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ABSTRACT: The main aim of this work is to study two relevant experimental setups designed for studying shear fracture and 
see if any of them allows studying the evolution of fracture under Mode II conditions, not only inducing a shear stress state at the 
onset of fracture. Two tests have been selected, a standardised test described by a Japanese standard, here referred to as the JSCE 
test, and the push-off test. These tests have been carried out on fibre-reinforced gypsum specimens with increasing proportions 
of polypropylene fibres and monitored by means of digital image correlation (DIC). The results show that fracture under Mode II 
conditions is relatively easy to induce with both tests, but once fracture begins, it is extremely difficult to induce a fracture process 
under Mode II. In general, Mode II has an important role at the onset on fracture, but Mode I predominates afterwards.
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RESUMEN: Análisis de dos montajes experimentales para estudiar la fractura en modo II con probetas entalladas de yeso 
reforzado con fibras. El principal objetivo de este trabajo es estudiar dos relevantes montajes experimentales diseñados para estudiar 
la rotura a cortante y comprobar si permiten estudiar la evolución de la fractura en Modo II y no sólo inducir una rotura por cortante 
al comienzo del proceso de fractura. Se han empleado dos ensayos, un ensayo estandarizado descrito en la normativa japonesa, 
referido aquí como JSCE, y el ensayo de push-off. Los ensayos se han realizado sobre probetas de yeso reforzado con fibras, 
empleando varias proporciones de fibras de polipropileno y se han monitorizado mediante correlación digital de imágenes (DIC). 
Los resultados muestran que es relativamente sencillo inducir una rotura en modo II con ambos ensayos pero, una vez se inicia la 
fractura, es extremadamente difícil lograr una evolución del proceso de fractura en condiciones de Modo II. En general, el Modo II 
tiene una fuerte influencia en el comienzo de la fractura, pero posteriormente el Modo I predomina. 

PALABRAS CLAVE: Modo II; Cortante; Ensayo push-off; Correlación Digital de Imágenes; Yeso reforzado con fibras.
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1. INTRODUCTION

This study is focused on studying two relevant ex-
perimental setups and determine if any of them help 
to identify the evolution of fracture under Mode II 
conditions in fibre-reinforced quasibrittle materials, 
more specifically, fibre-reinforced gypsum. In this 
section, the importance of fibre reinforcement in 
construction materials is briefly discussed, then, in 
order to explain the motivation of this study, a short 
literature review on Mode II fracture in quasibrittle 
materials is presented.

1.1. Fibre reinforcement of quasibrittle materials

The use of fibres as reinforcement in construction 
materials is not new, but has attracted the interest of 
many researchers and practitioners in recent years. 
Concrete is probably the most developed material in 
this sense, given that the national and international 
standards (1-3) already provide guidelines for their 
use as structural reinforcement, which has boosted 
their usage in recent projects. The benefits of the 
addition of fibres in quasibrittle matrices are well 
known and, in the construction field, fibre-reinforced 
concrete (FRC) is used as provisional interior lining 
of tunnels during their construction process, as well 
as in precast concrete elements that are exposed to 
tension stresses when they are stored or transported 
to the work site.

In recent years new polymer fibres have started 
to be used as structural reinforcement of concrete, 
providing good strengthening properties and not 
suffering from important disadvantages of tradition-
al steel fibres, such as corrosion, which can be of 
paramount importance in certain architectural appli-
cations, or electric transmissivity, which may limit 
their use in certain precast elements, such as railway 
sleepers. Some polymer fibres have proved to be a 
promising alternative to steel fibres, providing good 
mechanical properties to FRC under tensile stress-
es and in different manufacturing conditions (4-6), 
which has motivated their use in some initial appli-
cations as structural reinforcement (7, 8). The main 
mechanisms that lead to their good reinforcing per-
formance are already identified, with the fibre length 
and the mechanical properties of the polymeric ma-
terial being the most relevant.

Although concrete attracts most research efforts 
regarding fibre reinforced construction materials, 
gypsum can also benefit from this technology. Gyp-
sum is the most widely used material as interior lin-
ing in buildings due to, among other reasons, its low 
cost, easy manipulation, its versatility with different 
finishes and formats and its hygroscopic and good 
aesthetic properties. The industry of gypsum has 
evolved through time, finding new applications and 
products, such as gypsum plasterboard, which has 

allowed using this material in a wider range of ap-
plications of the construction industry. Nevertheless, 
not big advances can be observed over the past two 
decades, and the use of fibres could help extend the 
use of this material.

There are studies about the mechanical properties 
of fibre-reinforced gypsum (FRG), such as those by 
García-Santos (9, 10), that analyse how the mechan-
ical properties of gypsum are enhanced with differ-
ent polymeric fibres. Those studies are old (more 
than 30 years now) and do not include information 
about material fracture properties. An interest in 
using natural fibres, such as flax and hemp, can be 
observed in recent works, which produces mixes 
with better mechanical properties and better thermal 
and acoustic isolation conditions, representing envi-
ronmentally friendly solutions (11-13). Some other 
studies analyse the use of polymer fibres as gypsum 
reinforcement (14, 15) or the influence of graphite 
filler additions (16), which not only affect the me-
chanical properties of the mix, but also its thermal 
isolation properties.

In general, when FRG properties are studied, 
mechanical tests are usually limited to studying 
compressive strength, elastic modulus and flexur-
al strength. Nevertheless, fracture energy absorbed 
by the material before failure can be of great im-
portance in some fields, such as seismic and impact 
events or differential settlements in structures. In 
such situations, knowing and modifying the energy 
that a certain material can absorb before their even-
tual failure is of great importance in order to design 
strategies that may increase safety, reduce economic 
losses or even mitigate the social alarm that the ap-
pearance of cracks in building partitions may cause. 
In this sense, fracture energy is one of the material 
properties that are notably enhanced with the addi-
tion of fibres in gypsum (15).

1.2 Mode II fracture in quasibrittle materials

Fracture of quasibrittle materials has attracted the 
attention of many researchers over the last decades, 
which has allowed understanding the mechanisms 
involved. When dealing with fracture, three modes 
are identified, with Mode I corresponding to crack 
opening perpendicular to the crack direction and be-
ing related fundamentally to normal stresses along 
the crack propagation, Mode II corresponding to a 
crack lips displacement in parallel to the crack direc-
tion and being related mainly to shear stresses, and 
Mode III corresponding to a crack lips displacement 
out of the plane of the fractured element.

There exist many studies and references dealing 
with Mode I, probably because it is the most usual 
fracture mechanism in this type of materials. These 
studies have helped to design reliable experimental 
tests that measure the parameters that drive this phe-
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nomenon, such as the three point bending test (17). 
From the numerical side, many fracture models have 
been proposed over the last decades to reproduce 
fracture, such as those based on the cohesive zone 
model (18-21), which can reproduce fracture with 
remarkable simplicity and accuracy. Some of these 
models have been adapted in recent years to repro-
duce fracture of fibre-reinforced quasibrittle mate-
rials (22, 23) with numerical methods such as the 
finite element analysis.

Nevertheless, in some occasions fracture results 
from a combination of modes I and II. In this regard, 
mode II fracture has been studied less often and not 
many examples can be found in the literature, partly 
because mode I fracture is more usual and partly be-
cause it is harder to experimentally induce fracture 
under mode II conditions. From the experimental 
point of view, some studies have proposed tests to 
analyse shear fracture, such as the experiment pro-
posed by Nooru-Mohamed (24, 25), which allows 
combining Mode I and Mode II conditions. Other 
experimental tests aiming to study shear fracture 
in concrete are described in (26), two specifically: 
a test described in the Japanese standard JSCE-G 
553-1999 (27) and the push-off test, that has been 
lately used with success for analysing shear frac-
ture in fibre-reinforced-concrete (28-30). From the 
point of view of numerically reproducing fracture, 
some models include the effect of the combination 
of Modes I and II, like (31-33). These models need 
parameters to define the fracture behaviour under 
Mode I and under Mode II. While parameters driv-
ing Mode I fracture (mainly tensile strength ft and 
fracture energy GF) can be obtained experimentally 
with standardised tests (17, 34), parameters related 
to Mode II are usually estimated, since their experi-
mental measurement is not easy to obtain.

This work aims to deepen the knowledge of the 
mechanisms involved in fracture of a specimen sub-
jected to pure shear stresses. To do this, FRG spec-
imens are used and their performance is compared 
with that of plain gypsum specimens. FRG speci-
mens are reinforced with polypropylene fibres, usu-
ally employed in concrete to prevent cracking due to 
shrinkage, and three fibre proportions are analysed: 
5, 10 and 20 kg/m3. To induce shear stresses, two 
tests are employed, one of them corresponding to 
a standardised test described in the Japanese norm 
(27), that will be here referred to as JSCE test, and 
the push-off test, that has been lately used to suc-
cessfully analyse shear fracture in fibre-reinforced 
concrete (29, 30).

2. DESCRIPTION OF THE STUDY

As mentioned above, three FRG mixes have been 
analysed and compared with a plain gypsum mix, 
thus, four mixes have been prepared and their com-

position can be consulted in Table 1. Plain gypsum 
reference mix is identified as 0 and the rest of mix-
es are identified as A followed by 5, 10 or 20, de-
pending on the fibre proportion used. In all cases, a 
water/gypsum ratio of 0.63 is used; this value was 
obtained following the procedure described in the 
UNE-EN 13279-2 standard (35) which determines 
the mass of gypsum that can be saturated when it is 
sprinkled into 100 g of water and can be summarised 
as follows: 100 g of water are poured in a glass ves-
sel with an inner diameter of 66 mm inner and two 
marks at heights of 16 and 32 mm from the base. The 
procedure lasts 120±5 seconds and can be divided 
into four steps:
1.	 Gypsum is sprinkled over the water surface for 

around 30 seconds until the first mark is reached.
2.	 Gypsum is sprinkled for around 30 seconds until 

the second mark is reached.
3.	 Gypsum is sprinkled for around 30 seconds un-

til the gypsum plaster that forms in the vessel 
reaches a level of 2 mm under the water surface.

4.	 During the remaining 20-40 seconds, gypsum is 
sprinkled until the water layer disappears.

Table 1. Composition of the four mixes used in this study.

Mix w/g
Fibres proportion

(kg/m3)
0 0.63 0

A5 0.63 5
A10 0.63 10
A20 0.63 20

The specimens were manufactured following 
a slight variation of the procedure described in 
UNE-EN 13279-2 for adding the fibres. Such proce-
dure is described below:
1.	 Gypsum was poured on the water and manually 

mixed for 40 seconds.
2.	 Fibres were added and mixed manually for 20 

seconds.
3.	 Mixing continued for 60 more seconds in a plan-

etary mixer at low speed.
4.	 Moulds, previously impregnated with release 

agent, were filled. 
5.	 Moulds were hit to eliminate air bubbles and fi-

nally levelled.
6.	 The specimens were unmoulded and cured in-

side a controlled-climate chamber for seven 
days at 23±2ºC and relative humidity of 50±5\%.

7.	 Specimens were dried inside an oven at 50ºC for 
48 hours.

8.	 Specimens were cooled at room temperature and 
the notch was cut with a band saw by dry way.

9.	 Specimens were marked with black spray for the 
later use of digital image correlation (DIC).
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2.1. JSCE test

Figure 1a shows the scheme of this test. A prismat-
ic specimen is doubly notched in two cross sections 
and is supported on two points in its lower side and 
load is applied on two points in the upper side, thus 
inducing shear stresses in the vertical ligaments de-
fined by the four notches. External supports placed 
on the upper side of the specimen ensure absence of 
bending during the load application.

2.2. Push-off test

Figure1b schematically shows the configuration of 
this test. A Z-shaped specimen is used and a uniaxial 
compression is applied by means of point load in the 
upper side and a point support in the lower side. The 
vertical ligament of length d is then subjected to high 
shear stresses. This test, as the work by Picazo et al. 
shows (29, 30) is very sensitive to small load mis-
alignments, thus a very precise preparation of the test 
is necessary. Furthermore, the upper support where 

load is applied must ensure that no additional torque 
is applied, so ball joints or similar solutions must be 
employed; here a double cylinder joint has been used.

3. MATERIALS AND METHODS

3.1. Materials

Gypsum used in this work is plaster, classified as 
A1, according to the EN 13279-1 standard (36). It 
is a fine-grained high quality gypsum with a purity 
over 90%, composed by hemihydrate calcium sul-
phate (CaSO4·0.5 H2O) and is commonly used for 
manufacturing precast elements, such as plaster-
board panels used in sandwich-type partitions.

The fibres used here are polypropylene microfi-
bres, named Sikafiber M-12, that are usually em-
ployed in concrete and mortars for reducing their 
cracking and increasing their durability. They are 
12 mm long and their diameter is 31 μm; the aspect 
of these fibres can be observed in Figure 2. 

Figure 1. Schemes of the tests used in this work.
(a) JSCE test (b) Push-off test

Figure 2. Polypropylene fibres used as reinforcement in the FRG specimens.

https://doi.org/10.3989/mc.2023.325822
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These materials were combined with water to pro-
duce the mixes described in Table 1. To produce the 
plain gypsum mix, the procedure described in the 
EN 13279-2 standard (35) was used and, to produce 
FRG mixes, a slight variation of it already employed 
in previous works (15, 37), which includes the ad-
dition of fibres in the last 20 seconds of the manual 
mixing.

3.2. Experimental setups and methodology

In this section the experimental setups employed 
in both types of tests are described. All tests were 
carried out with a dual column testing system of In-
stron of the 5960 series and using a load cell of 30 kN 
of capacity. All tests were analysed with digital im-
age correlation (DIC) which provides interesting in-
formation in this type of materials when fracture is 
analysed (15, 38). In this case a Mako U-130B video 
camera with a resolution of 1280 x 1024 pixels and 
the software Vic-2D, by Correlated Solutions (39) 
have been used. Digital image correlation in 2D was 
performed by employing a 21 pixels size facet and 5 
pixels of step.

3.2.1. JSCE test

Prismatic specimens of 160 mm x 40 mm x 
40 mm were manufactured and four notches pro-
duced by means of a band saw. The resulting ge-
ometry, according to parameters shown in Figure 1a 
corresponds to h=40 mm, b=40 mm and d=24 mm. 
Twelve specimens were tested, three per mix (0, A5, 
A10 and A20). Specific steel fixtures were manu-
factured for this test so that the supports disposition 

shown in Figure 1 could be reproduced. Figure 3 
shows the final experimental setup. To ensure ap-
plying a centred load and avoid possible unwanted 
torques induced by a lack of parallelism between the 
support lines at the bottoms and those at the upper 
side, load was transmitted through a ball joint.

Load was applied with a displacement control 
of 0.25 mm/min up to a maximum displacement of 
3 mm and images for DIC were captured every 5 
seconds.

3.2.2. Push-off test

For this test, 40 mm thick specimens were man-
ufactured and two notches produced with a band 
saw, resulting in specimens with the shape shown 
in Figure 1b. Notches were extremely carefully pro-
duced in order to ensure good alignment with load 
and avoid unwanted torsion effects. For this test, two 
types of specimens were manufactured, which will 
be described later; their dimensions, according to 
parameters of Figure 1b are shown in Table 2. The 
reason that motivated manufacturing of different 
types of specimens include strategies for improving 
the experimental results that will be explained fur-
ther in Section 4.2.

Figure 3. Setup of the JSCE test.

Table 2. Dimensions of push-off specimens according to 
parameters on Figure 1b.

h b d
(mm) (mm) (mm)

Type 0 160 128 10
Type 1 85 64 14
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This test was carried out with two different ge-
ometries and specimens were prepared differently 
in each case. Each geometry will be referred to as 
Type 0 and Type 1 hereafter. Figure 4a shows each 
of these geometries and Table 2 their dimensions ac-
cording to parameters defined in Figure 1. A first set 
of twelve specimens were manufactured with Type 0 
geometry, three per mix (0, A5, A10 and A20), and a 
second set of six specimens manufactured with Type 
1 geometry, two for each of mixes A5, A10 and A20. 

As Picazo et al. report in (29), this test tends to gen-
erate flexural stresses at the internal sides of the notch-
es, to avoid this, some regions of the specimen must 
be reinforced. Figure 5 shows the S11 and S12 stress 
fields, which corresponds to σx and τxy components of 
the stress tensor, respectively, obtained with a finite ele-
ment model that reproduces the push-off test for an elas-
tic specimen of the same geometry as Type 0 specimens 
shown in Figure 4. There is a high concentration of shear 
stresses along the vertical ligament where shear fracture 

is expected, but high tensile stresses can be observed in 
the horizontal notches due to flexural strains in the upper 
and lower cantilevers of the specimen. 

Type 0 specimens are larger, have thin notches of 
around 4 mm and were tested using an external steel 
reinforcement fixed by means of hand clamps, as can 
be observed in Figure 4b. This disposition had some 
benefits, like easier preparation and a larger visible area 
in the region of interest defined by both notches, where 
Mode II fracture is expected. Nevertheless, it also had 
some disadvantages, as will be discussed later.

Type 1 specimens are smaller, have thicker notch-
es of around 15 mm and were reinforced with ex-
ternal glass fibre reinforcement fixed with polyester 
resin. The purpose of this external reinforcement is 
avoiding unwanted Mode I fracture due to flexur-
al stresses (see Figure 5). Thicker notches allowed 
reinforcing internal sides of notches and some ad-
ditional benefits, although they also presented some 
disadvantages, as it will be observed later.

Figure 4. (a) Type 0 and Type 1 specimens of the push-off test; (b) Experimental setup of the push-off test.

Figure 5. S11 (σx) and S12 (τxy) fields obtained with an elastic finite element model of the push-off test.
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4. RESULTS

In this section, the experimental results are pre-
sented. Firstly, the results obtained with the JSCE 
test will be shown and later the results correspond-
ing to both specimen types of the push-off tests will 
be presented.

4.1. JSCE test

Figure 6 shows the load-displacement diagrams 
of all the tested specimens. Plain gypsum specimens 
are represented in grey and A5, A10 and A20 FRG 
mixes are represented in blue, green and red, respec-
tively. Line formats allow identification of different 
specimens of the same mix. 

Fibre reinforcement results in higher strength and, 
although some general trends can be identified, no 
clear differences between increasing fibre proportions 
can be observed, especially between mixes A5 and 
A10. In all FRG mixes, the peak load is higher when 
compared with plain gypsum specimens; neverthe-
less, interpreting these results is not trivial. In all FRG 
specimens several load drops and load increments are 
observed along the test, although these are more evi-
dent in A5 and A10 specimens, since A20 specimens 
present an almost constant load increment after an ini-
tial elastic behaviour. Finally, it is interesting to note 
that material ductility is greatly enhanced by fibre ad-
dition, ductility increases with fibre proportion, but 
is also relevant even with small proportions of fibres. 

If A5 specimen represented with a solid line in Fig-
ure 6 is observed, all the main failure mechanisms 
that take place during the test can be identified:
•	 Load initially increases linearly with the displace-

ment, which corresponds to an elastic behaviour 
before any damage develops in the specimen.

•	 Just after the linear behaviour ends, an almost 
horizontal plateau is observed, which is related 
to local damage around some supports.

•	 The first load drop (between points 1 and 2) 
identifies the first crack at one of the notches. 
Once it is produced, load increases again due to 
the fibre reinforcement (between points 2 and 
3), which strengthens the cracked region.

•	 The second load drop (between points 3 and 4) 
identifies the appearance of a second crack, after 
which, again, fibre reinforcement allows a new 
load increment.

Figure 7 shows the εx and εxy strain fields obtained 
with the digital image correlation technique for this 
specimen (first specimen of A5 mix) at four repre-
sentative instants of the load-displacement diagram, 
that are identified by numbers 1 to 4 in Figure 6:
•	 Point 1: This point identifies the instant just be-

fore the first load drop is observed. The DIC im-
ages show that, apart from local damage around 
the supports and the load application points, shear 
strain (εxy) concentrates along both vertical planes 
defined by notches. Note that the extreme values 
of the colour scale identify the same shear strain, 
although of different sign, which implies that both 
vertical planes are subjected to similar shear strains. 
Regarding the shear strain fields (right images in the 
figure), shear strain seems to be quite uniform along 
the shear plane defined by the notches on the left, 
but not in the plane defined by the notches on the 
right, where the onset of fracture modifies the dis-
tribution of stresses. On another note, εx strains sug-
gest that the portion of the specimen between both 
vertical shear planes is subjected to bending, since 
the εx strain field presents compression strains at the 
upper half and tension strains at the lower half.

•	 Point 2: These results correspond to the first frame 
after the first load drop. The DIC images show clear-
ly the initiation of the first crack, which occurs at the 

Figure 6. Load-displacement diagrams obtained with the JSCE test. Mixes are identified with different colours.
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bottom notch of the right plane. The εx strain field 
shows a very high concentration of these strains 
along the crack, which, since the crack is mainly 
vertical, evidences a crack opening where Mode I 
plays an important role together with Mode II.

•	 Point 3: Just before the second load drop, the DIC im-
ages show that the first crack has evolved under a com-

bination of Mode I and Mode II, with the former being 
the predominant mode. In the left vertical shear plane, 
there is again a high concentration of shear strains.

•	 Point 4: These results show the strain fields just 
after the second load drop. A new crack appears 
at the left vertical shear plane, which is respon-
sible for this second load drop.

Figure 7. Strains field εx (left) and εxy (right) of specimen 1 of A5 mix at four instants during the JSCE test, identified by points 1 to 4 
shown in Figure 6 .

(d) Point 4 in Figure 6: (left): εx, (right): εxy.

(a) Point 1 in Figure 6: (left): εx, (right): εxy.

(b) Point 2 in Figure 6: (left): εx, (right): εxy.

(c) Point 3 in Figure 6: (left): εx, (right): εxy.
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In this test, several issues make interpretation of 
the experimental results difficult. First of all, each 
specimen has two possible fracture planes, which 
makes it hard to measure material fracture proper-
ties. Secondly, in the case of FRG, local damage 
develops around the supports, which affects the re-
sulting load-displacement diagram. Thirdly, fracture 
develops in several places along the test, up to four 
possible cracks. Finally, if the displacement is large 
enough, the central region of the specimen usually 
rotates, which modifies the way load is transmitted 
in the specimen; for example, when this rotation is 
large enough, the central portion of the specimen 
contacts the lateral portions, therefore, the load is 
not only transmitted along the vertical planes de-
fined by the notches, but also through these contacts, 
thus resulting in a complex load transmission that no 
longer permits the study of Mode II fracture.

In addition to the previous issues, the way cracking 
develops in each of the cracks produced during the test 
suggest that fracture is due to a combination of Modes 
I and II, since crack lips do not move in parallel to each 
other, but an evident crack opening in perpendicular 
to them is clearly observed. Therefore, even if all the 
issues mentioned above could be avoided, the resulting 
fracture process would not serve to measure Mode II 
fracture, since Mode I would also be involved.

4.2. Push-off test

Figure 8 shows the shear stress-displacement dia-
grams obtained with the Type 0 specimens. Assum-
ing a uniform distribution of shear stresses, the value 
of the shear stress τ is obtained as load divided by 
the area of the ligament subjected to shear:

	 	 [1]

where P refers to the load, d represents the ligament 
length (see Figure 1) and t the specimen thickness, 
which in this case equals 40 mm.

As in Figure 8, each colour identifies each mix, 
with the grey colour identifying the plain gypsum 
specimens and blue, green and red identifying A5, 
A10 and A20 mixes. Three specimens of each mix 
have been tested, each specimen of a mix has a dif-
ferent line format to allow easy identification.

These results show an important experimental 
scatter, usual in this type of material. The most re-
markable effect of fibre reinforcement can be ob-
served in how the load drop after the peak load be-
comes smaller as the fibre proportion increases.

Apart from the load-displacement diagrams, when 
the digital image correlation results are analysed, if 
the horizontal direction is identified as the x axis and 
the vertical direction as the y axis, before fracture 
takes place, shear strain εxy is high along the ver-
tical ligament where Mode II fracture is expected 
but, once fracture occurs, two unwanted issues are 
identified:
•	 Fracture often occurs outside the vertical liga-

ment where shear fracture is expected.
•	 Crack develops with crack lips moving apart 

from each other, not in parallel, thus revealing a 
Mode I fracture, rather than a fracture evolution 
in Mode II.

Figure 9a) shows the εx and εxy strain fields just be-
fore the onset of fracture, revealing that shear strain 
is high along the vertical shear ligament, although 
horizontal strains appear along the horizontal notch-
es. Therefore, three fracture mechanisms are in com-
petition: the shear failure along the vertical ligament 
and the tensile failure on both horizontal notches.

Finally, as shown in 9b), failure develops in one 
of the horizontal notches, which means that failure 

Figure 8. Load-displacement diagrams obtained with the push-off test using Type 0 specimens (see Figure 4a). Mixes are identified 
with different colours.
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does not occur due to shearing but due to indirect 
tensile stresses induced by bending of the cantile-
vers. As Figure 9b) also shows, the crack develops 
mainly under Mode I conditions, since the crack lips 
fundamentally move apart from each other in per-
pendicular to the crack path. 

These results suggest that, although the specimen 
is subjected to shear loading and, in fact, a high con-
centration of shear stresses is reached along the ver-
tical ligament before the onset of fracture, fracture 
eventually takes place in another region and devel-
ops as Mode I fracture. Therefore, these results are 
not providing information about Mode II fracture 
development. On another note, as fracture develops, 
both halves of the specimen rotate around the crack 
until two lips of a notch contact each other, then pro-
viding no longer valid results of the test.

These issues are the reason why a new set of spec-
imens are tested using the Type 1 geometry shown 
in Figure 4a. This geometry allows reinforcing the 
sides of the notches where flexural stresses lead to 
unwanted Mode I fracture and permits carrying out 
the test up to larger load displacement values, pro-
viding more complete test results.

Figure 10 shows the shear stress-displacement di-
agrams obtained with the Type 1 specimens, which 
were carried out only with FRG mixes. These dia-
grams show a remarkably different behaviour between 
mixes, with a general trend showing that increasing 

proportions of fibres leads to higher ductilities, as ob-
served in the case of the JSCE test, but some results 
are, in principle, unexpected. In all mixes, very dif-
ferent behaviours can be observed between each pair 
of specimens and, apparently, specimens of different 
mixes have a very similar behaviour between each 
other, but very different with respect to the other spec-
imen of the same mix. For example, results marked 
with I in the figure correspond to different mixes but 
have a quite similar post-peak behaviour, which is 
the part of the diagram more influenced by the fibre 
addition. Likewise, results marked with II also corre-
spond to different mixes and also have a very similar 
behaviour if compared with each other, being differ-
ent to the other specimens of the same mixes. This 
can be explained by observing the images obtained 
during the tests. Figure 11 shows two images that help 
to understand these differences and why some results 
cannot be considered as valid: 
•	 Results identified with I in Figure 10 correspond 

to the case shown in Figure 11a, where fracture 
does not develop along the vertical shear plane, 
but inside the reinforced region, that is why 
fracture cannot be observed in this image, since 
it is hidden by the glass fibre reinforcement.

•	 Results identified with II in Figure 10 fails as 
shown in Figure 11b. These specimens do fail 
along the vertical shear plane, as expected, but 
crack does not develop under mode II condi-

Figure 9. (a) Strains fields of one specimen of A5 mix just before fracture occurs and (b) image of the specimen once fracture has de-
veloped. The circle shows that crack has not developed along the shear plane.

(b) Image of the specimen once fracture has developed.

(a) Strains field of one specimen of A5 mix just before fracture occurs; (left): εx, (right): εxy.
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tions. Once crack opens, fracture develops un-
der Mode I conditions, since the upper half and 
the lower half of the specimen rotate around 
each other, thus crack lips separate from each 
other perpendicularly to the crack path. 

Regarding the result identified with III in Figure 
10, the test is clearly invalid since fracture does not 
take place along the vertical shear ligament, but in the 
lower cantilever where the lower support is applied.

Finally, the result identified with IV in Figure 10 
corresponds to a specimen in which fracture does take 
place along the vertical shear ligament and develops 
as shown in Figure 12. These results show the evolu-
tion of three fields: εx and εxy strain fields and the ver-
tical displacement field v in this specimen at different 
stages of the test, where a) is the instant just before 
the load drop occurs and results b) and c) are two sub-
sequent instants. Fracture evolves with high concen-
tration of shear strain εxy along the vertical ligament 
and, differently from other cases like the one shown 
in Figure 9b), where fracture developed in clear Mode 

I conditions, here Mode II is predominant, which can 
be observed in the evolution of the vertical displace-
ment field v. Just before fracture, no relative vertical 
displacement can be observed between the left and 
right halves of the specimen, but once fracture starts, 
both halves clearly move vertically with respect to 
each other along the vertical ligament (note the evo-
lution of the v field in Figure 12). Finally, if the evolu-
tion of εx is observed, Mode I is also present, although 
its relevance is less important than in other cases.

These results suggest that in this specimen, not 
only the onset of fracture is strongly influenced by 
shear stresses, which also happened in other speci-
mens (see Figure 9), but fracture also evolves strong-
ly due to shearing, following a similar evolution as 
expected for Mode II (see Figure 1). Nevertheless, 
this shearing is not pure, and tensile stresses, asso-
ciated with Mode I, is also present, although with 
a smaller relevance than in other specimens where 
fracture mainly occurred under Mode I conditions 
(see Figures 9b and 11b).

Figure 10. Load-displacement diagrams obtained with the push-off test using Type 1 specimens (see Figure 4a). Mixes are identified 
with different colours.

Figure 11. Last frames of two push-off tests on Type 1 specimens.

(b) One of the specimens marked with II in Figure 10.(a) One of the specimens marked with I in Figure 10.
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(c) v: (left): instant before load drop occurs, (center) and (right): 
subsequent instants.

Figure 12. Evolution of the εx and εxy strain fields and the vertical displacement field v for the specimen of the A20 mix identified with 
IV in Figure 10 .

(a) εx: (left): instant before load drop occurs, (center) and 
(right): subsequent instants.

(b) εxy: (left): instant before load drop occurs, (center) and 
(right): subsequent instants.

4.3 Comparison between both tests

In the previous sections both tests have been an-
alysed independently, providing understanding on 
how to interpret the experimental results. The aim of 
this section is to compare the results obtained with 
both tests to see if they provide similar values. To 
do this, the shear stress-displacement diagrams are 
compared. The shear stress is obtained as load over 
shearing surface, which in the case of the push-off 
test is provided by Equation [1], while in the case 
of the JSCE test, with two shearing surfaces, is ob-
tained with Equation [2].

	 τ= P/(2·d·t)	 [2]

Figure 13 compares the shear stress-displacement 
diagrams obtained with both tests. Results are pre-
sented for each fibre proportion and with the same 
colour code used in previous figures; diagrams ob-
tained with the JSCE test are depicted with dashed 
lines while results obtained with the push-off test are 
depicted with solid lines.

As commented before, the JSCE test is hard to 
analyse after the peak load, so the main compari-
son can be made on the load that induces fracture 
for the first time. If this value is compared, a big 
difference can be observed between both tests for 
all three fibre proportions. In all cases, the peak 
load is higher if the push-off tests is used, which 
is probably related to the main difference be-
tween both experimental setups, that induce shear 
stresses in different number of planes. Since the 
push-off test induces shear in only one plane, the 
peak load of the test can be directly related to the 
shear capacity of the material. On the contrary, the 
JSCE test induces shear in two planes at the same 
time and the peak load identifies fracture initia-
tion in one of them, therefore such load cannot 
identify the maximum shear capacity of the ma-
terial because part of the load is resisted by the 
still undamaged shear plane. The JSCE test would 
probably provide similar values to the push-off 
test if failure initiated at the same time in both 
shear planes, which has not happened in any of the 
tests carried out in this work.
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5. CONCLUSIONS

5.1. JSCE test

The results obtained with the JSCE test show that 
an increasing proportion of fibres modify the be-
haviour of the material, resulting in a slightly high-
er initial peak load, a higher bearing capacity after 
it and an overall increase of ductility. Fibres act as 
a bonding bridge between both crack lips, thus in-
creasing the bearing capacity of the specimen.

This test requires a quite complex experimental 
setup and produces results that are not easy to inter-
pret due to the reasons mentioned in Section 4.1, like 
the damage around the supports or the shear dam-
age induced in two planes at the same time. Never-
theless, it effectively induces a strong shear stress 
state along both vertical ligaments where fracture is 
expected, as DIC analysis reveals, but once fracture 
starts, it does not clearly evolve under pure Mode 
II. In fact, DIC analysis suggests that Mode I is pre-
dominant in the crack opening process. Moreover, 
the crack pattern resembles the results obtained with 
other tests like those suggested by Nooru-Mohamed 
(24, 25) and Bocca (40), leading to a crack opening 
evolution that combines Mode I and Mode II, with 
the former being predominant over the latter, as al-
ready observed in (41).

5.2. Push-off test

The results obtained with the push-off test also show 
a strengthening effect of the addition of fibres, espe-
cially after the peak load, with an interesting ductility 
of the material that increases with the fibre proportion.

In this test, results interpretation is not difficult, 
since only one fracture shear ligament is loaded and 
no damage previous to the peak load is observed. 
DIC analysis reveals that shear strain is effectively 
induced along the vertical ligament, but shear frac-

ture mechanism competes with secondary bending 
phenomena that may lead to fracture in a different 
region of the specimen and lead to a different frac-
ture process, more related to Mode I rather than 
Mode II.

The specimen geometry and the experimental set-
up must be carefully designed, since this test is par-
ticularly sensitive to any misalignment of loading, 
as proves the fact that only one of the specimens has 
produced a quite satisfactory result.

Push-off test results show that producing fracture 
under strong shearing conditions is relatively easy 
with this experimental setup, but fracture evolution 
under Mode II conditions is extremely hard to ob-
tain. Only one of the more heavily reinforced speci-
mens (A20 mix) has resulted in a fracture evolution 
quite similar to the theoretical Mode II, but even in 
this case, Mode I has also a relevant role, as DIC 
results prove (see Figure 12).

5.3. Comparison of results

As a final conclusion, although both tests induce 
shear fracture in the specimens, their results can-
not be directly compared, as shown in Section 4.3. 
The push-off test induces fracture in an only shear 
plane and the results can be directly related to the 
fracture evolution of that plane. Nevertheless, the 
JSCE test induces shear stresses in two planes at the 
same time, which fail at different displacement val-
ues during the test, which do not make possible to 
obtain the fracture load of an only plane and, as a 
consequence, obtain the shear stress value at which 
fracture initiates.
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