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ABSTRACT

Unreinforced Masonry, a popular construction material with a rich historical legacy, has been
resilient through centuries, despite its susceptibility to failure through various loading
conditions such as seismic forces. Understanding the mechanical behaviour of masonry,
particularly the cohesion and frictional mechanisms at interfaces between bricks and mortar,
is crucial for assessing its structural reliability .

This thesis presents an experimental study characterising masonry frictional interfaces using
a tribometer test, a novel approach in masonry research. The study aims to investigate the
frictional behaviour of brick-mortar interfaces under varying precompression levels and test
frequencies (3 Hz and 0.2 Hz). A novel sampling method was implemented, wherein the
required specimens were extracted from a bonded masonry couplet specimen. The couplets
were bond wrenched and then subjected to a mechanical extraction. Bond wrenching, through
tension, separates the couplets, thereby isolating frictional response from the influence of
cohesion by decoupling cohesion between the unit and joint. A tribometer was chosen for the
investigation of frictional parameters, tribometers are typically employed with metal surfaces
and rarely applied to masonry. Consequently, experiments were conducted using a
reciprocating tribometer, featuring a novel specimen extraction procedure and a modified
setup. The novel extraction involved mechanically altering a parent brick couplet to extract
compatible specimens. Customised holders were procured and used to accommodate the
prepared specimen. The obtained specimens were then, fastened into the appropriate sample
holders. Tests were performed on the specimen with displacement, tangential force, normal
force and time being recorded. Three key parameters, the mean Coefficient of Friction (CoF),
the Energy Coefticient of Friction (ECoF), and tangential contact stiffness were analysed
from the collected data. The above mentioned parameters were evaluated through two
approaches, (1) Mean Curve approach and (ii) Cycle approach. A mean curve is the averaged
curve of the measured hysteresis loop, which encompasses the overall behaviour exhibited by
the hysteresis loop.

The experimental results revealed a dependency between the coefficient of friction and the
applied pre-compression level, showing a non-Coulomb behaviour; this is in contradiction
with assumptions of several models used for the analyses of masonry structures. Initially,
experiments were conducted at a higher frequency (3 Hz) and followed by experiments at a
lower frequency (0.2 Hz), and the results in both cases revealed a non-Coulomb friction
behaviour characterised by a nonlinear connecting trend between kinetic and static friction
region. The connecting trend between the kinetic and static region demonstrated a reduction
in the degree of non-linearityan enhanced symmetry in the hysteresis profile as the
precompression levels increased. The mean curve and the cycle approach yielded identical
estimates for the coefficients of friction (CoF) and effective coefficients of friction (ECoF).

The evolution of Coefficient of friction (CoF), did not exhibit any clear systematic time
dependency, while Energy Coefficient of friction (ECoF) showed a systematic decrease over
time. The ECOF related the energy dissipated by friction across each cycle to a hypothetical
Coulomb energy dissipation. Therefore the ECoF captures the energy dissipation due to
friction during one cycle, while the CoF captured the static friction region. The energy



dissipation across different precompression levels were also studied and it was observed that
the energy dissipation increased for increasing precompression levels.

Tangential Contact stiffness refers to the tangential force required to effect a unit
displacement in the tangential direction. The contact stiffness was calculated from the slope
of the region of the hysteresis loop associated with displacement reversal. Contact stiffness
was observed to increase with increasing precompression levels. This observation was also
validated by the theoretical model which illustrates a proportionality between the applied
normal load (precompression) and tangential contact stiffness.

Additionally, the study highlights the impact of frequency on the observed frictional
behaviour, noting more prominent static and kinematic components at lower frequencies due
to reduced inertial forces. A preliminary study using the LuGre model was used to plot the
analytically derived frictional force-velocity relationship, to briefly study the impact of
sliding velocity on frictional force. It was deduced that the velocity had an influence over the
frictional force at the interface.

In conclusion, the findings provide valuable insights into the frictional characteristics of
masonry interfaces under varying loading conditions. The results also shed light on the
practical aspects of testing methods and offer considerations for further research in the field
of masonry engineering.
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1 INTRODUCTION

1.1 General Background

Unreinforced masonry (URM) is a composite construction material utilising a brick unit
usually made from clay or concrete bonded together on a bed of mortar, often made of
cement and sand [1]. In this study, the term “masonry” refers to unreinforced solid clay brick
masonry. Renowned for its compressive strength and finding application since historical
times, masonry has caught the attention of a strong group of engineers for its construction
simplicity and complicated mechanics. Proper bonding between the unit and mortar at unit
joints is necessary for the masonry to achieve efficient performance in terms of structural
behaviour, serviceability and durability. This is achieved through a combination of chemical
and mechanical mechanisms at the unit joints [2,3]. Masonry is susceptible to failure through
cracking mechanisms at unit or mortar or unit joints or a combination of such mechanisms
due to different load cases such as seismic activity, in-plane, and out-of-plane loading etc
[4,5]. The failure at the unit-joint interface is often governed by the shear behaviour
associated with the unit-joint interface.

For masonry, the behaviour and capacity depend on the bond strength between the mortar and
units. Based on the Mohr-Coulomb criterion, the bond strength depends on the initial shear
strength (cohesion), friction coefficient, and normal stress level [6,14]. A few independent
tests have been performed on masonry most of them varying by their sampling method and
test setups. Tests like Bauschinger's couplet shear test [9] and Van der Pluijm’s Dutch
masonry couplet test [10] aimed at comprehending the contribution of Cohesion and friction
to shear strength at the unit-joint interfaces of masonry based on Mohr-Coulomb criterion.
These test setups and similar tests on masonry where compared by Mahdi [7] based on the
parameters postulated by Riddington [8], to identify the most optimal test to determine the
shear strength at the unit-joint interface. Riddington [11] identified a series of five parameters
that each test setup must fulfil to determine the quality of a shear test experiment. These are:
(1) a uniform normal and shear stress across the joint, (i) most of the joint should be near
failure during the initiation of failure at one point (iii) tensile stresses are to be avoided along
the joint, (iv) failure should be initiated away from the joint edge, and (v) the test setup
should be kept as simple as possible. Segura [11] indicates as per Popal and Lissel [13] that
most of the current test setups fail to achieve all five parameters of Riddington [12].

In today’s scenario, the shear test on masonry has been standardised into the European
standards with the EN 1052-3 proposing a triplet test as the standard test to estimate the shear
strength of masonry joints. The principle behind the test is based on the slippage between
bricks which will occur when the shear stress at the interfaces reach a critical value given by

Eq(1),

T .= ¢t tang, (1)
where ¢, is the cohesive strength and ¢, is the friction angle. After reaching the critical value
Tnax» the shear strength is purely due to friction due to the loss of cohesion with the cracking
at interfaces [14]. It is essential to note that, almost all the methodology adopted so far
estimates the shear strength of a joint as a combined mechanism of cohesion and friction.



Van der Pluijm [10] studied the shear behaviour of masonry joints based on the Coulomb
failure criterion. Van der Pluijm indicates that the shear strength was analysed as a function of
normal stress based on Coulomb’s friction failure criterion. Considering Coulomb’s criterion
to hold true, cohesion is determined through linear regression of failure points of tests at
different precompressions. This is the concept used in the triplet test mentioned in section
1.3. The study concludes that the mode II fracture energy of the joint interface is linearly
dependent on the normal stress level as shown in Fig.l. The maximum values of shear stress
obtained across different normal loads are used to form a linear regression. The frictional
angle is calculated from the slope of this linear regression. The frictional coefficient
calculated from the processing of the triplet test is asserted to apply to a brick-mortar
interface independent of the normal load.

As discussed earlier, although different methods have been developed to determine the bond
strength or cohesion, namely shear bond strength test, tensile bond strength test etc [16], the
currently adopted triplet test (discussed in 1.2) fails to fulfil the tensile quality criteria
postulated by Riddington [12]. Limited tests were conducted to identify the underlying
friction parameter. This emphasises the importance of understanding the contribution of
friction through a standalone test, to break down the interpretation by existing method and
simultaneously predict the friction mechanism.

T, = €, — O-tan@

T, = — G-l (14 = tang)

: T, = = G (1L < tang)

o

—»
v

Figure 1: Schematic of deformation-controlled shear tests under 3 different constant normal compression stress
levels [10], here T s the peak shear strength,t i is the residual friction component of shear stress, o is the

normal load, |\ is the coefficient of friction and @ is the internal friction angle.
1.2 State of the art

As mentioned earlier, the Triplet test is the standard test laid down by the Eurocodes to
determine the shear strength of horizontal bed joints. This test is also used to determine the
cohesion and friction values of the horizontal bed joints. EN 1052-3:2002 [15] elaborates on
the experimental determination of the in-plane initial shear strength of horizontal bed joints.
The initial shear strength of masonry is derived from the strength of small masonry
specimens tested to destruction under a four-point load with precompression perpendicular to
the bed joints (Fig 2a). The triplet test being a four loading test, results in the development of
concentration of stresses and additional bending [7], this implies that the test setup
experiences a tensile stress in the joints, therefore the setup fails to meet the tensile stress



criteria mentioned by Riddington [12] and the shear concentrations becomes a source of
inaccuracy for the test (Fig. 2b).

The test is performed at different pre-compression levels lower than 1.0 MPa and the shear
strength is plotted against the normal stress. The initial shear strength is defined by the linear
regression curve to zero normal stress (Fig.1) and the internal friction angle is determined by
the slope of the regression curve [15]. It is notable here that friction is indirectly measured
through the said method. The shear strength of the bed joint which is a combined effect of
cohesion and friction is evaluated experimentally and the contribution of friction and
cohesion are evaluated analytically from the results based on theoretical models.

F
¢ / 1gypsum plaster
—- |: ]___ o precompression
T ? loading b
3 loading beams
(a)
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1
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Figure 2(a-b): (a)Test assembly of standard triplet test (Source: EN 1052-3:2002), F corresponds to the shear
load (EN 1052-3:2000). (b) Shear concentration in the specimens observed during numerical simulation of EN
1052-3:2000 testing (source: Mahdi et al 2014)

Advancing beyond the conventional shear test methods, this study aims at utilising a
reciprocating tribometer to study the frictional behaviour at the unit-joint interfaces. A
reciprocating tribometer makes use of a sliding contact to measure the resistance in motion
caused by friction (Fig. 3a). This also means that a novel sampling method has to be adopted
to set-up the experiments (discussed in section 1.4). In comparison to the EN method, tensile
stresses are avoided through this setup.

The data obtained from a reciprocating tribometer includes (i) the relative displacement d, (ii)
tangential force Q, (iii) normal force P and (iv) time . The plot between tangential force O



and relative displacement yields a hysteresis loop termed “tangential hysteresis loop” [18].
The area under the tangential hysteresis loop of each cycle equates to the energy dissipated
by friction in that cycle [19]. If the Amonton-Coulomb behaviour holds true, the plot would
resemble a rectangle. In contrast, the plot of the measured data resembles a hysteresis loop
and demonstrates a deviation from the expected Amonton-Coulomb behaviour [18].The plot
of the ratio between tangential force O and normal force P against the relative displacement
yields a hysteresis loop called “Q/P hysteresis” (Fig.3b). The test is performed across
multiple cycles at a prescribed frequency resulting in fretting, i.e. the removal or
dislodgement of material due to the sliding interaction [20]. In the case of a brick-mortar
specimen being subjected to the tribometer test, fretting would be a significant mechanism
due to the brittle nature of the material (discussed in section 2.3).

Experimental Result

051

Q/P Value
o

05

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
Displacement (mm)

Figure 3(a-b): (a) Reciprocating tribometer setup,(b)A measured Q/P hysteresis (a plot of Tangential force
‘O’/Normal load ‘P’ against the relative displacement) performed across 180 cycles.

1.3 Research objectives and research questions

The study aims to investigate the contribution of dry friction to the shear strength of masonry
through a standalone test, in order to study the frictional mechanism and analyse the
compliance of these mechanisms to the derived results from existing methods, namely the EN
method. The research aims to explore the reciprocating tribometer to directly evaluate and
study the frictional behaviour of brick-mortar interface under different normal compressive
load levels (precompression levels). Through the experiments, the researcher focuses on
answering the following research question and sub-questions:

What are the key parameters that mostly affect the frictional behaviour at a cracked unit-joint
interface?

e How can tests be conducted using a tribometer on a cracked unit-joint interface?

e How does the pre-compression level and test frequency influence the coefficient of
friction CoF?

e How does frequency or precompression affect the energy dissipation through friction?



1.4 Research Methodology

This study follows a novel testing approach using an RTEC MFT 5000 reciprocating
tribometer along with a novel sample preparation method to analyse the behaviour of dry
friction between unit-joint interfaces. The novel testing approach is based on the idea of two
interfaces under reciprocating sliding with interfaces under complete “contact”. The contact
area refers to the apparent contact area which is the gross area of the smaller specimen which
undergoes sliding. We use the term apparent contact, since the specimen on a macro and
micro level could have a lower contact area than the overall geometry. Unlike the more
prominent shear test methods which uses a complete couplet or triplet assembly and require
complex loading mechanisms, the tribometer setup is relatively simpler and straightforward.
The tribometer test utilises specimens mechanically extracted from bond wrenched masonry
couplets, which are devoid of cohesion. The samples are therefore smaller than the
traditionally used samples (couplets and triplets).

The tribometer is slightly modified to accommodate the couplet specimen, which consists of
a water sawn cylindrical bore sample of 9 mm diameter for the top holder and a water sawn
cuboid extract of the dimension 30 x 30 x 50 mm for the bottom holder of the tribometer,
both extracted from near proximity. Throughout the study, the cylindrical sample contained
the brick interface, while the bottom cuboidal sample contained the mortar interface. Three
masonry couplets were chosen for the experiment and samples were prepared from each of
these parent samples.

An experiment matrix is setup to identify and restrict key parameters of the experiment such
as sliding distance, frequency, number of cycles, time period and normal force. The data
obtained from the tests include, tangential force, relative displacement, normal force and time
history. These data are analysed by first building a:

e Tangential force Hysteresis (Tangential force Q against relative displacement)
e (/P Hysteresis (Q/P ratio against relative displacement)

The loops are then averaged over time at each unique position, to obtain a mean curve for
each measured hysteresis. This mean curve is then used to determine the coefficient of
friction, energy coefficient of friction and contact stiffness as laid down by Llavori [21]. The
analysis is repeated across each adopted precompression levels and the observed trends are
analysed for interpretations.

1.5 Outline of Thesis

The thesis consists of three sections. Chapter 1 presents a comprehensive introduction to the
study followed by Chapter 2 which concisely describes the study, its procedure, experiments
and results. Chapter 3 discusses and elaborates the results and draws a conclusion to the
study.



2 PAPER

Characterisation of frictional behaviour at
brick-mortar interface.

Abstract: Unreinforced brick masonry, a popular construction material with a rich historical
legacy, has been resilient through centuries, despite its susceptibility to failure through
various loading conditions such as seismic forces. Understanding the mechanical behaviour
of masonry, particularly the cohesion and frictional mechanisms at interfaces between bricks
and mortar, is crucial for assessing its structural performance. This paper presents an
experimental study characterising masonry frictional interfaces using a tribometer test, a
novel approach in masonry research.

The study investigates the frictional behaviour of cracked unit-mortar interface under varying
pre-compression levels and sliding frequency. The frictional behaviour was characterised by
means of the mean coefficient of friction (CoF), the energy coefficient of friction (ECoF), the
tangential contact stiffness, and the dissipated energy. Experiments were conducted using a
reciprocating tribometer, and in order to accommodate the specimens in the tribometer, a
novel specimen extraction procedure was developed with an ad-hoc holding setup. Tests were
performed on clay brick masonry with lime-cement mortar.

In the field of masonry, the Coulomb friction is frequently used as the primary criterion for
analysing the behaviour of masonry at brick-mortar interface. The experimental results
revealed a non-Coulomb behaviour in the coefficient of friction (CoF) and its dependence on
precompression levels, contradicting assumptions in masonry structure analysis models.
Higher frequency (3 Hz) and lower frequency (0.2 Hz) experiments showed a non-Coulomb
behaviour with a non-linear trend between kinetic and static friction, becoming relatively
linear with increased precompression levels. CoF showed no systematic time dependency,
while Energy Coefficient of Friction (ECoF) exhibited a systematic decrease over time,
relating energy dissipation across cycles. Energy dissipation increased with higher
precompression levels. Tangential contact stiffness, the force required for unit displacement
in the tangential direction, increased with precompression in accordance with existing
mathematical models. Influence of frequency on frictional behaviour, was briefly studied
using a preliminary constitutive modelling approach using the LuGre model. Analysis
indicated velocity's influence on frictional force at the interface.

The findings provide general insights into the frictional characteristics of cracked
brick-mortar interfaces under varying loading conditions. The observed decrease in both the
frictional coefficients with increase in precompression level, sheds light on the practical
aspects of testing methods and offer considerations for further research in the field of
masonry engineering.

Keywords: Coefficient of Friction, Energy Coefficient Friction, Contact Stiffness, Energy
Dissipation, Tribometer Tests.



2.1 INTRODUCTION

Unreinforced masonry (URM) is a composite construction material utilising a brick unit
usually made from clay or concrete bonded together on a bed of mortar, usually made of
cement and sand [1]. Masonry becomes functional through the bond between units and
mortar, these bonds are achieved through mechanical and chemical mechanisms at the
interface[2,3]. The shear strength of unit-joints of unreinforced masonry plays a vital role in
masonry structures by providing adequate resistance against structural failure when subjected
to various loads, including seismic activity, strong winds, unexpected impacts etc[4,5,23].
These structures are often valuable assets, such as historical heritage sites that reflect our
cultural legacy, and residential dwellings.

The shear resistance of masonry is often related to the behaviour at the unit-mortar interface,
as this is the weakest link in the system[14,23]. The combined contribution between the
strength and cohesion of the individual masonry units and the mortar that binds them together
along with the presence of vertical and horizontal joints influences the overall strength
including the shear resistance [17]. Therefore, understanding the shear behaviour at
unit-mortar interface is a key focus in masonry design and construction[22].

Researchers have earlier conducted tests on the shear sliding behaviour of unit-joints, these
experimental studies were essential to gain insights into the behaviour and performance of
masonry under different loads and load combinations, allowing for the identification and
assessment of parameters like cohesion and internal frictional angle. Previous studies agree
that the increase in the applied precompression was accompanied by an increase in the shear
strength of the unit-joint and the level of this increase varied between different types of
masonry [23]. It was found that the mortar used also contributed to the shear strength of the
joints, a stronger mortar meant that the shear strength and cohesion were stronger, but the
coefficient of friction was deduced to be independent of the mortar strength [24]. Previous
studies on bonded masonry specimens evaluated the shear properties at the unit-mortar
interface in masonry, typically on couplets or triplets [7]. The shear test is one of the major
types of tests performed on a couplet or triplet and such a test would give insights into the
shear capacity of the unit-mortar interface. A key aspect of processing results of the shear test
involves calculating the cohesion and frictional forces at the unit-mortar interface, which is
achieved through the application of a Coulomb friction failure criterion, an important
framework in mechanics for modelling the behaviour of friction [15]. The criterion assumes
Amonton-Coulomb's law: for which the friction force is directly proportional to the normal
load and governed by a coefficient of static or kinetic friction.

In the past years different shear tests have been performed on masonry units, each unique
through the geometry of the specimen and loading method. Riddington [12] postulates five
quality criteria for shear tests, yet most of the current methods fail to achieve all five quality
parameters [11]. The European standards (EN 1052-3) have standardised the triplet test to
estimate the shear strength of bed joints. The code [15] elaborates on the specimen
preparation, loading arrangement and processing of results for a standard triplet test. The
triplet test requires a few laboratory-prepared triplet specimens, and each test is loaded with
different axial pre-compression levels [15]. The central brick is subjected to a shear load
which slides out the central brick at a slow rate of displacement. The peak shear strength 7 is
plotted against the compressive stress o, the results were processed to obtain the Coulomb
friction failure criteria:t = ¢, T tano,, where <, is the initial shear strength obtained by the



y-intercept of the interpolated linear regression of the results to 0 pre-compression levels and
[0) 0is the internal friction angle obtained from the slope of the linear regression [25].

The contribution of cohesion (c,) and friction component of shear stress(t;;) to the shear stress
is described in Figure 2a. The residual friction part of shear stress is the resistance in the
surface after the residual cohesion c, ceases. The residual friction is the constant tail
observed after the peak shear stress. The frictional coefficient is calculated from the internal
friction angle obtained from the slope of the linear regression of peak measurements taken
across independent tests at different precompression stress levels (in the linear region, i.e. <
1.0 MPa, [23]). A possible pitfall of the followed approach is the assumption that the
coefficient of friction is a constant paramter, independent of the precompression. We can see
that except for the case of: o = 0, the peak shear stress (t,) has an active indistinguishable
contribution from both the cohesion component of shear stress and the frictional component
of shear stress (Fig.4). When a body is loaded, the surface subjected to fracture undergoes
displacements that can be categorised as Mode I-tensile opening, Mode II-sliding shear and
Mode Ill-tearing shear. The crack propagation in mode II fracture operates such that the
fracture surfaces slide past each other in the opposite direction [26]. Mode II fracture energy
represents a material's inherent resistance to crack propagation in a mode II fracture mode
[17]. It is important to note that during mode II fracture, cohesion and friction contribute to

the fracture energy.
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Figure 4: Schematic diagram of deformation-controlled shear tests under 3 different constant normal
compression stress levels (as depicted by Van der Pluijm [17]), here ‘tuis the peak shear strength,t f is the

residual friction stress, o is the normal load, W is the coefficient of friction and @ is the internal friction angle.

The presence of this dependency complicates the predictability and reliability of masonry
structures, as it introduces uncertainty in the behaviour of the material under different
conditions. Consequently, it introduces the need for continued research and refinement in our
understanding of shear resistance and energy dissipated in the shear failure of masonry.

In the pursuit of a comprehensive understanding of the frictional response within the
unit-mortar interface of masonry materials, a novel investigative technique was introduced



and implemented: the utilisation of a tribometer test. This specific test aims to introduce an
innovative specimen extraction method, explicitly eliminating the influence of cohesion at the
interface. The primary focus is on a thorough investigation of the interface's frictional
behaviour while deliberately excluding the impact of cohesion. This novel approach is
designed to explore the isolated contribution of pure friction and assess how it varies with
applied parameters. The objective is to facilitate a cross-validation of existing data by
emphasising the exclusive examination of friction-related aspects: the mean CoF, the Energy
Coefficient of Friction (ECoF), and tangential contact. Study of friction using a tribometer
also depends on parameters such a temperature, moisture level and surface roughness. The
dependency on temperature and moisture level could not be investigated due to the limitation
of the available tribometer modules. Study on the dependency of surface roughness on
coefficient of friction by Rabinowicz [36], indicates that the coefficient of friction is
independent of surface rough to a certain region based on the material in contact. Since
masonry is a rough material (Appendix B), and the lack of classification of the roughness
region where coefficient of friction is independent of surface roughness, surface roughness is
not included in the scope of the current study.

2.2 Material and Method
2.2.1 Tribometer Setup

The tribometer used in the study is an RTEC MFT-5000 reciprocating tribometer (Fig.5), the
upper horizontal arm holds a vertical specimen and imparts normal force via a spring contact.
The instrument also uses a movable lower plate onto which a mounted sample can be moved
in reciprocation at a frequency setting. The tribometer has an operating range between 0.1 Hz
and 80 Hz enabling the possibility of both high frequency and quasi static tests .The sample
units (discussed in section 2.2.3) are extracted and mounted onto the setup through a
modified holder (discussed in section 2.2.2),

lormal Load

R cciprocating plate™S

Figure 5: Experimental assembly of RTEC MFT 5000 Multi-function Tribometer used for the experiments

The regular reciprocating tribometer utilises a pin-on-plate setup, this arrangement is
infeasible in the case of masonry. Therefore, the setup was modified to accommodate a
suitable sample model (Fig.6). For this, a steel casing with an external diameter of 19 mm
was used. The drill of 10 mm diameter with a depth of 45 mm was made into the steel casing
to accommodate a cylindrical brick sample. This would provide enough confinement against
bending in the brick specimen.

The reciprocating plate was replaced, with a 30 x 30 mm cut of the couplet half with a layer
of mortar bed as the bottom specimen. This would restrain the maximum imposed amplitude



of the sliding displacement 0.8 mm (+0.4 mm and -0.4 mm) to be 10.Imm from the edges of
the bottom specimen. This constraint is applied to ensure that at no point in the experiment,
the samples are in partial contact.

The normal load applied to each experiment is derived from the predetermined
precompression stress levels. The precompression levels across the study were performed on
the levels of 0.6 MPa, 0.4 MPa, 0.2 MPa and in some cases with an additional cases of 0.1
MPa and 0.05 MPa. Therefore the normal load in each case was obtained from the chosen
stress level and apparent area of contact. The term apparent is used to highlight the
assumption that the actual surface of the specimen was overlooked at a meso level to not
consider elastic and plastic deformation, as well as the change in interface contact due to
material removal or wear.

Normal Load - [N] \

(b)

Horizontal Arm

Steel Casing To Soeci
op Specimen

Brick Interface
Mortar Interface

Bottom Specimen

Reciprocating Plate:

Figure 6(a-b): (a)Modified tribometer setup to accommodate brick-mortar extract specimens. (b) Schematic
representation of modified tribometer setup

2.2.2 Sample Preparation

Three solid clay brick couplets were chosen to be processed and prepared for this
experimental study using a reciprocating tribometer. The couplets were marked for
identification, bond wrenched and sawn to the required size. The masonry couplet
investigated in this research is an unreinforced clay brick masonry with the following
properties given by table 2.1,table 2.2 and table 2.3,[23]:

Type Flow |Mortar Proportion Mortar Flexural C.o.V Mortar Compressive C.oV
(mm) (C:L: Sa)* strength f mbMPa strength f mMPa
Cement 188 1:2:9 1.40 0.12 3.81 0.09
Mortar

Table 2.1 : Mortar properties (MAT-3, S.Jafari,2021[23])



Type Size [mm] Normalised C.oV
Compressive Strength
f, [MPa]

Clay-Solid | 210x50x100 28.31 0.10
Table 2.2: Material properties of the unit (MAT-3, S.Jafari,2021[23])

Type Compressive Strength | C.o.V | Youngs Modulus C.oV
(MPa) E2 (MPa)
Masonry 14.02 0.04 4640 0.25

Table 2.3 : Properties of the masonry from vertical compression test (MAT-3, S.Jafari,2021[23])

In addition to the properties mentioned in table 2.1, table 2.2 and table 2.3, the bond strength
(f,) determined from the bond wrench test on this masonry was 0.14 MPa with a coefficient
of variation of 0.46 [23]. The experiments focus only on the frictional behaviour of the
unit-mortar interface therefore the prepared samples should be devoid of any cohesion. This
is achieved using a bond wrench assembly. A couplet is pulled open using a
machine-controlled or manual bond wrench. This would break the cohesive bond of the
interface and the path can be retraced to put the couplet back to its initial position. The top
specimen is a slender cylindrical bore extract from the top half of a bond-wrenched couplet.
The slender cylinder is then carefully placed into a metal cylinder with a drill hole matching
the extracted specimen's dimension range. This offers the slender brick cylinder continuous
bracing against buckling. Meanwhile, the bottom specimen is obtained by sawing the bottom
half of the couplet in a rotary saw, along the marked grid lines (Fig.7).

The bottom specimen can be mounted onto one of the manufacturer’s add-on holders. The
holder unit consists of two blocks between which an extracted brick sample (3x3 cm) with
the other interface of significance can be mounted and tightened. The holder grips the sample
during the reciprocating motion, restraining any unwanted movement of the sample in the
direction of reciprocation.

Figure 7 (a-d, clockwise): (a) Bonded couplets marked before specimen extraction, (b) Bottom specimen
extraction using a rotating saw, (c) extracted cylindrical specimen, (d) The parent couplet after cylindrical
specimen extract.

2.2.3 Procedure

Testing masonry specimens extracted from a brick-mortar unit, on the tribometer requires an
unconventional approach. The reciprocating tribometer is modified to accommodate the
extracted brittle specimen, such that failure due to buckling and the bending of the specimen



instead of sliding is ruled out. The reciprocating tribometer employs: (i). cylindrical metal
holder with an extracted interface (hereby referred to as top specimen) through which normal
load P is applied, and (ii). A reciprocating plate, on which the other surface of significance is
mounted (hereby referred to as the bottom specimen). The tribometer offers many test
parameters that can be opted for based on engineering assumptions for each scenario. The
options offered are displacement range, reciprocating frequency, logging frequency,
acceleration-deceleration control, and normal load control. The logging frequency adopted
across the study is 4000 Hz. This would enable the study to have a higher resolution of data
to pick up small variations in forces. However noise accompanies the high rate of logging,
this must be considered while processing the measured data. The loading and friction test
were performed in two steps, (a) the sample was loaded to the required normal load and was
held in position for 60 seconds, (b) this was followed by the test. This way the variation in
normal force, caused by the preset and feedback were minimised.

The bottom sample can be mounted into the holder with relative ease. The extracted
specimen is placed between the holder’s restraining blocks and is fastened. Mounting the top
specimen requires the use of an HMA Glue (Heat Melt Adhesive). This glue does not
chemically influence the brick specimen and does not soften the brick specimen due to the
absence of moisture in any form. Therefore, a few more steps are to be carried out before it
can be mounted into the tribometer to commence the pre-experiment checks: (i). The
steel/metal holders are pre-heated in a kiln/oven. This would prevent the glue from drying out
quickly, preventing the brick cylinder from being encased inside the metal holder. (ii). A thin
layer of glue is applied, after which the brick cylinder is lowered into the opening. The
sample is pushed so that any excess glue can flow out, ensuring good contact. (iii). The unit is
left out to cool. (iv). After the experiment, the holder is placed on a container and back into
the kiln/oven to heat and remove the mounted sample. (v). This cycle is repeated for all
samples.The results were analysed (discussed in section 2.3) and a few parameters were
revised for a second set of experiments. The test parameters are detailed in Table 2.4. The
choice of test frequency is explained in section 2.3.1.

Parameter |Pre- Pre- Pre- Pre- Pre- Frequency |Sliding  (Number |Test
compres [compres |compres |compres [compres distance |of Cycles |Duration
sion-I [sion-II |sion-III [sion-IV [sion-V

Unit MPa MPa MPa MPa MPa Hz mm seconds
Exp-1 - - 0.2 0.4 0.6 3 03-04 |180 60
Exp-11 0.05 0.1 0.2 0.4 0.6 0.2 900

Table 2.4. Test parameters considered for the experiments.
2.3 Experiments and Results

During each cycle of reciprocating sliding, the changes in normal and tangential forces, their
relation to each other, the energy dissipation and the resistance to the sliding by the interface
at extremities were studied. The parameter corresponding to the relation between forces and
energy is the coefficient of friction. To study the changes in forces and energy the Coefficient
of friction was broken down into (i) the mean coefticient of friction (Mean CoF, p) and (ii)



the Energy coefficient of friction (ECoF, p.). The mean coefficient of friction is derived from
(I. Llavori et al 2019) [21], Eq(2):
Max(g—)—Min(%)

P

Mean Coefficient of Friction (CoF,p) = > )

In the presence of wear, the Q/P ratio is not appropriate to characterise friction as it is not
representative in case of a Non-Coulomb behaviour, which is characterised by predominant
peak values during velocity reversals [29]. The peak is non-coulomb and nonlinear, which
can be understood from the observation of “hook” like features being present in the peaks of
the fretting loops, [21] Fouvry 2004, developed the energy coefficient of friction to provide a
more realistic method to calculate coefficient of friction. The method was developed to
minimise the effect of wear-scar interaction and is based on the energy dissipation over the
fretting loop to calculate the Coefficient of Friction (CoF), now called ECoF[29,27].

The energy coefficient of friction (ECoF, ) gives the ratio of the measured loss in energy
during the cycles to the hypothetical Coulomb energy loss which is approximated as four
times the product of slip distance d and normal load P in the reciprocating translation [27].
This method is stable and is recommended for material characterisation. The energy
coefficient of friction Eq(3) utilises the tangential force hysteresis instead of the Q/P
hysteresis [28,29]. The area inside the hysteresis curve is equal to the energy dissipation

Energy Dissipated
4*slip distance*Normal load

Energy Coef ficient of Friction (ECoF,pe) = (3)
Contact stiffness is the change in tangential force at contact interface for a unit change in
relative tangential displacement of the surface in contact in the sticking or velocity reversal
phase, i.e. an instantaneous tangent at a specific load value associated with the velocity
reversal region [31]. Contact stiffness was the third key parameter identified and analysed
throughout this study.

2.3.1 Experimental observations

An initial set of experiments was performed across three pre-compression levels of: 0.2 MPa,
0.4 MPa and 0.6 MPa at a frequency of 3Hz. This was chosen based on the response of
masonry structures to loading investigated in [34], the test structure is seen to have higher
response between time periods of 0.2 seconds and 0.4 seconds. Three samples were tested in
each case as per the parameters laid down in Table 2.4. The logged data was processed to
obtain, (1) A Tangential/Normal force vs. displacement curve and (2) a Tangential force vs.
displacement curve . Both the curves were observed to be hysteresis curves with 180 cycles.
The data was analysed through two methods: (i) each cycle was analysed and (ii) the
hysteresis (Fig.8c) was averaged across cycles to obtain a mean curve (figure 6a). The mean
curves across a specific pre-compression level were averaged again to obtain a representative
mean curve for a given pre-compression level[Appendix C, Appendix D].

The summary of mean Q/P (Tangential Force ‘Q’/ Normal Load ‘P’) frictional hysteresis
observed across different compression levels is represented in Fig 8a, 8b. The frictional
behaviour is non-Coulomb in nature with a loss of symmetry with decreasing precompression
levels and sharp peaks are observed in the extremes of the hysteresis. A curved profile of the
hysteresis is observed between the peaks, i.e., the sliding region. The profile tends towards a
smoother curved profile with an increase in pre-compression level.
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Figure 8 (a-c): (a) Mean representative curves across different precompression levels for 3Hz. (b) Mean
representative curves across different precompression levels for 0.2Hz. (c) An example (3 Hz) of measured Q/P
hysteresis and averaged mean curve.

The second set of experiments was performed across five pre-compression levels of: 0.05
MPa, 0,1 MPa, 0.2 MPa, 0.4 MPa and 0.6 MPa. This set of tests were performed at a low
frequency, 0.2 Hz aimed at investigating the quasi-static frictional behaviour and influence of
velocity in masonry tribometer tests.

The time averaged, mean Q/P frictional hysteresis observed across different compression
levels is represented in Fig 8a.b . Similar to the previous results, the frictional behaviour is
non-Coulomb in nature and sharp peaks are observed in the extremes of the hysteresis, this
phenomenon is visible in the measured unaveraged data and in the averaged mean curves. It
is to be noted that the sliding phase has a relatively linear path (between the peaks). The
hysteresis curve tends to approach a linear trend with less distinct peaks when the
pre-compression level is increased.

An observation from the mean curves across the frequencies (both 3Hz and 0.2Hz) indicates
that the mean curves obtained from the lower frequency analysis have a more visible and
distinct static and kinetic friction behaviour. This could be partly due to lower damping forces
on the interface due to the reduced acceleration involved in the experiment. A plot of
frictional force against sliding velocity Fig 9(a-b) illustrates this observation.The sliding
velocity at each instant was obtained from time derivative of sliding distance and analytical
time interval, which is then plotted against the instantaneous frictional force from the logged



data. The precompression level of 0.2 MPa was chosen to illustrate this observation, the
peaks at extremities are less prominent with an increase in precompression level, similar to
the peaks being less significant in the Q/P hysteresis with increase in precompression levels.
The tests at 0.05MPa was an exception observed to this hypothesis. This deviation could be
due to the combination of low normal load and low frequency. The significant noise in 0.05
MPa which contributes to the deviation observed could be due to the influence of low normal
load and frequency on displacement controlled equipment. A noticeable level of noise is
visible in the low frequency- low precompression loops. This could be possibly due to the
high sampling rate and the feedback in the displacement-controlled apparatus picked up by
the sensitive measurement array (piezometric sensors).

Friction Force v/s Velocity | 0.2 MPa

@ | o (b)

Friction Force v/s Velocity | 0.2 MPa

Friction force (N)
o
Friction force (N)
N

-0.01 -0.005 0 0.005 0.01 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04
Velocity (mm/s) Velocity (mm/s)

Figure 9 (a-b): Frictional Force v/s velocity (a) at 0.2 Hz with normal load 12.8 N, and (b) at 3 Hz with normal
load 8 N

2.3.2 Coefficient of Friction

The mean coefficient of friction CoF observed across the hysteresis loop from each cycle.
CoF was calculated for both: (i) per cycle and (ii) mean curve cases using Eq(2). The CoF
calculated from each hysteresis cycle was recorded to form a CoF distribution. The CoF
distribution is an array containing the mean coefficient of friction for all 180 cycles. A mean
for the distribution (CoF gyibuion) 1S determined from the parameters of a normal curve fitted
onto the distribution . The mean of the CoF jivuion 18 compared with the CoF obtained from
the mean curve (average loop of the hysteresis) in Table2.5. In most cases, both the values
(CoF of mean curve and CoF jivuion) Were observed to be in close range. This indicates that
the mean curve is a simpler and relatively accurate way to represent the frictional behaviour
of an interface in the considered case. The results of the CoF calculation are shown in the
table. No clear and systematic dependency between CoF and number of cycles is observed,
this can be inferred from Fig.10(a-c) which illustrates the time evolution and distribution of
CoF across cycles for the test frequency of 3 Hz. The distribution estimates the mean and
standard deviation of CoF associated to a particular precompression level (the distribution
parameters of the fitted curve are indicated in: red- standard deviation, blue- mean of
distribution).
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Figure 10 (a-c): Evolution and distribution of CoF as measured from tests with 3 Hz frequency plotted along
with the distribution.

The Energy Coefficient of Friction (ECoF) was calculated in a similar way (i.e. both per
cycle and mean curve) using Eq(3). The energy dissipated for each cycle was calculated by
calculating the area enclosed under the Tangential force hysteresis curve (shear force v/s
displacement). A similar trend was found between the ECOF i ipuion @and ECoF of the mean
curve. The ECoF has an initial high value, followed by a systematic decrease over time
(Fig.11). This is further discussed in section 2.3.3.

However, it was important to note that the variation in the calculated ECoF across each
precompression level was much less than the variation between mean CoF across different
precompression levels as similar to the prediction in [21]. The table encompasses the values
of mean CoF and ECoF for each precompression level.
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Figure 11: Evolution and distribution of ECoF as measured from tests with 3 Hz frequency.

A similar trend was observed for measurements from tests of 0.2 Hz (see Appendix D).

Parameters Frictional Coefficients
Freque|Precompr (mean |(mean CoF ;yp.i.n |Standard deviation |mean mean Standard deviation
ncy ession CoF CoF jivivution (+/-) ECoF ECoF yuipution ECoF jsuipusion(+/-)
3Hz (0.2MPa [(0.839 [0.923 0.0856 0.217 0.227 0.013
04MPa (0.776 |0.819 0.09 0.211 0.222 0.023
0.6 MPa (0.736 |0.773 0.096 0.209 0.218 0.012
0.2Hz [0.2MPa [0.985 [1.003 0.185 0.250 0.258 0.023
0.4MPa [0.765 |0.767 0.109 0.242 0.242 0.026
0.6 MPa [0.729 |0.746 0.049 0.243 0.243 0.028

Table 2.5 Comparison of CoF and ECoF

2.3.3 Energy Dissipation

Fouvry [29], studied fretting damage due to wear and crack nucleation of specific metal
surfaces. It was found that the energy coefficient of friction exhibited an increasing trend for
the first few hundred cycles. Although this refers to metals, and the formation of a
tribologically transformed structure, a similar observation was made in this study of
brick-mortar interfaces (Fig.11). A high ECoF value was observed briefly followed by a




downward trend. Fretting of asperities and lubrication can be hypothesised as probable
mechanisms, but this is not considered in the current scope of the study.

The progression of hysteresis loops was investigated across the experiments. This enabled to
track the trend of energy dissipation through the frictional hysteresis. By observing the
change in shape of the hysteresis area and its trend (Fig.12), a correlation to the decay of
ECoF can be understood. The decrease in the dissipated energy is directly proportional to the
ECOF, as established earlier through Eq.(3).
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Figure 12 (a-b): Shape of tangential force hysteresis curve, (a) initial phase and (b) end of the test.

The dependency of energy dissipation on the applied precompression levels were also
analysed. The total energy lost across 180 cycles was calculated as per Eq.(4) and the slip
distance used was obtained from the measurements of each cycle. The energy dissipation
showed a proportional trend to increasing precompression levels. This is illustrated in Fig.13.
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Figure 13(a-b): Energy dissipation across precompression levels in : (a) 3 Hz frequency and (b) 0.2 Hz
frequency



2.3.5 Contact Stiffness

Contact stiffness is the change in tangential force at contact interface for a unit change in
relative tangential displacement of the surface in contact in the micro-slip region, i.e. an
instantaneous tangent at a specific load value [31]. The contact stiffness (k) was computed at
either end of the displacement amplitude. The contact stiffness was analysed across cycles in
an experiment and an average contact stiffness was also calculated from the mean curve of
the experiment.

In order to exclude the possibility of the measured contact stiffness being influenced by the
deformation of the top part of the specimen, which was partially held in the steel casing, a
linear elastic analysis was performed. The stiffness of the interface and top specimen
assembly were represented as a spring in series combination (Fig.16). The experimental value
was subsequently juxtaposed with the numerical simulation results obtained for the top
specimen under confinement conditions.

The stiffness provided by the top specimen was numerically simulated using a linear analysis
(Fig.17). It was assumed that the steel casing, in conjunction with a 4.5 cm segment of a 5 cm
long brick specimen, supported by heat melt adhesive glue (HMA glue), provided a rigid
support for the embedded section. A unit load was applied to the 0.5 cm protrusion's surface,
and the resulting displacement was calculated. Subsequently, the stiffness was derived from
this computed displacement which was found to be 12150.67 N/mm (Table 2.6).

1 1 1
I B P N S (4)
kmeasured ( kb ) ( kinterface )

The measured stiffness can be illustrated as a series combination of springs involving the
assembly (k,) and interface (Kiernee) [EQ 4]. The numerically estimated stiffness value of the
assembly was then applied to the parameter k; in the Eq(4) and was approximated to approach
zero. Consequently, it was deduced that the observed experimental value could be attributed
to the behaviour of the interface, since the measured value of stiffness is finite and K,,cpqureq <<
k.
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Figure 16: Spring model of the interface (series combination)

A 2D plane stress model features specimen total length of 50 mm embedded in a steel casing
with a 5 mm protrusion supported at the base. Material properties include a Young's Modulus
(E) of 6902 N/mm? and a Poisson's Ratio of 0.18. The element type employed is "Plane Stress
2D" with a thickness of 9 mm, using a mesh size of 0.1 mm.
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Figure 17: Numerical analysis of the horizontal displacement of the top specimen assembly

Load Displacement Displacement Node | Average . .
Applied Node 470 471 displacement Stiffness of Pin
IN 0.0000815 mm 0.0000764 mm 0.000079 mm 12150.67 N/mm

Table 2.6 Numerical estimation of Pin stiffness k,

The following mathematical model [35] that lays down the relation between contact stiffness
(ky,;) and the normal force (N) is given by the equation:

dN/d§ = kb’iEKNa , 5)

here 8 is the linear elastic displacement and o is an exponent based on the type of contact
(Cabboi et al, 2016 [35]). It can be inferred in general that the contact stiffness is proportional
to the normal load applied. The contact stiffness was calculated and compared across
different pre-compression levels for both frequencies. Generally, an increase in contact
stiffness was observed increasing the pre-compression levels, which is in accordance with
the assumption.(Fig 18a.b)
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Figure 18 (a-b): Contact stiffness across precompression levels: (a) test with frequency of 3 Hz, (b) tests with
frequency of 0.2 Hz



2.3.4 Preliminary Constitutive Modelling

Figure 14: Spring-dashpot schematic of the interface.

Observing the profile of the frictional force vs relative velocity (Fig.9), a possible
dependency on the test frequency was investigated (Schematised as spring-dashpot in
Fig.14). The tribometer being a dynamic test, the equation of motion can be defined as Eq(6),

MX + CX + KX = F(v) , (6)

the v in Eq.(5) corresponds to the relative velocity. The LuGre’s friction model was used in
identifying the influence of velocity. The asperities are considered as microscopic bristles
with a certain stiffness and damping[32,33]. LuGre’s model can be written down as Eq(7,8):

ff(v ) = 002 + Gl(dZ/dT) tov, (7)
dZ/dt = vr[l - GOZ/g(vr)sgn(vr)] ®)

here o, is the bristle stiffness, o, is the bristle damping and o, is the viscous coefficient, Z is

the average bristle deflection and f f(v)is the frictional component such that

Nof (v) = F(v). The function g(vr) imparts the Stribeck effect into the model[32]. The
f

constitutive model makes use of the Stribeck parameters [33]. These parameters oy czand \A

were calibrated considering the experiments with a frequency of 3 Hz and a pre-compression
of 0.2 MPa. This was chose since the experimental hysteresis curve shoed a distinct velocity
peak. The values used were: o, = 100,02 = 0.02, F=3.5, F=7 and v.=0.04. The o, refers

to the measured contact stiffness of the interface, which was 220 N/mm.
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Figure 15: LuGre model compared to a frictional force hysteresis.

The deviations shown in Fig. 15 between the LuGre model with a g(v) function (red) and the
LuGre model with u*Normal load (green), both using the same input parameters, suggest a
dependency on velocity for predicting the frictional behaviour at the interface.

2.4 Conclusions

Through employing a novel sampling and testing approach using a reciprocating tribometer,
this study examined the behaviour of friction between unit-joint interfaces by assessing the
frictional measurements at different precompression stress (normal stress) and for two ranges
of frequencies.

The experiments carried out with the modified tribometer setup highlighted the deviation
coefficient of friction from the assumed Coulomb behaviour, which is generally used in
different models to estimate the contribution of friction and cohesion to the shear strength of
brick-mortar interfaces. The experimental measurements were analysed in the form of (i)
Tangential force ‘Q’/ Normal load ‘P’ (Q/P) hysteresis curve and a (ii) Tangential force
hysteresis curve. Two estimates for the coefficients relating the normal and tangential forces
were considered: (i) mean coefficient of friction (CoF, p) and (ii) the energy coefficient of
friction (ECoF, pe). Tangential contact stiffness was also identified as a key parameter in
characterising frictional behaviour. The feasibility of the test setup is influenced by both
contact stiffness and stiffness of the top specimen assembly. When the contact stiffness
exceeds the assembly stiffness, there is a tendency for the interface to stick instead of sliding,
initiating undesirable bending on the top specimen, due to the applied displacement.

The primary observation in the analysis of the frictional coefficients was the dependency of
the mean coefficient of friction (CoF) on the applied normal load. On comparing the results
of CoF’s across the three primary investigated precompression levels, a decrease in CoF with
an increase in precompression levels was observed. This observation was prevalent in both
the experimental frequencies, reinforcing the notion of a dependency of CoF on normal loads.
CoF was computed from both the mean curve (obtained from averaging the hysteresis) and
CoF distribution (a distribution of CoF evaluated from each cycle) for each precompression
level, and both approaches gave the same result.



The Energy Coefficient of Friction, ECoF was calculated from the ratio of energy dissipated
in friction to the hypothetical Coulomb energy loss. ECoF exhibited a slight dependency on
the applied precompression level. The generally observed trend was similar to the behaviour
observed between CoF and precompression levels (decrease in ECoF value with increase in
precompression). However, it is important to note that the difference in ECoF across
precompression levels was relatively small, in comparison to the difference between CoF
values across precompression levels.

Both the coefficients contain limitations to characterise friction. The CoF is an overestimated
data, since it is obtained from the non-linear peaks of the Q/P hysteresis to define the relation
between normal load and friction. However, no clear and systematic dependency between
CoF and number of cycles is observed. The variation is small and almost negligible, the
ECoF is dependent on the hysteresis and interface behaviour which is affected over time or
increased frequency (affected by the number of cycles). From the current study which uses
180 cycles, it may be concluded that the ECoF offers a better approximation for the overall
frictional behaviour.

Contact stiffness, the rate of change of tangential force with tangential displacement, was
calculated for the mean tangential hysteresis curves. An increase in the contact stiffness with
an increase in the applied precompression level was observed. This is in accordance with the
existing mathematical models and is an integral part in frictional behaviour.

The applied experimental frequencies resulted in observable changes in the hysteresis
behaviour. The higher frequency, 3Hz resulted in hysteresis profiles with sharp peaks, a
lower degree of symmetry, and non-linear behaviour in the gross-sliding region. The effects
were less significant with an increase in precompression levels. At a lower experimental
frequency, 0.2Hz the hysteresis profiles of precompression levels above 0.2MPa showed less
significant peaks with linear profiles in the gross sliding region. The lower precompression
levels had noise, possibly due to the high feedback in the displacement-controlled apparatus.
The preliminary constitutive modelling approach using the LuGre model was used to study
the influence of frequency on the tribometer experiments. The deviations between the LuGre
model with a g(v) function and the LuGre model with constant value (CoF* Normal force),
for the same input parameters, suggest a dependency on velocity for predicting the frictional
behaviour at the interface.

In conclusion, the experimental results from the modified tribometer test highlight a deviation
from the Coulomb behaviour, raising concerns about the current methodology used to
evaluate and model shear response at brick-mortar interface . Although the estimated value of
friction is similar to the range predicted by a standard triplet test, the behaviour of interfaces
is to be better understood to unearth the governing mechanisms of friction in masonry. Based
on the current study, few recommendations for future research are suggested. The current
study uses an apparent area of contact (equal to cross-sectional area) approach to input the
normal force required for a certain precompression level. The profilometer data indicates that
the actual area of contact is often smaller due to surface imperfections. The researcher
recommends precise contact area measurements for further research. Likewise, the sample
preparation method needs refinement to accurately extract the interlocking unit-mortar
interface. The current approach, which involves separate extraction for the top and bottom
specimens, results in a notable misalignment of the interface.The experimental results were
derived for a single masonry type. To further validate the conclusions, an extensive testing
campaign considering different types of brick and mortar combinations is recommended.






3 CONCLUSIONS &
RECOMMENDATIONS

The indistinguishable contribution of cohesion and friction to the shear strength of the
unit-joints and the deduction of friction analytically from the results of such a test based on
the Coulomb criterion, calls for the requirement of assessing friction independently. The
study aimed at developing a standalone test for the study of frictional interfaces between
unit-joints. Through this study, the following conclusions on the frictional behaviour of
unit-joint interfaces can be inferred:

o The experiments carried out with the modified tribometer setup highlighted the
deviation of friction from the assumed Coulomb behaviour, i.e.the frictional
behaviour was non-Coulomb in nature. The Q/P hysteresis, obtained from the plot of
Tangential to Normal force ratio against the sliding distance exhibits a non-linear
profile, with hook-like features at the extremities.

e Factors influencing frictional behaviour were identified to be: (i) The Coefficient of
Friction (CoF), (ii) Energy Coefficient of Friction (ECoF), and (iii) Tangential
Contact Stiffness. Experimental measurements were utilised to construct (i) a Q/P
hysteresis and (ii) a Tangential force hysteresis, forming the foundation for further
investigations into frictional behaviour. The mean coefficient of friction (CoF, p), was
derived from the Q/P hysteresis, while the energy coefficient of friction (ECoF, pe)
and tangential contact stiffness were obtained from the tangential force hysteresis.
Tangential contact stiffness was also recognized as a crucial parameter characterising
friction behaviour, influencing the feasibility of the test setup and contributing to the
frictional mechanism.

e The primary observation was the dependency of the mean coefficient of friction (CoF)
and energy coefficient of friction (ECoF) on the applied Precompression level.On
comparing the results of CoF’s and ECoF’s across the three investigated
precompression levels, a decrease in CoFand ECoF with an increase in
precompression levels was observed. This observation was prevalent in both the
experimental frequencies, indicating the dependency of CoF and ECoF on
precompression levels.

e The Energy Coefficient of Friction (ECoF) exhibits a dependency on the number of
cycles. ECoF shows a trend with high initial values followed by a systematic decrease
with the progression of each cycle. However, no systematic dependance on the
number of cycles was exhibited by mean coefficient of friction (CoF).



The results obtained from the mean curve approach and cycle approach had little to
no differences. Therefore, it can be concluded that the use of the mean curve to
calculate CoF and ECoF does not affect the results.

Contact stiffness the third key parameter can be defined as, rate of change of
tangential force with tangential displacement, it was calculated for the mean
tangential hysteresis curves of each precompression level across both the
experimental frequencies. An increase in the contact stiffness with an increase in the
applied precompression level was observed. This is in accordance with the contact
stiffness modelled by using a power law of normal force.The interface undergoes two
primary stages of frictional behaviour during the reciprocatory test: the partial slip
phase ( also known as micro slip) and gross sliding phase. The material stiffness of
the top assembly plays an important role. During high levels of precompression, the
tangential stiffness could be higher than the material stiffness causing the interface to
stick while the top specimen undergoes a bending motion under the imposed
deformation. This would result in erroneous data and misinterpretation of the
mechanics (refer to appendix A).

Surface roughness is often considered an important parameter in frictional study. The
works of Rabinowicz, points out the presence of both regions where friction is
dependent and independent of surface roughness. However, masonry being a very
rough material generally, there is limited knowledge on these regions. Therefore the
study proceeded without accounting for the influence of surface roughness on the
value of coefficient of friction.

The applied experimental frequencies resulted in observable changes in the hysteresis
behaviour. The higher frequency, 3Hz resulted in hysteresis profiles with sharp peaks,
a lower degree of symmetry, and non-linear behaviour in the gross-sliding region. The
effects were less significant with an increase in precompression levels. At a lower
experimental frequency, 0.2Hz the hysteresis profiles of precompression levels above
0.2MPa showed less significant peaks with linear profiles in the gross sliding region.
The lower precompression levels had noise, possibly due to the high feedback in the
displacement-controlled apparatus.

In conclusion, the experimental results from the modified tribometer test highlight a
deviation from the triplet test method. It was found that the coefficient of friction
varies significantly with different precompression levels and questions the estimation
of one global coefficient of friction estimated from the linear regression of data
obtained by assuming a Coulomb behaviour, raising concerns about the current
methods of evaluating friction based on the Coulomb criterion.

Both the CoF and ECoF are parameters that define friction, however their estimation
and reliability are to be considered for situation of use. Although the estimated value
of friction (CoF) is similar to the range predicted by a standard triplet test, the
behaviour of interfaces is to be better understood to unearth the governing
mechanisms of friction in masonry thereby providing a deeper understanding of its
shear strength.



The following recommendations are put forward by the researcher:

e The experimental results were derived for a single masonry type. To further validate
the conclusions, an extensive testing campaign considering different types of brick
and mortar combinations is recommended.

e The specimens are mechanically extracted from bond wrenched couplet elements. The
current sampling method utilised the complete removal of the couplet unit, which
causes an irreversible interface mismatch, meaning the interface can no longer align
exactly. This was looked into, but with limited extraction opportunities a tolerance
zone/region was adopted. Future studies may look into precise extraction techniques.

e Surface roughness impacts the frictional behaviour significantly. However, there
exists a vacuum of information about the influence of surface roughness on the
coefficient of friction. Like metal interfaces, this can be further explored and
incorporated into the study.

e Fretting was observed at the beginning of the test. The presence of fretting may
influence the conclusions of this study. The occurrence of fretting curves in certain
hysteresis loops, calls for the consideration of fretting models in assessing coefficient
of friction and the frictional behaviour in future studies.

o The fretting loss and change in the asperities of the surface can be investigated using

equipment like a profilometer at each stage of the experiment, especially with the
focus to investigate the dependency of CoF on surface damage and ECoF on material
loss.

e The variation in ECoF over extended cycles or the variation of ECoF under high
frequency can be investigated in addition to the fretting loss. Since fretting and wear
mechanisms have been observed to play a part in the variation of ECoF.

e The apparent area approach was used for experiments, it is important to know that the
true area of contact varies to the assumed/ apparent area of contact. This is an
important setup related parameter, since smaller areas can easily lead to higher
precompression levels.
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APPENDIX A

I.Bending Failure

The assembly of the sample into the top specimen plays a significant role in the experiments.
Due to the slenderness of the sample, the interfaces may “stick” and start bending instead of
sliding on the onset of the displacement-controlled reciprocation. This would result in
undesired results and can be diagnosed easily while processing the hysteresis. On a practical
trial and error, 1cm of protrusion in the top specimen assembly resulted in the bending failure
transpiring at 0.6 MPa. Therefore as a standard, the protrusion was reduced to 0.5 cm and this
resulted in the top specimen being braced against such failure. The figure below is a typical
note of bending failure:

Experiment 7 - 0.6 MPa
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I1. Specimens and experiments profile

The samples were extracted from three couplets The couplets were named: C1, C2 and C3.
Each couplet was labelled, and grids were carefully drawn to identify the extracted specimens
and later label them. Each couplet was marked with grids with each grid approximately
yielding a 3 x 3 cm cut bottom specimen. The grids were numerically labelled in the range of
1-12, in an odd-even pattern. The specimens were labelled as:

Specimen ID = C'X'_'Y'_'Z’

X- refers to the couplet (1/2/3); Y- refers to the grid (1-12); Z- refers to the brick half [Top
(T)/ Bottom (B)]. An example of this would be:

Specimen ID = C2_7_B

The specimen profiles and a summary of measured and analysed data of each experiment, is
presented in Annex-B and Annex-C respectively.



APPENDIX B -
SAMPLE PROFILE

Please not in this appendix, comma is used as decimal separator



Experiment: 01

Specimen ID:

25

Precompression Stress:

0,2 MPa

Frequency:

3 Hz

Bottom Specimen: C2_5_B

Top Specimen: C2_5_ T

39,265mm

30

20

18,122mm

Sa

. Sz St Spc Sa Sz Str Spc
. um um . [ 1/mm . um Bm - 1/mm
Max. 253,630 5604,600 0,243 6,510 | Max. 284,611 2495200 13,758
Min. 253,630 5604,600 0,243 6,510 | Min. 284,611 2495200 13,758
Ave. 253,630 5604,600 0,243 6,510 Ave. 284,611 2495,200 13,758
Std.DV| 0,000 0,000 0,000 0,000 | Std.DV 0,000 0,00 0,000
Areal 253,630 5604,600 0,243 6,510 | Areal 284,611 2495200 13,758
Specimen location: Couplet C2
2 6 8 10 12
1 $os %7 9 11




Experiment: (2

Specimen ID:

C3 11

Precompression Stress:

0,2 MPa

Frequency:

3 HZ

Bottom Specimen: C3_11_B

Top Specimen: C3_11 T

32,493mm

18,122mm

Sa Sz Str Spc Sa Sz Str[Spc
_ um Hm _ 1/mm _ Hm Hm . [1/mm
Max. 187,127 3376,700 0,387 7,503 Max. 234,890 1330,600 9,032
Min. 187,127 3376,700 0,387 7,503 Min. 234,890 1330,600 9,032
Ave. 187,127 3376,700 0,387 7,503 Ave. 234,890 1330,600 9,032
Std.DV| 0,000 0,000 0,000 0,000 | Std.DV 0,000 0,000 0,000
Areal 187,127 3376,700 0,387 7,503 | Areal 234,890 1330,600 9,032
2 6 8 10 12
1 5 7 9 1




Experiment: 03

Specimen ID: Cl 8 Precompression Stress: | 0,2 MPa Frequency: 3 H?

Bottom Specimen: C1_8 B Top Specimen: C1 8 T

39,265mm

30 : 18,122mm

20

10

0

Sa Sz Str Spc Sa Sz 'Str Spc
| um um 1ymm || pm  pm . 1/mm
Max. 219,024 5525400 0,161 6,218 | Max. 93,477 833,700 5,005
Min. 219,024 5525,400 0,161 6,218 Min. 193,477 833,700 | 5,005
Ave. 219,024 | 5525,400 0,161 6,218 Ave. 193,477 833,700 5,005
Std. DV 0,000 | 0,000 0,000 0,000 Std. bV| 0,000 0,000, 0,000

Areal 219,024 5525,400 0,161 6,218 | Areal 93,477 833,700 5,005




Experiment: 04

Specimen ID: Cl 5

Precompression Stress: | 0,4 MPa Frequency:

3 H?

Bottom Specimen: C1_5 B

Top Specimen: C1 5 T

39,312mm

30

20

18,122mm

Sa Sz Str Spc Sa Sz Str Spc
um um ' 1/mm um um . Ymm
Max. 255,829 4102,500 0,257 5,974 | Max. 236,145 2650,400 14,616
Min. 255,829 4102,500 0,257 5,074 | wm 236,145 2650400 14,616
N, | 299,629 | 200 [U,257 |5, Ave. 236,145 2650,400 14,616
Ave. 1 255,829 ' 4102,500 0,257 5,974 Std. DV 0,000 0,000 0,000
Std.DV| 0,000 0,000 0,000 0,000 | | ] |
| | _ | | Areal 236,145 2650,400 14,616
Areal | 255,829 4102,500 0,257 5,974
2 6 8 10 12
1 5 7 9 11




Experiment: 05

Specimen ID: 22 Precompression Stress: | 0,4 MPa Frequency: 3 H?

Bottom Specimen: C2_2 B Top Specimen: C2 2 T

39,265mm

18,122mm

30

20

:Sa Sz Str :Spc Sa Sz Str{Spc |
um um ' 1/mm um um ~ o Ymm
Max. [ 141,678 |2787,500 [0,443 [6,149 | | poe— 24250 1330600 3052,
Min. 141,678 | 2787,500 0,443 6,149 Ave.. ‘234:890 ' 1330:600 ' '9:032 !
Ave. 141,678 2787,500 0,443 6,149 | sid.DV 0,000 0,000 0,000 |
Std. DV 0,000 0,000 0,000 0,000 ' N

Areal 234,890 1330,600 9,032

Areal | 141,678 2787,500 0,443 6,149




Experiment: 06

Specimen ID: 3 8 Precompression Stress: | 0,4 MPa Frequency: 3 H?

Bottom Specimen: C3_8 B Top Specimen: C3_8 T

39,288mm

18,122mm
30

20

Sa Sz Str  Spc Sa Sz Str |Spc

'um pm 1/mm ' um pm - 1/mm |
Max. 310,437 2550,200 0,525 6,368 | Max. | 168,565 1059,400 6,751 |
Min. 310,437 2550,200 0,525 6,368 | Min. 168,565 1059,400 6,751 |
Ave. 310,437 2550,200 0,525 6,368 | Ave. 168,565 1059,400 6,751

Std.DV| 0,000 0,000 0,000 0,000 | Std.DV| 0,000 0,000 0,000

Areal |310,437 |2550,200 0,525 6,368 | Areal | 168,565 1059,400 6,751 |




Experiment: 07

Specimen ID: c2 10 Precompression Stress: | 0,6 MPa Frequency: 3 H?

Bottom Specimen: C2_10_B Top Specimen: C2_10 T

39,265mm

18,122mm
30

Sa Sz Str Spc Sa Sz Str Spc
| um um 1/mm | um  pm . Ymm |
Max. | 182,837 5350,100 0,144 6,052 | Max. 236,145 2650,400 14,616
Min. 182,837 5350,100 0,144 6,052 | Min. 236,145 2650,400 14,616
Ave. 182,837 5350,100 0,144 6,052 | Ave. 236,145 2650400 | 14,616
Std. DV 0,000 | 0,000 0,000 0,000 Std. DV 0,000 0,000 0,000

Areal 182,837 5350,100 0,144 6,052 Areal 236,145 | 2650,400 14,616




Experiment: 08

Specimen ID: c27 Precompression Stress: | 0,6 MPa Frequency: 3 HZ

Bottom Specimen: C2_7 B Top Specimen: C2_7 T

32,304mm

18,122mm

Sa Sz Str  Spc Sa Sz 'Str Spc
um um | 1/mm | um um ~ 1/mm
Max. 211,515 5079,300 0,479 7,484 | Max. | 284,611 2495200 13,758
Min. 211,515 5079,300 0,479 7,484 | Min. 284,611 2495200 13,758
Ave. 211,515 5079,300 0,479 7,484 | Ave. 284,611 2495200 13,758
Std.DV| 0,000 0,000 0,000 0,000 | Std.DV| 0000 0,000 0,000

Areal |211,515 5079,300 0,479 7,484 | Areal 284,611 2495200 13,758




Experiment: 09

Specimen ID: C3 6 Precompression Stress: | 0,6 MPa Frequency: 3 H?

Bottom Specimen: C3_6_B Top Specimen: C3_6_ T

32,894mm

18,122mm

Sa Sz Str  Spc Sa Sz Str Spc

pm pm 1mm | pum um - Ymm |
Max. 501,833 4429,900 0,419 7,189 | Max. 189,289 1978,500 13,213
Min. 501,833 4429,900 0,419 7,189 Min. 189,289 1978,500 13,213
Ave. 501,833 4429,900 0,419 7,189 | Ave. 189,289 1978500 13,213
Std. DV 0,000 0,000 | 0,000 0,000 Std.DV| 0,000 0,000 | 0,000

Areal 501,833 4429,900 0,419 7,189 | Areal 189,289 1978,500 13,213




Experiment: 10

Specimen ID: Cl 4 Precompression Stress: | 0,6 MPa Frequency: 3 H?

Bottom Specimen: C1_4_B Top Specimen: C1_ 4 T

39,265mm

: 18,122mm
30

20

10

0

Sa Sz Str  Spc Sa Sz Str Spc |
um um 1/mm um um 1/mm |
Max. 165,736 5497,000 0,200 6,150 | Max. 153,093 1154,300 8,617
Min. | 165,736 5497,000 0,200 6,150 | Min. 153,093 1154,300 8,617 |
Ave. 165,736 5497,000 0,200 6,150 | Ave. 153,093 1154,300 8,617
Std. DV 0,000 0,000 0,000 0,000 | Std-DV| 0,000 0,000 0,000 |




Experiment: 11

Specimen ID:

Cl 3

Precompression Stress:

0,6 MPa Frequency:

3 Hz

Bottom Specimen: C1_3 B

Top Specimen: C1_3 T

33,153mm

18,122mm

Sa Sz Str [Spc Sa Sz Str|Spc |
Hm um _ 1/mm Hm Hm 1/mm
.Max_ _253,630 | 5604,600 .0'243 _6,510 leax. 160,204 1054,500 7,912
Min. 253,630 5604,600 0,243 6,510 :\‘1'”- /160,204  1054,500 7,912 |
Ave. 253,630 5604,600 0,243 6,510 's;;'ov | 168333 | 1053:333 _ 3335 |
Std. DV, 0,000 0,000 0,000 0,000 | T e SRR
. | . . Areal 160,204 1054,500 7,912
Areal 253,630 5604,600 0,243 6,510 | | : L |
2 4 6 8 10 12
1 3 5 7 9 11




Experiment: 12

Specimen ID: 2 3 Precompression Stress: | 0,6 MPa Frequency: 3 H?

Bottom Specimen: C2_3 B Top Specimen: C2 3 T

30,133mm ; - -§952mm 18,122mm

Sa Sz Str Spc Sa Sz Str |Spc
um um ' 1/mm Hm um mm_
Max. | 157,033 1724,700 0,326 6,403 Max. 169,249 1363400 13,369
Min. 157,033 1724,700 0,326 6,403 Min. |169,249 |1363,400 | |13,369 |
Ave. 157,033 | 1724,700 0,326 6,403 Ave. 169,249 |1363,400 | 113,369
. - ’ ! ’ Bl | Std. DV | 0,000 0,000 | 0,000

Std. DV 0,000 | 0,000 0,000 0,000
Areal | 169,249 1363,400 13,369

Areal | 157,033 1724,700 0,326 6,403




Experiment: 13

Specimen ID: C3 3 Precompression Stress: | 0,6 MPa Frequency: 3 H?

Bottom Specimen: C3_3 B Top Specimen: C3 3 T

18,122mm

Sa Sz Str  Spc Sa Sz Str Spc |
um pm 1/mm pm pm 1/mm |
Max. 249,317 2419,600 0,402 7,442 | Max. 153,093 1154,300 8,617
Min. 249,317 2419,600 0,402 7,442 | Min. 153,093 1154,300 8,617
Ave. 249,317 2419,600 0,402 7,442 | Ave. 153,093 1154,300 8,617 |
Std. DV 0,000 0,000 0,000 0,000 | Std-DV| 0,000 0,000 0,000

Areal 249,317 2419,600 0,402 7,442 | Areal [153,093 1154300 8,617




Experiment: 14

Specimen ID: C1 10 Precompression Stress: | 0,4 MPa Frequency: 3 Hz

Bottom Specimen: C1_10_B Top Specimen:C1_10_ T

33,012mm

18,122mm

Sa Sz Str Spc :Sa Sz _Str:Spc _
umo o pm | 1/mm um o pm 1/mm |
Max. 253,630 5604,600 0,243 6,510 | Max. 191,729 1192,100 9,037 |
Min. 253,630 5604,600 0,243 6,510 | Min. 191,729 1192,100 9,037 |
Ave. 253,630 5604,600 0,243 6,510 | Ave- 191,729 /1192,100 9,037
Std. DV 0,000 0,000 0,000 0,000 | 9BV 0000 0000 10,000

- : : - Areal | | ] '
Areal | 253,630 5604,600 0,243 6,510 | et 191729 (192,100 (9,037




Experiment: 15

Specimen ID: c2 8 Precompression Stress: | 0,4 MPa Frequency: 3 Hz

Bottom Specimen: C2_8 B Top Specimen: C2_ 8 T

32,304mm

18,122mm

Sa Sz Str Spc Sa Sz StriSpc !
um pm 1/mm um um . Y/mm |
Max. 137,422 1607,000 0,586 6,150 | hax. 395,931 2206900 8,517

. - - Min. 395,931  2206,900 8,517 |
Min. 137,422 1607,000 0,586 6,150 | ave 3ec'est »0c900  gely
Ave. 137,422 1607,000 0,586 6,150 Std. DV Ojooo' 0,000 0,000

Std. DV 0,000 0,000 0,000 0,000 | _ T
Areal 395,931 2206,900 |8,517 |

Areal | 137,422 |1607,000 0,586 6,150




Experiment: 16

Specimen ID: C3 10 Precompression Stress: | 0,4 MPa Frequency: 3 Hz

Bottom Specimen: C3_10_B Top Specimen: C3_10 T

18,122mm

Sa Sz Str  Spc Sa Sz StriSpc !
um  um | 1/mm pm_ pm |1/mm |
Max. 203,677 1759,700 0,265 7,970 Max. 169,712 1385,100 8,039
Min. 203,677 1759,700 0,265 7,970 Min. 169,712 1385,100 8,039
Ave. 203,677 1759,700 0,265 7,970 2;’;-[)\/.153:;;;1383%38. gggg
Std. DV 0,000 0,000 0,000 0,000 -2V 0,000 0,000 0,000

Areal 169,712 1385,100 8,039

Areal 203,677 1759,700 0,265 7,970




Experiment: 17

Specimen ID: Cc17 Precompression Stress: | 0,2 MPa Frequency: 3 H?

Bottom Specimen: C1_7 B Top Specimen: C1_7 T

32,115mm

18,122mm

Sa Sz Str  Spc | Sa Sz 'StrSpc |
| um pm '1/mm _ um um C[Ymm |
Max. 187,322 2429,200 0,247 5917 | Max. 191,729 1192,100 9,037 |
Min. 187,322 2429,200 0,247 5917 | Min. 191,729 1192,100 9,037 |
Ave. 187,322 2429,200 | 0,247 5917 | Ave. 191,729 1192,100 9,037 |
Std.DV. 0,000 0,000 0,000 0,000 | Std-DV 0,000 0,000 0,000

Areal 187,322 2429,200 0,247 5917 | Areal 191,729 1192100 9,037




Experiment: 18

Specimen ID: c29 Precompression Stress: | 0,2 MPa Frequency: 3 H?

Bottom Specimen: C2_9 B Top Specimen: C2_ 9 T

39,265mm

18,122mm
30

Sa Sz Str Spc | Sa Sz 'St |Spc
| um um ' 1mm || um  pm . ymm |
Max. | 139,093 1594,800 0,879 6,731 | Max. 169,249 1363,400 13,369
Min. 139,093 1594,800 0,879 6,731 | Min. 169,249 1363,400 13,369
Ave. 139,093 1594,800 0,879 6,731 | Ave. 169,249 1363400 13,369

| | . . | Areal 169,249 1363,400 13,369 |
Areal 139,093 1594,800 0,879 6,731




Experiment: 19

Specimen ID: c3 9 Precompression Stress: | 0,2 MPa Frequency: 3 H?

Bottom Specimen: C3_9 B Top Specimen: C3_9 T

31,502mm

9,061mm

Sa Sz Str  Spc Sa Sz StrSpc

um pm ' 1/mm um um 1/mm
Max. 245,749 1930,700 0,311 7,277 Max. 188,254 1728,500 36,742
Min. 245,749 1930,700 0,311 7,277 Min. 188,254 1728,500 36,742
Ave. 245,749 1930,700 0,311 7,277 | Ave. 188,254 1728,500 36,742
Std.DV 0,000 0,000 0,000 0,000 | °-PV. 0000 0,000 0,000

Areal | 245,749 1930,700 0,311 7,277 | Areal (188,254 1728,500 | (36,742




Experiment: 20,23

Specimen ID: Cc1 12 Precompression Stress: | 0,1 MPa Frequency: 3 H?

Bottom Specimen: C1_12_ B Top Specimen: C1_12 T

39,265mm

18,122mm
30

20

Sa Sz Str  Spc Sa Sz Str Spc

umopm | 1/mm um_pm mm
Max. 191,093 1419,400 0,405 5,608 | Max. 110,638 1047,700 13,337
Min. 191,093 1419,400 0,405 5,608 | Min. 110,638 1047,700 13,337
Ave. 191,093 1419,400 0,405 5,608 | Ave- 110,638 1047,700 13,337
Std.DV. 0,000 0,000 0,000 0,000 | >-PV. 0000 0000 0000

i i : - Areal 110,638 1047,700 13,337
Areal 191,093 1419,400 0,405 5,608 | : - L | .




Experiment: 21,24

Specimen ID: c2 1 Precompression Stress: | 0,1 MPa Frequency: 3 H?

Bottom Specimen: C2_1_B Top Specimen: C2_1_ T

39,265mm

18,122mm

30

pA

Sa Sz Str  Spc _ Sa Sz StrSpc |
pm um Ymm | um um ymm |
Max. 167,534 1785,200 0,623 5,774 | Max. 238,550 1366,100 9,579
Min. 167,534 1785200 0,623 5,774 | Min. 238,550 1366,100 9,579
Ave. 167,534 1785200 0,623 5774 | Ave. 238,550 1366,100 9,579
Std. DV 0,000 0,000 0,000 0.000 | St9:-OV 0,000 0000 0,000

| | ! . Areal | 238,550 1366,100 9,579
Areal 167’534 7 1785!200 | 0’623 | Sr774 | AN E——— | E— — 1 1 f 1




Experiment: 22,25

Specimen ID:

C24

Precompression Stress:

0,1 MPa

Frequency:

3 Hz

Bottom Specimen: C2_4_B

Top Specimen: C2_ 4 T

39,949mm

30

18,122mm

Sa Sz Str Spc Sa Sz Str Spc !
um um 1/mm um um _1/mm
Max. 127,044 1439,400 0,388 6,109 | Max. 123,343 886,800 7,627
i | ! | 1 Min. 123,343 | 886,800 7,627
Min. 127,044 1439,400 0,388 6,109 | pve 123343 sseso0 7627
.Ave‘ 127,044 | 1439,400 0,388 6,109 Std. DV| 0,000 0,000 0,000
Std. DV, 0,000 0,000 0,000 0,000 ' ' | |
Areal 123,343 886,800 7,627
Areal | 127,044 1439,400 0,388 6,109
2 6 10 12
1 5 9 11




APPENDIX C -
EXPERIMENT RESULTS



Experiment: 01

Specimen ID: 25

Precompression Stress: | 0.2 MPa Frequency: 3 Hz

Bottom Specimen: C2_5 B

Top Specimen: C2_5 T

Exporimnt 1 -020Ps

)
Diglacoment(v)

— e ot
g st

Mean CoF

Energy CoF
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Distribution of CoF per cycle (Non-zero values)kernel
T

10 . Oata
: Fitted Distribution
S 6
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Experiment: (2

C3 11

Specimen ID:

Precompression Stress: | 0.2 MPa

Frequency: 3 H?

Bottom Specimen: C3_11_B

Top Specimen: C3_11 T

Experiment 2-0.2 MPa

Displacement (mm)

— o
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Mean CoF Energy CoF

Experiment 2 - 0.2 MPa Tangential Hysteresis
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Experiment: 03

Specimen ID:

Cl 8 Precompression Stress: | 0.2 MPa Frequency: 3 H?

Bottom Specimen: C1_8 B

Top Specimen: C1_8 T

Exporimont 3-0.2

0 03 02 o1 3 o1 02 o
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Experiment: 04

Specimen ID: Cl5 Precompression Stress: | 0.4 MPa Frequency: 3 H?

Bottom Specimen: C1_5_B Top Specimen: C1_5_ T

Experiment 4 - 0.4 MPa

—— Experimenta Rosull
Average Result

Mean CoF Energy CoF

Displacement (mm)

Experiment 4 -0.4 MPa Q/P Hyesteresis

Expermontal Rosul
—— Average Resut

E
&
5
08
Al
a8
%a 23 0z 01 o 01 02 03 04
Displacement (mm)
+mea Listibuton
s 8
3
=
s 6
g
g4
Pi=
o _ i I [ | |
055 06 0.65 07 075 08 085 09 0.95
Max CoF
15 Distribution of Contact Stiffness per Cycle (Non-zero nel
T
[ Data
——Fitied Distribution
310
<
3]
]
=
g
w5
0
260 280 300 320 340 360 380 400
K avg
20 Distribution of ECoF per cycle (Non-zero values)kernel
15

Frequency
>




Experiment: 05

Specimen ID: 22

Precompression Stress: | 0.4 MPa Frequency: 3 H?

Bottom Specimen: C2_2 B

Top Specimen: C2 2 T

Experiment 5 - 0.4 MPa

Displacement (mm)
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Experiment: 06

Specimen ID: c3 8 Precompression Stress: | 0.4 MPa Frequency: 3 H?

Bottom Specimen: C3_8 B Top Specimen: C3_8 T

Experiment 6 - 0.4 MPa

—— Expermenta Resuit
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Experiment: 07

c2 10 Precompression Stress: | 0.6 MPa Frequency: 3 H?

Specimen ID:

Bottom Specimen: C2_10_B Top Specimen: C2_10 T

Results weren’t obtained since the experiment

Experiment 7 - 0.6 MPa
failed and yielded erroneous data

05
Experimental Result
= Average Result
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ot
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©
>
3
]
-05

1 . . . L . . . .
06 05 -04 03 -02 -0t 0 0.1 0.2 0.3

Displacement (mm)

Experiments Summary - Bostof All WPa

Bending failure. The specimen experienced a stick-bending phase




Experiment: 08

Specimen ID: c27 Precompression Stress: | 0.6 MPa Frequency: 3 Hz

Bottom Specimen: C2_7 B Top Specimen: C2_7 T

Experiment 8 - 0.6 MPa
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Experiment: 09

Specimen ID: C3 6

Precompression Stress: | 0.6 MPa Frequency: 3 Hz

Bottom Specimen: C3_6 B

Top Specimen: C3 6 T

Experiment 9 - 0.6 MPa

—— Expormental Rosut
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Experiment: 10

Specimen ID: Cl 4 Precompression Stress: | 0.6 MPa Frequency: 3 Hz

Bottom Specimen: C1_4 B Top Specimen: C1 4 T

Experiment 10 - 0.6 MPa
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Experiment: 11

Specimen ID:

Cl 3

Precompression Stress:

0.6 MPa Frequency:

0.2 Hz

Bottom Specimen:

Cl 3B

Top Specimen: C1 3 T

Experiment 11 - 0.6 MPa
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Experiment: 12

Specimen ID: Cc2 3 Precompression Stress: | 0.6 MPa Frequency: 0.2 Hz

Bottom Specimen: C2_3 B Top Specimen: C2 3 T

Experiment 12 - 0.6 MPa
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Experiment: 13

Specimen ID: C3 3

0.2 Hz

0.6 MPa Frequency:

Precompression Stress:

Bottom Specimen: C3_3 B

Top Specimen: C3 3 T

Experiment 13 - 0.6 MPa
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Experiment: 14

Specimen ID: Cl 10

Precompression Stress:

0.4 MPa

Frequency

0.2 Hz

Bottom Specimen: C1_10_B

Top Specimen:C1 10 T

Experiment 14 - 0.4 MPa
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Experiment: 15
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Experiment: 16
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Experiment: 17

Specimen ID: Cl17
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Experiment: 18

Specimen ID:
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Experiment: 19

Specimen ID:

c3 9 Precompression Stress: | 0.2 MPa Frequency: 0.2 Hz

Bottom Specimen: C3_9 B Top Specimen: C3_ 9 T
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Experiment: 20

Specimen ID: Cl 12

Precompression Stress: | 0.1 MPa

Frequency: 0.2 Hz

Bottom Specimen: C1_12_B

Top Specimen: C1 12 T
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Experiment: 21

Specimen ID: c2 1

Precompression Stress:

0.1 MPa

Frequency: 0.2 Hz

Bottom Specimen: C2_1 B

Top Specimen: C2 1 T
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Experiment: 22

Specimen ID:
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Experiment: 23

Specimen ID: Cl 12

Precompression Stress: | 0.05 MPa | Frequency:
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Bottom Specimen: C1_12_B
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Experiment: 24

Specimen ID: c2 1 Precompression Stress: | 0.05 MPa | Frequency: 0.2 Hz

Bottom Specimen: C2_1 B Top Specimen: C2_1 T
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Experiment: 25

Specimen ID: C2 4
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Experiments- Sliding Frequency: 3 Hz

Experiments Summary - 0.2 MPa Precompression - 0.4 MPa
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Experiments- Sliding Frequency: 0.2 Hz

Experiments Summary - 0.05 MPa

Experiments Summary - 0.1 MPa
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