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Abstract The brick-to-mortar bond often represents
the weakest link leading to cracking and failure of
masonry structures. For this reason, the in-situ char-
acterization of masonry’s flexural bond behaviour
(here defined as flexural bond strength and flexural
bond fracture energy), is essential for the assessment
of existing buildings. Among masonry bond proper-
ties, the flexural bond strength is commonly deter-
mined on-site, given the minimal invasiveness of the
so-called bond wrench test. However, often the
reliability of the results is questioned inputting their
large variability to the operator. The present study
discharges this assumption by comparing the accuracy
of various testing set-ups (manually-operated vs
computer-controlled set-ups). Additionally, the influ-
ence of the specimen’s type (with/without head joints
and couplets vs wallet) on the flexural bond strength
assessment is studied providing preliminary correla-
tion factors that can be of help for the in-situ
measurement on single-wythe masonry. In addition,
to obtain a complete description of the bond
behaviour, a new test set-up able to determine the
post-peak response is presented. Considerations
regarding the dissipated bond fracture energy and its
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relation to the tensile fracture energy are provided with
the support of literature data.

Keywords Brick masonry - Bond wrench test -
Flexural bond strength - Tensile behaviour - Fracture
energy

List of symbols

Roman symbols

b Length of the mortar bed joint in a masonry
specimen

e Distance from the applied load to the tension
face of the specimen

foc ~ Normalised compressive strength of masonry
brick

Jme  Flexural strength of masonry mortar

fw Flexural bond strength

A Cracking area

F,  Vertical load due to the weight of the top
clamping system of the bond wrench apparatus

Gy Tensile bond fracture energy evaluated through
direct tension tests

W Dissipated energy in a CMOD-controlled bond
wrench test

d Width of the mortar bed joint in a masonry
specimen

e Distance from the centre of gravity of the clamp
to the tension face of the specimen

fme  Compressive strength of masonry mortar

f Tensile bond strength
nilem
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F,  Applied failure load registered in bond wrench
tests

F3  Vertical load due to the weight of top masonry
brick pulled off the specimen

Gy, Flexural bond fracture energy evaluated
through flexural type tests

Abbreviations

Avg. Average

C.0.V. Coefficient of variation

IRA Initial rate of absorption

St.dev. Standard deviation

CMOD  Crack mouth opening displacement

CS Calcium silicate

LVDT Linear variable differential transformer

1 Introduction

The brick-to-mortar bond frequently represents the
weakest link in masonry structures, governing in many
cases their behaviour, e.g. under in-plane and out-of-
plane loads induced by wind and earthquakes. An
inadequate bond strength inevitably leads to cracking:
aesthetic damage and loss of water tightness of the
masonry component may occur in the case of low
magnitude loads, while potential widespread damages
may occur in extreme load events leading to collapse.
Hence, a complete in-situ characterisation of the
masonry bond behaviour is highly relevant towards the
structural assessment of existing buildings and subse-
quent design of future strengthening and repairing
interventions, if needed. This comprehensive descrip-
tion comprises the full anelastic stress-displacement
diagram in tension (Mode-I) and shear (Mode-II).
Within this framework, the bond wrench test is
commonly used for the indirect characterisation of
the tensile behaviour due to its minimal invasiveness
in determining the flexural bond strength on site.
The bond wrench test is described by international
standards as the EN 1052-5:2002 [1] and ASTM C
1072 [2], and was conceived as a control tool to be
performed on small masonry specimens, i.e. several-
brick high stack-bonded prisms or stack-bonded
couplets. It mainly consists of applying an increasing
eccentric load to a single brick—mortar interface by
using a lever arm clamped to the top brick of the
specimen. The potential of such a procedure lies in its
simplicity, being a reliable quick-to-implement

alternative to laborious bending tests performed on
relatively big specimens, namely wallets. As a matter
of fact, multiple comparative experimental studies
have confirmed the reliability of its outcome, reporting
a one-to-one correspondence with four-point bending
test results [3-5]. As for other bending tests, the
resulting flexural bond strength is calculated by
considering a fictitious linear stress distribution at
failure and must be then adjusted by a correction factor
to obtain the tensile bond strength. This correction
factor was identified by many authors and is generally
assumed to be 1.5 [6]. Given the potentiality pointed
out and the applicability of the testing method to in-
situ applications, further research has been conducted
to investigate correlations between the provided
flexural bond strength and other mechanical properties
of the masonry. In particular, the work performed by
Jafari [3] summarised the utility of performing in-situ
bond wrench tests for the indirect estimation of the
flexural bond strength perpendicular to the bed joint
and the mortar compressive strength, in addition to the
aforementioned tensile bond strength.

Although its potentiality, bond wrench tests often
provide large coefficient of variation ranging between
15 and 50% even in controlled laboratory conditions
[7]. This variability is predominant for cases of poorly
bonded masonry, such as historical masonry and
masonry subjected to deterioration. Whether this
variability is attributed exclusively to the natural
variations in the material’s properties or partially due
to the accuracy of the testing set-up is a research
question still open. In fact, masonry bond is known for
being strongly dependent on the brick’s absorption
properties and the composition, water retentivity and
initial flow of the mortar [8—10]. The natural variation
of these factors within and between batches, can result
in a bond variability that could be considered an
intrinsic property of masonry. Nonetheless, the high
variability for in-situ measurements is often attributed
to the user. As a matter of fact, in the commonly used
manually-operated set-up, the load rate cannot be
controlled and specimens of the same set might not be
tested identically. However, limited information about
the influence of the accuracy of bond wrench test set-
ups upon the measured variability is available in
literature [4, 11]. In addition, the information available
mainly regards tests performed on stack-bonded
couplets or prisms, which are different from those
used for in-situ testing, where masonry courses
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arranged with non-stacked bond pattern are tested.
Whether the bond strength obtained from standard
specimens (stack-bonded couplets or prism) agreed
with the one obtained from the entire wall is, in fact,
another important point that still lacks insight. From
the experimental program performed by Correa et al.
[12] on 6-bricks high stack-bonded prisms and full-
sized walls made of solid clay brick masonry, no
consistent relationship between the two types of
specimens has been observed. Finding the prism’s
mean flexural bond strength higher than the walls’
mean strength, the author suggested that several-brick
high stack-bonded prisms do not accurately represent
the joints within a wall. The highlighted lack of
correlation was attributed to the different level of
disturbance that may occur in the two types of
specimens during construction. In fact, several-brick
high stack-bonded prisms are built by stacking bricks
on top of each other while the mortar is still fresh:
movements of the higher bricks and their weight may
disturb the joints below. Unlike, joints in walls remain
undisturbed until the corresponding course is com-
pleted. Therefore, the author suggested further inves-
tigating the implementation of a specimen’s type that
may better represent the level of disturbance of a bed
joint within a wall while being constructed, such as
masonry couplets. However, this aspect has not been
studied in literature yet.

Besides the high variability observed in bond
wrench test results, the commonly implemented
force-controlled set-up is inadequate to measure the
post-peak softening response of masonry bond. This
information would give an indication of the energy
dissipated during the test, hereafter referred to as
flexural bond fracture energy, which could be associ-
ated with the tensile bond fracture energy. Defined as
the amount of energy per unit of area required for
creating a crack along the brick-to-mortar interface,
the tensile bond fracture energy is calculated as the
area underneath the stress-displacement diagram in
the post-peak softening branch. Its determination is
required to describe the quasi-brittle response of
masonry or predict masonry’s cracking and failure
process through nonlinear analysis. In this context, a
small variation of the tensile bond fracture energy may
lead to a variation in the estimation of, e.g., the out-of-
plane force capacity [13, 14] and the in-plane capacity
in terms of ductility and base shear force [15] of
masonry walls, and the crack width and damage level

of masonry buildings [16]. However, this property is
never tested in-situ when performing structural assess-
ments. Instead, it is generally adopted relying on
limited experimental results, e.g. Barros et al. [17] and
Van der Pluijm [18], or representative values provided
by guidelines [19], which may not be valid for all
masonry types and conditions. Given the complexity
of its experimental assessment through direct tensile
tests, flexural type tests may substitute, as it is
common for other materials [20]. Nevertheless, this
for masonry is up today not done. In this context,
laboratory bond wrench tests could represent a solu-
tion if an improved deformation-controlled set-up is
introduced. Since controlling in-situ tests would be
nearly impossible, a reliable correlation between the
flexural bond strength and flexural bond fracture
energy would also be needed for its indirect estimation
in in-situ applications.

This paper aims to explore the experimental
characterisation of masonry bond behaviour with the
bond wrench tests as a means to accurately predict
both the flexural bond strength and flexural fracture
energy on-site or on field-extracted sample. In this
context, the effect on the flexural bond strength
assessment of the set-up’s accuracy and specimen
type was investigated in response to its high variability
and the lack of correlation between standard speci-
mens used in laboratory tests (i.e. stacked bonded
couplets) and the ones usually tested in-situ (with head
joint and courses). Additionally, the set-up’s applica-
bility to measure the flexural bond fracture energy and
indirectly estimate the tensile bond fracture energy
was studied with the support of available literature
data.

2 Materials and methods

The purpose of the experimental program was to
analyse the effect of different set-ups and different
specimen’s types on the flexural bond strength
assessment performed through the bond wrench test.
Among the set-ups considered, the research of a
procedure to evaluate the post-peak behaviour and
assess the flexural bond fracture energy was also
aimed. The study focused on unreinforced brick
masonry, mainly single width. In particular, tests were
carried out on poorly bonded masonry specimens
showing a high coefficient of variation in bond wrench
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tests. Calcium silicate (CS) brick masonry with a
cement-based mortar and clay brick masonry with a
cement-lime mortar, replicated to mimic the mechan-
ical properties of samples extracted from existing
buildings [21], were used. The same masonry types
have been used in an extensive multi-scale experi-
mental campaign to support the assessment of Dutch
buildings subject to induced seismicity [22]. For a
complete overview of the characterisation of both
types of masonry, the reader is referred to Jafari [3].
Please note that the materials used (bricks and mortar)
in the present research and in the one by Jafari [3] were
manufactured in the same production batch, stored in
closed space at room temperature, and assembled with
the same procedure during the different construction
periods.

Traditional CS and clay bricks were used. Their
nominal dimension, compressive strength (f,.) and
initial rate of absorption (IRA) were reported in
Table 1. The reported compressive strength was
determined by Jafari [3] accordingly to EN 772-1
[23]. The IRA was herein determined in accordance
with EN 772-1 [24] to compare, due to the influence of
absorption properties on the flexural bond strength
assessment, the results of both types of masonry.

The mortars used were a 1:3 (cement: sand
proportions by volume) cement-based mortar and a
1:2:9 (cement: lime: sand proportions by volume)
cement-lime mortar. Many different mortar batches
have been used to build masonry specimens mainly in
two constructions periods, i.e. August 2018 and
February 2019. In each batch produced within the
experimental campaign the initial flow of fresh mortar
and the compressive and flexural strength of hardened
mortar (f,c and f,, respectively) was evaluated in
accordance with EN 1015-3 [25] and EN 1015-11 [26]
respectively. In February 2019, the aforementioned
mechanical properties have been evaluated not only at
an age of 28 days as prescribed in the standard, but
also at 14 and 56 days. The results for both mortar

compositions are summarized in Table 2, including the
construction period and the specimen’s type built
within the single batch.

Masonry specimens built within the presented
experimental campaign had a 10-mm mortar joint
and were built in controlled laboratory conditions by a
professional bricklayer. Bricks were not pre-wet prior
to use, and no weight was placed on the specimens
right after construction to be consistent with Jafari [21]
and replicate poorly bonded masonries. After con-
struction all specimens were cured at room tempera-
ture and tested at different ages.

To investigate whether the set-up influences the
flexural bond strength assessment, three standardized
set-up variants have been implemented on “standard”
couplets prescribed in EN 1052-5 [1]. The force-
controlled set-up widely used for laboratory testing in
previous experimental campaigns performed at the
Delft University of Technology [3] was considered the
starting point for the design process of the other two
apparatus. In such a conventional set-up (Fig. 1a), the
user operates the jack by slowly turning a crank, which
means that human interaction is required to apply the
load. The design of a more sophisticated, computer-
controlled set-up operated by controlling the crack
mouth opening displacement (CMOD) at the tension
side of the tested specimen took place to investigate
whether removing the human factor reduces the
variability of bond wrench data (Fig. 1b). The
CMOD-controlled procedure implemented allows
capturing the material’s post-peak behaviour and
evaluating the flexural bond fracture energy. However,
since both the configurations above are non-
portable and exclusively suitable for laboratory test-
ing, a more simplified and portable, force-controlled
bond-wrench apparatus operated entirely by hand has
been designed (Fig. 1c, d). In this latter case, the user
applies the load by pressing a torque wrench, and
therefore the degree of human interaction is even
higher than in the conventional set-up.

Table 1 Overview of the physical and mechanical properties of the bricks used

Brick type  Brick size Joe [3] IRA

Length x height x thickness (mm?)  No. test Avg. (MPa) C.0.V. (%) No.test Avg. (kg/mz) C.0.V. (%)
CS 210 x 70 x 100 6 13 6 1.0 10
Clay 210 x 50 x 100 9 10 6 33 12
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Table 2 Overview of the physical and mechanical properties of the mortar within the experimental campaign

Brick-mortar® type Construction ~ Specimen’s type Mortar Hardening fine St
period flow (mm) time (days)
No. Avg. No. Avg.
test (MPa) test (MPa)
CS—1:3 2018 Stack-bonded couplets, 161 30 6 543 3 2.4 (7)
(cement:sand) running-bonded wallets
2019 Stack-bonded couplets, 160 14 6 53(@6) 3 0.7 (4
running-bonded couplets 28 6 53() 3 2.4 (5)
56 6 4909 3 2.5 (11
Clay—1:2:9 2018 Stack-bonded couplets, 183 31 6 3.2 (16) 2 1.6 (6)
(cement:lime:sand) running-bonded wallets
2019 Stack-bonded couplets, 193 14 6 32(7H 3 04 &)
running-bonded couplets 28 6 375) 3 1.4 (2)
56 424) 3 1.6 3)
The coefficient of variation of each series is reported in brackets
“Mortar composition by volume ratio
WFE 19
| IZ Il Legend
4 1 manually operated jack
& 1 : 2 hydraulic jack
I i 4 3 electronic torque wrench
e i 3 5
o 6 6 4 load cell
e 7 5 lever arm
8 8 6 ' top clamp
10 10
7 LVDT
8 ' bottom clamp
@) 9 ' specimens support
WEF F :
| |2 |l 10 stack bonded or running bonded couplet
g 11 running bonded wallet
3 3 F; applied load
F, weight of the bond wrench apparatus
- 6 ¢, distance from the applied load to the
8 9 tension face of the specimen
10 = e, distance from the centre of gravity of the

(c)

clamp to the tension face of the specimen

Fig. 1 a Force-controlled and b CMOD-controlled set-up for laboratory tests on couplets. Set-up for in-situ tests on ¢ couplets and

d wallets [28]
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In addition to “standard”, stack-bonded couplets
(Fig. 2a), the in-situ set-up has also been carried out on
two additional types of masonry specimens to inves-
tigate the influence of the specimen’s type on the
flexural bond strength assessment. Running-bonded
couplets (Fig. 2b) and running-bonded wallets
(Fig. 2c) have been considered to correlate laboratory
testing generally performed on “standard”, stack-
bonded couplets and in-situ testing performed on
portions of masonry. The bond wrench test was
performed on the remaining intact parts of running-
bonded wallets slightly damaged (not until failure) in
previous 4-point bending tests [27]; the exact location
of the damage was known due to the use of Digital
Image Correlation (DIC) [28].

For each test, the standard EN 1052-5:2002 [1] was
used as a guideline to design the testing procedure. A
support frame, composed of a bottom screw clamp
firmly gripped to a base frame, was used to restrain the
lower brick of both types of couplets (Fig. 1a, b, c).
Conversely, running-bonded wallets were rigidly held
in place by a wooden support frame (Fig. 1d); the
brick—mortar interface under test was isolated before
testing, cutting the head joints with a hacksaw. A lever
arm directly connected to a clamp that holds the top
brick applied a bending moment to the brick—mortar
interface. The same bottom and top clamp were used

in the three set-ups, while the lever arm changed. The
set-ups for laboratory tests employed a 100 kN jack to
apply the vertical load at the free end of the lever arm
and a load cell with accuracy + 1 N for its measure-
ment. While in the conventional set-up a mechanical
jack operated manually was used, in the CMOD-
controlled set-up a hydraulic jack operated in dis-
placement-controlled was adopted. In this latter case,
the control variable used was the average displace-
ment measured by two LVDTs (measuring range
within £ 1 mm, accuracy of = 0.01 mm) attached to
the upper clamp to register relative vertical displace-
ments with respect to the bottom clamp (Fig. 1b). In
particular, the applied displacement rate, experimen-
tally determined as the fastest value that allowed
measuring the post-peak behaviour of both types of
masonry, was 0.001 mm/s and 0.002 mm/s for CS and
solid clay specimens, respectively. As an alternative to
both laboratory set-ups, the configuration for in-situ
testing employed an electronic torque wrench in which
a digital display showing the applied failure load with
an accuracy of + 2% reading. Based on previous
bond-wrench test results [3], two electronic torque
wrenches with a different measurement range were
used to test each type of masonry: 10-100 Nm and
40-400 Nm for clay and CS specimens, respectively.

Fig. 2 Specimen’s type considered in the experimental study: a stack-bonded couplets, b running-bonded couplets and ¢ running-

bonded wallets
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The flexural bond strength of masonry specimens
was calculated, in accordance with the EN 1052-
5:2002 [1] with the following formula:

F\ + Fye; —2d(F) + F, + %
fu= D P2 T3 H a4 ) m

6

where F is the failure load registered during the test
by the load cell in both laboratory set-ups or by the
electronic torque wrench in the in-situ configuration,
F, is the normal force as a result of the weight of the
bond wrench apparatus, F3 is the weight of the
masonry brick pulled off the specimen and any
adherent mortar, e, is the distance from the applied
load to the tension face of the specimen, e, is the
distance from the centre of gravity of the clamp to the
tension face of the specimen and b and d is the mean
length of the bed joint and the mean width of the bed
joint respectively. The values assumed by the afore-
mentioned parameters in each configuration are listed
in Table 3. The set-up is described by the test condition
(lab or in-situ), the control parameter (force or
CMOD) and test operability (by hand or computer).

In addition, the CMOD-controlled set-up allowed
determining the post-peak behaviour of the material
and consequently the amount of energy dissipated due
to the joint cracking. Figure 3 shows an example of
measured data in terms of clamp opening measured by
the LVDTs and in terms of vertical displacement of the
jack. To calculate the amount of dissipated energy
(W), the area underneath the force versus vertical
displacement of the jack is considered. By considering
as fracture surface (A) the cross-section of the tested
interface, the flexural bond fracture energy (Gyy) is
calculated as follows:

Gro = @

In Table 4, an overview of the experimental

series is identified by specifying the type, the
construction year and the testing age.

3 Experimental results

The flexural bond strength of all tests performed and,
where feasible, also the flexural bond fracture energy,
are listed by masonry and test type in Table 5. All tests
performed led to bond failure at the interface between
brick and mortar. For this reason, in this paper, only
bond type properties are considered.

Regardless of the test set-up, in several cases failure
during the installation of clay masonry specimens was
observed, attributing a null flexural strength value to
these specimens. Notably, the set of stack-bonded
couplets cast in 2019 and tested at 14 days with the
CMOD-controlled set up for laboratory testing, where
ten out of ten specimens failed during their installa-
tion, and consequently, null flexural bond strength and
null flexural bond fracture energy values have been
reported.

Comparing both types of brick masonry, it can be
observed that the bond of calcium silicate (CS)
masonry is four times stronger than one of clay
masonry. The weakness of clay masonry bond can be
attributed to the high IRA values of bricks (3.3 kg/
m?): the process of water suction from the mortar
when the brick is placed is significantly fast, gener-
ating a dry, weak interface. This result was expected
since pre-wetting of the brick was not implemented
prior to construction to achieve low bond values
similar to the one observed for existing buildings [21].

In addition, the coefficient of variation obtained for
clay brick masonry resulted two times higher than the
one for CS masonry, although similar values of
standard deviation are reported. In fact, it is the mean
flexural bond strength that has more influence on the

campaign is presented. The specimen tested in each coefficient of variation. Consequently, stronger
Table 3 Set-up parameters employed in the flexural bond strength calculation
Test condition Control parameter Test operability Masonry type e; (mm) e, (mm) F, (N)
Lab Force By hand CS and clay 500.0 51.0 50.9
CMOD Computer CS and clay 460.0 53.1 85.0
In-situ Force By hand CS 630.0 55.3 106.4
Clay 480.0 34.5 110.6
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Fig. 3 Example of measured data with the CMOD-controlled bond wrench test set-up: applied force as a function of a CMOD and
b vertical displacement of the jack

Table 4 Overview of the expertimental campaign

Masonry Test Control Test Specimen’s type Construction period Hardening time
type condition parameter operability (year) (days)
CS Lab Force By hand Stack-bonded 2018 37
couplets 2018 100
CMOD Computer Stack-bonded 2018 188
couplets 2019 14
2019 28
2019 56
In-situ Force By hand Stack-bonded 2018 132
couplets
Running-bonded 2019 56
couplets
Running-bonded 2018 145
wallet
Clay Lab Force By hand Stack-bonded 2018 42
couplets
CMOD Computer Stack-bonded 2018 197
couplets 2019 14
2019 28
2019 56
In-situ Force By hand Stack-bonded 2018 125
couplets
Running-bonded 2019 56
couplets
Running-bonded 2018 145
wallet
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bonded masonry as CS gives a seemingly lower
variability overall than poorly bonded masonry as
clay.

4 Influence of the test set-up

To evaluate the influence of the set-up’s accuracy on
bond wrench test results, the outcome of the three
proposed configurations performed on “standard”
couplets are compared. Since tests were performed
at different maturation days to fit the construction of
each set-up in between testing, the combined effect of
set-up and hardening time is herein examined. Fig-
ure 4a and b show the flexural bond strength against
the hardening time of calcium silicate (CS) and clay
couplets, respectively. For both masonry types con-
sidered, results are grouped by construction period

CS mason
0.6 T T ry T
os. KB
g
* X 10%
0.4 - 0
s | e
. ‘ :
5 ]
2
5 0.3}
®
o
c
o
m
0.2 - .
test set-up
- Lab (force-controlled)
01 L ———Lab (CMOD-controlled) | |
' ——— In-situ (force-controlled)
construction period
o 2018 ¢ 2019
0 1 1 1
0 50 100 150 200
Hardening time (days)
(a)

(2018 or 2019) and set-up. Blue and orange markers
are used respectively for the force-controlled and
CMOD-controlled set-up proposed for laboratory
tests, while green markers are used for the in-situ
configuration. The average flexural bond strength of
each series is highlighted with a filled marker, and the
relative C.0.V is also reported.

Comparing the variability within data sets obtained
with the three testing configurations on couplets cast in
2018, no influence of the accuracy of the control is
observed. In fact, a similar coefficient of variation,
namely 7%-16% for CS (Fig. 4a) and 34-39% for clay
(Fig. 4b), is reported independently from the set-up.
Regardless of the masonry type considered in Fig. 4,
the variability resulted slightly lower for specimens
tested at later ages, in which the bond development is
expected to be achieved completely. On the other
hand, the difference in terms of average can be

clay masonry

0.6 T

0.5

0.4 1

0.3
34%

Bond strength (MPa)

02} 34% |

0 —e * '

0 50 100 150 200
Hardening time (days)

®)

Fig. 4 Flexural bond strength obtained on stack-bonded couplets with different bond wrench test set-ups as a function of time
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attributed to the effect of hardening time and not to the
set-up implemented.

To highlight the influence of hardening time, the
data set is expanded with the results obtained in 2019.
On the one hand, the long-term flexural bond strength
increase observed in Fig. 4b for clay specimens can be
attributed to the presence of lime in the mortar
composition. Unlike cement-based mortar, lime car-
bonation is a slower hardening process that might take
years to conclude. On the other hand, the decreasing
trend over time observed in Fig. 4a for CS specimens
could be attributed to shrinkage phenomena of the
material itself. Factors influencing long-term bond
strength, such as the lime carbonation (Fig. 4b) and
mortar drying shrinkage (Fig. 4a), have been high-
lighted by many authors, as reported by Sugo et al.
[29].

5 Influence of the specimen’s type

To evaluate the influence of the specimen’s type on the
flexural bond strength assessment, results obtained
with the in-situ set-up on stack-bonded couplets,
running-bonded couplets and running-bonded wallets
is compared. Figure 5a and b show the results of
calcium silicate (CS) and clay specimens, respec-
tively. In both cases, the obtained flexural bond
strength is reported as a function of the initial normal
stresses caused by the self-weight of the masonry
portion situated above the tested bed joint. In partic-
ular, the pre-compression was calculated in the intact
version of the specimen, i.e. after construction and
before testing, considering the masonry within a
conical angle of 60 degrees (Fig. 2c). The latter
assumption was made based on how concentrated
loads may be spread along a masonry wall, referring to
Eurocode 6 [30]. In the calculation, a masonry’s
density of 1763 kg/m> and 1708 kg/m® was consid-
ered for CS and clay brick masonry, respectively. The
exposed representation allows examining whether
there exists a trend of results according to the position
of the tested bed joint within a wall. In particular,
green markers indicate the average flexural strength
obtained for stack-bonded couplets and blue markers
refer to running-bonded couplets. In the case of
running-bonded wallets, results are illustrated by the
values for each bed joint tested (grey markers), the
average strength per course (red markers), the average

strength considering all courses for the running-
bonded wallet and the relative standard deviation
(continuous red line and dashed grey line respec-
tively). Table 6 lists the average flexural bond strength
value obtained for the three specimens and their ratio
with respect to the value obtained by tests on stack-
bonded specimens. As for running-bonded wallets, the
results mentioned above are reported for the first
course and for the overall specimen considering all the
courses.

Comparing the results obtained on stack-bonded
couplets and running-bonded wallets, the former
shows lower flexural bond strength for both masonry
types. Contrary to the results obtained by Correa et al.
[12] on 6-brick high stack-bonded prisms, stack-
bonded couplets led to a conservative estimation of the
wallet bond. Therefore, the implementation of stack-
bonded couplets might be better for design or control
purposes than several-brick high prisms. In particular,
a 1.5 and 2.2 factor was obtained respectively for CS
(Fig. 5a) and clay (Fig. 5b) masonry, as reported in
Table 6. Regardless of the type of masonry considered,
the latter may probably be attributed either to the pre-
compression level caused by the self-weight or to the
presence of head joints which could modify the
specimen drying process. Regarding the pre-compres-
sion level, no particular trend in the flexural bond
strength versus pre-compression graph is observed
within the wallet (Fig. 5a, b). In addition, a difference
between the average of the bed joint tested in the first
course of running-bonded wallets and the result of
stack-bonded couplets is also observed, even if the
pre-compression stress value was the same. These
findings are consistent with the work of De Vekey
et al. [7], where bond wrench measurements from
existing buildings showed no influence of the position
of the tested joint within walls. This lack of spatial
correlation, also highlighted by Correa et al. [12] and
Heffler et al. [31], would suggest that testing speci-
mens subjected to low or high axial pre-compression
stresses should lead to the same result, making the
selection of the portion of the wall to be tested less
restrictive in in-situ applications. Nevertheless, such a
consideration is possible only if the conditions on each
joint along the height of the wall is the same, e.g.
filling of the joint.

Hence, the flexural bond strength of bed joints is
probably influenced by the presence of head joints.
However, by considering running-bonded couplets, it
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Fig. 5 Flexural bond strength as a function of pre-compression: a CS masonry; b clay masonry

Table 6 Differences between the results obtained with the in-situ set-up on the three proposed specimen’s types

Index  Specimen’s type CS Clay
® No. Aveg. fy C.0.V. f, Ratio f, No. Avg. fy C.0.V. f, Ratio f,
test  (MPa) (%) @1 test  (MPa) (%) @1
(1) Stack-bonded couplet 10 0.36 9 1 13 0.12 35 1
) Running-bonded couplet 8 0.42 11 1.2 2 0.25 25 2.1
3) Running-bonded wallet— 23 0.54 14 1.5 18 0.26 27 2.2
all courses
4) Running-bonded wallet— 6 0.55 8 1.5 3 0.20 9 1.6
first course
is not possible to obtain a clear indication of the wallets and running-bonded couplets is similar to the
influence of the head joint on the flexural bond one obtained between running-bonded wallets and
strength of bed joints. For CS (Fig. 5a), the difference stack-bonded couplets. Conversely, for clay brick
in terms of flexural strength between running-bonded masonry (Fig. 5b), the running-bonded couplets
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provide similar results to the running-bonded wallets.
However, these considerations may not be statistically
valid due to the limited number of specimens tested.

6 Bond fracture energy: flexural type versus direct
tensile tests

The characterisation of the masonry’s softening
behaviour in tension is of importance for the assess-
ment of existing masonry structures, as shown for
example in [13—-16]. However, direct tensile tests are
challenging and often are not commonly available in
laboratory [32]. This increase the assumptions on this
parameter that cannot be tested. It is thus of relevance
to investigate whether the use of bending type tests can
indirectly lead to an estimation of the tensile bond
fracture energy. In this respect, the new CMOD-
controlled set-up proposed here is adopted to estimate
the flexural bond fracture energy. By gathering of
literature data, preliminary considerations on the
relation of flexural and tensile bond fracture energy
are made.

Figure 6 illustrates the average bond fracture
energy plotted against the average tensile bond
strength. The latter is calculated by dividing the
flexural bond strength by a factor 1.5, as suggested in
literature [6]. Given the time-dependent relationship
of flexural bond strength highlighted in Sect. 4, results

obtained at different ages are considered representa-
tive of different masonry types. The data set herein
obtained was expanded by considering experimental
results available in literature of both flexural type and
direct tensile tests performed on different masonry and
specimen types. Among these, direct tensile tests
performed by Van der Pluijm [6], Sandoval [33] and
Lizarraga [34] on couplets, four-point bending tests
performed by Jafari [3] on wallets and four-point
bending tests performed by Van der Pluijm [6] on
stack-bonded prisms were considered in addition to a
set of bond wrench tests performed by Licciardello
et al. [35] with the CMOD-controlled set-up herein
presented. Detailed information regarding the
expanded data set herein considered is reported in
Appendix A.

The results obtained in this study are in line with
those obtained from other flexural tests reported by
Jafari [3] and Van der Pluijm [6, 18]. Comparing both
analysed parameters, the bond fracture energy was
approximately one order of magnitude smaller than
the tensile bond strength and showed a larger
variability (C.0.V. ranging between 45 and 89%).

Comparing the results determined in flexural and
direct tension tests, it can be observed that the fracture
energy assessed through flexural type tests tends to be
higher than the one evaluated through direct tensile
tests. In particular, a factor of around 4 is obtained
from the trend of the two data set herein considered.

Flexural type tests

Present research
Licciardello et al. (2019)
Jafari (2021)

Van der Pluijm (1999)
Trend
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Fig. 6 Bond fracture energy evaluated through flexural type and direct tensile tests plotted against the tensile bond strength
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This gap confirms the initial thoughts of Van der
Pluijm [6] obtained by analysing a smaller data set.
Given the complexity of capturing the post-peak
behaviour in direct tensile test, limited data are
available in literature. A more systematic study is
therefore suggested to explore the reasons of this
difference.

7 Conclusion

Through a comparative experimental approach, this
study examined the influence of the set-up (manually-
operated vs computer-controlled) and the specimen’s
type (with/without head joints and couplets vs wallet)
on the flexural bond strength assessment using the
bond wrench test. Among the set-ups considered, a
procedure to evaluate the post-peak behaviour and
assess the flexural bond fracture energy was also
investigated. As a result, the following conclusions
and recommendations can be drawn.

The accuracy and control of the bond wrench test
set-up exhibited no influence on the flexural bond
strength assessment. The three proposed set-ups
provided a similar value of the coefficient of variation
and, therefore, can be considered equivalent. Despite
the manual control of the load, the portable set-up for
in-situ applications is considered sufficient to deter-
mine a reliable result; consequently, the high variabil-
ity observed in bond wrench test results is to be
considered an intrinsic property of masonry. For
laboratory applications, the CMOD-controlled config-
uration is suggested, because its implementation
allows the assessment of the complete flexural bond
behaviour in terms of both flexural bond strength and
flexural bond fracture energy.

This study also confirms the specimen’s type as an
influencing factor affecting the masonry flexural bond
strength assessment: the mean strength of “standard”
stack-bonded couplets resulted significantly lower
than the mean flexural bond strength of running-
bonded wallets. Unlike several-brick high prisms
tested by Correa et al. [12], couplets were found to
underestimate the flexural bond strength of entire
wallets. Therefore, couplets are suggested for design
and control purposes among the specimen types
suggested by the standard EN 1052-5:2002 [1]. To
correlate laboratory tests performed on stack-bonded
couplets to in-situ measurements, a different factor

was computed for CS and clay masonry, i.e., 1.5 and
2.2, respectively. Nevertheless, since limited experi-
ments were performed, further research would be
needed to confirm the established correlation factors
and give more insight on the causes of this difference.
Considering the lack of spatial correlation found
between bed joints within the wallet, this study
suggests attributing the difference to the presence of
head joints which could modify the drying process of
the specimen. Though, no consistent results for the
two masonry types were obtained from running-
bonded couplets and wallets that can confirm this
aspect.

In addition to the specimen’s type, the role played
by the brick’s absorption properties, mortar composi-
tion and hardening time on the development of flexural
bond strength was corroborated. In particular, the
brick’s absorption properties, herein quantified
through the initial rate of absorption, emerged as the
primary contributor to the difference in flexural bond
strength between the two types of masonry considered.
This emphasizes the importance of considering the
suction properties of bricks and evaluating if pre-
wetting prior to construction is required to achieve a
stronger bond in practical applications. On the other
hand, the evolution of the flexural bond strength over
time appeared to be strongly influenced by the mortar
composition, particularly by the presence of lime.
Unlike cement-based mortars, lime carbonation in
specimen cast with the cement-lime mortar led to a
progressive increase of strength within the period
considered, i.e., from 4 to 197 days. This confirms that
for masonry built with lime mortars, longer hardening
time than 28 days are required to estimate the actual
flexural bond strength.

Eventually, a procedure to determine the flexural
bond fracture energy from laboratory bond wrench
tests is also presented in this study. Such a procedure
could be of crucial relevance if an accurate correlation
with tensile bond fracture energy is assessed. For this
purpose, a new crack-mouth opening controlled set-up
is presented to measure the post-peak response. The
set-up provides results that are in line with other type
of flexural tests, i.e. four-point bending tests on wallets
and stack-bonded prisms. By comparing results of
flexural and direct tensile tests, a factor 4 was
computed to correlate the flexural bond fracture
energy to the tensile fracture energy. Although a
difference might be expected due to the different
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boundary conditions implemented and the state of
stress to which the bed joint is subjected, a more
systematic study is suggested to extend the data set to
explore and validate the difference obtained.
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Appendix A

An overview of the extended dataset, used in Sect. 6,
is presented in Table 7. While direct tensile tests
results are directly reported in terms of tensile bond

Table 7 Extended dataset to correlate bond fracture energy obtained through flexural type and direct tensile tests

References Brick-mortara type Flexural bond Tensile bond Bond fracture Success
strength strength energy rate
Avg. C.o.V. Avg. C.o.V. Avg. C.0.V.
(MPa) (%) (MPa) (%) (N/m) (%)
Flexural test
Present research Clay 1:2:9! 0.14 37 0.09 12 86 10/10
0 - 0.00 - 10/10
0.07 40 0.05 59 10/10
0.09 42 0.06 89 10/10
CS 1:32 0.33 7 0.22 17 46 10/10
0.35 23 0.23 21 45 10/10
0.36 29 0.24 23 61 10/10
0.36 10 0.24 22 46 10/10
Licciardello et al. [35] Clay 1:2:9! 0.12 60 0.08 22 90 10/10
Jafari [3] Clay 1:2:9' 0.16 22 0.11 5.25 97 5/5
Van der Pluijm [6] Soft mud clay (sm-RIJ) 1:1:6! 0.19 37 0.13 8.7 65 3/4
Wire cut clay (wc-JO9) 1:1:6' 0.58 34 0.39 11.7 77 1717
CS (CS-brick90) 1:1:6" 0.23 41 0.15 4.2 48 2/5
Concrete (MBI) fmGPM®  0.46 16 0.31 11.1 38 5/5
Direct tensile test
Van der Pluijm [6] Soft mud clay (sm-VE) 1:2:9! 0.22 60 7.8 65 4/5
Soft mud clay (sm-VE) 1: Vardlps! 0.13 101 4.2 32 3/3
Wire cut clay (we-JO90)  1:2:9' 0.30 24 11.5 64 3/3
Wire cut clay (we-JO90)  1:1:6' 0.40 39 5.5 70 27/33
Wire cut clay (we-JO90)  1: Va:4%4! 0.50 29 6.8 51 6/6



http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.4121/20193173
https://doi.org/10.4121/20193173

62 Page 16 of 17

Materials and Structures (2023) 56:62

Table 7 continued

References Brick-mortara type Flexural bond Tensile bond Bond fracture Success
strength strength energy rate
Avg. C.o.V. Avg. C.o.V. Avg. C.0.V.
(MPa) (%) (MPa) (%) (N/m) (%)
Wire cut clay (we-JO90) 1:2:9" 0.54 33 5.6 53 9/15
Wire cut clay (we-JO90) 1:2:12! 0.37 33 4.5 37 6/7
Wire cut clay (we-JO90) 1:2:9! 0.15 51 0.9 44 6/12
Wire cut clay (we-JO90) 1:2:12! 0.39 44 2.0 52 6/6
Wire cut clay (we-JO90) 1:1:6" 0.38 26 2.4 38 6/6
Wire cut clay (we-JO90) 1:1:6" 0.24 60 1.7 92 17/20
Wire cut clay (we-JO90)  1:1:6" 0.13 66 1.0 71 17/19
CS 1:2:9! 0.32 34 - - 0/4
CS 1:1:6" 0.33 51 - - 0/5
Concrete (MBI) fmGPM? 0.73 19 11.3 - 1/5
Sandoval [33] Perforated clay fmGPM? 0.13 20 1.6 37 3/3
Lizarraga et al. [34] Perforated concrete fmGPM? 0.10 18 14 3 37?7
1:%4:3! 0.09 39 12 35 2/?

*Mortar composition by volume ratio: 'cement:lime:sand or *cement:lime/*fmGPM: factory made general purpose mortar

strength, flexural type tests results are reported in
terms of both the measured flexural bond strength and
the derived tensile bond strength. Each set’s masonry
type is indicated by specifying the brick—mortar type;
the original code used by the author is also reported
where available. Eventually, the success rate intended
as the number of specimens successfully tested over
the set size is reported.
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