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Abstract The mechanical behaviour of masonry is
strongly influenced by the brick-mortar interface. To
isolate and benchmark the pure frictional response
of this interface in mortared masonry, this study uses
a reciprocating sliding tribometer test on cracked
brick-mortar specimens. Tests were conducted under
varying pre-compression levels and two reciprocat-
ing sliding frequencies, using unreinforced clay brick
masonry with lime-cement mortar. Frictional behav-
iour was analysed through hysteresis curves relating
the measured friction force to the sliding displace-
ment. From these, the mean sliding friction coeffi-
cient and tangential stiffness were extracted for each
cycle. Both parameters showed considerable vari-
ability across tests. The mean kinetic friction coeffi-
cients, typically ranging between 0.4 and 0.6, aligned
with values from indirect tests methods (e.g., triplet
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or couplet shear tests), and their variability appeared
independent of the applied normal load. In contrast,
tangential stiffness showed a qualitative correla-
tion with the normal load, despite a high scatter. To
interpret the observed variability, statistical analy-
ses including ANOVA and Principal Component
Analysis were performed. Although further testing is
required, these initial results offer valuable insights
into the frictional mechanics of cracked masonry
interfaces and suggest new testing avenues for more
accurately characterising brick-mortar interaction in
structural assessments.

Keywords Unreinforced masonry - Friction
coefficient - Tangential stiffness - Energy dissipation -
Tribometer

1 Introduction

The characterisation of the shear behaviour of unit-
joint bonds is often performed with deformation-
based tests in which both de-cohesion and friction
mechanisms take place simultaneously [1-9]. Typi-
cal examples of tests are shear-compression tests
on triplets [10] or couplets in the lab or shove tests
on-site. For the interpretation of the experimental
results, the assumption of the Amonton-Coulomb
friction law is often made. Accordingly, the friction
force is directly proportional to the normal load and
governed by a coefficient of static or kinetic friction.
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Nevertheless, this assumption cannot be fully consid-
ered with the adopted testing methods, because both
the de-cohesion and friction mechanisms are acting
simultaneously.

Up to date, there are no dedicated tests to charac-
terise the properties related to friction for mortared
masonry. Such parameters, as friction coefficient and
tangential stiffness, are especially relevant when con-
sidering the stability of arched structures (e.g., [11]),
and the lateral resistance of in-plane and out-of-plane
loaded walls (e.g., [12] [13]). Some information
exists in the contest of mortarless or dry masonry
(e.g., [14], this is numerical [15]), but this cannot
be directly adopted to mortared masonry due to the
different nature of the contact interface that exists
between two masonry units, rather than involving
failure at unit-joint bonds.

In pursuit of characterising the frictional response
at the cracked brick-mortar interface in masonry, a
reciprocating tribometer testing procedure is pre-
sented. This dynamic test provides information on
the coefficient of friction, the tangential stiffness, and
their variability, and on the energy dissipation asso-
ciated to sliding friction. This study illustrates the
methodology adopted to test the cracked brick-mortar
interface and provides a preliminary investigation of
influencing factors, such as pre-compression level,
and reciprocating sliding frequency, for unreinforced
clay brick masonry.

2 Materials and methods
2.1 Clay brick masonry

The tested material pairs are based on specimens
extracted from unreinforced brick masonry, which
were extensively characterised in previous experi-
mental test series [16, 17]. Table 1 lists the main
properties of the unreinforced brick masonry system.
The latter was composed by solid clay brick masonry,
which had nominal dimensions of 210 mm in length,
50 mm in height, 100 mm in thickness, and having
a normalised compressive strength of 28.31 MPa.
In addition, a pre-bagged mortar with the following
characteristics was used: a 1:2:9 proportion in weight
between cement, lime, and sand, a mean compressive
strength of 3.81 MPa, and a mean flexural strength of
1.40 MPa.

Table 1 Properties of clay brick masonry adopted in this
study according to [16, 17]

Property Symbol Unit Average CoV No. of tests
Compressive fn MPa 14.02 0.04 6
strength

Elastic modulus E MPa 4640 025 6
Flexural bond T MPa 0.14 046 10
strength

Initial shear fn MPa 0.20 12
strength

Friction coef- u - 0.69 12

ficient

2.2 Description of the tribometer setup

This study used the RTEC MFT-5000 reciprocat-
ing tribometer (Fig. 1). The test setup is constituted
by two parts: a bottom moving plate that allows for
a reciprocating motion, and a steady and horizontally
leveled upper arm which holds a cylinder. The hori-
zontal upper arm is connected through a hinge to the
machine, to avoid bending moments at the location
where the tangential force is measured. The normal
force is imposed through an actuator, linked to the
upper arm through a spring, and an automated con-
trol mechanism is in place to keep the normal force as
steady as possible during the different runs. As a con-
sequence, the upper part of the specimen is allowed to
freely displace vertically, thus accomodating the dila-
tancy at the brick-mortar cracked interface. Normal
and tangential forces are measured through piezo-
force transducers, having a resolution of 15 mN and
4.5 mN, respectively. The bottom moving plate hosts
a LVDT sensor for tracking the displacement, which
has a resolution of 1 um.

The allowable stroke for the reciprocating motion
can be adjusted between 0.1 and 30 mm, and the
reciprocating frequency can be varied between 0.1
and 80 Hz. The maximum frequency is chosen in
order to stay well below the first resonance mode
of the upper holding arm. To evaluate the response
to friction in cracked masonry by tribometer tests,
samples with a pre-existing crack at the brick-mortar
interface (see the next section) were fabricated, and
the specimen holder was modified (Fig. 1). A new
upper cylinder casing was manufactured, with an
external diameter of 19 mm and an internal diameter
of 10 mm. The upper part of the specimen was held in
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Fig. 1 Reciprocating tribometer setup and specimen with cracked brick-mortar interface

the metal casing for a depth of 45 mm that prevented
its significant bending. The bottom part of the speci-
men, being a parallelepiped having cross-section of
30x30 mm, was mostly composed of the mortar joint
and brick material. The portion of the brick was con-
strained in a metal casing connected to the bottom
plate of the tribometer.

2.3 Specimen preparation

To manufacture specimens for the tribometer test,
samples extracted from masonry couplets that had
previously undergone a bond-wrench test were used.
In this way, the cohesive bond at the brick-mortar
interface was broken, resulting in the typical rough-
ness of cracks in mortared masonry. Masonry cou-
plets were built by a professional mason and hardened
for various months in laboratory conditions. By using
a computer-controlled bond wrench setup [18], each
couplet was gradually cracked along the brick-mortar
interface. Afterwards, the couplet was unloaded and
the samples for the tribometer were extracted. The
specimen for the tribometer test consists of a top
cylindrical part made of brick and a lower parallel-
epiped part made of brick and mortar joint. To keep
track of the location of both parts of the specimen
during sawing, each couplet was divided into 8 areas

having dimension 30x30 mm. Afterwards, the top
part of the specimen was cored from the top brick and
the bottom part was sawn. Both extraction procedures
were performed with water. The top part of the speci-
men was glued into the metal case with heat melt
adhesive glue, while the bottom part was mechani-
cally clamped on the bottom plate.

2.4 Testing procedure

The tribometer enables reciprocating motion between
the specimens in contact, while keeping a constant
normal force level through an automated feedback
controller and a fixed sliding distance. Each test was
performed in two phases: first the required normal
load was imposed and kept constant for 60 s, sub-
sequently, the reciprocating sliding motion starts.
Throughout the reciprocating motion and despite
the controller, small variations of the normal forces
still occur (see Section 3.2 for a more detailed dis-
cussion). The surface of each specimen was charac-
terised by means of an optical profilometer scanning,
using the VR-6200 Keyence profilometer with a
measuring area of 1024x768 pixels and a resolution
of 0.0074 mm. Surface texture properties are esti-
mated according to ISO 4288:1996. However, only
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few surfaces were scanned again after the reciprocat-
ing sliding tests.

Two experimental series were performed (see
Table 2): one series with a fixed reciprocating slid-
ing frequency of 3 Hz, and a second series with a
frequency of 0.2 Hz. Before the reciprocating sliding
frequency takes over, the initial transition from static
to kinetic friction (labeled as “first pull”, which cor-
responds to the first quarter of the first cycle), is per-
formed by imposing an initial pulling rate (see Sec-
tion 4.1 for more details). The frequency value of
3 Hz was chosen based on shaking table test results
of a full-scale building showing major sliding fail-
ure [19]. Whereas, a frequency of 0.2 Hz was chosen
in the attempt to replicate quasi-static loading condi-
tions that are used in standardised shear-compression
tests for masonry. In both series of tests, the normal
force was set up as a varying parameter, in order to
check eventual variations of the coefficient of friction
with an increasing pre-compression level. All tests
have been performed considering a sliding distance of
+0.4 mm. This resulted in a total stroke of 0.8 mm.
The reason behind this choice was to look for a

Table 2 Loading parameters considered in the different test
series

Specimen Normal force Nominal contact Freq.
name (N) pressure (MPa) (Hz)
Cl1-12-6-A 6.4 0.10 0.2
C2-1-6-A 6.4 0.10 0.2
C2-4-6-A 6.4 0.10 0.2
C1-7-13-A 12.8 0.20 0.2
C3-9-13-A 12.8 0.20 0.2
C1-10-25-A 25.5 0.40 0.2
C2-8-25-A 25.5 0.40 0.2
C3-10-25-A 25.5 0.40 0.2
C1-3-38-A 38.2 0.60 0.2
C2-3-38-A 38.2 0.60 0.2
C3-3-38-A 38.2 0.60 0.2
C3-11-8-B 8 0.13 3
C1-8-13-B 12.75 0.20 3
C2-2-15-B 15.39 0.24 3
C3-8-20-B 20.2 0.32 3
C1-5-29-B 28.35 0.45 3
C1-4-34-B 34.1 0.54 3
C2-7-34-B 34.1 0.54 3
C3-6-34-B 34.1 0.54 3

niem

sliding distance that would be large enough to extract
a coefficient of friction for sliding, but short enough
to avoid the sliding over a completely new contact
area. For each test, a total number of 180 cycles fixed.
At least 3 material pairs for each normal force were
tested. It should be noted that the pre-compression
stress levels reported are to be considered as nominal
values, since the real area of contact is not known at
every instant during the test. Hence, the applied nom-
inal contact pressure, see Table 2, refers to the geo-
metrical cross-section in contact of the top part of the
specimen.

3 General observation on the experimental results
3.1 Surface characterisation

For each specimen, the two surfaces in contact were
characterised by means of a profilometer before the
test; this provides an indication of the surface rough-
ness (Fig. 2). The following parameters were meas-
ured for each surface in contact of each specimen:
the mean peak height S, the sum of the largest peak
height value and the largest pit depth S,, the mean
peak curvature S, and the surface texture aspect
ratio S,.. An overview for all specimens is given in
Table 3.

On average the two surfaces, belonging to the bot-
tom and top portion of the specimens, present simi-
lar features being very rough and uneven. The mean
peak height S, is close to 200 ym for both surfaces,
indicating a high roughness since S, > 20 ym. Val-
ues of §, larger than 0.1 mm indicate the presence
of an uneven surface. The mean peak curvature val-
ues Spc, also indicate that the peaks on the surfaces
are rather sharp, since SPC > 0.01 mm~L. The values
of the surface texture aspect ratio S,, are rather low,
hence, the bottom surface texture can be characterised
as anisotropic (S, < 0.5 indicates a strong isotropy,
while S, < 0.3 is strongly anisotropic). This texture
anisotropy could be expected, since the mortar is
applied on the brick in a preferential direction dur-
ing the construction of the specimen. Overall, a high
value of surface roughness and uneven surfaces with
sharp peaks may be prone to wear. Therefore, during
the sliding process between the two surfaces, debris
can be generated and “rolled over”, into cylindrical,
spherical, and needle-shaped particles [20]. The wear
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Table 3 Surface properties measured before carrying out the
reciprocating sliding tests. Parameters S,, S, S, and S, corre-

spond to the mean peak height, sum of the largest peak height

value and the largest pit depth, the mean peak curvature, and
the surface texture aspect ratio, respectively

Surface property Bottom specimen surface Top specimen surface
mean std. dev. min max mean std. dev. min max
S, (um) 215 78 127 501 189 74 23 395
S, (mm) 33 1.6 1.4 5.6 1.5 0.6 0.8 2.7
S, (1/mm) 6.5 0.6 5.6 8.0 11.5 6.2 5.0 36.7
S, 0.35 0.13 0.14 0.62
40 non-zero value of the starting point of the first pull
is simply due to an original offset in the LVDT read-
ings, after normal contact is established between the
two surfaces of the specimen. In general, once the
30 reciprocating motion starts, the coefficient of sliding
friction tends to “settle” at higher values than those
observed during the first pull. This was observed for
20 all tests, except for those performed with low nor-
mal forces (3.2 and 6.4 N) and one test carried out at
38.2 N (C3-3).
Despite the repeatable shape of the hysteresis
10 loops, the coefficient of friction varies during each
cycle. This variation is already rather pronounced
during the first pull. Considering the nature of the
0 contact surfaces, which are rather rough, uneven and

0 10 20 30 40

Fig. 2 Example of a profile scan of the bottom part of the
specimen before running the reciprocating sliding tests

debris can also stay trapped between the surfaces,
which is often called the “third body”, and can form
a heterogeneous interfacial layer that can drastically
affect the friction and wear behaviour [21].

3.2 Interpretation of recorded hysteresis cycles

Figures 3a,b show two examples of measured hys-
teresis cycles at two different normal forces and
reciprocating frequencies, depicting the evolution of
the coefficient of friction with reference to the slid-
ing distance. The friction coefficient is calculated by
dividing the measured friction force by the measured
normal force. In both graphs, the black line indicates
the first pull, while the blue lines refer to the sub-
sequent reciprocating motion cycles. Note that the

characterised by sharp peaks, these variations in the
friction coefficient may be due to the evolution of
wear and the resulting debris interposing between the
contact surfaces, as also discussed in [22] for recip-
rocating sliding tests carried out between two steel
specimens. Wear debris also accumulate on the sides
of the contact area, as shown in Fig. 4b, which may
cause a contact misalignment during the reciprocat-
ing sliding motion. The latter can result into an asym-
metric behaviour for sliding friction, along the left or
right direction, and to a variation of the normal force
(as also shown in Fig. 4a). For this reason, the kinetic
coefficient of friction has been computed for sliding
distances between —0.1 and +0.1 mm around the ori-
gin, where the normal force remained nearly constant
(see Fig. 4a). As a general note, the normal force vari-
ation throughout all the tests tends to be around 1-2%
with respect to the pre-imposed value. However, a
small variation of the normal force, if caused by verti-
cal contact misalignment throughout the sliding pro-
cess, can lead to larger variations of the friction force,
as explained in [23-25]. Such variation of the friction
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Normal force: 34 (N), Frequency: 3 (Hz)
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Fig. 3 Examples of measured hysteresis cycles: a Normal force at 34 (N) and reciprocating frequency at 3 (Hz) (Couplet C1-4); b
Normal force at 25 (N) and reciprocating frequency at 0.2 (Hz) (Couplet C1-10)
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b)

Distance (mm)

Fig. 4 (a) Estimation of the kinetic coefficient of friction in a region with nearly constant measured normal force (Couplet C1-4);
(b) accumulation of debris observed from profilometer measurement after the tribometer test

force is also visible in Fig. 4a, which is not linearly
proportional to the variation of the normal force dur-
ing sliding. Section 4.2 provides a more in-depth dis-
cussion with reference to the identification of kinetic
friction.

Between the first and last cycle, the hysteresis curves
show a relevant variation in energy dissipation and a
potential influence of normal force and/or sliding fre-
quency on the hysteresis behaviour. To estimate the

dissipated energy, the energy ratio established in [26]
and discussed in [27] is used:

Ey Ly

E, ~ 4duN

ey

where A is called the energy ratio for each cycle,
E, is the energy per cycle measured by estimating
the enclosed area by a hysteresis loop, and E, is the
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energy that would be dissipated if sliding would be
characterised by an ideal Coulomb-like behaviour; d
is half of the total sliding distance from left to right.
The variation of the dissipated energy is discussed
further in Sect. 4.3.

At last, in all hysteresis cycles, a slope is visible
at the reversals of motion, indicating the presence of
a tangential stiffness during the static-kinetic transi-
tion phase. Figure 5 shows how the tangential stiff-
ness is calculated for all cycles. The slope of the
friction force vs displacement curve around the cross-
ing through zero of the friction force is considered.
In each cycle, two values are calculated, one on the
right and on the left side of the curve; additionally,
the average of the two values is also considered. A
more detailed discussion on this aspect is provided in
Sect. 4.4.

4 Analysis of the experiments
4.1 Transition from static to kinetic friction

Figure 6 displays how the coefficient of friction var-
ies along the initial sliding distance that occurs dur-
ing the start of the reciprocating motion. This first
pull defines the first transition from rest to gross
sliding. The choice of using the coefficient of fric-
tion rather than the measured friction force enables
a comparison among the different curves measured
at different normal forces. For the test carried out at

Fig. 5 Estimation scheme

a reciprocating sliding frequency of 3 Hz, three dif-
ferent ranges of normal forces were used: 5-15 N,
15-25 N and 25-35 N (see Fig. 6a). For the test
conducted at a reciprocating sliding frequency of
0.2 Hz, four specific values of normal forces were
used (see Fig. 6b). In general, during the first pull,
a build-up of the friction force can be observed,
which is linked to the presence of a tangential stiff-
ness, until a maximum (static friction) is reached,
after which sliding occurs. However, both sets of
tests, independently of the sliding frequency, show
a large variability and a lack of repeatability of
the results of the coefficient of friction during the
first pull. In addition, the transition from static to
kinetic friction is not always obvious. Note that this
variability is not related to the variation of the nor-
mal force, which is relatively constant compared
to the variation of the friction force (see Fig. 4a).
The influence of the normal force on the estimated
coefficient of friction, can only be observed for a
selected number of curves, shown in Fig. 7, in which
the experiments carried out at a normal force below
20 N were excluded. By clustering all the remain-
ing curves into two ranges, 20-30 N and 30-40 N, it
can be observed that the tests performed at a lower
normal force tend to exhibit a slightly faster build-
up of the friction force (higher initial coefficients of
friction), while the build-up of the friction for the
tests performed at a higher normal force is some-
what slower. Interestingly, such an initial effect of
the normal force completely disappears once gross

Estimation of tangential stiffness
T T _

for the tangential stiffness, 30
k,. The green boxes indicate
the region of data used to 20
compute the tangential stiff-
ness, for the right and left — 10
side of the hysteresis curve. <
The curve refers to couplet o L o
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and for a normal force of i
c
382N S -0
g
L 20+
-30
-40 ! !

-0.2 -0.1 0 0.1 0.2 0.3 0.4

Sliding distance (mm)
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Fig. 6 Initial part of the hysteresis cycles: transition from the
static to the kinetic friction regime. Test carried out at (a) 3 Hz
and (b) 0.2 Hz. The legend indicates the normal force values

sliding starts, probably masked by the variability of
the friction force during sliding, caused by the evo-
lution of the wear debris. A possible source of vari-
ability between the two sets of tests could be that
the rate at which the bottom plate moves, (i.e. the
rate of the applied pulling force to the upper speci-
men), is not constant during the first pull. An aver-
age speed of 0.71 mm/s and 0.17 mm/s, for the test
at 3 Hz and 0.2 Hz, respectively, was computed for
the displayed sliding distance.

In general, a possible explanation of the high
variability could be due to the influence of rough-
ness, contact misalignment and the creation of wear
debris caused during the first pull. The effect of con-
tact misalignment was briefly mentioned in Sect. 3.2,
whereas the influence of roughness for the test case
at hand can be difficult to quantify, since the initial
high roughness of the surfaces in contact (see sur-
face profile parameters in Table 3), characterised by
high asperities peaks (e.g. high values of S,), tend
to evolve rather quickly due to wear, which is pro-
nounced by the brittleness nature of the surface itself.
An attempt was made to find a possible correla-
tion between the measured surface profile properties
(indicated in Table 3) and the static-kinetic transi-
tion curves shown in Fig. 6. Besides the following
observations, no explicit correlation was found. With

b) 1
Normal force (N)
6.4 (3)
----12.8(2) i

- 08 25.5 (3)
c -——--38.2(3)
kel
206} 1
©
€
[}
S 0.4
©
o
@)

02

O 1 1 1
0 0.05 0.1 0.15 0.2

Sliding distance (mm)

and ranges and the number of tests in brackets. The averaged
speed of the moving plate, from 0 to 0.2 mm is 0.71 mm/s and
0.17 mm/s, respectively

reference to Fig. 6a, the highest two curves (see the
two dotted green lines reaching values of u between
0.5-0.6 around a displacement of 0.07 mm) corre-
spond to two material pairs, for which the S, of the
mortar surface reached the highest values, around
5.5-5.6 mm, well above the mean and exceeding the
variation of the standard deviation. The static-kinetic
transition curve with the lowest value of friction (see
dashed line that has a value of y below 0.2, around a
displacement of 0.05 mm), corresponds to a material
pair which has the S, and S, of the mortar surface at
157 pym and at 1.7 mm, respectively. Both well below
the mean values and near the minimum.

In an attempt to look for possible correlations
between the behaviour of the friction force during
the initial pull and the surface parameters, Fig. 8
shows the relation between the estimated area under
the curves shown in Fig. 6, for a sliding distance of
0.05 mm and the S, parameter of the top specimen.
In general, it seems that such area tends to decrease
for increasing values of S, suggesting that the pres-
ence of a more pronounced difference between the
largest pit depth and peak height of the top specimen
decreases the coefficient of friction. This seems to be
observable for both set of tests (Fig. 8a-b).

As mentioned before, the influence of rough-
ness and wear on the reported results are rather
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Fig. 7 Initial part of the
hysteresis cycles: transition
from the static to the kinetic
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challenging to quantify from this preliminary study,
and the results reported in the literature are also
somewhat controversial. For instance, if the wear
debris exhibit a cylindrical shape, they could act as
small roller bearings, inducing a lubricant-like effect,
reducing sliding friction, as shown in [28]. In the lat-
ter study, reciprocating linear sliding experiments
were carried out, between a silicon ball on a silicon
flat specimen, and a “third-body” layer was formed,
generating roll-like debris during the sliding process.
Due to the “rolling effect”, the coefficient of sliding
friction decreased from 0.6 to 0.2, approximately. The
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0.018 1

_ootef ©

©
o
=
>
o

0.012¢ ° 5

0.01} 5

Area: 6% 0.05 (mm

0.008 | o ©

0.006

0.004 : : . :
0.5 1 1.5 2 2.5 3
SZ of top specimen (mm)

0.06 0.08 0.1 0.12

Sliding distance (mm)

0.14 0.16 0.18 0.2

same phenomenon was observed in [29, 30] for dif-
ferent material pairs. Similar conclusions were also
drawn in [31], even though the research refers to a
completely different field, such as geomechanics. The
study shows that the sliding and corresponding wear
process, during shear tests for rocks, led to small and
cylindrical rolls made of nanoparticulate gouge. This
caused a drastic friction force weakening, due to a
rolling-dominated sliding process, in which friction
sliding coefficients generally dropped, also up to 50%
of its initial peak value, before the formation of such
roller-like debris. Further results in which the friction

b) 0.11

0.1F o

0.05}

0.04 : : : :
0.5 1 15 2 2.5 3
SZ of top specimen (mm)

Fig. 8 Correlation graphs of (4 X d) vs. S, where d is the sliding distance selected at 0.05 mm (a) and 0.2 mm (b) The estimated
area refers to the curves shown in Fig. 6. No classification between reciprocating frequencies is made
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coefficient reduces due to wear debris can be found
in [32], which discusses the tendency of the wear
debris to form a protective tribolayer.

However, if the particles forming the wear debris
do not act as a roller, an increase in the friction coef-
ficient can be observed, due to an increase in the
plowing effect, as shown in [33]. The plowing effect
due to wear debris can also be simulated through a
model developed in [34], which showed a qualitative
good agreement with experimental results discussed
in a companion paper, see [35], and later on in [36].
In [37], severe wear rate also led to an increase of the
friction coefficient.

For the case at hand, it is hard to guess whether the
wear debris induces a lubricant-like effect or whether
the plowing effect is more dominant. It could well
be that both mechanisms are at play, and the interac-
tion between them generates the observed scattered-
ness of the data. It is important to note that, gener-
ally, friction estimates are performed after reaching
a steady-state phase of the friction force. In fact,
fretting experiments can be divided in three phases:
running-in phase, steady-state-wear phase and wear-
out phase [38]. The tests in this study refer to the
running-in phase, which may also explain the large
variability.

4.2 Sliding friction

Based on the procedure outlined in Sect. 3.2, the slid-
ing coefficient of friction was estimated for a seg-
ment of data in which the normal force and the fric-
tion force exhibited the lowest variation, indicating
a horizontal trajectory (parallel to the sliding direc-
tion) of the measured friction force. A more detailed
explanation concerning the effect of an inclined
measured friction force can be found in [23, 24], and
specifically for the adopted testing device, the read-
ers can refer to [25]. Figures 9a-b, refer to the esti-
mated friction coefficients for the tests carried out
at 3 Hz, with reference to the sliding along the right
and left direction, respectively. The same holds for
Figs. 10a-b, but with reference to the tests carried
out at 0.2 Hz. For these figures, the results are pre-
sented in terms of boxplots, for which the central line
indicates the median, the boxes define the interquar-
tile range (IQR), the whiskers capture the extension
to 1.5XIQR, and the red markers define the outli-
ers. The results are also clustered based on different

normal force ranges, as already shown in Fig. 6. On
one hand, for both sets of tests (at 3 Hz and 0.2 Hz),
a large variability is observed and no clear depend-
ence between the kinetic coefficient of friction and
the normal force can be noted. On the other hand, on
average, the median values for the tests performed
at 0.2 Hz (ranging between 0.4 and 0.63) seem all
slightly higher than the median values obtained for
the tests carried out at 3 Hz (medians of u between
0.4—0.5). This general increase seems to apply to
both directions.

Roughly speaking, the kinetic friction coefficients
seem to vary between 0.4 and 0.6. These values are in
line with other values identified from different experi-
mental studies on clay brick masonry as reported for
example in [5], [39], [40].

4.3 Dissipated energy analysis

The cyclic tests enables an estimation of the dissi-
pated energy per cycle. Figure 11a displays the evo-
lution of the averaged normalised area estimated for
every cycle and for all the tests done at 0.2 Hz (cyan
solid line) and at 3 Hz (blue solid line). The energy
per cycle is normalised by simply dividing each area
by the maximum area identified through a single test.
Averaging of these normalised area for each test is
performed by looping through each cycle. Note that
tests carried out at 0.2 Hz contain less cycles, since
each cycle lasts longer. Both curves show a simi-
lar trend: the normalised energy per cycle tends to
decrease for the first 50 cycle. After the first 50
cycles, the tests carried out at 3 Hz exhibit a roughly
horizontal trend, with a slight increase in the normal-
ised energy. This trend is mirrored by the trend of the
averaged values of the sliding coefficient of friction,
obtained for every cycle and averaged through the dif-
ferent material pairs. Figure 11b shows the distribu-
tion of the energy ratio obtained by applying Eq. (1).
All energy ratios are reported for each cycle and for
each test. Energy ratios less than 1, indicate that the
area of a measured cycle is smaller than the energy
related to an ideal cycle governed by Coulomb fric-
tion damping. This is mainly due to the contribution
of the tangential stiffness, which regularises the hys-
teresis behaviour whenever a velocity reversal occurs.
However, values greater than 1 are also observed, and
this could be linked to the presence of sharp and high
peaks in the hysteresis curves, and due to differences
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Fig. 9 Boxplot of estimated kinetic friction coefficients for
different material pairs, tested at a reciprocating sliding fre-
quency of 3 Hz and under different normal forces. The median
is indicated by the central line, with boxes representing the

of the friction coefficient estimated near the equilib-
rium position of the slider (—0.1 mm to +0.1 mm)
and towards the edge of the hysteresis curves (some-
times slightly higher than the identified kinetic fric-
tion values). Examples of such curves are provided
in Fig. 12. Overall, the dissipated energy analysis
seems to indicate an initial tendency to dissipate more
energy during the first cycles (due to initial wear). In

interquartile range (IQR). Whiskers extend to 1.5xIQR, while
red markers denote outliers. Figure (a) refers to the values esti-
mated for the sliding to the right, while figure (b) refer to the
sliding to the left

addition, the contribution of the tangential stiffness
seems rather relevant, since it causes deviation from
an ideal Coulomb-driven system.

4.4 Tangential stiffness

The reference to tangential stiffness, rather than
to a tangential contact/interface stiffness (k;), is a
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Fig. 10 Boxplot of estimated kinetic friction coefficients
for different material pairs, tested at a reciprocating sliding
frequency of 0.2 Hz and under different normal forces. The
median is indicated by the central line, with boxes represent-

deliberate choice, since the distinction between the
bulk stiffness (k,) of the specimen in the tangen-
tial direction, the stiffness of the holding system
(k;010) and the interface stiffness itself was not possi-
ble. Note that during the velocity reversal phase, the
piezo-force transducer, that is supposed to measure
the tangential force (which is equivalent to the fric-
tion force, whenever inertial forces of the upper arm
can be neglected), will detect a displacement depend-
ent force that governs the transition from a partial-slip
phase to the sliding phase. In principle, this transition
is governed by the tangential contact stiffness, as dis-
cussed in [41]. However, since the contribution of the
specimen’s stiffness is unknown, the measured force

ing the interquartile range (IQR). Whiskers extend to 1.5XIQR,
while red markers denote outliers. Figure (a) refers to the val-
ues estimated for the sliding to the right, while figure (b) refers
to the sliding to the left

during partial slip is proportional to an equivalent
stiffness, which reads as follows

1

1
k, K

eq

1

khold

1
+ k_b + )
in which k,, corresponds to the estimated stiffness
from the reciprocating sliding measurement during
the partial slip (or velocity reversal) phase. The esti-
mation was performed for the left and right partial
slip phase, hence, twice per cycle. Figures 13a,b dis-
play boxplots for each material pair, and for the tests
carried out at 0.2 and 3 Hz, respectively. A boxplot,
for each material pair, represents the main statistical
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Fig. 11 a Averaged curves for the normalised area of the hysteresis loops, for tests carried out at 3 and 0.2 Hz; b distribution dia-

gram of the energy ratio, representative of all the tests
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Fig. 12 Examples of measured hysteresis cycles exhibiting a
lack of symmetry between the two sliding direction: (a) Nor-
mal force at 12.75 (N) and reciprocating frequency at 3 (Hz)

information of all the estimated values of the tan-
gential stiffness during that specific test. In general,
for both data sets, the median values roughly range
between 100 and 400 N/mm. Most of the material pair
exhibit a rather large scatter of the estimated values,
with few exceptions (see C3-3-38-A and C1-5-29-B).
For both figures, the largest scatter can be observed

Normal force: 6 (N), Frequency: 0.2 (Hz)

0.75¢

o
3]

0251

Coefficient of friction u

-0.5 -0.25 0 0.25 0.5
Sliding distance (mm)

(Couplet C1-8); (b) Normal force at 6.4 (N) and reciprocating
frequency at 0.2 (Hz) (Couplet C2-4)

for the tests carried out at a low normal force, which
also exhibit the lowest values of the tangential stiff-
ness. In contrast to the observations made for the esti-
mated sliding friction coefficients, the tangential stiff-
ness seems to somehow depend on the normal force
in a rather qualitative way. To emphasise this, the esti-
mated values of the tangential stiffness were averaged
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Fig. 13 Boxplot of estimated tangential stiffness for differ-
ent material pairs, tested under different normal forces. The
median is indicated by the central line, with boxes represent-
ing the interquartile range (IQR). Whiskers extend to 1.5XIQR,

for each material pair throughout the number of
cycles. For each material pair, two averages were pro-
vided: one refers to the values estimated to the right,
and one to the left side of the hysteresis curves. The
choice of this separation is due to the fact that a non-
negligible difference between the stiffness of the two
sides was observed. The averaged results are then
displayed with reference to the change of the normal
load, as shown in Figs. 14a,b, which refer to the test
carried out at 0.2 and 3 Hz, respectively. For all data
sets, the blue dots, which correspond to the averaged
tangential stiffness of the right tend to be smaller than
the values estimated on the left side (green dots). The
red line defines the total average of all the estimated
tangential stiffness values for a specific normal load.

Specimen name

while red markers denote outliers. Figure (a) refers to the val-
ues estimated for tests carried out at 0.2 Hz, while figure (b)
refers to the tests conducted at 3 Hz

For the tests carried out at 0.2 Hz, an increase of the
tangential stiffness with increasing values of the nor-
mal force is observed. A similar trend can also be
observed in Fig. 14b. Qualitatively speaking, the esti-
mated stiffness values for the tests carried out at 3 Hz
seem to exhibit lower values than the ones estimated
for the tests at 0.2 Hz. The tangential stiffness is a rel-
evant parameters in numerical modeling of masonry,
but it is rarely experimentally determined in the case
of mortared masonry. In particular, it is relevant for
the class of simplified block-based models in which
mortar joints and brick-mortar bonds are lumped in a
single interface element (e.g. [42], [43]).
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Fig. 14 Averaged tangential stiffness per tests and correlation with the measured normal force: (a) reciprocating tests at 0.2 Hz; (b)

reciprocating tests at 3 Hz

4.5 One-way ANOVA and principal component
analysis (PCA)

All data set were quantitatively assessed to check
the statistical similarity or dissimilarity by means of
a one-way analysis of variance (ANOVA) [44]. On
top of that, a principal component analysis [44] was
performed to establish the number of eventual inde-
pendent factors that may drive the observed variance
among the different tested specimens. The ANOVA
test is a tool that enables the acceptance or rejection
of the null hypothesis, which asserts that no relation-
ship exists between two sets of data or that no differ-
ence between the groups exists. If the null hypothesis
is true, any observation may be due to chance alone.
In order to check the validity of the null hypothesis,
the p-value probability is calculated, which estimates
the likelihood of a sample occurring due to chance,
given an assumed sampling distribution. If this prob-
ability is lower than a chosen threshold a, usually
equal to 0.05, the null hypothesis can be rejected. In
other words, a p-value lower than 0.05 means that the
two groups are statistically different and the observed
difference between the groups is not due to chance
alone. It is important to note that a low p-value,
computed between two data set, does not imply cor-
relation, and that a high p-value does not necessarily
mean that the null hypothesis is true. The latter case
only suggests that there is not enough evidence to

reject the null hypothesis (e.g. due to a high variance
within groups).

In the previous subsection, it was shown that the
estimated values of the tangential stiffness tend to
vary according to a variation in the normal force,
while the identified coefficient of sliding friction
seems to be more sensitive towards other (uncon-
trolled) parameters, and no distinct trend of varia-
tion with reference to a change in the normal force
was observed. Therefore, the ANOVA analysis was
applied on the identified friction coefficients, to
assess the statistical similarity. Figure 15 shows the
estimated p-values for the tests performed at 0.2 Hz
(Fig. 15a), and 3 Hz (Fig. 15b). The p-values are only
estimated for different pairs of the specimens (off
diagonal terms). For clarity, the numbering of the
specimens 1-11 and 1-8, follows the same sequence
of specimens shown in Fig. 13a and Fig. 13b. For
Fig. 15a, the first three pairs (1-3) correspond to spec-
imens tested under the same normal force. The same
applies to the pairs formed between 4 to 6, 7 to 8 and
9 to 11. In general, there is no clear pattern regard-
ing the distribution of the p-values. However, on one
hand, it can be observed that most of the specimen
pairs in Fig. 13b exhibit a low p-value, meaning that
most of the subset of data are statistically different
between each other (apart from few exceptions). This
also applies to combinations that belong to the same
cluster tested under the same normal force. On the
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Fig. 15 One-way ANOVA applied in a pairwise way for the tests at 0.2 Hz (a), and 3 Hz (b). Note that the combinations along the

main diagonal (e.g. 1-1, 2-2, etc.) are not evaluated

other hand, Fig 13a shows a more “equal” distribu-
tion between very low and high p-values, irrespective
on whether or not the assessed combination belongs
to the group tested under the same normal force. As
a final note, specimen 2 (C2-3-38-A) and 11 (C2-4-
6-A) seem to be statistically different from all other
subsets of data. The pronounced statistical difference
between the various data sets may be due to the differ-
ent surface texture conditions of each specimen, since
they resulted from a deliberate cracking process. The
latter can be considered as an uncontrolled variable,
introduced to mimic initial conditions present during
shear couplet tests once the transition from cohesion
loss to friction occurs.

Besides looking for hints for possible correlations
between the data, a PCA was applied on both esti-
mated quantities: coefficient of sliding friction and
tangential stiffness. The PCA enables a linear map-
ping of the data from the original dimension n to a
reduced dimension m, while retaining the most domi-
nant patterns of the original data, which contribute
mainly to its variance. For example, let a y,, repre-
sent a standardised vector gathering the coefficients
of sliding friction (or estimated tangential stiffness
values), for every cycle N, for a specific specimen.
Therefore, all the samples can be collected in a matrix
Y € R™ in which n represents the different speci-
mens. Hence, the linear mapping to a lower dimen-
sion m reads as follows

X =TY 3)

in which X € R"*" includes the Principal Component
Scores (PCSs), and T € R"™" is the loading matrix.
The new dimension m can be seen as the number indi-
cating the new physical order of the system, linked to
the number of independent factors that can explain
the main variance of the observed samples. To get the
new dimension m, the Singular Value Decomposition
(SVD) is applied on the covariance matrix of the esti-
mated samples YY?, which gives

YY” = uzu’ “4)

where U define the Principal Components, the singu-
lar values are given by the diagonal terms of matrix
o. Such singular values quantify the active energy of
the associated Principal Components. To define the m
number of factors that can explain the largest part of
the observed variance, the cumulative sum of singu-
lar values divided by the total sum of singular values
is computed. As a rule of thumb, m is chosen as the
smallest number of singular values able to capture
the 70-90% of the total variance. Note that the fac-
tor analysis does not indicate a physical link between
factors and physical parameters, it only provides (in
a linear regression framework), the minimum number
of factors that may be able to explain the observed
variation.
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The PCA is carried out on both the estimated coef-
ficients of sliding friction and the tangential stiffness
values. The analysis is performed by inspecting the
data set in two different ways. For the analysis 1, the
PCA aims to detect the minimum number of inde-
pendent factors that explain the variance over the dif-
ferent reciprocating sliding cycles, whereas analysis 2
aims at detecting the minimum number of factors that
explain the variance across different material pairs
(i.e. across the variation of the normal force), for
every cycle. The latter can be achieved by transposing
the original matrix Y.

Figure 16a relates to analysis 1, in the attempt to
identify common patterns throughout the cycles. A
70% to 90% of variation, for both the tangential stiff-
ness and the estimated coefficients of sliding friction,
can be captured by two to four independent factors.
This seems to be valid regardless of the tested fre-
quency. For analysis 2, which attempts to identify
common patterns among the various specimens, for
the different cycles, one factor seems to already cap-
ture 70% of the variation for the tangential stiffness
(independently of the frequency), whereas two fac-
tors can explain the 90% of the observed variation.
According to Fig. 14, the first factor could well be the
normal force, which is the varying parameter between
the different tested specimens. The second factor
could be linked to the wear or degradation process
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Fig. 16 Principal component analysis (PCA): (a) method
of analysis 1, to inspect the number of factors explaining the
variance across cycles; (b) method of analysis 2, to inspect

which seems to exhibit a common trend across the
different specimens as shown in Fig. 11a. With ref-
erence to the estimated coefficient of sliding friction,
two to four factors are needed to explain the 70% to
90% of variation, see Fig. 16a. In general, regardless
the method of analysis, the factors defining the vari-
ation for the coefficients of sliding friction are rather
hard to pin down, besides the obvious link towards
the wear process which occurs throughout the cycles.
It is important to emphasise that all the data are inclu-
sive of the running-in phase, since the goal of this
experimental work was to assess the variability of the
coefficient of friction during the first cycles that occur
at the mortar-brick interface after a crack has formed.

5 Discussion and conclusion
5.1 Limitations and future research directions

To understand the frictional response of cracked
brick-mortar interfaces, a reciprocating tribometer
testing procedure has been developed and a prelimi-
nary experimental test series has been carried out on
clay brick masonry with cement-lime mortar. Differ-
ently than available testing procedure for masonry
interface tests, such as triplet and couplet tests, this
approach allows to isolate the frictional response

b) 100

90 F

80|

7071

60

— Estimated 1 0.2 Hz

50+ — Estimated u 3 Hz

= = Tangential stiffness 0.2 Hz
= = Tangential stiffness 3 Hz

Cumulative sum of the singular values (%)

40

0 2 4 6 8 10
Factor number

the number of factors explaining the variance across material
pairs. The PCA is applied to the identified coefficient of sliding
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from the one related to de-cohesion mechanism. This
research also represents an initial attempt to assess
the variability of tribological parameters — specifi-
cally, the coefficients of sliding friction and tangential
stiffness — during the running-in phase of a mortar-
brick interface. Results indicated significant variabil-
ity (because estimated during a running-in phase),
although the measured coefficients of sliding friction
aligned well with values estimated through traditional
methods typically used to assess the shear properties
of masonry couplets or triplets.

One of the key limitations of this study was the
uncontrolled initial surface conditions. These con-
ditions were deliberately determined by the fracture
process that occurred before the friction tests, rather
than being intentionally prepared. This lack of control
contributed to:

— A lack of symmetry in the hysteresis curves, com-
plicating the interpretation of the results, particu-
larly regarding the tangential stiffness.

— Significant variability in the initial conditions
across tested specimens, which also led to low
p-values (see ANOVA results in Fig. 15) for data
sets tested under the same normal load.

Based on the findings and challenges encountered,
several recommendations are proposed to improve
future testing campaigns:

(a) Reduced initial loading rate at the onset of recip-
rocating sliding (first pull), to better capture the
transition from static to kinetic friction.

(b) Varying loading rates during the first pull, to
investigate any dependency between loading
rate, initial tangential stiffness, and the static-to-
kinetic friction transition.

(c) Monitor the wear and degradation process more
closely. Reciprocating sliding tests should be
accompanied by continuous surface scanning—
before, during (if possible), and after testing, to
analyse the influence of wear and debris on the
frictional behaviour of the mortar-brick interface.

(d) Conduct tests on surfaces with varying and con-
trolled initial roughness levels to assess their
influence on friction behaviour.

(e) Due to the large scatter observed in the data, a
significantly larger sample size is recommended
for future test series to characterise a single

niem

masonry typology under each specific loading
condition.

(f) In order to minimise the material variability for
a given specimen (material pair), it could be rec-
ommended to prolong the number of cycles dur-
ing a test, and seek for a “steady-state” regime,
during which the hysteresis cycles are less scat-
tered. However, reaching a possible steady state
may highly depend on the initial roughness con-
ditions and the sensitivity to wear.

5.2 Conclusions

The kinetic coefficient of sliding friction was con-
sistently identified within the range of 0.4 to 0.6,
with no clear dependency on the applied normal load
observed from the tests. Statistical analysis, specifi-
cally the one-way ANOVA, indicated significant dif-
ferences among several data set combinations, as evi-
denced by p-values below 0.05 in most comparisons.

Dissipated energy was generally higher during
the initial cycles, stabilising towards a plateau after
approximately 50 cycles at 3 Hz. This trend seemed to
occur also for the tests at 0.2 Hz. The tangential stiff-
ness, governing the transition from static to kinetic
friction, exhibited high variability, with median val-
ues ranging between 100 and 400 N/mm. A qualita-
tive dependency of the tangential stiffness on normal
load was also noted.

The factor analysis revealed that the variability in
both tangential stiffness and the coefficient of friction
appears to be influenced by two to four independ-
ent factors, when considering the variation over the
cyclic repetitions. However, for tangential stiffness
specifically, differences between tests at varying nor-
mal loads could be attributed to only one or two dom-
inant factors, supporting the eventual dependency to
the normal load.

It should be noted that the trends identified in this
study refer only to one masonry typology. Addition-
ally, considering the above-mentioned limitations,
trends and dependencies should be considered as
preliminary. Further experiments are thus required
to identify what are the factors governing the friction
behaviour.

Despite the limitations of the findings, this paper
initiates a new methodology to evaluate the fric-
tional response of cracked brick-mortar interface for
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traditional mortaredmasonry. By combining this test
with more conventional shear-compression tests on
sound brick-mortar interfaces (i.e., triplets and cou-
plets tests), it will be possible to evaluate what is the
contribution of de-cohesion and friction mechanisms
in shear failure of masonry interfaces. Besides being
relevant for laboratory tests, the approach could also
be considered for the characterisation of existing
masonry constructions due to the limited size of the
specimens that may need to be extracted.
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