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Abstract
The main goal of this research is to determine the mechanical properties of bedding mortar by assessing the mortar damage onset, the stiffness
plasticity degradation and the apparent Poisson´s ratio under compression. Two mortar types, 1:0.5:4 and 1:1:6 (cement:lime:sand ratio), were used
and tested at 28 days; specimens had diameter-to-height (d/h) ratios of 0.3 and 1.0. These diameter-to-height (d/h) ratios were chosen to evaluate
the effect of confinement caused by the friction between the steel plates of the testing machine and the sample. Numerical models were developed,
and their response compared with the experimental results. From the experimental results, it was concluded that there are meaningful differences in
their responses with weak and strong mortar types and different d/h ratios. The d/h ratio influences the relationship between the stress and strength
and the apparent Poisson´s ratio of the specimen, which is defined herein as the ratio of the horizontal to vertical strain, regardless of cracking of the
specimen. The mortar damage onset and stiffness plasticity degradation for both mortar types and d/h ratio are different and depend on the stress/
strength ratio level. All samples with a d/h ratio of 0.3 show a constant decrease in the volumetric strain until failure but with negligible expansion
on the horizontal deformation. In contrast, samples with a d/h ratio of 1.0 present an increase of stiffness after development of the first crack, which
causes the increase of the sample volume. Numerical simulation and experimental results for mortar 1:0.5:4 with a d/h ratio of 0.3 are similar until
approximately 10 MPa, after which the numerical results diverge from the experimental results. For the d/h ratio of 1.0, the vertical strain results are
also similar, but the horizontal strains results near failure are very different. The model can not represent the nonlinear increase of the horizontal strain
near failure probably because the crack propagation and the stiffness plasticity degradation could not be controlled. For mortar 1:1:6, vertical strains
from numerical and experimental results are similar, but again the model can not reproduce the nonlinear increase of horizontal strain near failure.
Keywords: bedding mortar, damage onset, vertical strain, horizontal strain, strain difference, confinement effect.

Resumo
O objetivo principal desta pesquisa é determinar as propriedades mecânicas da argamassa de assentamento à compressão, avaliando o início do dano,
perda de rigidez e variação do coeficiente de Poisson aparente. Foram testados dois tipos de argamassa, com traços em volume de 1:0,5:4 e 1:1:6 (cimento, cal e areia), testadas aos 28 dias, com corpos de prova de prova cilíndricos com duas relações diâmetro/altura (d/h), de 0,3 e 1,0. Estas relações
diâmetro/altura foram escolhidas de forma a avaliar o efeito do confinamento causado pelo atrito entre os pratos de aplicação de carga da prensa e o corpo
de prova. Foram desenvolvidos, também, modelos numéricos de maneira a confrontar os resultados com os experimentais. Dos resultados experimentais
conclui-se que há diferenças significativas de comportamento mecânico entre os dois tipos de argamassa e as duas relações diâmetro/altura. A relação d/h
influenciou a relação tensão-deformação e o coeficiente de Poisson aparente do material, definido aqui como a relação entre as deformações específicas
lateral e axial, independentemente da formação das fissuras. O início da fissuração e a perda de rigidez para os dois tipos de argamassa e relações d/h
são diferentes e dependem do nível de tensão aplicado. Todas as amostras com relação d/h igual a 0,3 apresentaram decréscimo de volume específico
constante até a ruptura, mas com uma pequena expansão das deformações laterais. Por outro lado, as amostras com relação d/h igual a 1,0 apresentaram
um crescimento da rigidez após o aparecimento da primeira fissura, resultando em aumento do volume específico. O comportamento tensão-deformação
obtido nas análises numéricas e experimentais das amostras de argamassa 1:0,5:4 com relação d/h igual a 0,3 foram similares até, aproximadamente, 10
MPa, depois disso, houve divergência entre os resultados dos dois conjuntos. Para a relação d/h igual a 1,0, as deformações específicas verticais foram similares, mas as deformações específicas laterais foram muito diferentes próximo à ruptura. O modelo numérico não foi capaz de representar o crescimento
não linear das deformações específicas laterais próximo à ruptura porque a propagação de fissuras e a perda de rigidez não puderam ser controladas. Para
a argamassa 1:1:6, as deformações específicas verticais dos modelos numéricos e experimentais foram semelhantes, mas mais uma vez não foi possível
repetir o crescimento não linear das deformações específicas laterais próximo à ruptura.
Palavras-chave: argamassa de assentamento, ruptura, deformação específica vertical, deformação específica horizontal, incremento de deformações específicas, confinamento.
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1.

Introduction

Several theoretical and experimental studies have been conducted
to describe the behaviour of concrete under a complex state of
stresses and most of these studies depicted the nonlinearity of
concrete through plasticity models, damage models or a combination thereof [1-6]. In contrast, structural masonry is considered
anisotropic and has not received the same attention as its concrete
counterpart. Only a few studies have been conducted on the failure mechanism of masonry under a complex state of stresses and
these studies have focused on the testing of the components [726]. For concrete block masonry mortar is usually the soft component due to its high water-cement ratio and may actually control the
deformation of the masonry [27-28]. Therefore, the primary goal of
this research is to evaluate the mechanical properties of bedding
mortar by assessing its damage onset, stiffness plasticity degradation and apparent Poisson´s ratio under compression for different
diameter/height (d/h) ratios, focusing on the material strain behaviour under loading until failure. The results of the pilot testing presented herein are preliminary and require further validation.

2.

Mortar strength versus masonry
failure mechanisms

Masonry is a composite material built with units and mortar that
almost certainly have different strengths, and the interaction between the individual materials produces a complex stress state under loading. The mortar in concrete block masonry appears to experience changes in its mechanical properties under loading. Two
factors may be responsible for the observed effects: the confinement produced by the small thickness of the mortar between the
blocks and the required high porosity level to produce proper mortar workability. An example of changes in mortar mechanical properties is presented in Figure 1, which shows the vertical stress and
strain for three unit high prisms under compression, constructed

with the same block type but with mortars with different strengths.
One prism was assembled with a high strength mortar of 19.8 MPa
(type I), another prism was assembled with a medium strength
mortar of 7.2 MPa (type II) and a third prism was assembled with
a low strength mortar of 4.4 MPa (type III). Hollow concrete blocks
were used with dimensions 39 cm x 14 cm x 19 cm (length x thickness x height), having a net area compressive strength of 23.1
MPa [21-23]. The response of the prism with mortar type I was
almost linear, with a slight release of strain when the prism developed a sudden crack at a stress/strength ratio of approximately
60%. The response is almost linear both before and after the occurrence of the crack. The crack propagated through the block, but
visual inspection detected no crushing or crumbling of the mortar.
The prism finally split into two halves due to propagation of the
crack in the vertical direction. Differently, the prisms with mortar
types II and III experienced a gradual non-linear increase in vertical strains with an increase in stress. Although the prism with mortar type II also experienced a sudden crack at a stress/strength
ratio of approximately 60%, the observed non-linear behaviour following initial loading is an indication of the change in stress state
of the mortar, the propagation of micro cracks inside the mortar or
a combination thereof. The failure of the prisms with mortar types II
and III was due to localised crushing and crumbling of mortar joint,
as shown in Figure 2. After mortar crumbling, localised spalling of
the mortar and sometimes even of the blocks were observed, and
vertical cracks began to propagate towards the top and bottom
surfaces of the prism.
The results shown in Figure 1 indicate that the mortar, in some cases, governs the failure characteristic of the prisms and that such
failure depends on the fmortar/fblock ratio. For example, for a prism
constructed with mortar almost as strong as the block (fmortar/fblock
ratio of approximately 0.85), and compressed axially, the mortar
expands laterally due to their different Poisson’s ratios. As a result,
the mortar induces tensile stresses in the block. Because the mortar is strong, it’s compressive and shear strengths are greater than

Figure 1
Masonry stress-strain for three mortar types
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Figure 2
Failure mechanism of prism with weak mortar

Figure 3
Weak mortar failure model evolution under loading

the tensile strength of the block; thus, the block cracks vertically
and the prism fails. For prisms constructed with medium and weak
mortars (fmortar/fblock = 0.31 and 0.19, respectively) and subjected to
axially compressive loading, the mortar will expand laterally, similar to the case of prisms with strong mortar. Because the mortar,
however, is significantly weaker than the block, any increase in
load causes crushing of the mortar. The mortar essentially cracks
internally and starts to crumble and spall. As the load continues
to increase, the mortar continues to expand laterally and vertical
cracks develop in the mortar. With further increase in load, more
lateral expansion occurs and the cracks in the mortar propagate
vertically through the blocks causing failure of the prism. Such a
failure evolution is depicted in Figure 3.
Sarhat and Sherwood [24] compiled the results of several experimental investigations in an attempt to develop a model to predict the compressive strength of ungrouted hollow concrete block masonry. With
respect to the mortar effect on the masonry compressive strength, a
considerable scatter in data was determined, as shown in Figure 4.
For example, for a mortar strength of 5 MPa, the masonry strength
ranges from 7.5 MPa to approximately 25 MPa. Although tests results
indicate that mortar strength has no appreciable effect on the strength
of hollow prisms [14], such a scatter may indicate that it is not reliable
to evaluate only the ultimate load obtained from compression tests
without determining the masonry failure mode for the same compressive strength of concrete block; i.e., either the block is failing in tension
(due to the relative low block tensile strength) or the mortar is failing by
crushing (due to the relative low mortar compressive strength). If the
mortar crushes before the block tensile strength is reached, the ultimate measured load is an inflated value, portraying the block strength
rather than the masonry strength.
Researchers believe that much of the observed scatter in Figure
4 occurs because the masonry strength, defined as the maximum
applied load on tested prisms, does not capture the changes on
the mechanical properties and consequently the failure of the mortar confined between the blocks [25-26]. As currently defined, the
strength of masonry is governed by the strength of the blocks; i.e.,
the effects of mortar are underestimated, which explains why many
authors have stated that the mortar does not significantly affect the
strength of masonry [9, 14, 19, 24].

3.
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Previous studies on the deformation
of a brittle material

Shah and Chandra [29] investigated the phases, in tests to failure, of different materials that constitute concrete to evaluate
the causes of volume expansion and to determine the influence
of the material properties on the values of the critical stress,
which is an external indicator of internal change. The critical
stress indicates the stress level that the volume of the specimen
starts to increase rather than to continue to decrease; i.e., there
is a change in Poisson’s ratio. The hardened cement paste or
mortar specimens were 5 cm × 5 cm × 15 cm, the concrete
specimens were 10 cm × 10 cm × 30 cm, and the stone specimens were 2.5 cm × 2.5 cm × 7.5 cm. From that study, the authors observed the following: the volume of the aggregate continued to decrease with applied load, except near failure, when
a small expansion occurred. There was a slight and continuous

Figure 4
Masonry versus mortar strength adapted from
Sarhat and Sherwood [24]
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Figure 5
Uniaxial test with short brushes [31]
increase in the values of Poisson’s ratio for the aggregate with
the applied load; the volume of the cement paste decreased with
applied load, while the rate of consolidation increased. Poisson’s ratio of the cement paste was not uniform and, in general,
it did not continuously increase with increasing load; the cement
paste stress-strain curves in compression were nonlinear, and
the nonlinearity increased with an increase in the water amount.
For the concrete specimens experiencing stresses above the
critical stress, the volume of the specimens increased rather
than decreased. With the increase of the amount of aggregates
in the concrete specimens, the relative magnitude of the critical
stress was lower and the subsequent expansion was more pronounced. Poisson’s ratio of the concrete specimens increased
above a certain stress level. The main observations for the cement paste (or mortar) and the concrete from the study were
that at a certain stress level, Poisson’s ratio started to increase
continuously and significantly; the volume of the samples decreased until a critical stress level was reached, followed by
the volume increasing until failure. The inelastic behaviour of
the specimens was due to the heterogeneous nature of the materials. In addition, the cement paste continued to consolidate
up to failure, whereas the aggregates experienced only a slight
volume expansion at a stress near failure.
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Figure 6
Concrete stress deformation relations [31]
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Stöckl, Bierwirth and Kupfer [30] evaluated the effect of brick
suction and the restraining caused by the loading plates on the
mortar behaviour. The first method consisted of testing samples,
30 mm in diameter and 12 mm in height, with steel brushes without lateral restraint; the samples used were removed from a bed
joint to simulate actual mortar conditions. The second method
was according to DIN 18555-3, which allows the two halves of
a 4 cm × 4 cm × 16 cm mortar prisms, previously tested for
flexure, to be used as specimens for compression testing. The
4 cm × 4 cm × 16 cm mortar prisms were cast in steel moulds.
The tests on samples removed from a bed joint and using steel
brushes yielded a uniaxial mortar strength of 6.17 MPa while the
tests on the halves of the mortar prisms using rigid steel plates
yielded only 46% of that value. Stöckl, Bierwirth and Kupfer [30]
concluded that the test method affected the stress and strain
response and resulted in different maximum loads and initial
range of the deformation curve. The increase in lateral restraint
led to an increase in the vertical deformation of the specimens.
The strains at the maximum load were approximately 8, 60 and
75 mm/m for the tests conducted with 80 mm brush, 40 mm
brush and rigid steel plates, respectively.
Vonk [31] tested several concrete samples using different setups to
determine the influence of the different contact conditions between
the samples and the load platens. LVDTs and strain gauges were
used to monitor the deformation of the samples, with the LVDTs
measuring the overall deformation and the strain gauges providing more detailed information of the deformation of the material.
On the left side of Figure 5, the stress-strain curves calculated using both methods of measurement are shown. After the peak load,
there was a decrease on the strain, indicating strain relaxation
probably due to internal crack growth. The volumetric strain ratio,
calculated using the results from strain measurement in both directions, is presented at the right hand side of Figure 5.
Vonk [31] also tested concrete cubes using dry platens, short
brushes, long brushes, and Teflon sheets to apply the load. Figure 6 shows the deformation curves for the four conditions. Although no significant difference was observed in the initial portion
of curves, the use of dry platens, which restricted the horizontal
movement of the samples, increased the ultimate strength of the
sample. The effect of the restraint on the lateral deformations in the
different setups can be seen in the results presented in Figure 7,
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with the Teflon sheets restricting the lateral deformation the least,
i.e., the sample experienced the largest lateral deformation when
loaded using Teflon sheets.

4.

Research significance

The study presented in this article investigated the horizontal and
vertical deformations of masonry mortar under compression to assess the damage onset, stiffness plasticity degradation and apparent Poisson´s ratio. The method and the test setup influence
the measurements of both the strength and the mortar strains.
Samples of various diameter/height ratios have not yet been used
to determine the effect of confining stress on the compressive
strength and deformation of the mortar. The authors hypothesise
that as the diameter/height ratio increases, the horizontal restraints
also increase, causing a modification in the strength and the deformation. This study presents the results of a testing program in
which the diameter/height ratio of mortar samples was varied. The
focus was to determine the effect of the various ratios on the mechanical properties of bedding mortar using horizontal and vertical
strain measurements.

5.

Experimental test results

Several tests were conducted to evaluate the deformation characteristics of different mortar types for masonry construction. The
experimental test results are presented and reported in terms of
vertical and horizontal strains, apparent Poisson´s ratio until failure, volumetric strains and failure mode.

5.1 Preliminary tests
A test setup and procedure was developed to evaluate the deformation of mortar under compression. The mortar thickness
was chosen to simulate the same conditions of mortar in actual
masonry joints. For the preliminary tests, four mortar samples
were made between steel plates and then glued to plates to
simulate the confinement that exists in actual masonry constructions. Figure 8 (a) shows a sample just prior to testing. These
tests utilised an industrialised bedding mortar for masonry,
proper for masonry construction and classified as an M5 mortar, according to EN 998-2 [32]; the manufacturer declared the
compressive strength of the mortar cube (4 cm × 4 cm × 4 cm)
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Axial versus lateral deformations [31]
to be at least 10 MPa. To measure displacements, two LVDTs in
each direction and an electronic speckle pattern interferometry
(ESPI) device were used. More details about the ESPI device
system can be found in Vermeltfoort [33]. Figure 8 (b) shows
the ESPI device used. The research questions were as follows:
(a) “How to determine the apparent Poisson’s ratio variation at
different stress/strength levels?” and (b) “How to measure the
volume change required to detect the pore collapse of weak
mortar?” During the tests, the researchers observed that the
test setup caused some difficulties. Due to the small sample
thickness, the differences in grain size of the sand probably
caused the sample to be stiffer at one side compared to the
other. Figure 8 (c) shows a large grain of sand (circled) at one of
the sides of a sample. The stiffness unbalance caused rotation
of the loading plates, as confirmed by the observed rotation of
the LVDTs. Because of the rotation, the real ultimate load (the
load just prior to the rotation) could not be determined. Mortar
crushing was also observed; however, due to the small height of
the specimens, the loading plates started to bear directly onto
the larger grains of sand causing the measured load to remain
constant. Thus, the measured load did not represent the mortar strength alone, but it also included the strength of the sand
structure. The ESPI device did not provide good displacement
measurements for this type of sample in real time.

B

C

Figure 8
Preliminary tests on mortar samples
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Figure 9
Stress-strain response for a typical small thickness mortar specimen
Figure 9 presents the stress versus vertical and horizontal strains
for a typical small thickness mortar sample. During loading, researchers observed that some grains of sand became loose and fell
off from the samples. Also, no loss of stiffness in vertical direction
was observed until 20 MPa. In contrast, the stiffness in horizontal
direction decreased between 0 to 10 MPa, as depicted at the right
hand side of Figure 9, remained approximately constant between
10 to 20 MPa, and then decreased from 20 and 30 MPa. After 30
MPa, an increase in the stiffness was observed from the change
in slope of the stress versus horizontal strain curve. The stiffness
increase probably occurred because the load was transferred to
the sand grains after the disintegration of the mortar paste.
Another attempt to evaluate the mortar deformation was performed
using prismatic and rectangular samples with different length/height
(l/h) ratios. Two sample sizes were studied: 4 cm x 4 cm x 8 cm
and 4 cm x 4 cm x 4 cm, which resulted in l/h ratios of 0.5 and 1.0,
respectively. In addition, strain gauges were used instead of LVDTs
because, in the previous tests, the latter gave erroneous measurements due to the rotation of the specimens as aforementioned. Four
strain gauges were glued at opposite sides of the samples, wherein
two gauges were used to obtain the vertical strain and two gauges

were used to obtain the horizontal strain. The tests were conducted
in a 250-kN servo-controlled machine using displacement control
with a constant velocity of 0.001 mm/sec. Two samples were tested
for each l/h ratio. For the samples with l/h of 0.5, the compressive
strength results were 8.6 and 8.8 MPa (average = 8.7 MPa). The
compressive strength results for samples with l/h of 1.0 were 10.3
and 10.0 MPa (average = 10.1 MPa). Figure 10 presents the stress
vs. vertical and horizontal strains for all samples. The solid lines correspond to the samples with l/h ratio of 0.5, and the dotted lines to
the samples with l/h ratio of 1.0.
For each experimental test group, the stress-strain results are
almost the same until the first crack develops in the samples.
Thereby, the difference in ultimate load for each sample depends
on the crack initiation and propagation inside the material, which
is completely unpredictable for brittle material such as mortar. For
the samples with an l/h ratio of 0.5, the horizontal strains were
linear until approximately 6.0 MPa, while for the samples with
an l/h ratio of 1.0, the linear limit was approximately 5.0 MPa.
However, the vertical strains for both l/h ratios were linear until
approximately 3.0 MPa.
Poisson´s ratio is an elastic material property measured only in
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Vertical and horizontal deformations of prismatic samples
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the linear range. However, to represent the volume change over
the entire loading range (linear and nonlinear), the term “apparent Poisson´s ratio” is herein used to describe the horizontal-tovertical strain ratio for the mortar. This dimensionless parameter
allows for comparison of the samples with different l/h ratios
and calculation of the change in volume of the samples for the
entire loading range. Failure was assumed to occur when the
apparent Poisson´s ratio reached a value of 0.5, which is the
theoretical limit predicted by the theory of elasticity for an axially
compressed body, values greater than 0.5 would represent an
increase of volume in this situation. Figure 11 shows the apparent Poisson´s ratio versus the stress/strength ratio for each
sample. Obvious changes in the apparent Poisson´s ratio are
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observed with increases in the stress/strength ratio and with increases in the l/h ratio.
Figure 12 presents the horizontal and vertical strains for the l/h
ratio of 0.5 for both samples and the mean value of the results.
The dashed line represents the constant volume limit, which is determined when the ratio between vertical and horizontal strains is
constant and equal to 0.5. The samples behave almost the same
up to a vertical strain of 0.7 mm/m, the limit of linear behaviour as
showed in Figure 10, after which the behaviour is distinct probably
due to crack initiation and propagation inside the samples.
Figure 13 presents the horizontal and vertical strain measurements for samples with l/h ratio of 1.0. Unlike the behaviour of the
samples with l/h ratio of 0.5, the behaviour of the samples with
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Horizontal versus vertical strains for l/h = 0.5
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Horizontal and vertical strain for l/h = 1.0
l/h ratio of 1.0 is almost the same for the entire load range. Figure
14 shows the conical cracks that developed in the samples with l/h
ratio of 1.0, which relieved the strain at the surface of the samples
and caused the samples to fail. Cracks were not observed until a
vertical strain level of approximately 2.0 mm/m.
Shah and Chandra [29] presented a formula to determine the volumetric strain modification using the vertical (εv) and horizontal (εh)
strain differences, as shown in Equation 1.

(1)
Where ΔV is the change in volume, and V is the original volume.
Figure 15 shows the volumetric strains for all samples tested in this
phase of the research, as computed according to Equation 1. For both
l/h ratios, the volumetric strain changes near failure, as shown by the
dotted line in Figure 15. At the beginning of the test, there is a continuing decrease in the volume strain (ΔV/V) for both l/h ratios. Near failure, however, the samples experienced expansion, due to cracking.

Figure 14
Formation of conical cracks for l/h = 1.0
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Volumetric strain for l/h values of 0.5 and 1.0
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5.2 Tests on cylindrical samples
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The presented studies aforementioned showed that the square
specimens were not appropriate for strain measurement due to
the conical crack formation and, consequently, detachment of
the corners of the specimens. Thus, cylindrical specimens were
adopted during this final phase of the testing campaign. The
first attempt was made by testing cylindrical specimens with a
height as close as possible to a typical mortar joint thickness.
The height of the mortar cylinder was twenty times the size of
the sand particles to avoid possible instantaneous crack formation and crack propagation during the test. The d/h ratio of these
cylinder samples was 1.75. The mortar mix proportions used in
this experimental phase followed the recommendations of BS
5628-1 [34], with the volume of cement, lime and sand of 1:0.5:4
(mortar ii or stronger mortar) and 1:1:6 (mortar iii or weaker
mortar). Four strain gauges were glued diametrically on each
specimen to measure the vertical and horizontal strains; two of
the strain gauges were used for each direction. The tests were
conducted in a 250-kN servo-controlled testing machine, following two loading protocols. The first loading protocol was force
controlled and was used to determine the mechanical behaviour
of the mortar until a stress/strength level of 0.3, as shown in
Figure 16. The protocol consisted of five cycles of loading and
unloading to a stress/strength level of 0.3 at a velocity of 0.2
kN/s to “homogenise” the material deformation of the sample.
For the last step, the load velocity was decreased to 0.10 kN/s,
and upon the load reaching 30% of the estimate ultimate load,
the applied load was maintained constant during 90 seconds.
The load was then removed. The second loading protocol was
displacement controlled at a velocity of 0.001 mm/sec during
the entire loading range.
Although the testing of these small-thickness cylindrical samples was easy to conduct, reliable strain measurements were
difficult to obtain. Typically, when the load reached 30% of the
estimated ultimate load, a sudden crack developed in most of

3.5

2.5

Cracks

2.0
1.5
1.0
0.5
0.0

-1.5 -1.3 -1.0 -0.8
Vertical strain (mm/m)

-0.5

-0.3
0.0
0.3
0.5
Horizontal strain (mm/m)

Figure 17
Stress-strain response for samples with a d/h
ratio of 1.75
the samples, as shown in Figure 17. Furthermore, many cracks
propagated through the strain gauge, thereby causing the gauge
to become useless.
To obtain more reliable measurements during the entire loading
sequence, the sample d/h ratio was changed in this last attempt
from 1.75 to 0.3 and to 1.0. The mortar proportions, instrumentation and loading protocol remained as aforementioned, and
the testing was successful. Table 1 presents the results of the
mechanical properties of the mortars. The elastic modulus and
(elastic) Poisson´s ratio were determined using the data collected during the application of the first loading protocol. The
results show an increase in Poisson’s ratio for both mortar types
with the increase of the d/h ratio from 0.3 to 1.0. Most likely, the
increase in Poisson’s ratio with an increase in the d/h ratio is
due to the increase in the horizontal strain to compensate for
the volume change caused by the confining effect between the
samples and the steel loading plates. Figure 18 depicts what
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Table 1
Mechanical characterisation of the mortar samples

1:0.5:4

1:1:6

1:0.5:4

1:1:6

Group

Mortar
type

d/h

Sample

fc
(MPa)

Ec
(MPa)

Poisson´s
ratio

1

ii
ii

0.3
0.3

1
2

14.4
16.8

20.3
19.8

0.15
0.15

–

–

Mean

15.6

20.1

0.15

iii
iii

0.3
0.3

1
2

2.8
2.7

4.6
5.1

0.17
0.16

–

–

Mean

2.7

4.9

0.17

ii
ii

1.0
1.0

1
2

13.9
13.1

15.3
18.7

0.21
0.23

–

–

Mean

13.5

17.0

0.22

iii
iii

1.0
1.0

1
2

4.3
3.6

8.7
8.2

0.31
0.28

–

–

Mean

3.9

8.4

0.30

2

3

4

may have occurred. For the taller specimens (d/h = 0.3) and at midheight of the sample, where the measurements were taken, the
sample is free from the end effects and expands laterally without
bulging. For the thinner samples (d/h = 1), bulging of the specimens
and horizontal strains at mid-height of the sample are increased due
to the combination of sample thickness and end effects.
Figure 19 presents the stress-strain curves for all cylindrical samples tested in this last phase of the research; the solid lines correspond to samples with d/h ratio of 0.3, and the dotted lines to
samples with d/h ratio of 1.0.
For the four groups tested, there is an insignificant difference in the
vertical strains and in the horizontal strains between specimens

within each group. As observed for the square specimens, there
was an increase in the material nonlinearity for both mortars ii and
iii with the increase in the d/h ratio from 0.3 to 1.0. For the stronger
mortar (mortar ii), the nonlinearity was more influenced by the decrease in the height of the sample. Sometimes, cracks propagated
instantly when the stress was near 90% of ultimate value. When
such a crack propagation occurred, strain measurements were unreliable because if the crack propagated nearby or under one of
the strain gauges, that gauge would measure an increase in strain
while the strain gauge on the opposite side would experience a
strain relief.
The results presented in Figure 19 show that the change in d/h

Figure 18
Differences in the horizontal displacement of the samples
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Figure 19
Mortar stress-strain response
ratio affects the behaviour of the stress and vertical and horizontal
strain relationship. For mortar ii (stronger mortar) and d/h ratio of
1.0, the stress-strain behaviour appears to be parabolic; for d/h
ratio of 0.3, the behaviour may be better represented by a bilinear
relationship. For mortar iii (weaker mortar), the stress-strain behaviour is more or less parabolic for both d/h ratios.
Figure 20 shows the apparent Poisson´s ratio vs. stress/strength
ratio for all of the samples. The results indicate that for the d/h ratio
of 0.3 (groups 1 and 2), the value of the apparent Poisson´s ratio
is smaller than that for the d/h ratio of 1.0 (groups 3 and 4). For
the stronger mortar (mortar ii) and a d/h ratio of 0.3 (group 1), the
value of the apparent Poisson´s ratio is constant until failure, i.e.,
there is no significant change in horizontal strain until failure. For
the weaker mortar (mortar iii) and a d/h ratio of 0.3 (group 2), the

1,20

1

2

3

1,00

Stress/Strength

value of the apparent Poisson´s ratio is constant until approximately a stress/strength level of 0.6; the value then starts to increase
smoothly until failure. For the stronger mortar (mortar ii) and a d/h
of 1.0, there is a slight decrease in the value of the apparent Poisson’s ratio until a stress/strength level of approximately 0.6 and
0.8 for each sample; after these stress/strength levels, the value of
the apparent Poisson’s ratio increases significantly. For the weaker
mortar (mortar iii) and a d/h of 1.0, the results are mixed. For one
sample, there is a slight decrease in the value of the apparent
Poisson’s ratio until a stress/strength level of approximately 0.5,
after which the value increases significantly. For another sample,
there is a slight increase in the value of the apparent Poisson’s
ratio until a stress/strength level of approximately 0.6 after which
the value increases significantly.

0,80
0,60

1 - Mortar ii - d/h=0.3 (fm=15,6 MPa)

0,40

2 - Mortar iii - d/h=0.3 (fm=2,7 MPa)
3 - Mortar ii - d/h=1.0 (fm=13,5 MPa)

0,20
0,00

4 - Mortar iii - d/h=1.0 (fm=3,9 MPa)

4
0,0

0,1

0,2
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Figure 20
Stress/strength and apparent Poisson´s ratio
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Figure 21
Derivative for vertical strain for different stress/strength levels
The mortar damage onset and the stiffness plasticity degradation
under vertical load were calculated for each stress increment using
the local derivative (tangent) of the measured strain-stress curve of
the vertical and horizontal strains. A deviation from a constant increment (i.e., the difference between two consecutive strain measurements for a constant stress increment) in strain, in general, indicates
interior mortar damage. The stress/strength level that this deviation
begins, corresponds to the stress/strength level of the damage onset. In addition, the slope of the strain increment vs. stress/strength
level curve is, in general, a measure of the stiffness degradation.
Figure 21 shows the average derivative of the vertical strain-stress
curve as a function of the stress/strength level for the samples.
For the stronger mortar (mortar ii) and a d/h ratio of 0.3, the derivative for the vertical strain is approximately constant until the stress/
strength level reaches approximately 0.35, and then the derivative
increases linearly until failure. When the d/h ratio is 1.0, there is a
proportional increase of the derivative for the vertical strain until
approximately a stress/strength level of 0.50, and then the derivative increases nonlinearly until failure. The vertical strain derivative
for the weaker mortar (mortar iii) and a d/h ratio of 0.3 is constant
until a stress/strength level of approximately 0.35 and then it increases nonlinearly until failure. For the d/h ratio of 1.0, there is

a linear increase of the derivative for the vertical strain until approximately the stress/strength level of 0.75, and then a nonlinear
increase of the derivative until failure.
Figure 22 shows the average horizontal strain derivative as a
function of the stress/strength level for the tested samples. For
the stronger mortar (mortar ii) and a d/h ratio of 0.3, the derivative for the horizontal strain is constant until failure. For the d/h
ratio of 1.0, the derivative is constant until a stress/strength level
of approximately 0.6; from a stress/strength level of approximately
0.6 to 0.8, the derivative increases linearly, and for subsequently
higher stress/strength levels, the derivative increases rapidly and
nonlinearly until failure. The derivative for horizontal strain for the
weaker mortar (mortar iii) and a d/h ratio of 0.3 is constant until
approximately a stress/strength level of 0.6, and then it increases
nonlinearly until failure. For the d/h ratio of 1.0, the derivative is
constant until a stress/strength level of approximately 0.7, and then
it increases nonlinearly until failure.
The stress/strength levels corresponding to “vertical damage onset”
for mortars ii and iii, as shown in Figure 21, are not the same as the
stress/strength levels corresponding to the “horizontal damage onset” for mortars ii and iii, as shown in Figure 22. A possible explanation for this perceived damage onset discrepancy is that as a mortar

Figure 22
Derivative for horizontal strain for different stress/strength levels
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Figure 23
Volumetric strain for mortar ii (stronger mortar)
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Figure 24
Volumetric strain for mortar iii (weaker mortar)
sample is compressed, it experiences damage in the form of cracks.
Cracks are more likely to develop first at the aggregate-paste interface. As load increases, these internal cracks propagate around the
aggregate with minimal or unnoticeable opening (or lateral expansion). “Damage” is therefore first observed or measured by the strain
increment in the vertical direction. As the load continues to increase,
the internal cracks not only continue to propagate around the aggregates but also start to grow through the paste. The process causes
the cracks to open up and lateral expansion occurs. Only then the
lateral expansion (or damage) is captured (after a “delay”) by the
change in strain increment in the horizontal direction.
Figures 23 and 24 show the volumetric strains for all samples computed using Equation 1. All samples with a d/h ratio of 0.3 experienced a constant decrease in the volumetric strain until failure.
The lateral restriction at the ends of the samples with a d/h ratio of
1.0 increased the stiffness after the development of the first crack,
causing the change from a decrease to an increase in volume (i.e.
expansion in volume).

the objective to compare the horizontal and vertical stress-strain
curves from the numerical and experimental results. A three-dimensional numerical model was implemented, adopting a smeared
crack model, with a straight tension cut-off, an exponential tension
softening, the Thorenfeldt [36] model for compression, and constant shear retention. The element used was the CTE30 for the 3D
numerical analysis, which is a ten-node, three-side isoparametric
solid pyramid, based on quadratic interpolation. The element and
the meshes for the two d/h ratios are shown in Figure 25.
Table 2 presents the hardening and softening parameters under
compression and tension, the energy failure under compression
and tension, the compressive and tensile strength, the elastic modulus, and Poisson’s ratio used during analyses. Failure energy under tension was calculated using Equation 2, which was proposed
by the CEB-FIP Model Code [37], and the failure energy under
compression was calculated using Equation 3 [38].

(2)

5.3 Numerical simulations
Numerical simulations using DIANA [35] were conducted with
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Figure 26 presents the numerical and experimental results for the
two mortar types and the two d/h ratios. For mortar ii (stronger

mortar) with a d/h of 0.3, the numerical and experimental results
for the vertical and horizontal strains are similar until approximately
90% of the ultimate load, after which, the results diverge. For the
d/h ratio of 1.0, the vertical strain results are also similar, but the
horizontal strain results near failure are very different. The models
could not represent the nonlinear increase on the horizontal strain
near failure probably because the crack propagation and stiffness
plasticity degradation in the experiments could not be controlled.
For mortar iii (weaker mortar), the vertical strains from the numerical simulation and experimental results are also similar, but again
the model could not reproduce the nonlinear increase of the horizontal strain near failure.
Figure 27 shows the measured and the calculated relationship between the vertical and the horizontal strains for each tested mortar
group under compression. During initial loading, the numerical relationships are linear according to the Poisson´s ratio value, which
represents the linear proportionality between the vertical and horizontal strains until failure because cracking had not yet occurred.
For mortar ii (stronger mortar), the model captures some of the
nonlinear behaviour caused by crack initiation and propagation
even at a stress/strength level close to 1.0. For mortar iii (weaker

d/h=0.3
d/h=1.0

CTE30 - 3 sides, 10 nodes

Figure 25
CTE30 isoparametric solid pyramid element

Figure 26
Numerical and experimental stress-strain response
Table 2
Mechanical properties of the mortar
Properties

Mortar ii

Mortar iii

d/h = 0.3

d/h = 1.0

d/h = 0.3

d/h = 1.0

Elasticity modulus (GPa)

20

17

4.95

8.36

Poisson´s ratio

0.15

0.21

0.17

0.29

Compressive strength (MPa)

14.4

13.1

2.8

4.0

Failure energy under compression (MPa/mm)

3.3

3.0

1.02

1.32

Tensile strength (MPa)

1.44

1.31

0.28

0.40

Failure energy under tension (MPa/mm)

0.033

0.03

0.010

0.013
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Figure 27
Vertical and horizontal strains of the numerical and experimental results
mortar), the onset of nonlinearity cannot be reproduced numerically. Essentially, a better model to represent the variation of the
apparent Poisson’s ratio is required to capture the onset of the
nonlinear behaviour of mortars.

6.

Conclusions
n

This preliminary research indicates that there are meaningful
differences in the experimental results of compression tests on
mortar, depending on the mortar type and/or the dimensions of
the specimens. The preliminary tests demonstrated the difficulty
of evaluating the deformations and mechanical variations experienced by the mortar when adhered to the blocks and confined in
masonry joints.
The conclusions from the work presented herein are as follows:
n For rectangular samples, the increase of the length-height
(l/h) ratio from 0.5 to 1.0 causes a change in the apparent
Poisson´s ratio response for a stress/strength level above 0.5.
There is a continuing decrease in volume strain for both l/h
ratios tested, except near failure, when a slight expansion occurs. The relationship between stress-strength ratio and the
apparent Poisson´s ratio is affected by the mortar type and the
d/h ratio. The greater the confinement, the more pronounced
the variation of the Poisson’s ratio after a critical stress value.
n For cylindrical samples, the change in diameter-height (d/h)
ratio affects the stress-strain relationship in the vertical and
horizontal directions. The stress-strain behaviour and, consequently, the specific volumetric variation, Poisson’s coefficient
and derivative of the strain-stress, were dependent on the type
of mortar and level of confinement applied, that is, the dynamics of crack formation and propagation was dependent on the
type of mortar and confinement.
n Damage onset and stiffness plasticity degradation can easily
be visualised using the derivative of the strain-stress curve.
The vertical derivative indicated when the crack propagation

IBRACON Structures and Materials Journal • 2018 • vol. 11 • nº 2
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7.

began in the paste-aggregate interface, while the horizontal
derivative indicated when the cracks in the transition zone had
spread to the paste. That is the reason why the stress/strength
levels corresponding to “vertical damage onset” are lower than
the stress/strength levels corresponding to the “horizontal
damage onset”.
For a strong mortar (mortar ii) with a d/h of 0.3, numerical simulation and experimental results for the vertical and horizontal
stress-strain curves are similar until approximately 90% of the
ultimate load, after which the results diverge. For a d/h ratio of
1.0, the vertical strain results are also similar, but the horizontal strain results near failure are very different. The developed
models cannot represent the nonlinear increase on the horizontal strain near failure probably because crack propagation
and stiffness plasticity degradation cannot be controlled. For
a weaker mortar (mortar iii), the vertical strain from numerical
simulation and experimental results are similar, but the developed model cannot reproduce the nonlinear increase of horizontal strain near failure.
A better model to represent the variation of the apparent Poisson’s ratio during the entire load domain and to capture not
only the onset of the nonlinear behaviour but also the nonlinear
behaviour near failure must be developed.
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