the wall.

Fukuyama et al. [27] carried out tests of “ductile wall” using hybrid type SHCC
(1% polyethylene fibers and 1% steel code). The ductile wall system shows a unique
shape of wall with five short span SHCC columns inside the R/C frame. The ductile
walls have additional effective ductility as well as high stiffness and strength of R/C
walls.

Low-rise walls with PE and steel fiber SHCC were tested under displacement re-
versals by Kim and Parra-Montesinos [28]. The authors reported a stable hysteretic
behavior up to maximum shear deformation of 2% and excellent damage tolerance.
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Beam Column Connections

The experimental study [29] on seismic response of exterior R/C column to steel
beam connection involved various designs of the joint, including one constructed
with ECC. The ECC connection exhibited a stable load–displacement hysteresis
even though it lacked any joint transversal reinforcement. Extensive but distributed
diagonal multiple cracking was observed in the joint, but no failure occurred up to
the maximum applied story drift of 5%.

The feasibility of using SHCC as means to eliminate the need for transverse
confining reinforcement in R/C beam-column connections exposed to seismic load-
ing was experimentally investigated by Parra-Montesinos et al. [30]. The authors
reported excellent load and deformation capacity as well as damage tolerance of
connections constructed with SHCC with PE fibers. Diagonal multiple cracking was
observed within the joint regions, but failure occurred in the adjacent beam plastic
hinges. The authors also observed no deterioration in bond of beam longitudinal
reinforcement bars passing through the connection.

2.2.2.2 Finite Element Analysis of Shear Failure

Finite element analysis can be employed along with the experimental investigations
to clarify the mechanism of shear failure of R/SHCC members. In particular, the
issue of effective tensile and compressive strengths of the truss and arch model
discussed in Sect. 2.2.3 should be addressed. Since these phenomena are clearly
associated with localization of fracture, the FE model must be sufficiently detailed
to capture possible initiators of localization: uneven stress distribution due to
details at load application points and supports, conventional reinforcement, loading
control etc. In addition, the employed constitutive model must reliably represent
the material nonlinear behavior, especially that associated with formation, response,
and localization of cracks. These requirements are fulfilled by the model proposed
by Kabele [31] – see also Sect. 2.3. The model is based on the representation of
individual cracks, both when the material undergoes multiple cracking and when
fracture localizes. The behavior of each individual crack is characterized by a
traction-separation law, that is, by a relation between the bridging traction and
relative displacement of the crack surfaces. This relation is established considering
that opening and sliding of cracks are resisted by fiber bridging.

The author of ref. [31] numerically simulated experiments on shear beams
PVA20-00, PVA20-30 and PVA20-89 described in [23], see also Sect. 2.2.2.1.
These beams were produced using ECC with 2% by volume of short PVA fibers
(PVA-ECC). The second number indicates the stirrup reinforcement ratio pw (in
hundredths of %). The loading conditions and reinforcement were chosen in all
cases such that the members failed in shear. The parameters of the cohesive law for
ECC (both for crack opening and sliding) were obtained by fitting the analytical
results of beam PVA20-00 to the experimental ones. It is noted, that the composite
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Fig. 2.24 Experimental (Exp.) and analytical (IC-FEM) results of tests on beams with stirrup
reinforcement ratios pw D 0 (PVA20-00) and pw D 0.3% (PVA20-30). [31]

overall tensile strength and strain capacity corresponding to these parameters
(3.02 MPa and 0.7%, resp.) were lower than those determined from direct tension
tests on coupon specimens of the same material (4 MPa and 1.6%, respectively).
Also, the apparent fiber shear modulus, which was the major parameter controlling
sliding resistance of cracks in the used model, had to be set relatively low at 110 MPa
(compare with the longitudinal elastic modulus, which is typically 20–40 GPa).

With the above set of parameters, the behavior of beams PVA20-00 and PVA20-
30 was very well reproduced, including the prepeak hardening, the peak load and
displacement, crack pattern, and the failure mode (Fig. 2.24). Thus, the analysis
results can be used to gain a deeper insight into the mechanism of the beams’
shear failure. The sequence of cracking computed for beam PVA20-00 is shown
in Fig. 2.25. It is seen that fracture initially developed in isolated bands inclined at
about 45o and located in the side thirds of the shear span, that is, in the part of the
beam that was subjected to the combination of shear force and bending moment.
Subsequently, multiple cracking spread into the central part of the beam. Consistent
with the experiment, the cracks in the central part were less inclined than those
on the sides. The final failure occurred due to localization of fracture into inclined
cracks in both side portions of the shear span and evolution of a splitting crack along
the reinforcement layer.

Figure 2.26 shows the traction vs. crack opening displacement (ın) or crack
sliding displacement (ıt) and stress vs. strain diagrams recorded in three points of
the beam marked by the white dots in Fig. 2.25c. The stresses and strains were
transformed into local coordinate systems t-n aligned with cracks in the respective
points. From Fig. 2.26c it is obvious that the compressive stress parallel with the
cracks remained of a relatively low level, much below the uniaxial compressive
strength (which was tested to be 39 MPa). Figure 2.26a indicates that the cracks in
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Fig. 2.25 Numerical reproduction of cracking in beam PVA20-00. Phases (a) through (c) corre-
spond to points marked in Fig. 2.24. [31]

the monitored points did not enter the softening regime even as the structure attained
its load capacity. Figure 2.26b shows that cracks exhibited significant sliding and
that shear stresses transmitted across cracks may reach similar magnitudes as the
normal stresses. In the real experiment, this sliding may have caused damage
to fibers bridging cracks since the material lacked coarse aggregate that would
otherwise provide matrix interlock. As the model did not explicitly account for fiber
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Fig. 2.26 Records of (a) normal traction vs. COD, (b) tangential traction vs. CSD, (c) transversal
compressive stress vs. strain calculated at cracks marked by white dots in Fig. 2.25. [31]

damage, this may be the reason why the effective parameters of fiber bridging had to
be set lower than what would correspond to the tensile test and why it was necessary
to use the low value of the apparent fiber shear modulus.

Figure 2.27 shows the distributions of normal and shear stresses along the beam
cross sections at the peak load, together with the corresponding stress distributions
derived from the linear elastic solution (Fig. 2.23). It is seen that due to the nonlinear
material behavior, the stress distribution considerably deviates from the elastic
solution. Therefore, the elasticity solution should not be used to interpret the shear
strength of SHCC material from the ultimate load of the Ohno shear beams.

Based on the results of numerical analysis it can be concluded that in R/SHCC
structural members, such as shear beams, stress redistribution occurs after cracking.
Stress redistribution causes cracks to be exposed not only to opening, but also
to shearing. The analyses indicate that under these conditions, SHCC with soft
fibers exhibits reduced strength and deformational capacity, compared with its
performance in a uniaxial tensile test. Since the material lacks aggregate that would
otherwise provide matrix interlock, shearing of cracks may cause excessive loading
of bridging fibers, resulting in their rupture and eventually reduced capacity of the
material. It should be noted that similar phenomena have been also observed in a
recent experimental and analytical work by Suryanto et al. [18, 19].
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Fig. 2.27 Distributions of normal and shear stresses along the beam cross sections at the peak load
(contour bands and yellow lines: FEM, black lines: elastic solution)

2.2.3 Evaluation of Shear Capacity of Structural Members

2.2.3.1 Concept in Evaluation

The shear capacity of R/SHCC structural members such as beams and columns
is enhanced when compared with the capacity of ordinary R/C members. It is
considered that certain stress is carried through fibers as the bridging effect and /
or ductility of tensile and compressive characteristics is improved in the member.

Some proposals to evaluate the shear capacity of R/SHCC members have been
reported. In most of them, tensile (crack) strength and / or tensile deformation
capacity of SHCC itself are considered, and their effects are taken into the evaluating
formulas of shear capacity. For example;

(a) The SHCC effect is substituted for steel reinforcement in R/C evaluation
formulas.

(b) Tensile / crack strength of SHCC is added into the truss mechanism.
(c) Shear strength of SHCC is added to R/C evaluation formulas.
(d) Tensile / crack strength of SHCC is added to R/C evaluation formulas.

In the cases of (b) and (d), the direction of tensile stress of SHCC is considered
as follows;

1. Same direction with transverse steel reinforcement
2. Perpendicular direction to cracks
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Fig. 2.28 Truss mechanism in AIJ design guideline

3. Direction of principal tensile stress (perpendicular direction to principal com-
pression stress)

It is considered that shear stress exists in the cases of (1) and (2), when the di-
rection of principal tensile stress differs from transverse direction and perpendicular
direction of cracks, respectively.

Some proposed formulas stands on the basis of the arch – truss mechanism which
is originally adopted in “Design Guideline for Earthquake Resistant Reinforced
Concrete Buildings Based on Ultimate Strength Concept (Architectural Institute of
Japan)” [32]. In this section, the original formulas to evaluate the shear capacity of
R/C members are introduced.

The original formulas had been developed on the basis of plasticity theory which
assumes that the shear capacity can be expressed by superposition of truss mecha-
nism and arch mechanism. Figure 2.28 shows the concept of truss mechanism. The
� is the angle of compressive strut of concrete which has equilibrium with tensile
force of transverse reinforcements. The value of cot� should be the range from
1.0 to 2.0 to have the maximum value of shear force provided by truss mechanism
comparing with that of arch mechanism. Shear capacity by truss mechanism (Vt) is
given by Eq. (2.3). Compressive stress in the truss strut c� t is given by Eq. (2.4).

Vt D b � jt � pw � �wy � cot � (2.3)

c�t D .1 C cot2�/ � pw � �wy (2.4)

where,

b : width of member
jt : distance between tensile and compressive longitudinal reinforcement
pw : transverse reinforcement ratio
�wy : yield strength of transverse reinforcement
� : angle of compressive strut (truss)

Figure 2.29 shows the concept of arch mechanism. If we have the assumption
that the angle � , which expresses the angle of compressive strut of arch mechanism,
changes to have the maximum value of shear force provided by arch mechanism,
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Fig. 2.29 Arch mechanism in AIJ design guideline

the � is given by Eq. (2.5). The shear capacity by arch mechanism (Va) is given by
Eq. (2.6). The compressive stress of arch strut is expressed as c�a.

tan � D
q

.L=D/2 C 1 � .L=D/ (2.5)

Va D c�a � tan � � b � .D=2/ (2.6)

where,

L : length of member (anti-symmetrical bending moment)
D : depth of member
� : angle of compressive strut (arch)

Neglecting the difference of compressive strut angle between truss and arch
mechanism, compressive failure at strut concrete occurs as given by Eq. (2.7).
Where, � indicates the reduction factor for compressive strength of concrete which
has cracks and deformation. The value of � is originally given by Eq. (2.8). However,
Eq. (2.9) is often used for high strength concrete.

� � �B D c�t C c�a (2.7)

� D 0:7 � �B=2000
�
in kgf=cm2

�
(2.8)

� D 1:7�B
�0:333 .in MPa/ (2.9)

where,

� : reduction factor for concrete compressive strength
�B : concrete compressive strength

Introducing the ˇ, ratio of compressive stress of truss strut to reduced concrete
strength as Eq. (2.10), leads total shear capacity by the superposition of truss
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Fig. 2.30 Relative components of truss and arch mechanism

mechanism and arch mechanism as given by Eq. (2.11). The value of cot� is to
be the minimum value among Eqs. (2.12)–(2.14).

ˇ D .1 C cot2�/ � pw � �wy

� � �B

(2.10)

V D b � jt � pw � �wy � cot � C tan � � .1 � ˇ/ � � � �B � b � D=2 (2.11)

cot � D 2:0 (2.12)

cot � D jt =.D � tan �/ (2.13)

cot � D
r

� � �B

pw � �wy

� 1 (2.14)

Due to these procedures, shear capacity increases as the capacity provided by
truss mechanism also increases with increment of the value of pw�wy. On the
other hand, the shear capacity provided by arch mechanism decreases as shown
in Fig. 2.30. These formulas are called as “A-method”. In “B-method”, cot� is set
to the constant value of 1.0 (� is equal to 45ı).
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2.2.3.2 Examples of Design Formulas

Truss Mechanism Based Formula

Nagai proposed a shear design formula, which is categorized into type (b-3) [33].
The tensile strength of SHCC is taken into account as part of the truss mechanism.
However, the tensile strength is to be half of the yield strength (almost the same
value as the first cracking strength) for structural design calculation, and the value
of cot� is fixed to 1.0.

V D b � jt � .pw � �wy C �t / � cot � C tan � � .1 � ˇ/ � � � �B � b � D=2 (2.15)

ˇ D .1 C cot2�/ � pw � �wy C cot2� � �t

� � �B

(2.16)

cot � D 1:0 (2.17)

� D 1:7�B
�0:333.in MPa/ (2.18)

where,

� t: � ty/2
� ty: yield strength of SHCC (lowest tensile stress after first cracking).

Tensile Contribution Super-Imposing Formula

Shimzu and Kanakubo also proposed a formula categorized into type (d-3) [34].
This formula takes into account the tensile strength of SHCC as part of the total
shear resistance mechanism. The tensile strength of SHCC is reduced by a reduction
factor, which is assumed from experiment results.

V D b � jt � pw � �wy � cot � C tan � � .1�ˇ/ � � � �B � b � D=2 C b � jt � �t � �t � cot �

(2.19)

ˇ D
�
1 C cot2�

� � pw � �wy

� � �B

(2.20)

cot � D min

�
2;

r
� � �B

pw � �wy

� 1

�
(2.21)

� D 1:7�B
�0:333.in MPa/ (2.22)

where,

� t : tensile strength of SHCC
� t : reduction factor for tensile strength of SHCC (D0.41)
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Tensile Contribution Super-imposing Formula – JSCE method

JSCE’s proposal [35] is categorized into type (d-2). The tensile strength of SHCC
is taken into account as part of the whole shear resistance mechanism. The tensile
yield strength of SHCC (almost the same value as the first cracking strength) is
utilized.

V D Vc C Vs C Vf (2.23)

Vc D ˇd � ˇp � ˇn � fvc � b � d (2.24)

Vs D .Aw � �wy=ss/ � z (2.25)

Vf D .fv= tan ˇu/ � b � z (2.26)

fvc D 0:7 � 0:20 3
p

�B .in MPa/ (2.27)

ˇd D 4
p

1=d .in m/ (2.28)

ˇp D 3
p

100 � pw (2.29)

ˇn D 1 C M0 =Md .� 2/ (2.30)

where,

Vc : shear capacity without transverse reinforcement
Vs : shear capacity of transverse reinforcement
Vf : shear capacity of fiber
d : effective depth
Aw : cross sectional area of a pair of transverse reinforcement
ss : spacing of transverse reinforcement
z : distance from location of compressive stress resultant to centroid of tensile
reinforcement (Dd/1.15)
fv : tensile yield strength of SHCC (lowest tensile stress after first cracking)
ˇu : angle of diagonal crack surface to the member axis (D45ı)
M0 : bending moment necessary to cancel stress due to axial force at extreme tension
fiber corresponding to bending moment Md

Md : design bending moment

Modified Truss Mechanism Based Formulas

In reference [36], the following method was proposed. In Fig. 2.31, the truss
mechanism and arch mechanism are defined as the shear resistance mechanism
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Fig. 2.31 Definition of truss mechanism and arch mechanism

of SHCC members. Furthermore, in Fig. 2.32, the following five failure modes
are defined to predict the shear strength considering the state of each constitutive
material.

Mode 1 : Shear reinforcements do not yield in the truss mechanism but before
the tensile principal strain of SHCC reaches ultimate tensile strain capacity
a compressive strut reaches a compressive strength that results in destruction.
Shear resistance by the arch mechanism is not produced.

Mode 2 : Before a compressive strut reaches compressive strength in the arch
mechanism, a shear reinforcement yields in the truss mechanism, and the tensile
principal strain of SHCC reaches ultimate tensile strain capacity and results in
destruction.

Mode 3 : Shear reinforcements yield in a truss mechanism and before the tensile
principal strain of SHCC reaches ultimate tensile strain capacity, in the arch
mechanism, a compressive strut reaches a compressive strength that results in
destruction.

Mode 4 : Shear reinforcements yield in the truss mechanism and before the tensile
principal strain of SHCC reaches ultimate tensile strain capacity, a compressive
strut reaches a compressive strength that results in destruction. Shear resistance
by the arch mechanism is not produced.

Mode 5 : Shear reinforcements yield in the truss mechanism and after the tensile
principal strain of SHCC reaches ultimate tensile strain capacity, a compressive
strut reaches a compressive strength that results in destruction. Shear resistance
by the arch mechanism is not produced.

The Fafitis-Shah model is used for the compressive stress–strain relationship of
SHCC, because it is confirmed that the value of the formula agrees well with the
experimental value.
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Resistance elements of truss mechanism Resistance element of
arch mechanism

Stress-strain curve of
shear reinforcement

Tensile stress-strain 
curve of SHCC

Compressive stress-strain 
curve of SHCC

Compressive stress-strain 
curve of SHCC

Mode 1

Non

Non

Non

Failure zone Failure zone Failure zone

Mode 2

Mode 3

Mode 4

Mode 5

Fig. 2.32 Definition of failure mode
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�c D ��B

(
1 �

�
1 � "

"0

�A
)

(2.31)

A D Ec

"0

��B

(2.32)

where, �B : compressive strength, � : effective compressive-strength multiplier, "0 :
strain at the time of a compressive strength, and Ec : Young’s modulus.

The tensile stress–strain relationship of SHCC is presented by the bi-linear model
that disregards the stress rise during multiple cracking sequence, and where Ec is the
Young’s modulus, � t is the crack generating stress (equivalent to yield stress), and
"PSH is the ultimate tensile strain. In addition, Ec, "0, � t, and "PSH of SHCC, should
be preferably obtained by an appropriate calculation method. However, since there
was no calculation formula that suitably took into consideration the influence of the
mixing factor of SHCC, the material-test value was used directly.

The stress–strain relationship of shear reinforcement is taken as a bi-linear model
that disregards the stress rise after yielding and where Ews is the Young’s modulus
and �wy is the yield stress.

The load and deformation of SHCC members at the time of shear failure are
calculated by the following equations.

Qu D bjt �truss C bD�arch (2.33)

ıu D L� (2.34)

where, b : member width, jt : effective depth of member, D : whole depth of member,
� truss : carrying shear stress of truss mechanism, �arch : carrying shear stress of arch
mechanism, L : member length and ” : shear strain.

In addition,� truss, �arch, and � are obtained in accordance with the value of cot�.
As a deformation component of each mechanism to obtain shear strain, defor-

mation in the truss mechanism is defined as compressive deformation component
(component A) and tensile deformation component (component B) as shown in
Fig. 2.33. Deformation in the arch mechanism is defined as shown in Fig. 2.34.

cot � D min

 
2:0;

jt

D tan �
;

s
��B � 	w�wy

pw�wy C �t

!
� 1:0 (2.35)

tan � D
s�

L

D

�2

C 1 �
�

L

D

�

� D 0:61 (2.36)

where, �: compressive strut angle of truss mechanism, � : compressive strut angle
of arch mechanism, pw : shear reinforcement ratio, �wy : yield strength of shear
reinforcement, � t : crack strength of SHCC.
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Compressive deformation component Tensile deformation component

g Bg A

Fig. 2.33 Definition of deformation component in truss mechanism

g 1

Fig. 2.34 Definition of
deformation component in
arch mechanism

(a) cot� D 1.0
When the calculation value by Eq. (2.35) becomes cot� D 1.0, the amount

of the shearing reinforcement is large. The failure mode becomes mode 1 that
the compressive strut of the truss mechanism reaches ��B, and the maximum
strength is calculated by the following equations.

�1;truss D ��B (2.37)

�A D 2"0

sin 2�
D 2"0 (2.38)

�B D ��Bsin2� � �t cos2�

pwEws cot �
(2.39)

�truss D �A C �B (2.40)

�truss D ��B

2
(2.41)
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�arch D 0 (2.42)

(b) cot� D 2.0
When the calculation value by Eq. (2.35) becomes cot� D 2.0, the amount of

shearing reinforcement is little. The failure mode becomes mode 2, where the
tensile strut of the truss mechanism reaches "PSH, or, it becomes mode 3, where
the compressive strut of the arch mechanism reaches ��B. Mode 2 and mode 3
have the stress of the arch mechanism. The following two smaller shear strains
reach the shear strength.

• Shear strain �arch when the compressive strut reaches the compressive
strength under the arch mechanism.

• Shear strain � truss when the tensile strut reaches the ultimate tensile strain
under the truss mechanism.

Calculation of ”arch

�arch D 2"0

sin 2�
(2.43)

Calculation of ”truss

�B D "PSH cos �

cot �
(2.44)

�A D 2"0

sin 2�

8<
:1 �

�
1 � pw�wy C �t cos2�

��Bsin2�

� 1
A

9=
; (2.45)

�truss D �A C �B (2.46)

Judgment of failure mode

� D min f�arch; �trussg (2.47)

Calculation of shear strength

”arch < ”truss(Mode 3)

�truss D pw�wy cot � C �t cos2� (2.48)

�arch D tan � .1 � ˇ/ ��B

2
(2.49)

ˇ D pw�wy

�
1 C cot2�

�C �t cot2�

��B

(2.50)
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”arch > ”truss(Mode 2)

�truss D pw�wy cot � C �t cos2� (2.51)

"1;arch D �truss sin � cos � (2.52)

�1;arch D ��B

(
1 �

�
1 � "1;arch

"0

�A
)

(2.53)

�arch D tan � .1 � ˇ/ �1;arch

2
(2.54)

(c) 1.0 < cot� < 2.0
When the calculation value obtained by Eq. (2.35) becomes 1.0 < cot� <2.0,

the amount of shearing reinforcement is somewhat large. The failure mode
is either mode 4, where destruction occurs when the compressive strut of
the truss mechanism reaches ��B, or mode 5, where destruction occurs when
the compressive strut reaches ��B by maintaining the resistance of the shear
reinforcement even after the tension strut of the truss mechanism reaches "PSH.
Distinction between these two failure modes depends on "PSH Hence, cot�
should not be used as the distinction criterion for these two modes, but "PSH

can be used. Based on the results of FEM analysis of cases in which the failure
mode became mode 5, the "PSH D 1.0% is used as the boundary value for failure
mode distinction.

When "PSH > 1.0%,Mode 4
When "PSH < 1.0%,Mode 5

�A D 2"0

sin 2�
(2.55)

�B D "w

sin 2�
(2.56)

"w D �
0:01 cos � � "wy

�
.cot � � 1/ C "wy (2.57)

�truss D �A C �B (2.58)

When "PSH > 1.0%,

�truss D pw�wy cot � C �t cos2� (2.59)

When "PSH < 1.0%,

�truss D pw�wy cot � (2.60)
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Fig. 2.35 Example comparing calculation values by proposed equation and FEM analysis

�arch D 0 (2.61)

An example comparing the calculation values by the proposed equation and
the FEM analysis for the relation of maximum strength Qu and "PSH is shown in
Fig. 2.35. The change of Qu according to the change of "PSH is approximately
reproduced according to this figure although the calculation value by the
proposed equation reproduces the result of the FEM analysis [56] considerably
on the safety side. However, differences are observed in the failure mode. These
differences may be due to the fact that although the failure mode is judged based
on the compressive strut angle (cot� D 1.0,1.0 < cot� < 2.0,cot� D 2.0) of the
truss mechanism, it does not provide an accurate measure of changes in failure
mode owing to "PSH.

2.2.4 Concluding Remarks

The experimental and analytical results presented in this report indicate that there
are substantial differences in the shear resisting mechanisms of R/C and R/SHCC
members. In order to develop a reliable yet simple model for prediction of the
shear load carrying capacity of R/SHCC members, this mechanism should be
further investigated under various test configurations (reinforcement ratios, shear-
span to depth ratio, etc.). To this end, finite element analysis can be efficiently used.
Consequently, the extensive source of existing experimental data cited in this paper
can be utilized to validate the model.

(P. Kabele, T. Kanakubo and H. Suwada)
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2.3 Finite Element Modeling

2.3.1 Introduction

Finite element (FE) modeling of SHCC materials and structures has mostly focused
at the following two objectives: reproduction and prediction of the specific fracture
phenomena that occur at the scale of a material sample (micro- to mesoscale)
and analysis of structural members/structures made of SHCC (macro- to structural
scale). The first category is represented, for example, by work of Dick-Nielsen
et al. [37, 38], who used a FE model to examine the effects of specimen geometry
and boundary conditions on the process of multiple cracking in a uniaxial tensile
test. The second category is of the main interest in the present chapter, since
these models can serve as tools for structural design and evaluation of structural
performance of SHCC. Structural FE analysis is also an important aid for practical
implementation of the Integrated Structures and Materials Design (ISMD) concept
[39], which implies a two-way interaction between structural design and material
development. Employing ISMD, structures are to be conceptually designed so as
to take full advantage of material properties, while materials are to be tailored to
specific structural needs.

For a structural FE analysis to fulfill the above objectives, the underlying
constitutive model and its implementation into an FEM framework should, in
particular, properly capture the specific mechanical phenomena of SHCC materials:
distributed multiple cracking as well as subsequent localization of damage and
formation and behavior of distinct large cracks. Furthermore the models should be
valid for:

1. Arbitrary stress state (tension, compression and their combination),
2. Arbitrary loading path at a material point (esp. non-proportional change of stress

components, change of principal stress direction)
3. Unloading, load reversals, cyclic loading, fatigue, creep, etc.

It is noted that most models presently available in the literature do not aspire
to fully meet all these criteria; some models are more biased toward accurately
representing the behavior under multiaxial stress state (criteria 1 and 2) while others
focus on the cyclic behavior or creep derived mostly from a uniaxial response
(criterion 3). In the forthcoming text we review some of the existing models.

2.3.2 Continuum Based Models

The models reviewed in this section adopt a phenomenological approach to
represent the SHCC material in multiple-cracking state. A cracked composite is
viewed as a continuum whose nonlinear deformation due to cracking is represented
by means of inelastic strain.
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Fig. 2.36 Response of 4-point bending beam (a) and compact tension test specimen (b) calculated
with plasticity-based model [40]

Kabele and Horii [40, 41] developed a plasticity-based model for two-
dimensional finite element analysis of structures made of SHCC materials. A similar
approach was also used by Kullaa [42]. The model combines the incremental theory
of plasticity with multiple yield functions and hardening rules for a material in
the multiple cracking state, and a discrete crack modeling concept for localized
cracks. The condition for initiation of pseudo strain-hardening behavior associated
with tensile multiple cracking is represented by the Rankine yield function.
Deformation resulting from multiple cracking is treated as an inelastic cracking
(plastic) strain. The anisotropy induced by multiple cracking is reflected by using
the kinematic hardening rule. Once the composite tensile strain capacity is attained
in any element and tension softening starts, a discrete crack is introduced in the
direction perpendicular to the maximum principal cracking strain. The discrete
crack is implemented by elements with embedded displacement discontinuity. The
material nonlinear behavior in compression was treated by von Mises plasticity
with isotropic hardening. The inelastic strain associated with the von Mises yield
function is separate from the cracking strain. As the input, the model accepted
the hardening portion of the uniaxial tensile stress–strain relationship, the tension
softening relationship and the compressive stress–strain curve. The model was
validated by successful reproduction of multiple and localized cracking in bending
beams (Fig. 2.36a) and by reproduction of cracking observed in compact tension
tests. The model, however, exhibits a tendency to overestimate stiffness and strength
of the compact tension test specimens (Fig. 2.36b) as well as of structural elements
failing in shear, such as shear beams.

Boshoff and van Zijl [44] proposed and implemented in FEM a constitutive
model for cracked SHCC based on the isotropic damage formulation. The model
treats both the distributed multiple cracking as well as subsequent fracture local-
ization associated with onset of softening behavior. The authors employ a modified
definition of equivalent strain, which makes it possible to capture shear-dominated
failure. The model of the softening material is regularized by incorporating a



2.3 Finite Element Modeling 43

localization length scale, which is related to the phenomenon of fiber pullout.
Subsequently, the finite element solution is mesh-size independent. The model was
verified by reproducing experiments failing in bending and shear.

Van Zijl and Boshoff [45] developed and implemented in FEM program DIANA
a constitutive model for rate-dependent behavior of SHCC. The model is based on
multisurface continuum plasticity and incorporates viscoelasticity for bulk creep.
The plasticity term, which uses the Rankine yield function, represents cracking. The
cracking rate term accounts for cracking viscosity and delayed fiber pullout. The
model was shown to capture rate-enhanced tensile resistance and creep fracture
under uniaxial tension.

2.3.3 Smeared Crack and Homogenization Based Models

This section is devoted to constitutive models for SHCC materials based on the
smeared crack concept or homogenization of continuum with cracks.

Takeuchi and Kabele [43, 46] adapted the fixed smeared crack model included
in general purpose FE program MARC [47] for SHCC materials. In the crack-
normal direction, linear hardening relation between stress and cracking strain is
used to describe the material behavior during the multiple-cracking regime. Linear
softening, defined in terms of stress vs. crack opening displacement, is used
for localized cracks. The authors recognize that crack sliding must be properly
treated in order to capture behavior of structural elements under complex loading
conditions, which result in non-proportional stress paths at different material points.
Hence it is considered that crack sliding is resisted by bridging fibers, which are
modeled as short elastic beams. The resulting overall shear stiffness depends on the
crack opening, which was implemented by a variable shear retention factor. The
model was validated by reproduction of experiments on the Ohno shear beams.
Nevertheless, the analytical results still showed somewhat stiffer response than
the experiment unless the crack shear (sliding) stiffness was considerably reduced
(Fig. 2.37). The model was then used to predict the performance of ECC panels
intended for seismic retrofit, ECC overlays undergoing shrinkage or ECC-based
repair of spalled concrete [43, 48].

Kabele [49, 50] established a systematic framework for equivalent-continuum
based modeling for SHCC in multiple cracking state by utilizing the methods
of micromechanics of solids with defects. The constitutive law is obtained as a
relationship between overall stress and overall strain of a representative volume
element (RVE). The RVE is chosen as a volume which contains a large number
of diffuse cracks, yet, compared to the scale of the analyzed structural member
can be regarded as a material point. The RVE is modeled as a solid element
throughout intersected by up to three mutually orthogonal sets of fiber-bridged
cracks. It is assumed that the first set of cracks occurs when the maximum
principal stress reaches the first-crack strength; the onset of subsequent orthogonal
cracks is controlled by the normal stress in the respective directions. The cohesive
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Fig. 2.37 Response of Ohno shear beam calculated by Kabele et al. [43]

relationship on individual cracks is derived separately for crack-normal (opening)
and crack-tangent (sliding) direction. The overall stress–strain relation in crack-
normal direction is calibrated experimentally. In the crack-tangent direction, it is
assumed that the bridging action is provided by the protruding parts of fibers
crossing a crack, which are modeled as short elastic beams (in a similar way as
in the earlier model [43, 46]). The equivalent-continuum based model was also used
to investigate fracture behavior of Ohno shear beams [58].

Han et al. [51] extended the total strain-based rotating crack model origi-
nally proposed for concrete by Feenstra (cited in [51], p. 750) for analysis of
R/ECC columns under cyclic bending load. The material response in directions
perpendicular and parallel with cracks was modeled by a stress function, which
involved a total strain and an internal variable that recorded the history of loading
and unloading. The stress function was based on experimental data obtained from
uniaxial reversed cyclic load tests. The authors studied the effect of accounting
for bond slip or not, reducing the initial stiffness of SHCC (assumed due to
shrinkage cracking) and varying the unloading/reloading response of SHCC. As
seen in Fig. 2.38, despite reducing the initial material stiffness and accounting for
bond-slip, the analyses predicted higher initial stiffness of the structure than what
was observed in experiments. Also, the computed hysteretic energy dissipation
was larger. However, the ultimate load and drift after several cycles matched the
experimental results well. The authors found that modeling of bond-slip has more
importance in capturing the global experimental response than does the assumed
initial stiffness of SHCC.

The constitutive model proposed by Han et al. [51] was also used by Kesner
and Billington [52] to analyze R/ECC in-fill panels. As it is obvious in Fig. 2.39,
the simulation was able to reproduce reasonably well the load capacity and residual
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Fig. 2.38 Response of cantilever column under bending load presented by Han et al. [51]: (a)
experiment (b) simulation with perfect bond vs. bond-slip and SHCC modulus reduced to 60%

Fig. 2.39 Response of R/ECC in-fill panel calculated by Kesner and Billington [52]

displacement of the panel up to about 2% drift. At higher drift levels, the residual
load carrying capacity of the panel was overestimated, which the authors attributed
to considering perfect bond and neglecting fracture of reinforcing steel bars.

Dick-Nielsen et al. [37] developed and implemented in FEM a plasticity-based
damage-mechanics model for SHCC materials. The model is based on the fixed
multiple smeared crack approach. In contrast to other models, cohesive effects on
cracks are attributed not only to fibers, but also to matrix interlock. The matrix crack-
bridging effect is described using a plasticity damage model. The model is therefore
able to capture the dilation effect that occurs during mode II crack opening (sliding).
The model provides information about crack opening orientation and spacing.
Capabilities of the model have been demonstrated by a simulation of material
response to non proportional loading and reproduction of a SHCC panel [37].
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Fig. 2.40 Response of Ohno
shear beam calculated by
Kanda [12]

2.3.4 Modified Concrete Models

In this section we review some other models used for numerical analysis of SHCC,
which were obtained by modification of existing models for concrete.

To analyze the behavior of a reinforced ECC (R/ECC) Ohno shear beam, Kanda
[12] modified an FE model originally developed for reinforced concrete by Ishida
(cited in [12], p. 267). The modification consisted in changing the material uniaxial
stress–strain relationship in the crack-normal direction so as to reflect the increased
tensile ductility of ECC. The model reproduced the ultimate load carrying capacity
under monotonic loading of a shear beam. However, the prepeak load–displacement
curve showed higher stiffness – see Fig. 2.40.

Xoxa [11] based his model on the modified compression field theory originally
proposed by Vecchio and Collins (cited in [11], p. 110). Xoxa’s model variant,
which implemented tensile hardening and the assumption that the panel remained
a single body even after cracking, captured fairly well the tendency of the prepeak
load-deformation curves, but the relative difference of the calculated and exper-
imentally obtained ultimate load ranged from �15% to C1%, depending on the
panel reinforcement arrangement.

Suwada and Fukuyama [53] adapted the orthotropic model proposed by Darwin
and Pecknold (cited in [53], p. 50) for SHCC materials. The proposed model was
based on nonlinear uniaxial stress–strain relations (separate for tension and for
compression), which were generalized for a multiaxial stress state by means of
failure surface. The tensile behavior of SHCC was represented by a multilinear
stress–strain relationship which included both hardening and softening. The model
also accounted for reduction of compressive strength due to cracking induced by
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lateral tension, which was based on experiments. The model was applied to simulate
experiments on short reinforced SHCC beam-columns exposed to combination of
axial and shear load. The specimens were designed to fail in shear diagonal tension
mode (DT series) or in shear compressive mode (SC) series. As seen in Fig. 2.41, the
load capacity was captured well by the model in all cases. The hardening response
was also well represented for the SC series. However, when the failure was governed
by shear-tension (DT series), the numerically reproduced response was much stiffer.

Suryanto et al. [18] modified the model originally developed for reinforced
concrete by Maekawa et al. (cited in [18], p. 240) to suit analysis of SHCC elements.
The proposed model retained the fundamental features of the original model,
including the path-dependent formulations and the assumption of average stress and
average strain. The modification mainly consisted of changing the tensile stress–
strain relation to represent hardening behavior during multiple cracking phase. In
addition, a particular attention was paid to properly treating the shear transfer on
cracks, attributed to crack surface friction and fiber bridging. The authors considered
that due to the lack of coarse aggregates, cracks in SHCC materials exhibit reduced
shear resistance compared to that of ordinary concrete. The proposed model was
successfully used to reproduce behavior of shear-critical ECC members exposed to
stress field with rotating principal direction (Fig. 2.42, see also Sect. 2.2.2.1).

2.3.5 Individual Crack Based Model

Kabele [54] noticed that constitutive models which treat SHCC in multiple cracking
state as an equivalent continuum with monotonous hardening, and thus neglect
sequential formation of individual cracks (see Sect. 2.3.3), often exhibit a tendency
to overestimate pre-peak stiffness of structural members, in which the material
undergoes non-proportional loading. Noting that analyses of such members are
often conducted with very fine meshes, in which elements are smaller than the RVE,
the author proposes to represent individual cracks in the FE model. Response of
such cracks is governed by a traction-separation law, which incorporates bridging
effects of both matrix and fibers. As opposed to the earlier discussed homogenized
approach, the present traction-separation relation includes a drop of the cohesive
traction following matrix cracking and preceding the rebound associated with
activation of fiber bridging (Fig. 2.43). Cracks are eventually represented by the
smeared approach on an element level, but the constitutive relation is regularized
with respect to element size, by which the discrete character of crack treatment
is maintained. The model was successfully used to reproduce overall response
and shear failure of Ohno beams. More details of these analyses are discussed in
Sec. 2.2.2.2.

(P. Kabele)
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Fig. 2.42 Load-deflection curves of plates with inclined pre-cracks exposed to 4-point bending
[18]. Parameter A represents the reduction of crack shear resistance

Fig. 2.43 Homogenization based concept (a) vs. individual crack based concept (b). [54]

2.4 Ductility and Anti-seismic Design

Structural behavior of R/SHCC beams, columns and dampers are compared with
those of RC beams columns and dampers, respectively, from the view point of
ductility critical to structural elements in aseismic design.

2.4.1 Comparison of Structural Behavior Between R/SHCC
Elements and R/C Elements

Structural behaviors of R/SHCC elements are compared with that of R/C elements
to indicate the influences of SHCC utilization to the structural performance.

(a) Beams [55]
The Ohno-type cyclic loading test with four beam elements was conducted.

The main objective of the test is to investigate the upgrading effects on structural
performance in energy dissipation due to ductility and damage tolerance of the
R/SHCC beams. PVA fiber with 1.5% in fiber volume fraction was used in the
R/SHCC beams. The cross section in clear span of the beams is 200 mm in
width, 270 mm in depth, and its length is 1,080 mm. Variables in the test are
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Fig. 2.44 Shear force – deflection angle relationships and damage properties at 5% rad

type of cement materials (concrete and SHCC) and bar arrangements due to the
planned failure modes, shear failure and bond splitting failure, of the control
RC beam specimens.

Figure 2.44 shows comparisons of shear force – deflection angle relation-
ships and damage pattern due to cracking between R/C control beams (No.8
and No.11) and R/SHCC beams (No.2 and No.6). The deflection angle is
relative vertical deflection between both ends of the beam divided by its clear
span. A pair of RC beam (No.8) and R/SHCC beam (No.6), and a pair of
RC beam (No.11) and R/SHCC beam (No.6) have the same bar arrangements,
respectively.

The R/C beam (No.8) failed in shear at around 1% in deflection angle as
expected in design. On the other hand, R/SHCC beam (No.2) exhibited very
ductile structural behavior without shear failure. The damage level due to the
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crack pattern observed in the R/C beam (No.8) was much higher than that
observed in the R/SHCC beam (No.2). Then SHCC material contributed to
structural upgrading in shear capacity and damage reduction.

The R/C beam (No.11) failed by bond splitting after yielding at around
2% in deflection angle as expected in design. However, R/SHCC beam (No.6)
exhibited very ductile structural behavior with neither bond splitting failure nor
bond splitting cracks. The damage level due to the crack pattern observed in
the R/C beam (No.11) was much higher than that observed in the R/SHCC
beam (No.6). Then SHCC material contributed to structural upgrading in bond
splitting capacity and damage reduction.

In both cases, high ductility can be achieved by avoiding any brittle failure
like shear failure and bond splitting failure by using SHCC material. Therefore,
SHCC material has structural upgrading effects in shear, bond splitting and
damage tolerance.

(b) Columns [55]
The cyclic loading test under anti-symmetrical moment condition (double

moment condition) of two column elements was conducted. The objective of
the column test is the same as that of the beam test.

The configuration and bar arrangements are shown in Fig. 2.45a. The cross
section in clear span of the columns is 300 mm square and its length is 900 mm.
The axial force applied to the column is 20% of the axial compressive strength
of the column, which calculated ignoring the contribution of the steel bars.

Damage properties and shear force – deflection angle relationships of both
specimens are illustrated in Fig. 2.45c. The damaging process and failure mode
of the RC column was similar to those observed in the R/C beam (No.8).
However large bond splitting cracks were observed as shown in Fig. 2.45b. The
R/C column failed in shear without yielding of the longitudinal bars. After that,
the resistant shear force in the skeleton curve of shear force – deflection angle
relationship decreased with increase of deflection angle. On the other hand, the
R/SHCC column failed in neither shear nor bond splitting. It showed very good
ductile behavior up to the end of the test with initiation of the fine cracks as
shown in the beam tests. Since the damage of the R/SHCC column was also
much lighter than that of the R/C column, SHCC could upgrade the damage
tolerance of seismic resistant structural elements.

(c) Dampers (Ductile elements with small depth to length ratio) [13]
The structural performance of R/SHCC damper with small depth to length

ratio used for response control of RC structures was examined using the static
loading test. The test results of a R/SHCC damper were compared with those
of mortar damper reinforced with steel hoops (R/Mortar) as shown in Fig. 2.46.
R/Mortar were badly damaged and eventually fractured due to the large shear
force and compressive force. The deformation capacity of R/Mortar was less
than 3%. On the other hand, large deflection capacity of over 13% rad. under the
very high average shear stress of 6 N/mm2 and damage reduction effect were
observed in case of the R/SHCC damper which has the same bar arrangements
as the case of R/mortar.
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Fig. 2.45 Bar arrangements and test results of column specimens

As shown in Figs. 2.44, 2.45 and 2.46, SHCC materials have a reinforcing
effect for shear and bond splitting. Thus, very ductile structural behavior can be
achieved by preventing brittle failures, shear failure and bond splitting failure
by using SHCC instead of concrete.

2.4.2 Design Concept of RC Elements and Advantage
of SHCC Utilization

Capacity oriented design or ductility oriented design are generally applied for
seismic design of R/C structures.

Sufficient amount of strong structural elements like R/C shear walls are arranged
to resist against big earthquake motion in the capacity oriented design. The max-
imum capacity of structural elements when brittle failure occur can be drastically
increased by using SHCC instead of concrete because of the reinforcing effect of
SHCC. Usually, maximum shear stresses of R/SHCC elements are much higher
than those of R/C elements. The increase of elemental capacity leads to increase of
structural capacity.
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Fig. 2.46 Lateral-loading-test results of HPFRCC device compared with mortar device

On the other hand, seismic energy can be dissipated due to ductility of structural
elements by avoiding any brittle failure in ductility oriented structural design.
Elemental configuration, bar arrangements, strength of materials and so on should
be appropriately adjusted to obtain the necessary ductility of the elements. The
integrity concrete and steel reinforcement in R/C elements is easily collapsed
when the elements deflect largely. Then shear failure or bond splitting failure after
yielding of elements may occur in case that the ratio of shear capacity (or bond
splitting capacity) to flexural capacity decreases toward 1. However, since SHCC
can maintain integrity between steel reinforcement and SHCC at large deflection,
R/SHCC elements exhibit very ductile structural behavior avoiding any brittle
failure.
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Fig. 2.47 Comparison of damage at 1/200 rad. of non-structural walls

Suwada [36] proposed an evaluation method for ductility of R/SHCC elements
using shear capacity to flexural capacity ratio. This ratio is already used for R/C
buildings in seismic retrofitting design in Japan [56]. However, there are not enough
test data to evaluate the ductility of structural elements with SHCC materials.

Fukuyama et al. [57] proposed an application method of SHCC to non-structural
walls whose contribution to seismic resistance of structures is ignored in the usual
structural design. Since the capacity and ductility of the non-structural wall with
SHCC can be drastically increased, its structural contribution can be counted in the
seismic design. It is not non-structural wall any more. However, evaluation method
to predict the capacity and ductility of new R/SHCC elements should be developed
for taking into account its contribution in the design.

The seismic design of structures with R/SHCC elements can be performed using
the capacity spectrum method or time history earthquake response analysis if we
have information of necessary data for these analyses like lateral force – deflection
relationships (Fig. 2.47).

(H. Fukuyama and H. Suwada)
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Chapter 3
Application of SHCC

Abstract Utilizing concept for SHCC as a new material, SHCC material evaluation
for application, and actual application examples are presented in this chapter.
SHCC has been applied to newly constructed structures, making use of its excellent
mechanical performance. It has also been used for surface repair of existing concrete
structures making use of its finely distributed cracking behavior. Appropriate use
of the tensile performance can work out a structural component excellent in both
durability and mechanical performance.

Keywords Structural element • Anti-seismic • Repair • Retrofit • Fatigue •
High-rise building • Steel bridge

3.1 Introduction

SHCC shows remarkably high ductility under uniaxial tensile stress and excellent
performance distinguished from conventional cementitious materials by multiple
cracking and strain hardening behavior. Characteristics of SHCC include crack
width controlling capability keeping crack width in a permissible range. SHCC has
been applied to bridge decks and building dampers, making use of its excellent
mechanical performance. It has also been used for surface repair of concrete dams,
water channels, and retaining walls making use of its finely distributed cracking
behavior. Appropriate use of the tensile performance can work out a structural
component excellent in both durability and mechanical performance.

A technical committee in Japan Concrete Institute, Performance Evaluation
and Structural Use of Highly Ductile Cementitous Composite (Chairman Prof.
Rokugo, from 2001 to 2004), played an important role in the progress of application
in SHCC. Inheritance of the technical committee was developed in two JSCE
committees, the subcommittee of the Concrete Committee for Evaluation and Use of
the Fiber Reinforced Mortars with Multiple Fine Cracks (Chairman Prof. Rokugo,
from 2004 to present) and the Drafting of the Guideline for Multiple Crack Type

K. Rokugo and T. Kanda (eds.), Strain Hardening Cement Composites:
Structural Design and Performance, RILEM State-of-the-Art Reports 6,
DOI 10.1007/978-94-007-4836-1 3, © RILEM 2013
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Fiber Reinforced Cement Composite (Chairman Prof. Rokugo, from 2005 to 2008)
which led to the publication of world’s first guideline for design and construction of
SHCC. This may result in a milestone for a broad dissemination of the material and
an evidence of foregoing Japanese research on SHCC.

In the following, utilizing concept for new material like SHCC, SHCC material
evaluation for application, and actual application examples are presented.

(T. Kanda)

3.2 A Concept for Use of New Materials

3.2.1 Performance Based Design for SHCC Application

Performance-based design is a sophisticated design concept that allows engineers
to set freely the level of structural performance. Under this concept, the structural
designer creates the building structure based on the required structural performance,
evaluates whether it is satisfied, and the evaluated performance is stated.

When structural performance is evaluated and the results are disclosed, clients
will be able to regard building structures as market products whose performance
level and total cost can be compared just like automobiles and computers (Fig. 3.1).
Clients will then be able to request an appropriate level of performance, which is
not necessarily the minimum level requirement stated in the present code.

The social requirements for infrastructure and building structures have been
ever changing along with social and economic development. As peoples’ lifestyles
and social activities have diversified in recent years, the performance items and
levels that people require to infrastructure and building structures have become
more diversified too. This tendency will continue in the future as long as society
keeps maturing. Technical development in the twenty first century should aim to
adequately meet such changing requirements of an evolving society. Therefore, the
development of new technologies and materials to realize high performance that
meets social requirements adequately will be expected. The following concepts are
indispensable for utilization of new materials.

< Performance >

Level-A

Level-B

Level-C

Level-D
(Minimum
requirement)

< Cost >

$ AAA
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$ CCC

$ DDD

(Previous)    (Future)
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Level-B

Level-C

Level-D
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Fig. 3.1 Performance menu
(comparison between
performance level and cost)
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(i) New materials should coexistence with conventional materials
Conventional social requirements have been met by using conventional ma-
terials appropriately. Then, new materials are not necessary to use for this
objective. The conventional materials can continue to be used. The target
area for applying the new materials is the elements that the new types of
performance or higher level in conventional performance item are required.
Then new materials should coexist with conventional materials. However, their
role should be different.

(ii) Watch the social change
Performance requirement is always based on the social and economical
condition, any social and/or economical changes should not be missed. Then
it is very important to watch any sign of change related to performance
requirements of structures.

(iii) Cooperation between material engineers and structural engineers including
structural designers is indispensable
The strong cooperation between specialists in the material engineering area
and specialists in the structural engineering area, especially structural designer,
is highly expected. It is indispensable to seek new technology using new
materials in order to meet the new social requirements. Close discussion
between people from material engineering and structural engineering should
be accelerated.

3.2.2 Potential Application

Following are examples of ideas of SHCC application based on “a concept for use
of new materials” described in Sect. 3.1. Experimental and analytical research were
conducted to investigate structural performance of the structures or members.

3.2.2.1 SHCC Dampers [1]

One of the lessons from the 1995 Kobe earthquake is many buildings with soft
first story damaged severely even though the buildings were designed according
to the current code. Then it is necessary to develop the strengthening method
for the buildings with soft first story without reducing open space in the first
story. Fukuyama [1] introduced an application example of SHCC dampers used for
increasing structural safety by reducing response drift of the first story as well as
increasing structural resiliency by reducing structural damage. The SHCC damper is
a SHCC short column reinforced with steel bars that has very high strength, stiffness
and ductility compared with conventional RC columns with the same configuration
and bar arrangement. An analytical study on the seismic response of a soft first story
building with and without such SHCC dampers was performed as a case study to
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DamperDamper

Fig. 3.2 SHCC dampers for
response control of buildings
with soft first story

investigate the feasibility of the proposed technique for damage mitigation against
large earthquakes. The results indicate that SHCC dampers can reduce the drift angle
of the soft first story from 2% to 0.5% in the case of seismic input with maximum
velocity normalized at 50 cm/s. Since a drift angle of 0.5% means an elastic response
of the structure, SHCC devices are confirmed to have significant potential as a new
structural technology for structural safety and damage mitigation (Fig. 3.2).

3.2.2.2 Ductile Shear Wall [2]

RC Shear wall is an effective element for seismic retrofit to increase only capacity
of RC buildings. However, if they have large ductility to be a ductile shear wall,
the seismic retrofit with them will be much more effective to increase structural
safety by increasing capacity and ductility. Fukuyama et al. [2] introduced one
type of ductile shear wall which is consisted with a couple of SHCC dampers and
experimentally investigated that this wall exhibited high strength and high ductility
(Fig. 3.3).

3.2.2.3 SHCC Wall with Large Opening [3]

RC walls can be classified into two categories. One is a shear wall with thickness
of 12 cm or larger and with enough amount of steel bar in vertical and horizontal
exhibits large lateral capacity. Another one is non-structural wall with large
openings in the usual case whose contribution to seismic resistance of structures
is ignored in the usual structural design. This is because the stiffness and lateral
capacity of the RC non-structural wall are much smaller than those of shear wall.

However, Fukuyama et al. [3] introduced that if the SHCC is used instead
of concrete of non-structural wall, its capacity and ductility can be drastically
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Fig. 3.3 “Ductile shear wall”
with multiple SHCC dampers

increased. Then the structural contribution such as capacity and damage tolerance
of SHCC wall with large opening can be expected in the seismic design. Figure
2.39 shows the contrast of damage states at 1/200 rad in drift angle. These facts
demonstrate structural wall with large opening, which is a new type of structural
elements, can be established by using SHCC.

(H. Fukuyama and H. Suwada)

3.3 SHCC’s Material Characterization for Application

A unique feature of SHCC lies in tensile performance including pseudo strain-
hardening tensile stress–strain behavior and crack width controlling capability,
while compressive performance is not very different from that of the normal
concrete. To reflect the tensile performance in structural design, three major material
properties, tensile yield strength, ultimate tensile strain capacity and maximum
crack width, are defined. The first two characteristics can be determined by a
direct tensile test [4] as shown in Fig. 3.4. When the tensile stress–strain relation
is determined with the proposed method, sample data of the tensile yield strength
and the ultimate tensile strain capacity can be obtained as shown in Fig. 3.5, and the
characteristic values of tensile yield strength ftyk and ultimate tensile strain capacity
"tuk are to be determined taking account of their variations. Examples of variation
in the tensile yield strength and the ultimate tensile strain capacity are shown in
Figs. 3.6 and 3.7. A schematic representation of the characteristic values and the
measured sample data is shown in Fig. 3.8.

The characteristic value of crack width can be defined as the maximum crack
width for which a test method is proposed [5]. In this test method, crack widths
as shown in Fig. 3.9 are measured under the tensile loading performed in the same
way as in Fig. 3.4. The crack width measurement can be executed either with direct

2.39
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Fig. 3.9 Multiple fine cracks
in ECC and characteristic
values
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microscope observation or indirect estimation based on the number of cracks and the
tensile strain. When the crack width data are obtained, the maximum crack width is
determined taking account of variations as shown in Fig. 3.10.

(T. Kanda)

3.4 Application Examples

3.4.1 Advantages for R/SHCC Application

Among SHCC materials, Engineered Cementitious Composite – ECC shows excel-
lent material properties and applicability and a wider dissemination is expected [6].
Hereafter we will mainly deal with ECC regarding the state-of-the-art of research,
problems and future prospects.
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A structural member combined with steel members and ECC is called R/ECC
(abbreviation of Reinforced ECC) and shows unique characteristics largely different
from the conventional RC and PC, which is regarded as a structural form of new
generation. As well known, structural form of both RC and PC expect compressive
resistance from concrete, tensile resistance from steel and shear resistance both from
concrete and steel placing right materials in the right positions. While in R/ECC
where concrete is replaced with ECC, the role of concrete for shear resistance is
extended over tensile resistance and an increase in tensile strength by addition of
ECC to steel can be expected.

R/ECC also shows an interesting feature in protecting steel from corrosion unlike
other structural forms. Cracking at working conditions is not perfectly avoidable in
concrete members and ingress of harmful species for corrosion through the cracking
parts may lead to a progress of steel reinforcement corrosion resulting in degradation
of structural members. However in R/ECC, it was proven that narrow crack widths
and generation of multiple cracks prevent mass transport resulting in a lower
corrosion rate than that of normal concrete. Hence R/ECC has excellent corrosion
protection capability for reinforcing steels and can restrict structural members from
degradation due to steel corrosion.

Examples of applying these characteristics, tensile resistance and corrosion
protection capability, will be introduced in the following chapters. Full use of
R/ECC as a third generation of structural form other than RC and PC could realize
a structure with excellent durability and safety in a cost-effective manner.

3.4.2 Use of Tensile Performance for Tunnel Lining

As an example using tensile resistance of ECC, application to inner lining of
tunnel is first introduced here. There are several options of reinforcing measure
for considerably damaged tunnels but all of them are expensive and are likely to
take longer construction duration. Thick inner reinforcing construction may often
invade inner space for service. Hence thin inner reinforcing construction method
with compressive and tensile resistance, safety and cost effectiveness is needed.
An inner reinforcing construction using R/ECC has been proposed to meet the
requirement [4]. In this construction method, expanded metals are fixed on the inner
wall surface on which ECC is sprayed. The resulting thickness of 50 to 70 mm is a
major characteristic and almost a half of the conventional constructions as shown in
Fig. 3.11. Further advantages include excellent tensile resistance of ECC and steels
to local stresses that occur in the tunnel lining, and minimization of flaking and
de-lamination risks by fixing steels on the existing liner before ECC spraying.

A full-scale loading test for the R/ECC liner construction as shown in Fig. 3.12
was reported [7]. It was confirmed that the maximum load after R/ECC construction
was 1.3 times greater than that before construction (Fig. 3.13).

This method was applied to the emergency recovery construction of the Ten-
nou tunnel of JR Joetsu line damaged by the Niigata Chuetsu Earthquake [4].
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Fig. 3.11 Tunnel liner reinforcing construction with R/ECC
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Fig. 3.14 Execution of R/ECC liner reinforcing construction

The Ten-nou tunnel suffered considerable damages in lining concrete such as cracks
and flaking and the R/ECC liner construction was applied to particularly damaged
sections of total 37 m long. Construction area was 500 m2 and amount of ECC was
approximately 25 m3 (thickness of 50 mm). Works were done night and day on a
two-shift system and finished in 10 days (Fig. 3.14).

3.4.3 Use of Tensile Resistance for Steel Floor Deck

Second example using tensile resistance of ECC was a top thickening reinforcement
of steel floor deck. Associated with an increase in traffic and heavy vehicles, fatigue
damages to steel floor deck have become a serious problem and ECC (see Figs. 3.15
and 3.16) was applied to the top reinforcement [8]. Intended structural merits were
increase in stiffness as a hybrid structure of steel deck and ECC and increase in
fatigue resistance as a result of stress reduction in steel deck, which was realized by
combining a ECC floor slab and existing steel deck with a FRP plate dowel [9]. As
an upper thickening material of steel deck, ECC with excellent crack width control
capability and tensile resistance capability works satisfactorily if undergone a large
tensile strain. In the hybrid floor, thickness of ECC was restricted as thin as 40 mm
to avoid a dead load increase and integration with the steel deck must be done within
the limited thickness. The FRP plate dowel with a thickness of 10 mm has solved
this problem.

This work was realized at the Mihara bridge (Single cable stayed bridge of 972 m
long, Ebetsu city, Hokkaido prefecture, Japan) as a fatigue durability upgrading
[8]. Completed construction of thickening with ECC is shown in Fig. 3.14. In the
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reinforcing construction of the Mihara bridge, a large scale construction was
required including mass production of ECC for 800 m3 and laid down construction
of 20,000 m2. ECC was produced in a ready-mixed concrete plant during exclusive
operation at night and the laid down construction was executed with improved
concrete paving machines followed by manual troweling. These measures worked
well as reported (Fig. 3.17).

3.4.4 Use of Steel Protection Capability for Surface Protection
Against Carbonation

For carbonation prevention, paint type lining materials are often applied to rein-
forced concrete structure for which a long-term durability is required. However
under flexural fatigue loads, surface coated members may cause cracks [10] and
development of crack width associated with subsequent changes in loads. This
results in a problem that the protective capability of the coating would decrease
in a very short time within the regular repair interval of e.g. 20 years. ECC could be
favorably applied to such cases that surface protective coatings are involved.

ECC protective overlay provides several advantages including control of crack
width [11] due for instance to flexural fatigue as shown in Fig. 3.18, prevention of
carbonation and decrease in steel corrosion rate.
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Fig. 3.17 Thickening construction of bridge floor overlay

Fig. 3.18 Crack width
controlling mechanism
of ECC overlay

To verify the crack width control capability of ECC protective overlay, an
imitated RC beam was subjected to flexural loading and introduced flexural cracks
followed by ECC overlay construction and subsequent repeated loadings. As a
result, crack width of ECC protective overlay after repeated loading of 17 million
times was just a half of that without ECC and reinforcement as shown in Fig. 3.19.
This means that the crack width control capability can also be expected in the case
of fatigue loading. Furthermore, the restriction of corrosion rate on the basis of the
crack width control capability was confirmed. An example of application of ECC
protective overlay is the construction of bottom surfaces of a railway viaduct as
shown in Figs. 3.20 and 3.21.
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Fig. 3.21 Execution of test construction

3.4.5 Seismic Application of Coupled Tensile Resistance
and Steel Protection Capability

Application of ECC to seismic members subjected to large deformation has
been widely studied [12, 13], for which representing practical applications were
documented [14]. In this report, R/ECC joint beams between seismic core walls of
high-rise RC building (Fig. 3.22) was targeted, and a design method was developed
in compliance with the following two requirements, (1) no substantial strength
degradation at a member angle as high as 4% (0.04 rad.) after flexural failure and (2)
no cracks influencing durability with a width larger than 0.3 mm after an earthquake.
As a result, required performance was attained and two applications were realized.
One of them is shown in Fig. 3.23.

3.4.6 Joint and Overlay Applications

Application example other than above, making use of tensile resistance character-
istic, is R/ECC PCa hybrid floor, which was designed to meet a requirement for
the upgrade of highway bridges. Excellent fatigue durability was confirmed by
fatigue test with design wheel loads [15]. Another application of ECC to highway
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Fig. 3.22 R/ECC joint
beams between seismic core
walls of high-rise RC
building

Fig. 3.23 Realization of
R/ECC joint beams
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Fig. 3.24 Crack pattern in
an ECC repair layer [19]

bridges is a bottom surface thickening of floor slab with particular cases of repair
under in-service conditions. A fixed-point loading fatigue test was performed and a
possibility of excellent fatigue resistant repair method was suggested [16].

Similar to the application of reinforcing steel protective capability, mass transport
reducing capability of ECC overlay has been applied to retaining walls, dams and
agricultural channels. Rokugo et al. applied ECC overlay to retaining walls damaged
by alkali-aggregate reactions and good results were reported [17]. ECC overlay
was also applied to an aged dam whose concrete surface of the upstream side
was severely damaged [18]. Some test constructions of ECC applied to agricultural
channels were reported.

ECC has also been used for repair layers on cracked concrete surfaces. In
coatings on cracked concrete surfaces, crack opening displacements in the substrate
may lead to local stress concentrations and cracking within the covering layer.
However, repair layers made of ECC appear to be comparably resistant to such
loading conditions. Because of their high deformability these materials are capable
of bridging cracks in the substrate.

An ECC with a maximum aggregate size of 0.5 mm and a PVA fibre content
of 2.2% by volume has been chosen. At first, the crack bridging capacity of this
material was investigated in laboratory experiments [19]. Figure 3.24 shows the
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Fig. 3.25 Concrete surface in the vicinity of a sewer before repair (left) and 4.5 month after repair
(right) [19]

crack pattern in a 3 cm thick ECC layer which was applied on the cracked tensile
face of an unloaded reinforced concrete beam, see upper part of Fig. 3.24. After the
application of the ECC repair layer, the beam was subjected to bending again and
it was found that the repair layer could bridge the distinct cracks being opened in
the substrate. Under increasing load, a pattern of multiple fine cracks with widths
below 50 
m was formed in the ECC layer. Zero-span elongation tests were also
performed and yielded the same results. From the laboratory experiments it could
be concluded that ECC repair layers with thicknesses of about 3 cm to 4 cm may
bridge cracks in a concrete substrate up to a crack opening displacement of about
0.6 mm.

In several pilot applications, the chosen material has been successfully used
under site conditions for repair layers on cracked concrete surfaces [19]. An ECC
layer with a thickness of about 3 cm was applied on a cracked park deck. Despite
noticeable thermally induced crack opening displacements in the concrete substrate,
no visible cracks were found on the surface of the repair layer.

Figure 3.25 shows on the left side a concrete slab on grade which was severely
damaged in the vicinity of a sewer. Several attempts of patch repair failed before
finally ECC was applied as a repair material. The ECC patch, see Fig. 3.25 on the
right side, survived five cold seasons so far and could withstand heavy traffic loads.

(T. Kanda, K. Rokugo and V. Slowik)

3.5 Conclusions and Future Tasks

Several actual SHCC application projects have been realized in the world and such
application is expected to extend the limit in regular R/C structures. However,
application examples introduced in this report were realized owing exclusively to
highly skilled engineers and research workers on SHCC who examined materials
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and structures according to individual design and construction conditions on a
case-by-case basis. The present situation does not allow inexperienced engineers
to make full use of SHCC due to a lack in technical guidelines. Necessary tasks for
SHCC to play an important role in the future are as follows.

1. Determination of standard method for tensile test.
2. Establishment of evaluation method for tensile performance (tensile strength,

ultimate tensile train etc.) of materials
3. Evaluation method of crack performance such as crack width and distributions
4. Serviceability limit state and limit state design method taking into account tensile

performance of materials (immediate actions for guidelines)
5. Versatile construction and quality control method for large-scale constructions

Application of SHCC is still in incunabula and associated with problems, while
it poses a unique feature that has never been presented by the existing cement-
based materials. A worldwide active research and development of SHCC imply a
possibility to realize concrete structures with excellent safety, serviceability and
durability performance.

(T. Kanda and K. Rokugo)
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PRO 65: Design Performance and Use of Self-consolidating Concrete, SCC’2009,
(2009) 913 pp., ISBN: 978-2-35158-073-8; e-ISBN: 978-2-35158-093-6; Eds. C.
Shi, Z. Yu, K. H. Khayat and P. Yan

PRO 66: Concrete Durability and Service Life Planning, 2nd International
RILEM Workshop, ConcreteLife’09, (2009) 626 pp., ISBN: 978-2-35158-074-5;
e-ISBN: 978-2-35158-085-1;Ed. K. Kovler

PRO 67: Repairs Mortars for Historic Masonry (2009) 397 pp., e-ISBN: 978-2-
35158-083-7;Ed. C. Groot



84 RILEM Publications

PRO 68: Proceedings of the 3rd International RILEM Symposium on ‘Rheology
of Cement Suspensions such as Fresh Concrete’ (2009) 372 pp., ISBN: 978-2-
35158-091-2; e-ISBN: 978-2-35158-092-9; Eds. O. H. Wallevik, S. Kubens and
S. Oesterheld

PRO 69: 3rd International PhD Student Workshop on ‘Modelling the Durability of
Reinforced Concrete’ (2009) 122 pp., ISBN: 978-2-35158-095-0; e-ISBN: 978-
2-35158-094-3;Eds. R. M. Ferreira, J. Gulikers and C. Andrade

PRO 71: Advances in Civil Engineering Materials, Proceedings of the ‘The 50-year
Teaching Anniversary of Prof. Sun Wei’, (2010) 307 pp., ISBN: 978-2-35158-
098-1; e-ISBN: 978-2-35158-099-8; Eds. C. Miao, G. Ye, and H. Chen

PRO 74: International RILEM Conference on ‘Use of Superabsorsorbent Polymers
and Other New Additives in Concrete’ (2010) 374 pp., ISBN: 978-2-35158-104-
9; e-ISBN: 978-2-35158-105-6;Eds. O.M. Jensen, M.T. Hasholt, and S. Laustsen

PRO 75: International Conference on ‘Material Science – 2nd ICTRC – Textile
Reinforced Concrete – Theme 1’ (2010) 436 pp., ISBN: 978-2-35158-106-3;
e-ISBN: 978-2-35158-107-0; Ed. W. Brameshuber

PRO 76: International Conference on ‘Material Science – HetMat – Modelling of
Heterogeneous Materials – Theme 2’ (2010) 255 pp., ISBN: 978-2-35158-108-7;
e-ISBN: 978-2-35158-109-4;Ed. W. Brameshuber

PRO 77: International Conference on ‘Material Science – AdIPoC – Additions
Improving Properties of Concrete – Theme 3’ (2010) 459 pp., ISBN: 978-2-
35158-110-0; e-ISBN: 978-2-35158-111-7;Ed. W. Brameshuber

PRO 78: 2nd Historic Mortars Conference and RILEM TC 203-RHM Final
Workshop – HMC2010 (2010) 1416 pp., e-ISBN: 978-2-35158-112-4; Eds J.
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Truss mechanism, 28, 29, 31–34, 36–40

V
Volume fraction, 16, 22, 23, 49
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