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The process of designing Strain Hardening Cementitious Composites (SHCC) is driven by the need to achieve
certain performance parameters in tension. These are typically the pseudo-strain hardening behavior and the
ability to develop multiple cracks. The assessment of the tensile load-deformation behavior of these materials
is therefore of great importance and is frequently carried out by characterizing the material tensile stress–
strain behavior. In this paper an alternative approach to evaluate the tensile performance of SHCC is investi-
gated. The behavior of the material in tension is studied at the level of a single crack. The derived tensile
stress-crack opening behavior is utilized to analyze and compare the influence of various composite param-
eters on the resulting tensile behavior. The deformations occurring during tensile loading are furthermore
examined using a digital image-based deformation analysis technique to gain detailed insight into the
crack formation, propagation and opening phases.

© 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The recent technological development of a wide variety of fibers
has been creating new opportunities for the development of fiber
reinforced cementitious composites as structural materials. The
behavior of these distinct fibers, which are dispersed in the cemen-
titious matrix, can assume diverse forms and dimensions, allowing
the development of numerous functional properties of these mate-
rials. In particular, when fiber reinforced cementitious composites
are designed to develop strain hardening in tension, so-called Strain
Hardening Cementitious Composites (SHCC) are obtained. From the
viewpoint of structural design, the strain hardening ability in tension
is often referred to as the most relevant feature of SHCC.

Pseudo-strain hardening in tension exhibited by SHCC is the
consequence of the development of multiple cracks under tensile
loading. Tensile hardening at the level of a single crack is the main
prerequisite of this composite response to tensile loading. This mate-
rial property represents a dual advantage in engineering applications:
while more cracks develop at the same tensile deformation level, the
individual crack openings are significantly smaller. The result of this
multiple cracking behavior is enhanced durability and better preser-
vation of functional properties in the structural elements. Conversely,
higher energy dissipation ability exists at the level of a single crack,
which is amplified by the large number of cracks typically developed.
These materials are therefore designed to exhibit high toughness and
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significant tolerance to damage in tension. Over the past few decades
the research carried out in SHCC materials has suggested different
approaches to the design of these materials [1,2]. Engineered Cemen-
titious Composites (ECC), a class of cement-based materials typically
reinforced with Polyvinyl Alcohol (PVA) fibers, are an example of
SHCC materials showing high tensile strain hardening ability
(between 3% and 7% of ultimate tensile strain) at an ultimate tensile
strength of 5 MPa [3,4].

The mechanical behavior in tension of SHCC materials is the result
of a delicate balance of multiple factors. The interfacial bonding and
fiber pull-out properties, the material parameters of the fibers and
of the matrix, the distribution off law sizes in the matrix, the fiber ori-
entation and their dispersion in the matrix play an important role in
the resulting composite mechanical behavior. The study of the influ-
ence of these parameters individually is complex, given that they
perform in a highly coupled manner. The assessment of the tensile
performance of SHCC materials is therefore of great importance, for
an efficient material design as well as for the appropriate constitutive
modeling in structural applications. SHCC materials research has been
mostly dedicated to the characterization of their tensile stress–strain
behavior, particularly dealing with their unique characteristic, the
pseudo-strain hardening ability in tension [4,5]. The type of testmostly
used is the direct tension test using dog bone-shaped (dumbbell-
shaped) or coupon specimens [6,5,7]. The material tensile stress–strain
behavior is thereby assessed as well as the potential of the material to
develop multiple cracks. The direct tension tests are experimentally
demanding, therefore inverse analysis is also alternatively used to derive
indirectly the stress–strain or the stress-separation law from bending
tests [8]. Other test setups used are inspired by common test methods
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Table 1
Weight of the materials used for 1 dm3 of cementitious matrix.

Cement Fly ash Fine sand (0.17 mm) Quartz powder

428 g 856 g 150 g 150 g
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adopted to extract the fracture parameters of concrete and other
tension softening fiber reinforced cementitious composites. These test
methods include the Compact Tension test (CTT), the Wedge Splitting
test (WST), the Split Cylinder Tensile Strength Test and the Three Point
Bending Test (see for example Refs. [9–13]). However, the initiation of
multiple cracks and the individual particular testing conditions interfere
with the explicit and objective characterization of SHCC constitutive
properties.

In this study an alternative approach to the assessment of the
tensile behavior of SHCC materials is investigated. This approach is
based on the characterization of the tensile stress-crack opening
behavior of SHCC at the level of a single crack. The main obstacle
to this strategy is the difficulty associated with obtaining a single
crack when the material is especially designed to develop multiple
cracks. To produce adequate mechanical conditions for the initiation
and evolution of a single crack, the stress fields generated in test
specimens under tension may be locally intensified using geo-
metrical constrictions or notches. This procedure is well known
from the characterization of the tensile stress-crack opening behav-
ior of tension softening fiber reinforced cementitious composites.
Research has been carried out in this field, using different test
methods to assess the post-cracking behavior of fiber reinforced
cementitious composites in direct tension (see for example [14,15]).
However, when pseudo-strain hardening materials are considered
this strategy shows difficulties in keeping the crack single through-
out the entire loading sequence [16]. Nevertheless, previous work
has shown that if the geometry of the specimen is modified, a single
crack may be obtained and mechanically characterized [17,18]. In
this study the geometry of the specimen was investigated and spe-
cial attention was dedicated to minimizing the thickness of the
notches created in the specimens. The motivation supporting this
procedure is the possibility to assess directly and objectively impor-
tant features of the composite behavior in tension, also when the
material shows pseudo-strain hardening in tension. The benefits
extend beyond the material design process. The tensile stress-crack
opening relationship is of major importance to the constitutive
modeling of the material behavior, which is a central element in
the numerical simulation of structures. Seeking optimal usage of
SHCC material properties, research has been carried out to develop
numerical modeling strategies especially suited to simulate the
behavior of SHCC structures [19]. In particular, the single crack
cohesive law was adopted by [20] to characterize the tensile behav-
ior of SHCC in a numerical model. Typically, the performance and
accuracy of these models depend on the objective assessment of
the SHCC material behavior, which motivates the exploration of
experimental procedures that consistently lead to an explicit tensile
stress-crack opening characterization of fiber reinforced cementi-
tious composites using notched specimens [15,21].

The verification that a single crack is indeed obtained during the
entire testing sequence is important for the unique characterization
of the tensile stress-crack opening behavior of SHCC. To help with
the identification of the various crack initiation and propagation
stages, an image-based monitoring system has been used to docu-
ment the generated deformations at the surface of the specimens dur-
ing testing. The so-called Digital Image Correlation (DIC) technique
involves the comparison of two digital images of the surface of an
object before and after deformation using an appropriate correlation
technique [22]. The accuracy of the correlation between the recorded
images depends mainly on the quality of the image speckle pattern
(including light conditions) and the resolution of the imaging system
[23]. By using DIC, the crack initiation and propagation stages in
direct tension in notched SHCC specimens have been monitored and
characterized. This is particularly important during the early stages
of the testing sequence, when the crack is developing and while
the tensile stresses gradually transfer from the matrix to the fibers
bridging the crack.
2. Materials and methods

2.1. Materials

In this study the tensile behavior of seven different fiber rein-
forced cementitious composites was assessed. The materials used in
the composition of the cementitious matrix were essentially the
same for all composites, and the type and volume fraction of fiber
reinforcement was varied. The matrix composition in terms of the
weight of each ingredient for a total volume of 1 dm3 is presented
in Table 1.

Fibers of three different natures were used: PVA (polyvinyl
alcohol), PAN (polyacrylnitrile) and PP (polypropylene). The main
geometrical and mechanical properties of these fibers are presented
in Table 2.

The fiber volume fraction was 2% in the case of the composites
containing PP or PAN fibers, while the percentages of 1% and 2% by
volume were used in the case of the composites containing PVA
fibers.

2.2. Single crack tension test (SCTT)

The main prerequisite to the direct and objective characterization
of the tensile stress-crack opening behavior during the initiation and
propagation stages is the obtaining of a single crack during the entire
loading sequence. SHCC materials are designed to develop multiple
cracks in tension, consequently the formation of a single crack is nat-
urally prevented by the material. To meet this requirement, different
geometries of notched specimens were previously investigated, and
their ability to promote the initiation and propagation of a single
crack was verified. Special attention was dedicated to the minimiza-
tion of the thickness of the created notches.

In general terms, cracking saturation in SHCCmaterials is achieved
when, while new cracks form, the decreasing crack spacing reaches a
critical value that is equal the load transfer length required to induce
new cracking. This load transfer length, determined by the fiber prop-
erties, the matrix fracture parameters and the fiber–matrix inter-
action properties, is a lower bound limit to the crack spacing in the
composite. The notch thickness adopted in this investigation,
0.5 mm, is well below the typical crack spacings found in the litera-
ture and observed in un-notched SHCC specimens tested in direct
tension (see for example [24]). These crack spacings can reach values
as low as 5 mm, but seldom below 2 mm. The notch thickness and
specimen geometry selected in this study are aimed at preventing
the possibility of additional cracking to occur in the immediate vicin-
ity of the primary induced crack.

The specimen dimensions and final geometry are presented in
Fig. 1. The length of the specimen was 120 mm and the free distance
between the fixed ends during testing was 70 mm. To produce
six specimens of each composite, plates of 600×125×20 mm3

(length×width×thickness) were cast, sealed and left to cure for
28 days. The casting surface of the plates was then ground to a thick-
ness of 12 mm and a matrix of six specimens was cut from the central
part of the plate (see Fig. 1). After curing, the 0.5 mm thick notches
were cut in the coupon specimens using a small diamond cutting
disc. The high rotation speed of the disc and a delicate setup were
used to avoid causing damage in the specimens.

The testing sequence consisted of applying a displacement con-
trolled constant axial displacement rate of 5 μm/s, transmitted by
the hydraulic actuator to the specimen by means of two hydraulic



Table 2
Main properties of the fibers used.

Fiber Tensile strength
(MPa)

Length
(mm)

Diameter
(μm)

PVA 1600 8 40.0
PP 900 12 40.0
PAN 1.5 826 6 12.7
PAN 3.0 767 6 18.0
PAN 6.7 413 6 26.8
PAN 30 295 6 57.0

Fig. 2. Tensile test setup including supports and clip gages.
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grips providing fixed support to both ends of the specimen (rotations
and transverse displacements were restrained). During testing, the
opening of the notch was evaluated by means of two clip gages posi-
tioned in opposite sides as shown in Fig. 2.

The example of one specimen adopting the final geometry pro-
posed in this study is presented in Fig. 3 where a single crack was
formed and characterized in tension. After adopting this geometry
the formation of a single crack was consistently obtained in tests
conducted subsequently.

2.3. Tensile stress-crack opening results

The results obtained after testing the specimens in direct tension
are presented in Fig. 4. The tensile stress values (nominal tensile
stress) presented were obtained by computing the ratio between
the experimental tensile load and the net area of the notched cross-
section (8×30 mm2). The crack mouth opening displacements
(CMOD) were obtained by averaging the displacements measured in
the two opposite clip gages, although these were later verified to be
practically similar. The adoption of the fixed supports contributed to
this requirement of minimizing the difference between the displace-
ments observed in the opposite clip gages. The distance between
the two sampling points of each clip gage was 25 mm.

For each composite, the results of three of the six specimens tested
are shown. The upper and lower limit results are presented to show
an envelope of the obtained behavior.

3. Crack initiation

3.1. Numerical model

The notches inserted at the middle section of the specimens pro-
duce a local intensification of the stress field. This intensification
is desirable, regarding the intention of inducing the formation of a
single crack during tensile loading. The initiation of the crack at the
corners of the notched cross-section and its subsequent propagation
50 mm

10 mm 10 mm

8 mm

0.5 mm

12 mm

2 mm

70 mm

25 mm

25 mm

125 mm

600 m
m

1 2
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Fig. 1. Specimen geometry used in the assessment of the tensile stress-crack opening
behavior.
occur rapidly, while the opening of the crack tip is still small. At this
stage, the fracture micro-mechanisms depend almost exclusively on
the properties of the matrix. In order to estimate the effect of
the local intensification of the stress field induced by the notch
on the generation of the crack plane, a 3D finite element model was
constructed. Considering the very small deformations at which the
formation of the crack occurs, the numerical model represents a valu-
able contribution to understand the dominant micro-mechanisms
occurring at this stage of the cracking process. Assuming that the
specimen is composed of the cementitious matrix only, the contribu-
tion of the adopted geometry and of the notches to the initiation and
propagation of a single crack plane was studied. The geometry of the
left half of the modeled portion of the specimen and the adopted
finite element mesh are shown in Figs. 5 and 6, respectively.

In Fig. 7 the mesh near the lateral notch tip and at the mid-plane of
the specimen (x3=0) is shown. In Fig. 8 the mesh near the lateral
notch tip is shown, when looking from the top (x3=6 mm).

One quarter of the specimen was modeled. In Figs. 5 and 6 only
the left half of the modeled portion is displayed. In Figs. 7 and 8
both left and right parts of the modeled portion are shown, in a
close view of the notch tip region. This simplification was possible
due to the symmetry of the loading and the boundary conditions.
Loading and structural bisymmetry with respect to the longitudinal
axis (x2, Fig. 6) of the specimen have been assumed. The boundary
conditions adopted in the simulation are presented in Fig. 6, where
δu represents the prescribed displacement increment at each step of
the numerical simulation.
Fig. 3. Single crack obtained after testing.

image of Fig.�3


Fig. 4. Tensile stress–CMOD of the tested composites.
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The model was constructed using elastic 4-noded linear tetrahe-
dral volume elements. The high geometrical gradients close to the
notches were overcome with a significant increase of the number of
elements in these regions, as represented in Figs. 6, 7 and 8. The
blunted shape of the notch tip, with a radius of 250 μm, was discre-
tized with sufficient smoothness, relevant for the satisfactory approx-
imation of the real stress intensity at the tip of the notches. The Young
modulus assigned to the elements was 20 GPa and the Poisson coeffi-
cient was 0.2. One layer of interface elements was added in the
notched section between the left and the right parts of the modeled
quarter (x2=25 mm in Figs. 6 and 9). These interface elements
were assigned with a linear softening stress-separation law, typical
of cement-based materials exhibiting quasi-brittle behavior in
6 mm 4 mm

modeled part

25 mm 25 mm

15 mm

0.25 mm

(left half)
specimen

(left half)

Fig. 5. Geometry of the left half of the modeled portion of the specimen.
tension (Fig. 9). The local tensile strength, σcr, was assumed equal
to 5.0 MPa, and the ultimate crack opening, wu, equal to 10.0 μm
(Fig. 9), which correspond to the matrix fracture energy, Gf, of 25 J/m2.
The local tensile strength, σcr, was approximately estimated based
on the average compressive strength results obtained for the composite
reinforced with 2% of PVA fibers [25] and on the compressive strength-
tensile strength relationships proposed by [26]. The ultimate crack
opening, wu and the fracture energy, Gf, were approximately
estimated considering the experimental results obtained by other
researchers dealing with the fracture properties of mortar and concrete
[27–29,14,30]. These parameters were not obtained by previous trial
and error, or fitting to any specific group of the experimental results
obtained. The estimated fracture parameters were directly used to
analyze and explain the overall behavior and early conditions of
crack initiation and propagation in the notched specimens.
Fig. 6. 3D finite element mesh used to model the specimen, boundary conditions and
prescribed displacement increment.

image of Fig.�4


Fig. 7. Mesh in the region of the notch tip, plane x3=0.
left half right half
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Fig. 9. Detail of the 3Dmesh close to the notch tip (plane x3=0) and stress-crack open-
ing law adopted for the interface elements.

838 E.B. Pereira et al. / Cement and Concrete Research 42 (2012) 834–846
3.2. Numerical results

In Fig. 10 the general load–displacement curve obtained with
the numerical model is presented. Increments 2, 10 and 36 of the
increment–iterative algorithm are highlighted for three distinct load
levels.

The effect of the notches and specimen geometry are best under-
stood by visualizing the major principal stress fields produced
at the longitudinal mid-plane of the specimen (x3=0, Fig. 6). In
Fig. 11 these stress fields are represented for the two of the distinct
load levels previously identified in Fig. 10.

The stress fields generated at the outer surface of the specimen
(x3=6 mm, Fig. 6) are also displayed in Fig. 12. These allow the visu-
alization of the effect produced by the longitudinal notches, which
seem to help with keeping the path of the crack progression confined
inside the notched section.

The numerical results presented in Figs. 10 to 12 show that the
initiation and complete formation of the crack is greatly conditioned
by the geometry of the specimen and the notched section. In Fig. 10
the load–displacement curve shows a deviation from the linear elastic
behavior starting almost from the onset of the tensile test. The pres-
ence of the slender notches creates high stress intensity at the corners
of the rectangular notched cross-section, as shown in Figs. 11 and 12
for two distinct load levels. The major principal stress reaches the
local tensile strength, σcr, (5.0 MPa) at the referred corners when
the tensile load reaches 13% of the tensile peak load (load increment
2, see Fig. 10). Therefore cracking process starts early.

The results obtained allow establishing a relation between the
local tensile strength, σcr, and the numerical peak nominal stress.
Observing the results obtained with the numerical model, the peak
load reaches the maximum value of 274.1 N (one quarter of the spec-
imen). Dividing the peak load by the net area of the notched cross-
section, the numerical peak nominal stress of 4.57 MPa is obtained.
The ratio between the numerical peak nominal stress and the local
tensile strength, acr, is 91%, as a result of the local stress intensification
produced by the notches and the geometry of the specimen. Disre-
garding the contribution of the fibers, this means that the local com-
posite tensile cracking stress should be approximately 9% higher than
Fig. 8. Mesh in the region of the notch tip, plane x3=6 mm.
the nominal peak cracking stress obtained experimentally using SCTT.
This information can be used later on to estimate the tensile cracking
stress for design purposes, based on the experimental results
obtained with the SCTT.

When the local tensile strength, σcr, is reached at the corners of
the notched section, the numerical nominal stress is 0.58 MPa. The
necessary single crack plane is initiated at the corners, propagating
afterwards rapidly to the middle of the notched section. The major
principal stress fields in Fig. 12 reveal that the stress intensification
produced inside the notches is significant, while the stress levels out-
side the notches remain low. This effect produces the shielding of the
crack plane, keeping the crack progression confined to the plane of
the notched section. For the better understanding of the resulting
3D shielding effect of crack propagation, the major principal stress
fields are displayed at three different load levels in Fig. 13. As
shown, the crack front is shaped and guided by the lateral long
notches. The geometry of the specimen effectively contributes to
the initiation and propagation of a single crack plane.

After the full development of the crack surface, the migration of
the tensile stresses from the matrix to the fibers produces the rapid
decrease of the tensile stiffness. Together with the simultaneous
increase of the crack opening displacement, these contribute to
keep the crack plane single. Nevertheless, if the bridging stresses
reach very high levels in a later stage, secondary parallel crack planes
may subsequently form. This event would affect the experimental
tensile stress-crack opening curves obtained. The formation of sec-
ondary parallel cracks would result in visible abrupt load drops
during the post-cracking tensile hardening stage. In this case, the
Fig. 10. Axial load–displacement curve obtained with the numerical model of one quar-
ter of the specimen.



Load increment = 10

Load increment = 36

Fig. 11. Major principal stress field (MPa) at the longitudinal mid-plane (x3=0).

a)

b)
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attainment of a single crack could be recovered by increasing the ratio
between the net area of the un-notched and the notched cross-
sections. The notch slenderness could be increased as well for the
enhancement of the stress intensification at the tip of the notches,
but in this case a different cutting technique would be necessary.

Observing again the major principal stresses in Fig. 11, these show
that an envelope of high stresses surrounding the crack tip exists. This
envelope of high stresses follows the crack tip while it propagates
from its onset at the corners of the notched section to the middle.
The maximum size of the 90% stress envelope (the curve limiting
the area where the stresses are equal or greater than 90% of the
local tensile strength, σcr) is approximately 2.5 mm at the peak load
(load increment 36, see Fig. 10). The high stress in this region may
cause initial damage in the matrix. In a later stage, with the increase
of the crack bridging stress, these previously damaged areas may
Load increment = 10

Load increment = 36

Fig. 12. Major principal stress field (MPa) at the outer surface of the specimen
(x3=6 mm).

c)

Fig. 13. Major principal stresses (MPa) at the notched section for: a) load increment 2,
b) load increment 10 and c) load increment 36.
induce the formation of secondary cracks. In the present case, regard-
ing the length and diameter of the fibers used, the size of this high
stress envelope seems small enough to be considered insignificant,
remaining the crack plane single. Nevertheless this should be recon-
sidered, if different material scales are involved, including the size
of the fibers or the aggregates.

Before the full development of the crack surface, the resulting ten-
sile behavior is mainly determined by the fracture properties of the
matrix. The experimental and the numerical results at this stage are
compared in Figs. 14, 15 and 16. Considering the numerical results,
the nominal stress was computed by multiplying the numerical load
(see Fig. 10) by 4 (due to the symmetry conditions) and dividing it



Fig. 14. Numerical and experimental tensile stress-crack opening results for 1% PVA
and 2% PVA fiber reinforced composites.

Fig. 16. Numerical and experimental tensile stress-crack opening results for PAN 6.7,
PAN 30 and PP fiber reinforced composites.
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by the net area of the notched cross-section. The nominal stress
values were plotted for each CMOD, that is the relative displacement
in x2 direction between two points placed in opposite sides of the
notch. In the numerical model, these two points were placed in the
same positions as the ones adopted by the clip gages in the experi-
mental test setup (see Fig. 2).

In general, Figs. 14, 15 and 16 show a good correlation between
the experimental and the numerical results during the initial stage
of cracking. The higher scatter of results obtained with PAN1.5 and
PAN3.0 may be explained by the reduced diameter of these fibers.
While in the fresh state, the thinner PAN1.5 and PAN3.0 fibers
showed to be more difficult to mix and disperse, due to their consid-
erably greater specific surface. Since the matrix used was the same for
all fibers and not adapted to perform better with the thinner ones, the
adverse fresh mixture properties obtained with the PAN1.5 and
PAN3.0 have resulted in decreased homogeneity after hardening.
Nevertheless, a substantial difference between the pre-peak behav-
iors obtained with the different fibers is observed. This suggests that
the thinner fibers, due to their greater specific surface and the result-
ing enhanced bond with the matrix, contribute to the increase of
the peak load at this stage. Their earlier mobilization in tension may
explain this result. PAN3.0 fibers start contributing to resisting the
tensile stresses at much smaller crack openings, delivering a superior
contribution to the tensile hardening mechanisms in the early stage
of the crack formation and propagation. This effect was not so visible
for the PAN1.5 fibers, due to the adverse fresh mixture properties and
Fig. 15. Numerical and experimental tensile stress-crack opening results for PAN 1.5
and PAN 3.0 fiber reinforced composites.
the resulting loss of homogeneity caused by the very small diameter
of the fibers. In the case of the composites reinforced with PAN 30
and PP fibers (Fig. 16), the higher scatter of results may be the conse-
quence of a weaker fiber–matrix interfacial bonding. The weak activa-
tion of these fibers at this stage results in a less controlled process
of the crack initiation and propagation, as shown by the frequent
snap-back effects in the tensile stress–CMOD curves.

In the region of the tensile stress-crack opening behavior where
cracking occurs, for most of the composites the post-cracking tensile
softening occurs smoothly, with a gradual decrease of the tensile
stress at increasing CMOD. For the PAN fiber reinforced composites,
although the specimens reach higher stresses during cracking, the
post-peak load decay is still smooth, due to the improved mobiliza-
tion of the thinner fibers at this stage. This indicates that the fibers
contribute to restrain the abrupt release of energy during the brittle
failure of the matrix. It has been previously shown that the crack ini-
tiates and propagates in the matrix at a very limited period. During
this period, depending on the geometry of the fibers and their inter-
action with the matrix, their activation in tension occurs earlier or
later and more or less effectively. For the 1% PVA fiber reinforced
composite a small post-cracking jump of the CMOD seems to occur.
The reduced reinforcement ratio in this case may be insufficient
to restrain crack propagation in a controlled manner for a limited
period. The abrupt energy release associated with the matrix fracture
seems to be larger than the energy dissipation ability provided by
only 1% of PVA fiber reinforcement.

The displacements observed when the cracking peak load is
reached are very small. This stage of the single crack behavior
seems to contain very relevant information for the characterization
and design of the composite mechanics. The convenient characteriza-
tion of the stage where the transfer of the tensile stresses from the
matrix to the fibers occurs is essential for the successful design of
the composite towards pseudo-strain hardening in tension and
multiple cracking ability.

4. Image analysis of crack propagation

4.1. Procedure and method

The formation and propagation of the tensile crack were moni-
tored at the surface of the specimens using a digital image-based
system. The setup comprised two high resolution cameras, posi-
tioned 270 mm away from the specimen and 130 mm apart from
each other (see Fig. 17). Two lenses with focal length of 50 mm
were used, allowing the observation of a 50 mm by 50 mm area in
the surface of the specimen at a working distance of 270 mm. Photos
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Fig. 17. Geometry of the specimen and setup of the imaging system for the monitoring
of surface deformations.
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with a resolution of 4 megapixel were captured during testing with
time intervals of 0.20 s. These photos were subsequently used for
the continuous interpolation of the displacements and the derivation
of the strain fields occurring at the surface of the inspected
specimen.

In order to allow the optical inspection of the crack, the geometry
of the specimen near the notched section was altered. The original
geometry (see Fig. 1) was not viable because the intersection of the
crack plane with the surface of the specimen was not visually accessi-
ble. The rounded shape and cylindrical surface at the notched area
were adopted to approximate better the stress conditions of the orig-
inal specimen in the notched section, as well as to allow the visual
access to the intersection of the crack with the surface of the speci-
men (see Fig. 17). Although the geometry of the specimen in the
region of the notched cross-section is different, the attainment of a
single crack was verified visually. The crack surface obtained with
one of the composites reinforced with 2% of PVA fibers is shown in
Fig. 18.

The optimal conditions of image correlation were met with the ap-
plication of a speckle pattern at the surface of the specimen. Sufficient
randomness and high contrast of the pattern captured from the
surface is important for the continuous recognition and tracing of
the shape and position of each facet. In the present case, each facet
was composed of 10×10 pixels. Each pixel covered a real area of
25×25 μm2. The total area of 50×50 mm2 was covered by a facet
mesh overlay of 200×200 facets.
Fig. 18. Single crack obtained with specimen used for the image analysis of cracking.
4.2. Image analysis results

Specimens with the geometry presented in Fig. 17 were tested and
a single crack was obtained and confirmed visually. The typical tensile
stress–CMOD behavior obtained is presented in Fig. 19. A few rele-
vant stages of the image-based monitoring procedure are identified,
consisting of representative generic stages of the material single
crack tensile behavior.

The strain fields were derived from the displacements computed
at each facet adopting the digital correlation procedure. Each facet is
treated as a continuum and strains are derived from displacements
according to the principles of continuum mechanics [22]. Cracks are,
however, accurately represented by visualizing the major principal
strains as if a continuum displacement field was occurring. The
small facet size contributes to the high resolution with which the
appearing cracks are identified and represented. The results in
terms of major principal strains at the facet overlay are represented
in Fig. 20. The stages highlighted previously (see Fig. 19) are identi-
fied in each frame.

The image-based monitoring of the cracking process near the
notched area allowed the detailed tracing of the crack initiation and
propagation stages. The initiation of the tensile crack is already visible
in stage 9, near the two opposite corners of the notched cross-section.
200 ms later the crack had propagated to the center of the notched
section, as shown in stage 10 (see Fig. 20). A straight and localized
crack plane has formed. From stage 15 onwards, the crack seems to
remain single and fully developed. The fiber bridging mechanisms
assure the necessary stress transfer ability for the specimen to keep
withstanding an increasing tensile load.

To further analyze these results, the captured stages are presented
in a closer view in Fig. 21. For each stage, on the left hand side the
original photo taken from the surface of the specimen is zoomed.
On the right hand side the interpolated major principal strains are
shown, together with a virtual clip gage showing the interpolated
crack opening at the tip of the notch. The main advantage of this
image-based monitoring technique is that it allows the simple and
straightforward tracing of the evolution of the principal strains
throughout the sequence of stages represented. The cracking process-
es are accurately revealed, from their onset.

The concept of an open discrete crack is rather unclear. The bor-
derline between a preliminary diffuse micro-cracking region ahead
of the crack tip and the subsequent coalesced crack is difficult to de-
fine. Nevertheless, the cracking topology was captured and identified
with good resolution, much before it became visible. The observed
thin and elongated shape of a hypothetical fracture processing zone
Fig. 19. Tensile stress–CMOD obtained during imaging and identification of relevant
image-based monitoring stages.
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Fig. 20.Major principal strains in the facets overlay based on the sequence of images of
the specimen. The time step between stages is 200 ms.
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ahead of the crack tip, typical of cementitious matrices, agrees with
the observations of other researchers [31,32].

As shown in Fig. 21, the notch creates the necessary local stress or
deformation conditions to the initiation of a single crack. After initia-
tion, the crack propagates to the center of the specimen, remaining
single and straight. After the full development of the crack through-
out the entire specimen, the two opposite crack faces remain inter-
connected only by the fibers bridging them, which seems to occur
at stage 15. The mechanical characteristics of the subsequent harden-
ing and softening stages are determined by the fiber reinforcement
parameters only, including the number, geometry, mechanical prop-
erties, orientation and interfacial bonding established between the
fibers and the surrounding matrix.

4.3. Simulation of the post-cracking behavior

Considering that a single crack was consistently obtained while
performing the SCTT, the numerical model previously presented can
adequately simulate the entire tensile response of the specimen
if one layer of interface elements is positioned at the expected crack
plane in the numerical model. For comparison, the traction–
separation law assigned to the interface elements was derived from
the SCTT tensile stress-crack opening response experimentally
obtained for the 2.0% PVA fiber reinforced cementitious composite.
The traction–separation law was derived by simply extracting the
post-cracking portion of the average experimental tensile stress–
CMOD curve. All experimental measurements (10 per second) were
used to define the traction–separation law. The numerical results
obtained are presented in Fig. 22 and compared to the experimental
average curve previously shown.

The numerical response obtained is mostly identical to the exper-
imental, with slight differences observed at the initial stage. While
the crack is forming, the specimen geometry influences somewhat
the results obtained. As shown in Fig. 11, although the tensile stresses
in the region where the clip gages are positioned remain low, the
crack tip opening displacement is slightly overestimated when evalu-
ated outside the notch. This effect tends to be less significant after the
crack is fully formed. Therefore, when the traction–separation law
adopted in the numerical model is derived utilizing the experimental
tensile stress-crack opening curve, the described effect may justify
the small difference observed at the initial part of the response,
during the crack initiation and propagation stages.

To compare the crack profiles obtained with the image-based
analysis and the numerical simulation, two distinct loading stages
were selected. The crack profiles measured with the image-based
analysis system at stages 9 and 15 (see Fig. 19) are compared with
the crack profiles obtained in the numerical model at the load incre-
ments where the same CMOD was measured (Fig. 23). In the image-
based analysis, the crack opening displacement (δ) was measured
in 30 equally spaced points along the crack path, using virtual clip
gages with a length of 5 mm. The crack opening displacements mea-
sured are compared with the crack profiles obtained in the numerical
model for one half of the ligament, with coordinate x1 starting at the
center of the ligament and ending at the tip of the notch (x1=15 mm,
see Fig. 6).

5. Tensile stress-crack opening behavior in
dogbone-shaped specimens

The tensile stress–strain behavior typically observed in SHCC
specimens under direct tension is characterized as a tensile pseudo-
strain hardening behavior. The overall tensile hardening experienced
by SHCC specimens in tension occurs while the deformation in the
loading direction significantly increases due to the formation of
multiple parallel cracks perpendicular to the loading direction. This
pseudo-strain hardening behavior in tension and the formation of
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Fig. 22. Numerical simulation of the entire tensile stress–CMOD response obtained for
the 2% PVA fiber reinforced cementitious composite.
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multiple parallel cracks are possible because individual cracks in the
SHCC material are deliberately designed to have a higher ultimate
fiber bridging stress compared to the first cracking strength. Further-
more, the fracture energy involved in the formation of an individual
crack must meet an additional criterion for multiple cracking criteri-
on to occur [6]. SHCC materials are micro-mechanically designed to
withstand increasing tensile stresses after the formation of cracks.
Although the cement-based matrix is brittle, the fiber bridging stress-
es at a crack exceed the cracking stress of the cement-based matrix,
therefore allowing the formation of additional parallel cracks before
ultimate failure. As a result of this multiple cracking in tension,
SHCC materials exhibit high toughness and ductile behavior in
tension.

The importance of the fiber bridging mechanisms to the pseudo-
strain hardening behavior is the motivation in the investigation of
the tensile behavior of SHCC at the level of a single crack. In a previous
section, the procedure utilized to characterize the tensile stress-crack
opening behavior of various fiber reinforced cementitious composites
was described. To evaluate how these results compare with experi-
mentally obtained data of the tensile stress-crack opening behavior
in dogbone specimens with multiple crack formation, in Fig. 24 the
tensile stress–strain behavior obtained for the composite containing
2.0% of PVA fibers is shown [25]. Dogbone specimens with fixed rota-
tion boundary conditions were subjected to a constant tensile dis-
placement rate of 1.0mm/min. The specimens reached a tensile
strength of 4.2 MPa at a tensile strain of 4.5%. In a closer view of the
results obtained up to a tensile strain of 2.5%, tensile hardening is
observed while the tensile deformation significantly increases. The
formation of several parallel cracks was verified during testing until
tensile failure of the specimens occurred with the localization of the
deformations at one crack, after cracking saturation.

The image-based analysis described in previous section was uti-
lized to interpolate the displacements at the surface of the specimens
during the entire loading sequence. Using the results of the image-
based deformation analysis, it was possible to trace the evolution of
the tensile stress-crack opening displacement at each crack during
testing. The nominal tensile stress was obtained by dividing the ten-
sile load by the net area of the specimen cross-section, 25×50 mm2.
The tensile stress-crack opening behavior was characterized at 30
cracks. In Fig. 25 the setup used to measure the deformations at the
surface of the dogbone-shaped specimen is explained. The strain
overlay, resulting from the image-based deformation analysis, reveals
Fig. 21. Detailed analysis near the notch tip, showing cracking initiation and
propagation.
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the formation of cracks at the early stage of the tensile loading, as
shown at a tensile strain of 0.6%. At increasing tensile strain the cracks
become clearly visible, as shown at a tensile strain of 3.2%. The crack
opening at three representative cracks was traced during the entire
loading sequence using the virtual clip gages, as exemplified. In
Fig. 26 the tensile stress-crack opening behavior obtained for these
three representative cracks is shown.

Due to the typical scatter of sectional properties in cement-based
composites, the first cracking strength and the density of fiber distri-
bution are different at each location of the specimen, therefore a
range of tensile stress-crack opening behaviors are expected at the
observed crack locations. Within this range, a general trend can be
observed as initial crack widening at almost constant tensile stress,
followed by tensile hardening identical to the observed in the SCTT.
As a result of the interaction between the cracks during the formation
and propagation phase in the dogbone-shaped specimen, a full inter-
pretation of the mechanisms governing the overall behavior observed
is complex and out of the scope of the present investigation. In gener-
al the results suggest that once the cracks have propagated through
the specimen cross-section and the deformations have reached a
steady state, the tensile stress-crack opening behaviors observed in
the dogbone-shaped specimen are found within the range predicted
by the SCTT. The tensile strength observed in the SCTT is not reached
because the crack that determines the rupture of the dogbone-shaped
specimen is the weakest in terms of bridging tensile strength.
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Fig. 24. Tensile stress–strain curves and average crack spacing obtained from three
dogbone-shaped specimens of 2% PVA fiber reinforced cementitious composite [25].
Therefore, for simulation or design purposes, a probabilistic descrip-
tion of the tensile stress-crack opening behavior characterized with
the SCTT is necessary.

6. Discussion

The results obtained with the seven different composites showed,
in general, a good agreement between different tests for each com-
posite. As shown in Fig. 4, the results are consistent and reasonable,
revealing the intrinsic mechanics of each composite system. The in-
fluence of the geometrical and mechanical parameters of each fiber
reinforcing system can be identified and studied. The activation of
fibers with different diameters has been shown to occur at different
stages of the cracking process. The PAN fibers, with a smaller diame-
ter, were activated even before the first cracking strength was
reached, and contributed effectively to the increase of the cracking
peak stress. Their premature activation was followed by an also pre-
mature exhaustion of their contribution to the post-cracking tensile
behavior. The contribution of PVA and PP fibers to the increase of
the first cracking strength was negligible. Instead their full mobiliza-
tion occurs after cracking, with significant tensile hardening ramps
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Fig. 26. Tensile stress-crack opening (δ) curves obtained at three representative cracks
and comparison with the SCTT results.
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Fig. 27. Tensile stress-crack opening design law for SHCC [35].
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developing after cracking in both cases. The main difference between
the SCTT results observed for PVA and PP fiber reinforced composites
was located in the region of the tensile stress-crack opening curves
where the peak bridging stress is reached. While for the PVA fiber
reinforced composites the experimental curves exhibited a sharp
transition between the tensile hardening and the tensile softening
stages, with the PP reinforced composites this transition occurs grad-
ually and smoothly. The well known superior interfacial bonding of
the PVA fibers with the matrix may justify these results, as opposed
to the poorer bonding of the PP fibers due to their hydrophobic nature
[33,34]. Therefore, the gradual increase of the tensile stress in the
fibers, during the composite tensile hardening stage after cracking,
causes the premature debonding of a gradually increasing number
of PP fibers, resulting in the also gradual decrease of the tensile hard-
ening stiffness for increasing CMOD and the observed smooth transi-
tion to softening. The superior bonding of the PVA fibers with the
matrix results in a constant tensile hardening stiffness after cracking,
with most of the fibers being fully mobilized. Once the applied tensile
stress in the composite approaches the peak bridging stress, the great
majority of active fibers start rupturing. Therefore the tensile soften-
ing occurs more rapidly with the PVA fiber reinforced composite than
with the PP fiber one, exhibiting the tensile stress-crack opening
curve a sharp transition from the tensile hardening to the tensile soft-
ening stages. In addition, the composites reinforced with PP fibers
maintain higher residual tensile strengths, as a result of the reduced
interfacial bonding and the preservation of a higher number of active
fibers for greater CMOD.

The obtained results suggest that a group of generic stages of a
typical tensile stress-crack opening behavior can be distinguished.
At the onset of tensile testing, the mechanical response starts with
what is usually assumed as the predominantly elastic behavior, with
a steep increase in the applied load while tensile deformation in-
creases. This first stage ends when the nominal matrix cracking
strength is achieved, with the rapid transfer of the tensile stresses
from the cracked matrix to the fibers and the subsequent rapid tensile
load decay. Preliminary stages of micro-cracking and micro-defect
propagation may affect the shape of this transition stage, governed
by fracture mechanisms and dependent on the shape and size of
pores and micro-defects. The micro-mechanisms taking place at this
stage were systematically discussed in the previous section, sup-
ported by the numerical model and the image-based monitoring
results. Fibers may also play a role at this stage as crack inducers,
but the extension of the experimental data available is not detailed
enough to allow a thorough analysis of this mechanism. Packing
density of the solid skeleton is also influenced by the presence of
the fibers and their geometry, which in turn affect the matrix fracture
properties.

After the rapid load decay caused by the transfer of the tensile
stresses from the matrix to the fibers, a new hardening stage sup-
ported by the full mobilization of the fiber–matrix bonding mecha-
nisms is initiated. While the fibers stretch, hardening occurs until
the peak bridging stress is reached. In this third stage the stiffening
effect of the fiber reinforcement is exhausted either due to fiber
debonding and slip-softening pull-out mechanisms or fiber rupture.
The result is respectively a sharp or a smooth transition between
the tensile hardening and softening stages.

The fourth stage consists of the post-peak softening stage
observed in all curves. It coincides with the gradual neutralization
of the remaining links between opposite crack faces. This stage may
be divided into two different branches with different inclinations,
one steeper and other mostly horizontal, influenced by the geometry
and the mechanical properties of the aggregates and the fibers.

The sequence of stages previously described consists of an inter-
pretation of complex mechanisms taking place at the level of a single
crack in the bulk composite, which summarize and condense in a
rational way the tensile behaviors observed, useful from a design
perspective. In Fig. 27, this systematic approach of the tensile stress-
crack opening behavior is summarized in the shape of a constitutive
design law [35].

The identification of the parameters defining the shape of the
bridging stress, σB, versus the crack opening, w, relationship may be
carried out experimentally using the SCTT. For that purpose the test
setup conditions suggested above can be adopted. The first cracking
strength,σcr, the initial bridging stress, σB, initial, the peak bridging
stress, σB, peak, and the corresponding crack opening at peak bridging
stress, wB , represent the most significant parameters to be identified.
Subsequently the residual bridging stress, σ1, the corresponding crack
opening, w1, and finally the ultimate cohesive crack opening, w2, rep-
resent also important design parameters. All this data, and the scatter
associated to each of these parameters, may be used to support the
structural design and to define reliability factors for each mechanical
parameter. Alternatively, the material requirements may be imposed
by the structural concept. These requirements may assume the shape
of a predefined bridging stress-crack opening curve, which will guide
the material design with a fiber reinforced cementitious composite
based solution. Material and structural design may be integrated
with this approach.

The sequence of distinctive stages above mentioned is clearly
identifiable in all tested composites. The adopted fiber reinforce-
ments show different mechanical performances in tension, however
these stages remain clearly distinctive and keep the same formal
details. This suggests that a rational design approach can be based
on the assumption that the tensile stress-crack opening behavior of
fiber reinforced cementitious composites follows a standard sequence
of stages assuming the shape of a generic tensile stress-crack opening
design curve (see Fig. 27).

7. Conclusions

The objective of characterizing the tensile behavior of SHCC at the
level of a single crack described in this study was approached by per-
forming the proposed single crack tension test (SCTT). The formation
of a single, localized crack was consistently confirmed using tension
softening and pseudo-strain hardening materials. With the purpose
of understanding the nature and topology of the cracks generated
when using the proposed SCTT setup, the crack formation and propa-
gation stages during testing were documented using an image-based
deformation analysis system. This procedure allowed the visualiza-
tion of the displacements at the surface of the specimen with reason-
able accuracy. The initiation and propagation of a single crack during
the pre- and post-cracking stages were observed and the measured
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crack profiles during testing showed good correlation with the crack
profiles obtained at the same CMOD using the numerical simulation.
While utilizing the tensile stress-crack opening responses to derive
the cohesive law, the numerical model results were also in good
agreement with the experimental tensile stress–CMOD responses,
supporting the assumption of a single crack forming during the load-
ing sequence in the SCTT. In particular, the geometry and reduced
thickness of the adopted notches were demonstrated to have an im-
portant effect in the formation of a single crack during loading
process.

The activation of fibers with different diameters occurred at differ-
ent stages of the cracking process of SCTT. The fibers of smaller diam-
eter showed significant activity even before the first cracking strength
was reached, contributing effectively to the increase of the first crack-
ing strength. The fibers with larger diameter have demonstrated an
effect only after crack formation, contributing to the development of
considerable post-cracking tensile hardening. The main difference
between the tensile stress-crack opening behaviors observed with
PVA and PP fibers was located at the region where the peak bridging
stress is reached. While the PVA reinforced composites exhibited a
sharp transition between the tensile hardening and softening stages,
in the PP reinforced composites this transition was smooth and the
peak bridging stress reached was lower. The SCTT showed high sensi-
tivity to important composite properties, such as the different interfa-
cial bonding characteristics, fiber properties and pull-out conditions
established between the fibers and the matrix, which makes SCTT
very attractive to support the design process of these materials.

The assessment of the tensile stress-crack opening behavior is
important to the material constitutive modeling and the design of
structures based on the finite element method. The response obtained
can be summarized into a group of relevant fracture parameters,
depending on the precision required in the design process. In terms
of the material properties of SHCC, the design procedure may be
based on a set of requirements established with respect to the main
parameters characterizing the tensile stress-crack opening behavior,
including the first cracking strength, the fiber bridging stiffness, the
ultimate bridging strength and the crack opening at reaching the
fiber bridging strength. The SCTT setup allows the explicit character-
ization of the stress-crack opening behavior and may therefore guide
the process of designing and optimizing SHCC materials, as well as aid
with the integration of material selection in the structural design
process.
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