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The accurate description of the dynamics of dry-joint masonry structures strongly relies on the characterisation
of the interaction at the units’ interfaces. Several experimental techniques are available for estimating the me-
chanical properties of the interface (i.e. stiffness and damping), yet, their reliability remains questionable given
the lack of comprehensive comparative studies. This work presents an extensive experimental campaign on the
meso-scale mechanics of dry-joint interfaces and quantifies both the interface stiffness and interface damping.
Importantly, this paper reveals, for the first time, remarkable agreement of the interface stiffness estimated by
inherently different experimental methods, namely deformation-based and vibration-based. Thus, it paves the
way for the formulation of reliable constitutive laws that govern structural response in numerical modelling of
dry-joint masonry structures.

1. Introduction

Masonry is one of the oldest construction materials. The wide variety
of components together with the relatively simple construction process
make it extensively widespread all over the world. Among the con-
struction methods, the use of unreinforced dry-joint masonry has been
commonly adopted, either in real-life structures [1] or in experimental
programmes aiming at characterising regular low-tension masonry
structures [2-5]. In this case, the units interact with each other without
any mortar, making the dry-joint solely responsible for the load trans-
mission. A reliable description of the response of dry-joint masonry
structures faces marked challenges [6-8]. Specifically, one should define
both the units’ behaviour and the interaction among them. The former,
although usually non-trivial, is assumed to be common practice [9]. On
the contrary, the description of the mechanical interaction among
different units lacks established methods and, importantly, plays an
essential role in the global response of such assemblies [10]. Thus, the
definition of reliable constitutive laws that define the units’ interaction
could greatly facilitate the description of the non-linear behaviour of
such structures.

* Corresponding author.

Contact mechanics spans over different scales, i.e. micro, meso, and
macro [11], which results in the adoption of various types of interaction
models ([12-19] and references therein). Specifically, the micro-scale
framework presumes the definition of the topography of the granular
asperities (in the order of 10~® m), together with the properties of the
bulk material, in order to derive the interface behaviour [11,15,16]. Yet,
such an approach lies far from the engineering interest of masonry
structures, where the interacting units commonly stand between 102
and 10° m. Alternatively, the focus of the present work on the dynamics
of masonry structures resorts to meso-scale formulations. This frame-
work presumes the definition of the i) frictional properties, ii) interface
stiffness, and iii) interface energy losses, while the influence of the
granular asperities at the micro-scale is of interest only in a phenome-
nological sense. Frictional properties, such as friction angle and dilat-
ancy, have traditionally attracted the greatest attention [7,8,18,20-23]
since they considerably influence the failure of masonry structures
under static loads. However, a more holistic description of the structural
dynamic response strongly relies also upon the interface stiffness and
interface energy losses [10,24-29]. Altogether, they compose the
essential parameters of any contact model that follows an explicit
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description of the contact process via a meso-scale formulation [14] (e.g.
the Discrete Element Modelling [30]). Nevertheless, despite the stress-
dependent nature of the interface stiffness [16,31-33], researchers
tend to adopt constant values on an empirical basis [34,35] or after a
posteriori fitting to a reference response of much higher complexity
[26,27,36], rather than resorting to experimental characterisation
campaigns. Similarly, besides interface energy losses arising from fric-
tion, which are adequately described by the frictional properties,
damping models of dry-joint interfaces are rarely defined on an exper-
imental basis, but are rather calibrated [25,29], fitted [27,36], or even
omitted [26,37,38]. Hence, it becomes clear that experimental studies
on the interface stiffness and interface damping are of paramount
importance to reliably describe the complex non-linear dynamic
behaviour of dry-joint masonry structures.

Different engineering fields have shown interest to experimentally
characterise dry-joint interface properties, resulting in various ap-
proaches, which can be categorised as: i)deformation-based
[21,39-43], ii) vibration-based [26,44-46], and iii) wave-based
[31,47-52]. The deformation-based approach directly measures the
interface deformation triggered by the application of a prescribed load
or displacement. This straightforward approach has been widely adop-
ted in literature and gives a direct correlation between the interface
deformation and the normal/tangential stress, and hence the normal/
tangential interface stiffness and the interface hysteretic energy losses.
The vibration-based (or contact resonance) approach allows the indirect
estimation of both interface stiffness and interface damping. Specif-
ically, it measures the vibrations of a system using dynamic identifica-
tion techniques and consequently estimates the interface properties by
describing its dynamics (i.e. frequencies of vibration, mode shapes, and
damping). Finally, the wave-based approach is a non-invasive method
based on the emission of waves through the joint between two bodies.
This approach assumes that the normal/tangential interface stiffness is
proportional to the longitudinal/transversal reflection coefficient, the
frequency of emission, the wave speed, and the material density.

Despite the existence of different experimental approaches that
quantify the interface properties of contacting bodies, the studies that
have compared their outcomes are scarce [44,50,52]. In particular,
Mulvihill et al. [52] noticed that the tangential and normal interface
stiffness estimated through the ultrasound wave-based approach are
about 2.7 and 3.5 times, respectively, higher than the pertinent stiffness
derived from deformation-based measurements. Fantetti et al. [50] also
observed a similar mismatch between (ultrasound) wave-based and
deformation-based techniques, with the former providing tenfold higher
tangential stiffness estimations compared to the latter. These authors
attributed such a large discrepancy to factors such as the influence of the
bulk deformation in the hysteresis loops and/or compliance effects
provided by the test rigs, among others. Recently, Gimpl et al. [44]
compared vibration-based methods against deformation-based mea-
surements of stiffness, yet, agreement was not achieved owing to the
experimental setup. In particular, local interface resonances at low
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vibration amplitudes led to inaccurate relative displacement measure-
ments and thus misleading stiffness estimations. Therefore, it becomes
apparent that there are significant discrepancies among different
methods in the experimental estimation of the interface properties,
which essentially govern the non-linear dynamic behaviour of contact-
ing bodies.

This study presents an extensive experimental campaign on lime-
stone specimens with dry-joint interfaces. Both interface stiffness and
interface damping are quantified and discussed, providing an insight
into their complex behaviour. The investigation expands over a wide
range of normal stress levels, while other physical conditions, e.g. sur-
face roughness, wear phenomena and moisture conditions, remain
constant [31,33,45,53]. Importantly, this work compares inherently
different experimental methods aiming to provide a critical appraisal of
the methodologies used to estimate the interface properties. It thus
provides a general experimental framework with detailed guidelines for
the characterisation of dry-joint interfaces of any masonry-like material.
Finally, it is envisaged that the outcomes of the methodology can
facilitate the formulation of experimentally informed constitutive laws
for numerical modelling.

This paper is organised as follows: Section 2 introduces the experi-
mental campaign, including the theoretical basis of the experimental
methodologies, setup description, and testing protocols. Section 3 pro-
vides the results and findings related to the interface stiffness, while
Section 4 focuses on the interface damping outcomes. Finally, Section 5
summarises the main conclusions of this work together with a brief
discussion highlighting merits and shortcomings of the employed
methods and potential future research directions.

2. Experimental campaign
2.1. Material characterisation

This work adopts specimens made of hard limestone [54]. Such
material is representative of a variety of heritage masonry structures
around the world ([55-57] among others). At a meso-scale, the speci-
mens’ surfaces appear heterogeneous and characterised by distributed
shell segments and fossil debris (Fig. 1a). The material density is p =
2238 kg/m>. The material compressive strength ; is evaluated through
uniaxial compressive tests [58] on five limestone cylinders, cored from a
parallelepiped specimen. After the coring process, the moisture condi-
tion is homogenised thanks to a temperature-controlled oven drying
process. The cylinders are 173.5 mm (Coefficient of Variation CoV = 1.1
%, Number of samples N = 5) in height, and 69.6 mm (CoV = 0.0 %, N =
5) in diameter, leading to a height/diameter ratio between 2.0 and 2.5
[58]. Finally, an average compressive strength f, equal to 47.6 MPa is
found (CoV = 7.9 %, N = 5).

Five uniaxial compression tests on the cylindrical specimens are
conducted to obtain the elastic modulus Egne [58]. Each limestone
cylinder is subjected to three force-controlled loading-unloading cycles
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Fig. 1. (a) Representative limestone surface, (b) adopted meso-scale mechanical scheme that describes the dry-joint interaction mechanism, (c) normal behaviour of
interface under normal stress, and (d) tangential behaviour of interface under shear and constant normal stress.
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up to 1/3 of the compressive strength f., while three Linear Variable
Differential Transformers (LVDTs) record the displacement. An aver-
aged value of 32.7 GPa is measured (CoV = 4.7 %, N = 5).

2.2. Interface mechanical scheme

The present work assumes a meso-scale mechanical scheme to
describe the dry-joint interaction of masonry specimens. Fig. 1b illus-
trates the examined interaction mechanism of two bodies in contact,
idealised with a uniformly distributed spring-like scheme over the
contact interface. The interaction is characterised by two interface
stiffness parameters k, and ks (expressed in N/m®, or equivalently
Pa/m), acting in the normal and tangential directions, respectively.
Furthermore, dissipative phenomena taking place at the interface are
described through a viscous-type representation, herein denoted with
the unitless damping ratios &, and &, for the normal and tangential di-
rections, respectively (Fig. 1b). More specifically, the energy losses are
presumed to be proportional to the relative velocity of the interacting
bodies, and therefore reproduce a dashpot-like definition. It is worth
underlining that this dashpot-like scheme is a convenient way to simu-
late dissipative phenomena at the meso-scale, since it allows a
phenomenological description of energy losses both of dynamic/vibra-
tion and hysteretic nature [59]. The aforementioned parameters are in
force only during contact, while they are nullified upon separation.
Finally, although the micro-scale characteristics, such as the granular
asperities of the surfaces in contact [11], are not explicitly studied
herein, their effects are inherently considered from a meso-scale
phenomenological perspective.

2.3. Deformation-based approach

Deformation-based experimental testing methods are probably the
most common way to characterise the interface stiffness of dry-joints
[21,39-44,50]. Such methods measure the dry-joint response by
imposing a relative displacement at the interface through the applica-
tion of load. Normal and tangential responses of dry-joint require
different tests (Fig. 1b-d). Specifically, in the normal direction (Fig. 1c),
the two bodies are compressed with a normal stress ¢, causing a joint
closure uj,. On the other hand, in the tangential direction (Fig. 1d), the
two bodies are sheared with a stress 7, resulting in a joint relative
displacement u;; while maintaining a constant normal stress ¢,. Hence,
the interface stiffness k, and ks are defined as:

(@) ; (b)
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Deformation-based tests additionally allow the measurement of
hysteretic energy losses that occur at the interface, which can be
quantified through the hysteresis loops of the load-deformation
response. Modelling such hysteretic losses can be explicitly achieved
using constitutive laws that describe the experimental load-deformation
response in detail. However, constitutive laws often adopt a simplified
representation of the actual behaviour, and thus an implicit consider-
ation of the omitted hysteretic energy losses should accompany such
models [59]. The most common approach is the use of an equivalent
viscous damping model [60], in line with the dashpot-like scheme
adopted herein (Fig. 1b). Specifically, the hysteretic viscous damping
ratio that satisfies energy equivalence reads &, = i%, where E; cor-
responds to the energy dissipated during a complete cycle of the hys-
teretic system and E, is the elastic stored energy at maximum response.
Nevertheless, since detachment of the dry-joint occurs with no tensile
stress, for the unilateral definition of the viscous dashpot & . (i-€.
herein the presumed scheme in the normal direction), the dissipated
energy E, is multiplied by 2 in order to dissipate the aimed energy solely
during the loading-unloading cycle:

1 E,;

. (2)

éhysl.uni =

Conceptually, this energy equivalence between hysteretic and
viscous damping losses builds on the assumption that the damped sys-
tem experiences stable periodic oscillations at resonance, and thus un-
dergo steady-state response [60,61]. As a matter of fact, the method is a
simplification of the hysteretic dissipation [62], while for a more ac-
curate representation of the energy losses, one should preferably provide
a refined hysteretic constitutive law.

2.3.1. Joint closure tests

The interface properties in the normal direction of contact (i.e. k,
and &, ) are evaluated using joint closure compression tests (Fig. 2).
More specifically, the well-known setup used for the determination of
the elastic modulus [58] is modified by introducing two specimens in
contact with a dry-joint (Fig. 2). Seven cylindrical specimens are used
(Fig. 2a), with a diameter of 64.7 mm (CoV = 1.2 %, N = 7) and height
80.5 mm (CoV = 1.8 %, N = 7). An actuator mounted with a load cell
and three LVDTs arranged at an angle of 120° in plan are employed to
measure the applied force and relative displacement, respectively

Normal load

Actuator

Specimen

Dry-joint

Fixed frame

Fig. 2. Joint closure tests: (a) adopted cylindrical specimens, (b) experimental setup, and (c) schematic representation of the main components.
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Load cell

Drive unit

Top specimen
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%

Dry-joint Load cell

Bottom specimen

Metal frame

Fig. 3. Shear-box tests: (a) experimental shear-box (27-WF21E80 SHEARMATIC) test setup, (b) schematic representation of the main components, (c¢) adopted

specimens, and (d) representative example of the DIC acquisition.

(Fig. 2b-c). This setup implies that the bulk deformability of the two
bodies in contact is also introduced in the acquired measurement ugypr
(from the LVDTs). Therefore, assuming that the bulk deformability is
reliably described by the elastic modulus Egne, the joint closure u;, can
be expressed as:

Ujpn = UrLyDpT — OMESZ% 3
where Lyypr is the specimen’s height monitored by the LVDTs (Fig. 2c).

To investigate the specimens’ behaviour both at high and low normal
stress levels, this study utilises two different control protocols, namely
force-controlled (FC) and displacement-controlled (DC). FC tests initiate
with the actuator and the specimens already in contact and consist of
five loading—unloading cycles reaching 1/3 of the material compressive
strength (rounded to 16 MPa). Each cycle is composed of an incremental
loading ramp of 1/5 of the total load and an unloading ramp that de-
creases the contact load to (around) 0.2 MPa, always ensuring contact.
To capture lower (than 0.2 MPa) stress levels, this study also adopts DC
tests, which are again composed of five loading-unloading cycles.
However, each cycle is controlled independently and initiates and ter-
minates with a gap between the actuator and the specimen, hence
providing a detailed description of the joint behaviour at low stress
levels. Overall, 10 different pairs of specimens are tested using both FC

(a)

and DC protocols aiming to examine the variability of different con-
tacting surfaces.

2.3.2. Shear-box tests

To evaluate the tangential properties of the dry-joint, this work
employs the shear-box apparatus of Fig. 3 [63]. Its main constituents are
(Fig. 3a-b): i) a drive unit imposing the horizontal displacement and the
normal force, ii) a box containing the bottom specimen, iii) a metal
frame bounding the top specimen, iv) two load cells placed both in the
normal and tangential direction to measure the corresponding reaction
forces, and v) a digital control panel to manage the tests. For the pur-
poses of these tests, the examined squared (limestone) specimens have
58.5 mm (CoV = 1.5 %, N = 7) base-width and 27.7 mm (CoV = 13.1 %,
N = 7) height (Fig. 3c). During each test, the two specimens in contact
introduce a discontinuity that keeps the original limestone asperities.
The specimens are precompressed with a constant normal stress op,
while they are sheared assuming a predefined displacement and con-
stant velocity (0.1 mm/min). In total, 10 pairs of specimens are tested,
each of them subjected to 20 normal stress levels ranging from 0.004
MPa to 1 MPa. This particular setup assumes that: i) the applied (con-
stant) normal stress is uniformly distributed over the interface, ii) wear
and debris accumulation of the surfaces after sequential testing are not
significant, and iii) the specimens do not rotate in plan. The first
assumption emerges due to the lever-arm created by the shearing forces,

Steel Plates

Accelerometer

Top specimen

Bottom specimen

Fig. 4. (a) Limestone specimens of different height H and same base dimensions B, L, (b) vibration-based setup, and (c) schematic representation of a vibration-based

test with additional steel plates.
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which for the apparatus of Fig. 3b and the specimens’ dimensions results
in a (normalised over the width) eccentricity of less than 10 %, which
does not jeopardise the reliability of the tests. Next, sequential testing
may induce wear and debris accumulation [53,64]. However, no sub-
stantial debris was recorded, hence its influence is disregarded as a
second assumption. Finally, the third assumption is that the specimens
are placed without an initial misalignment introducing a rotation. This is
acceptable given the repetitive nature of such experiments, which easily
allows the identification and correction of potential errors via an outlier
analysis.

Given that this work solely focuses on the interface properties, the
interface relative displacement is locally measured with a Digital Image
Correlation (DIC) system (Fig. 3a,d) [21,42,52,65], thus avoiding biased
results arising from both the bulk deformability of the specimens and the
flexibility of the apparatus [21].

2.4. Vibration-based approach

A vibration-based method is additionally considered to characterise
the interface stiffness and interface damping of units in dry contact
[66,67]. The vibration-based tests are conducted by placing a specimen
on the ground and a free-standing specimen on top of the former, thus
composing the interface under investigation (Fig. 4). The examined
specimens are excited by the ambient noise of the laboratory, and hence
the specimens experience vibrations of very low amplitude (perturba-
tions), which permits the use of linear dynamics. This constitutes an
essential detail of the method, as the dynamics of dry-joints are highly
non-linear and non-negligible amplitudes do not allow the employment
of linear dynamics when extracting modal properties [68]. Four

Signal acquisiton

Ambient white-noise

—

Acquired signals
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piezoelectric accelerometers record the dynamic response of the speci-
mens (Fig. 4b). Three of them are placed on the top extremities of the top
specimen; two anti-diametrically positioned in the y-y direction and one
in the x-x direction (Fig. 4b). Finally, one accelerometer is also placed on
the bottom specimen to record the vibrations that are not related to the
dry-joint (e.g. arising from the substructure’s dynamic characteristics, or
from any specific narrow-band noise of the laboratory). Finally, a sam-
pling rate of 2000 Hz is employed for all tests, while the acquisition
duration is 30 min.

This section adopts two different experimental setups to investigate
the effect of both the normal stress and surface variability on the
interface properties. The first is composed of five specimens with the
same dimensions, i.e. B=49.3 mm (CoV = 0.3 %, N =5), L = 151.0 mm
(CoV =0.6 %, N =5), H=398.6 mm (CoV = 0.1 %, N = 5), with B, L and
H being the dimensions of the top specimen gradually loaded with steel
plates (Fig. 4c). The first steel plate is positioned on top of the free-
standing specimen, and it is glued with two supporting L profiles to
ensure sufficient connection. A total of nine steel plates (with a mass of
10.91 kg each) are sequentially placed on top of each other, reaching a
maximum normal stress at the interface of 0.14 MPa. The second
experimental setup investigates the surface variability by testing a large
number of different in size specimens (in total 60), which have plan
dimensions B = 49.9 mm (CoV = 1.7 % N = 60), L = 150.8 mm (CoV =
0.5 %, N = 60), while their height H varies from H = 200 mm to H = 750
mm with steps of 50 mm (Fig. 4a). This also allows more refined ob-
servations of the normal stress influence on the interface properties in
the corresponding range, i.e. from 0.004 MPa to 0.016 MPa. Impor-
tanlty, for consistency, both setups keep the dimensions of the tested
interfaces constant, while the variable height of the specimens is

Cross PSD
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Time (a)

ESDOF auto-correlation
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Frequency domain

Fig. 5. Workflow of the Enhanced Frequency Domain Decomposition (EFDD) method: (a) signal acquisition under ambient white noise excitation, (b) Cross Power
Spectral Density (CPSD) matrix using the Welch’s method, (c) Singular Value Decomposition (SVD) of CPSD and modes identification (frequencies and mode shapes),
and (d) autocorrelation of identified Equivalent Single Degree Of Freedom (ESDOF) modes using Inverse Fast Fourier Transformation (IFFT).
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Mode z-z

Fig. 6. (a) Adopted system for the vibration-based tests. Vibration mode shapes related solely to the interface stiffness: rotational over the (b) x-x, (¢) y-y, and (d) z-

Z axes.

expected to be irrelevant for the localised properties of the interface (as
it is the case when conducting joint-closure and shear-box tests). In both
experimental setups, each specimen is tested on both sides (LxB), while
the bottom specimen (B = 270 mm, L = 720 mm, H = 90 mm) is kept the
same. Overall, 10 tests are performed both for each normal stress level of
the first setup (i.e. varying the additional mass on top) and each height
group of the second setup (i.e. varying the top specimen’s height),
resulting in a total of 210 vibration-based tests.

This work employs the Enhanced Frequency Domain Decomposition
(EFDD) method [69,70] to estimate the dynamic properties (i.e. fre-
quencies of vibration, mode shapes, and damping) of the system of
Fig. 4. The EFDD is a well-known and widely used method [71], which
primarily focuses on the frequency domain and comprises an output-
only technique. Fig. 5 illustrates the workflow of the EFDD method,
which assumes a zero-mean Gaussian white noise (herein the ambient
noise of the laboratory) as the excitation of the system (Fig. 5a). The
acquired (from the piezoelectric accelerometers) response signals are
then used to construct the Cross Power-Spectral Density (CPSD) matrix G
through the Fast Fourier Transform (FFT) after applying the Welch’s
method with overlapping time segments using Hanning windowing
(Fig. 5b). Consequently, the singular value decomposition (SVD) is
applied on the CPSD matrix (G = UZV*, where, in general, U and V* are
orthogonal complex unitary matrices, while ¥ is a diagonal non-negative
matrix which includes the singular values). This process, under certain
assumptions (i.e. low damping and orthogonality of modes), results in
spectral densities of Equivalent Single Degree Of Freedom (ESDOF)
systems where the singular vectors U represent their corresponding
experimental mode shapes (Fig. 5c). At this stage, the peak-picking
technique is used on the spectral densities of the singular values X of
Fig. 5¢, accompanied by the phase and amplitude of their mode shapes
U. Furthermore, the enhancement of the method suggests that the fre-
quency intervals of the spectra ¥ with similar vectors U correspond to
the same ESDOF. These regions, commonly referred to as ESDOF “bells”,
are identified using the Modal Assurance Criterion (MAC) [72] on the
vectors U (using a MAC threshold of 0.8). More importantly, these
“bells” represent auto-correlation functions of the ESDOF when trans-
formed back to the time domain using the Inverse Fast Fourier Trans-
formation (IFFT) (Fig. 5d). Subsequently, the damped period Taamped;

and damping ratio &, ; of each identified ESDOF are computed in the
time domain using the well-established logarithmic decrement method
(Fig. 5d) [59], where i refers to each identified mode. It is worth un-
derlying that, to avoid biased results, the autocorrelation is divided by a
triangular window, for which amplitudes larger than 0.85 and lower
than 0.25 are disregarded during the damping estimation procedure
[66]. Lastly, the natural frequencies fyqurq; are simply calculated by
combining the damped periods with the extracted damping ratios as
[59]:

1
Jranali = ——————F——= 4

2
Tdampedj 1- évibr,i

Furthermore, the results of the EFDD method provide an estimation
of the interface stiffness through the identification of the dynamic
properties of the system (i.e. frequencies of vibration and mode shapes).
Assuming rigidity of the examined bodies and complete fixity of the
bottom specimen with the ground, this section provides a simplified
analytical model to estimate both normal and tangential interface
stiffness between the two (limestone) specimens. For completeness,
Appendix A presents a more detailed numerical model, which also ac-
counts for the interaction mechanism at the interfaces of the examined
specimens with the ground and the steel plates, respectively, the inter-
action between the steel plates, and the bulk deformability of the bodies
themselves (see e.g. Fig. A.1a in Appendix A). Under the rigidity (of the
bodies) and fixity (of the bottom specimen with the ground) assump-
tions, three modes of vibration are identified for the top specimen
(Fig. 6a): i) two rotational modes over the x-x (Fig. 6b) and y-y axes
(Fig. 6¢), which are related to the normal interface stiffness k,, and ii)
one rotational mode over the z-z axis (Fig. 6d), which is related to the
tangential interface stiffness k;. The corresponding generalised mass
Megen; and generalised stiffness Kg,; of each mode can be computed
directly as the moment of inertia and second moment of area, respec-
tively, as shown in Table 1, where m denotes the mass of the specimen (i.
e.m = p-B-L-H, with p being the material density). Note in Table 1 that
the terms in brackets appear only when an additional mass m,qg (here in
the form of the steel plates of Fig. 4c) is placed on the top specimen, with
Baads Lega and Hyyg corresponding to the respective geometrical

Table 1

Gaeneialised mass and generalised stiffness of the three rotational modes of Fig. 6.
Mode Mgen Kgen
rotational over the x-x axis ( 1., Jr:13 HZ) N {mad,i ( B Hgdd) . (H . I%) 2 ) } 11—2k,.B3L
rotational over the y-y axis ( 1, _% 2) . {ma.ﬂ < 2t Hﬁdd) N <H+ %)2> } %k,.Bm
rotational over the z-z axis 1172"1 (B241%) + {émadd (Bl +124) } %ks BL(B? +17)
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Fig. 7. Workflow of the experimental campaign.

dimensions of that mass (see e.g. Fig. 4c). Therefore, the normal and
tangential interface stiffness are computed using Table 1 and Eq. (5):

Kgm.i = Mgen,i' (z'ﬂ'fmmml,i)z 5)

Finally, the estimation of the vibration damping ratio ¢,;, through
the EFDD method relies on the time segments’ length of the Welch’s
method (Fig. 5) [73]. In particular, relatively large time segments pro-
vide a higher frequency resolution, yet, with a noisy CPSD spectrum,
while smaller time segments yield smoother CPSD spectrum with the
cost of lower frequency resolution. To achieve a reliable estimation of
the damping ratio, the present study adopts a convergence analysis
strategy—similar to [71,74,75]—during which each test is iteratively
analysed by increasing the time segment length until convergence of the
damping ratio is achieved. Convergence is assumed when three
consecutive estimations differ less than 20 %, while the time segment
length is equal to 2" data points and progressively increases with the
integer n € [10,19].

2.5. Experimental overview

Fig. 7 summarises the workflow of the experimental campaign and
the main outcomes of the present study. Fig. 7 reveals the twofold aim of
this investigation, which lies both in the quantification of the normal
and tangential interface stiffness through joint closure (Section 3.1),
shear-box (Section 3.2), and vibration-based tests (Section 3.3) and the
energy dissipation of dry-joint interfaces in terms of hysteretic (Section
4.1) and vibration damping (Section 4.2). Importantly, this work also

emphasises the comparison of the normal and tangential interface
stiffness (Section 3.4) derived from the adopted experimental method-
ologies, i.e. deformation-based (Sections 3.1 and 3.2) and vibration-
based (Section 3.3). The comparison reveals, for the first time,
remarkable similarities and thus facilitates a more robust relationship
between the normal and tangential interface stiffness (Section 3.5).

3. Interface stiffness
3.1. Deformation-based joint closure tests

Fig. 8a plots a representative joint closure loading-unloading cyclic
response uj, (Eq. (3)) with respect to the applied normal stress o,
following the force-controlled (FC) methodology of Section 2.3.1. In
particular, Fig. 8a shows a notable non-linear behaviour of the interface,
characterised by low stiffness at low stress levels and very stiff behaviour
at higher stress levels; in accordance with the literature [16,39,43].
From a physical perspective, the dry-joint interface stiffening stems from
the gradual increase of the real-contact area of the micro-asperities
[15,16,76,77]. At high stress levels, complete closure of the interface
is almost achieved (here around 65 pm). Additionally, Fig. 8a reveals
that inelastic deformations do occur, resulting in approximately 40 % of
the residual displacement upon unloading. This is mainly attributed to
the plastic deformation of the protruding asperities of the surface
[16,39]. Fig. 8a clearly shows a distinct load path upon primitive
loading, i.e. upon loading under normal stresses that had not been
previously attained (e.g. A to B- (inred) or D to E (in orange) in Fig. 8a),
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Fig. 8. (a) Representative joint closure response u;, under loading-unloading cycles after a force-controlled (FC) test, and (b) the corresponding normal interface

stiffness k.

and non-primitive loading (e.g. C to D (in green) in Fig. 8a) or unloading
(e.g. B + to C (in blue) in Fig. 8a). Finally, unloading and reloading
cycles in Fig. 8a display hysteresis, which may be associated with fric-
tion phenomena between the partially oblique asperities at the micro-
scale upon joint closure/opening [78]. Note that such energy losses,
stemming from both the plastic deformations and frictional hysteresis,
are quantified in Section 4.

Fig. 8b illustrates the normal interface stiffness k, derived from the
interface response of Fig. 8a, calculated as the gradient of the normal
stress over the joint closure (Eq. (1)), on logarithmic scale with respect
to the acting normal stress o,. As anticipated, the normal interface

stiffness displays low values (i.e. 50-100 MPa/mm) for normal stresses
between 0.2 MPa and 1 MPa and notably high values (i.e. 1000-5000
MPa/mm) for normal stresses above 10 MPa. In addition, during the first
primitive loading (e.g. A to B— in Fig. 8a or Fig. 8b), one can notice the
relatively low stiffness of 400-500 MPa/mm (depicted in red in Fig. 8b),
appearing as a lower bound. When loading reverses to unloading (e.g.
B—, B+ in Fig. 8a), an abrupt hundredfold increase of the interface
stiffness is apparent (e.g. B— to B+ in Fig. 8b), followed by a subsequent
path (in blue) that progressively tends to coincide with the previous
unloading and non-primitive loading stiffness data points. As expected,
approaching zero stress-state (e.g. C in Fig. 8b), the normal interface

FC non — primitive

FC primitive

Normal interface stiffness K, [MPa/mm]

DC non — primitive

e DC primitive

Detail of (a)

5.0 7.5 10.0 12.5 15.0

Normal stress 0, [MPa]

10 T
0.2

0.4 0.6 0.8

Normal stress 0, [MPa]

1.0

Fig. 9. (a) Normal interface stiffness k, after all the displacement-controlled (DC) and force-controlled (FC) tests, respectively, and (b) detailed representation

of Fig. 9a.
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Box (SB) and the Digital Image Correlation (DIC) system, and (b) tangential interface stiffness k; with respect to the applied normal stress ¢, acquired from all the

shear-box tests of Section 2.3.2 using the DIC acquisition system.

stiffness tends to zero. In turn, during non-primitive reloading (e.g. C to
D (in green) in Fig. 8b), the interface stiffness closely follows the
unloading path (in blue). Importantly, when the primitive stress-state is
once more approached (e.g. D in Fig. 8b), the interface stiffness
smoothly drops again from 1000 MPa/mm to 600 MPa/mm (e.g. D in
Fig. 8b) back to the primitive loading path (e.g. up to E (in orange) in
Fig. 8b).

Fig. 9 summarises the normal interface stiffness k, estimations
derived from all the joint closure tests performed herein, both after the
FC and DC protocols explained in Section 2.3.1, corresponding respec-
tively to high normal stress levels (i.e. from 0.2 MPa to 16 MPa) and low
normal stress levels (i.e. from 0.005 MPa to around 0.8 MPa). Overall,
the two testing procedures (i.e. FC and DC) present a similar behaviour
of the normal interface stiffness, and importantly they show a satisfac-
tory continuity between them. At first, Fig. 9a reveals a notable
dispersion of the stiffness, partially attributed to the aleatory variability
of the twenty different tested specimen interfaces. Specifically, in the FC
tests (Fig. 9a) under non-primitive loading status, distinct normal stiff-
ness spikes (up to 10 MPa/mm) appear due to the loading-unloading
reverse (e.g. B + in Fig. 8b). Similar spikes (up to 10* MPa/mm) are also
apparent in the DC tests (see detail in Fig. 9b), however, they are
disorderly spread due to the experimental procedure followed (Section
2.3.1). In summary, despite the aforementioned dispersion, Fig. 9 clearly
shows that as the normal stress ¢, increases, the normal interface stiff-
ness k, increases as well, while it tends to zero for very low stresses, i.e.
when approaching separation. Moreover, as explained in detail in Fig. 8,
the normal interface stiffness k, follows two distinct paths depending on
the loading history: i) lower stiffness values are observed upon primitive
loading, while ii) higher stiffness values are shown upon unloading and/
or non-primitive loading. Transitions between these two stiffness paths
occur: i) with a discontinuous increase when reversing from primitive
loading to unloading, and ii) with a smooth drop when approaching the
primitive loading.

3.2. Deformation-based shear-box tests

This section presents the results of the shear-box tests of Section
2.3.2. Fig. 10a plots the tangential relative displacement u;; with respect
to the applied shear stress 7, of two representative tests when the applied
normal stress is equal to o, = 0.035 MPa and o, = 0.140 MPa. In
addition, Fig. 10a compares the joint displacement u;; acquired simul-
taneously by both the shear-box (SB) apparatus (i.e. using LVDTs) and
the DIC system (see e.g. Fig. 3), and it reveals considerable inconsistency
between the two results. More specifically, the flexibility of the whole
shear-box apparatus, that the LVDTs inherently consider, leads to an
unrealistic estimation of the tangential relative displacement and sub-
sequently the tangential interface stiffness. In contrast, the DIC system
seems to be a more reliable acquisition method (at least for the partic-
ular tests of the present study) as it directly measures the tangential
relative displacement disregarding any influence of the testing appa-
ratus. Nevertheless, Fig. 10a illustrates well-known aspects of dry-joint
frictional behaviour [22,53]. Initially, the joint experiences an elastic-
stick phase up to the attainment of the shear strength (i.e. the plateau
in Fig. 10a) that leads to the subsequent gross-slip phase. The transition
from the stick to the slip phase occurs with a gradual stiffness degra-
dation due to micro-slipping phenomena taking place at the interface. It
is worth noting that higher normal stress leads to a steeper slope
(Fig. 10a), resulting in higher tangential interface stiffness k; (Eq. (1)).
This characteristic may be attributed to the larger area of contacting
asperities at the micro-scale of the interface due to the higher normal
stress [31,41,50].

Fig. 10b summarises the tangential interface stiffness k; acquired
from all the shear-box tests of Section 2.3.2 using the DIC system as the
acquisition method, spanning from (around) 0.8 MPa/mm to 100 MPa/
mm, with each data point corresponding to a single experiment. Due to
the gradual influence of the micro-slipping phenomena (as shown in
Fig. 10a), the tangential interface stiffness of each shear-box test is
estimated from the initial 30 % of the shear strength [40,52]. The noted
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scatter for each normal stress level (Fig. 10b) stems from the aleatory
variability of the surface of the tested specimens and their intrinsic ir-
regularities [39]. Nevertheless, Fig. 10b is in agreement with past
studies ([52] among others), illustrating that the tangential interface
stiffness ks increases with the applied normal stress oy,.

3.3. Vibration-based tests

Fig. 11a presents the results of the identified modal frequencies f
with respect to the normal stress o, acting on the interface after the
vibration-based tests of Section 2.4. Fig. 11a also indicates the two
different groups of tests conducted in Section 2.4, where firstly

10

additional (on top) steel plates and secondly the variation of the speci-
mens’ height H are considered to investigate the effect of both normal
stress and surface variability on the interface properties. For each
normal stress level, the frequency of the rotational mode over the x-x
axis precedes the pertinent mode over the y-y axis, which is in turn
followed by the mode over the z-z axis. Note that the identified modal
frequencies decrease as the specimen’s mass (and consequently the
acting normal stress) increases. Additionally, Fig. 11b plots the statis-
tical distribution of the Modal Assurance Criterion (MAC) values, which
compares the experimentally measured mode shapes with the idealised
ones of Fig. 6. In general, the MAC takes values from null to unity; the
closer to unity the better the agreement. Fig. 11b unveils the remarkable
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concordance between the experimental and idealised mode shapes with
MAC values very close to unity, thus validating the methodological as-
sumptions of the present study.

Fig. 11c and Fig. 11d illustrate the normal and tangential interface
stiffness, respectively, obtained by the experimentally measured modal
frequencies of Fig. 11a. This is achieved using Table 1 and Eq. (5) for the
modes over the x-x and y-y axes (Fig. 11c), while the mode over the z-z
axis (Fig. 11d) is treated employing the detailed numerical model pre-
sented in Appendix A. This deliberate choice is based on the realisation
that the bulk deformability of the limestone specimens has a notable
impact on the dynamic characteristics of the mode over the z-z axis,
while its influence becomes marginal on the pertinent characteristics of
the modes over the x-x and y-y axes (see e.g. Fig. A2 in Appendix A).
Thus, the analytical model of Section 2.4 provides an accurate estima-
tion of the normal interface stiffness k,, while the numerical model of
Appendix A provides a more reliable estimation of the tangential
interface stiffness ks. Overall, Fig. 11c and Fig. 11d clarify that as the
normal stress increases, so do the normal and tangential interface stiff-
ness. More specifically, under low normal stresses (up to 0.02 MPa,
which corresponds to the group of tests where the height of the speci-
mens varies), the normal interface stiffness k, shows a smaller scatter
when estimated using the rotational mode over the y-y axis, rather than
the x-x axis. This discrepancy might arise either from the higher sensi-
tivity of the mode over the x-x axis on the geometrical variability of the
joint (contact) area or from the accidental and infinitesimal small con-
tact losses due to geometrical irregularities at the interface (see the
meso-scale assumption of Section 2.2). On the contrary, the MAC values
shown in Fig. 11b depict that the mode over the x-x axis is identified
with more confidence, while the mode over the y-y axis contains higher
variability. The latter issue presumably appears due to the use of just one
accelerometer (DOF) for the identification of the mode over the y-y axis,
contrary to the modes over the x-x and z-z axes, where two accelerom-
eters (DOFs) are employed. Nevertheless, the two modes provide very
similar results in terms of normal interface stiffness k, estimations,
especially for higher normal stress levels (i.e. for the group of additional
steel plate tests).
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3.4. Comparison of experimental methods in estimating the interface

stiffness

The current work employs two fundamentally different experimental
methods for estimating the normal and tangential interface stiffness, i.e.
the deformation-based (Section 2.3) and the vibration-based method
(Section 2.4). The former method imposes load (or deformation) on the
tested interface and quantifies the stiffness as the gradient of stress over
the joint displacement (Eq. (1)), while the latter method quantifies the
stiffness through the vibration frequencies related to the interface (Eq.
(5.

Fig. 12 summarises the results of both experimental methods (pre-
sented in detail in Sections 3.1, 3.2 and 3.3). More specifically, Fig. 12a
compares the normal interface stiffness k, measured by both the
deformation-based joint closure tests (Fig. 9b) and the vibration-based
tests (obtained by the modal frequencies over the x-x and y-y axes of
Fig. 11c). As a first approach, Fig. 12a reveals a very good agreement
between the two methods, both in terms of estimated values of stiffness
and normal stress dependency. Importantly, the vibration-based results
appear to be in line with the joint closure test results under primitive
loading, indicating that ambient noise vibration perturbations are
related to the local loading stiffness [16,52]. Similarly, Fig. 12b com-
pares the tangential interface stiffness k; obtained by the deformation-
based shear-box tests (Fig. 10b) and the vibration-based tests (through
the modal frequencies over the z-z axis of Fig. 11d). Similarly, Fig. 12b
illustrates a good match between the two methods in estimating the
tangential interface stiffness, especially concerning its normal stress
dependency. A slight mismatch is observed for low normal stress levels
(up to 0.02 MPa), where the deformation-based results provide a lower
bound of the tangential interface stiffness. Nevertheless, the vibration-
based results at this range of normal stress comprise a high variation
of tested surfaces (i.e. 120 in total); thus, such aleatory variabilities
increase the experimental scatter.

In summary, despite the different concepts and assumptions behind
the two experimental methods, an excellent agreement in terms of the
estimated interface stiffness is achieved. To the best of the authors’
knowledge, this is the first time that such methods have been success-
fully compared and cross-validated yielding remarkable similarities and
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thus providing further reliability to the outcomes of the present exper-
imental campaign. As a matter of fact, past attempts to compare
different experimental methods for the estimation of the interface
stiffness faced notable difficulties in obtaining comparable outcomes,
possibly, among other reasons, due to the much stiffer interfaces tested
[44,50,52].

3.5. Relationship between normal and tangential interface stiffness

Fig. 13a summarises the normal and tangential interface stiffness
obtained by the vibration-based and the deformation-based tests. Each
mark (in Fig. 13a) corresponds to the median stiffness value of the
related normal stress level. Recall from Sections 2.4 and 3.3 that the
vibration-based tests investigate a maximum normal stress of 0.14 MPa,
while the deformation-based tests reach a maximum of 1 MPa (in this
case limited by the shear-box apparatus). For the joint-closure tests, in
particular, a distinction is made for the primitive loading results as
Section 3.4 unveiled a closer match with the vibration-based method.
Moreover, due to the larger amount of data collected for the non-
primitive loading condition (stemming from the unloading and reload-
ing paths after each cycle), the median values of all the data are closer to
the non-primitive estimations. In general, Fig. 13a shows similar trends
of interface stiffness between the two approaches highlighting again the
reliability of the vibration-based tests against the deformation-based
tests.

Fig. 13b plots the ratio of the tangential and normal interface stiff-
ness k;/k, against the normal stress o,. In general, it shows high and
scattered values of the stiffness ratio (i.e. 0.2 < k;/kn, < 1.0) for low
normal stress levels (i.e. 0.004 MPa < o, < 0.2 MPa), followed by a
stabilisation of approximately k;/k, = 0.3 for 5, > 0.2 MPa. More spe-
cifically, the primitive deformation-based results present higher values
of the stiffness ratio (i.e. 0.3 < ks/k, < 0.6) in comparison with all the
data of the deformation-based tests that provide a lower bound esti-
mation (i.e. 0.2 < ks/k, < 0.4). Furthermore, the vibration-based
method presents high values of the ratio k;/k, (i-e. 0.4 < ks/kn, < 1.0),
thus showing a better agreement with the primitive deformation-based
results. In summary, the interface stiffness ratio k;/k, demonstrates
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notable scatter for low normal stress levels, yet, it gradually reaches a
plateau of around ks/k, = 0.3, indicating that k, and k; increase at
similar rates. It is worth noting that this value of stiffness ratio lies
within the range of 0.01 < k;/k, < 0.65 reported by previous studies for
a variety of different materials [31-33,39].

4. Interface damping

This section investigates in more detail the energy loss phenomena
that occur at the interface (i.e. interface damping in Fig. 7). A distinction
is made between the hysteretic and vibration damping estimations
owing to their different origin. In particular, i) hysteretic damping is
herein of static nature and arises due to relative displacements at the
interface (in the order of 107> m), while ii) vibration damping is
inherently dynamic and occurs under ambient noise vibration pertur-
bations (in the order of 10~¢ m).

4.1. Hysteretic damping

The hysteretic energy losses that occur at the interface become
apparent through the force-displacement (or equivalently stress-
displacement) response of the deformation-based tests of Fig. 8a and
Fig. 10a. Frictional hysteretic energy losses (from shear-box tests) can be
incorporated within a constitutive law in a straightforward manner
[18,23]. On the contrary, joint closure tests show complex hysteretic
behaviour upon loading/unloading (as described in Section 3.1),
including both plastic interface deformations and frictional hysteresis
loops due to the oblique asperities (see e.g. Fig. 8a) and merit further
investigation. Thus, the aim of this section is to quantify solely the
hysteretic damping from joint closure tests through the equivalent
viscous damping approach [60].

In this context, Fig. 14a and Fig. 14c illustrate a representative joint
closure loading-unloading cyclic test of the response u;, with respect to
the applied normal stress o, (similar to Fig. 8a). For clarity, only one
cycle is presented. Fig. 14a and Fig. 14c indicate the dissipated (E4) and
stored (E.) energies at the interface together with their simplified
counterparts that a constitutive law could incorporate, i.e. Fig. 14b and
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Fig. 14d, respectively. In particular, Fig. 14a, and subsequently Fig. 14b,
consider the total hysteretic energy losses due to plastic deformations
and friction at the interface, while Fig. 14c, and subsequently Fig. 14d,
consider the hysteretic energy losses due to friction solely.

Using the experimental outcomes of all the deformation-based joint
closure tests of Section 3.1 and through Eq. (2), Fig. 14e plots both the
hysteretic damping ratios representative of the energy losses due to i)
friction &y np and ii) plastic deformation and friction (combined)
Shystnplifr> against the normal stress o,. For the purposes of Fig. 14e, the
hysteretic damping ratios are computed at four different stress levels (i.
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e. onp ~ 3.2, 6.3, 9.5, 12.6 MPa), which correspond to the unloa-
ding-reloading cycles of the joint closure tests (Section 3.1). Addition-
ally, the last unloading of the tests allows only the calculation of the
hysteretic damping ratio &uys 5 pii s at 6n ~ 15.8 MPa, since reloading is
not performed. Fig. 14e illustrates that the hysteretic damping ratio
Ehystnplifr 1S, ON average, five times larger than &y 4 Specifically, the
former indicates a notable damping ratio between 7.2 % < &gy nprifr<
12 %, while the latter varies between 1.6 % < &pys n < 2.8 %. Moreover,
the frictional hysteretic damping ratio &y s gives a rather constant
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Fig. 15. Vibration damping ratio of all the identified modes from the vibration-based tests of Section 2.4 with respect to the (a) interface normal stress o,, and (b)

frequency f.
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value at different normal stress levels, while the coupled plastic and
frictional hysteretic damping ratio &y p1i Shows an increasing trend
with the normal stress. This growing tendency possibly stems from the
plastic component of the hysteretic energy losses. Finally, note that, in
case of &y npiisr» decoupling the plastic energy loss from the frictional
loss is infeasible since they appear concurrently. Similarly, &y np
cannot be extracted from &gy npiifrs @S Enysengr includes frictional losses
during non-primitive loading conditions, while &, , 1.4 refers solely to
primitive loading conditions.

4.2. Vibration damping

The application of the EFDD method (Fig. 5) on the results of the
vibration-based tests of Section 2.4 facilitates the estimation of the vi-
bration damping at the interface. This estimation is associated with the
interface damping &, , and &, 5, as the identified modes are related to
the interface. Fig. 15 summarises the vibration damping ratios plotted
against the interface normal stress o, (Fig. 15a) and the identified modal
frequencies f (Fig. 15b). Recall that the estimations of the modes over
the x-x and y-y axes correspond to the damping ratio acting in the
normal direction of the interface (see £, in Fig. 1b), while the mode over
the z-z axis represents the damping ratio acting in the tangential di-
rection of the interface (see & in Fig. 1b). As a first approach, Fig. 15
depicts a relatively weak correlation of the damping ratio with both the
normal stress and frequency, and a rather constant value of around 1 %.
In addition, Fig. 15 reveals a higher scatter of the damping ratios at
lower normal stress and frequency levels. More specifically, the mode
over the x-x axis presents the highest scatter with damping ratios up to
(almost) 5 %, while the modes over the y-y and z-z axes provide less
dispersed results, namely up to 3 %. It is worth mentioning that such
scatter on the damping ratio estimation is expected due to the inherent
sensitivity of the EFDD method to noisy signals, such as the ambient
noise of the laboratory used herein. In this context, Magalhaes et al. [71]
underlined that even with an improved signal, i.e. with less noise,
variation in damping ratio estimations is still present. Overall, the re-
sults of all the vibration modes appear to conjoin notably well, indi-
cating the presence of a constant damping ratio, equal for both the
normal and tangential directions of the dry-joint interface.

5. Discussion and conclusions

This work presents a meso-scale experimental campaign on the
interface properties of dry-joint limestone specimens with the aim of
quantifying the interface stiffness and interface damping. To this end,
two fundamentally different experimental methods are employed and
cross-validated, namely deformation-based and vibration-based. These
methods estimate the interface properties through either measurement
of the stress-deformation response or quantification of the dynamic
characteristics (i.e. frequencies of vibration, mode shapes, and damping
ratio) of the examined structural system. Even though the experimental
campaign on limestone specimens provides ad hoc outcomes, it, most
importantly, provides a general methodology that can be adopted for the
mechanical characterisation of the dry-joint contact interface of any
masonry-like material.

This study confirms that the interface stiffness increases with the
normal stress acting at the interface, while it tends to zero when
approaching separation. This behaviour is attributed to the gradual in-
crease of the real-contact area of the micro-asperities, which affects both
the normal and tangential responses. In more detail, the joint closure
tests show a marked non-linear trend in the response, where the prim-
itive normal loading is characterised by lower normal interface stiffness
in comparison with unloading or non-primitive loading conditions. In
addition, shearing the dry-joint shows phases of sticking, micro-slipping
and gross-slipping, with the tangential interface stiffness better esti-
mated at the initial part of the sticking phase. Finally, the ratio of the
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tangential over the normal interface stiffness illustrates scattered values
at low normal stress levels, while a constant value of (around) 0.3
governs higher normal stress levels. In general, this study reveals that
despite their conceptual differences, the two experimental methods (i.e.
deformation-based and vibration-based) show an excellent agreement in
estimating the interface stiffness, highlighting their ability to serve as
independent predictors of the interface properties.

Given the agreement between the two methods, their experimental
requirements and capabilities may play a decisive role. As a first
approach, the deformation-based tests, namely joint closure and shear-
box tests, are performed in a straightforward manner using typical
laboratory equipment. Joint closure tests require a reaction frame,
actuator, and LVDTs, while shear-box tests require the standard shear-
box apparatus or any equivalent laboratory setup together with a
localised measurement of the joint relative displacement (e.g. using a
DIC system). On the other hand, vibration-based tests require only a few
accelerometers and a data acquisition system, thus giving the possibility
to be also performed under in-situ conditions. In addition, the
deformation-based method requires two different test setups for char-
acterising both the normal and tangential interface stiffness (i.e. joint
closure and shear-box tests), while the vibration-based method provides
both parameters concurrently.

Finally, the present work identifies two distinct types of energy
dissipation that occur at the interface (i.e. hysteretic and vibration)
assuming an equivalent viscous damping representation. Hysteretic
energy losses are observed after the joint closure tests and are associated
with inelastic deformations and hysteresis upon unloading-reloading
cycles. On the other hand, vibration damping shows a relatively constant
damping ratio for both the normal and tangential directions of the
interface. It is apparent that a characterisation of the interface damping
in full should consider both sources of dissipation and thus perform both
types of tests.

In conclusion, this work presents an extensive experimental char-
acterisation campaign of dry-joint masonry structures. The current study
employs conceptually different experimental techniques and provides a
critical appraisal and indicative guidelines on their use and outcomes.
Overall, such a plethora of collected experimental data paves the way for
the formulation of reliable constitutive laws of dry-joint interfaces. This
constitutes a crucial step toward the simulation of the complex non-
linear dynamic behaviour of dry-joint masonry structures since, to the
best of the authors’ knowledge, such experimental data is missing from
the literature.
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Appendix A. Influence of different sources of flexibility on the estimation of the interface stiffness via vibration-based tests

This section presents a detailed investigation of the influence of different sources of flexibility of the experimental setup of Section 2.4 on the
estimation of the normal and tangential interface stiffness obtained by vibration-based tests. More specifically, besides the interface between the
examined limestone specimens, the experimental setup of Section 2.4 is characterised by additional flexibilities, i.e. due to the interaction mechanism
at the interfaces of the specimens with the ground and the steel plates, the interaction between the steel plates, and the bulk deformability of the bodies
themselves (Fig. A.1a). To this end, this Section formulates a detailed finite element (FE) model (using the commercial software DIANA FEA [79])
which takes into account the aforementioned sources of flexibility.

Recall that Section 2.4 and Table 1 presume that the only source of flexibility is the interface stiffness between the two limestone specimens.
Consequently, this implies that the influence of the bulk deformability of the bodies is negligible, while the rest of the interaction mechanisms are
considered (theoretically) infinitely stiff. This is a simplification in an attempt to propose an easy-to-use method able to reliably estimate the interface
stiffness between contacting bodies. In this context, this section investigates the accuracy of such an assumption and its impact on the interface
stiffness estimation.

A.1. Description of the flexible numerical model

As shown in Fig. A.1a and Fig. A.1b, the flexible numerical model replicates the exact geometry of the experimental setup of Fig. 4 using hexahedral
elements. It includes: i) the bottom specimen laying on the ground, ii) the free-standing top specimen, and iii) the steel plates placed on top of the free-
standing specimen. Furthermore, finite stiffness is assigned at the interfaces between: a) the bottom specimen and the (fixed) ground, i.e. stone-to-
ground (kn stone—ground> Ksstone—ground), b) the bottom specimen and the top specimen, i.e. stone-to-stone (knstone—stone> Ksstone—stone)> €) the top specimen
and the lower steel plate, i.e. stone-to-steel (kn sione—steel> Ks stone—steer), and d) the steel plates, i.e. steel-to-steel (ky steel—steel> Ks steel—steer)- NOte that all the
interfaces are modelled with zero-thickness interface elements.

FE model mesh

E

steel ° Vsteel 5P, steel ksteel —steel

stone—steel

Steel plates

Top specimen

(b)

stone > Vstone ’p stone

Stone—stone

kstone— ground

Bottom specimen

(a) (d)

Fig. A.1. Representative flexible numerical model of the vibration-based tests: (a) schematic representation of the main components and parameters (b) FE model
mesh, mode shapes over the (¢) x-x, (d) y-y, and (e) z-z axes.
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Table A.1
Mechanical properties adopted for the flexible numerical model.
Element Parameter Reference Range
limestone specimens Elastic modulus Eon, [GPal] 32.7 29.6-35.8
Poisson’s ratio vgone [-] 0.2 0.1-0.3
stone-to-stone interface Normal stiffness kp_stone—stone [MPa/mm] calibrated 2-40
Tangential stiffness Ks stone—stone [MPa/mm] calibrated 1-20
stone-to-steel interface Normal stiffness ky sone—seeet [MPa/mm] 1-10° 0.5-10-10°
Tangential stiffness K sione_steet [MPa/mm] 5.102 2.5-50-102
steel-to-steel interface Normal stiffness kp seer_steer [MPa/mm] 1.10° 0.5-10-10°
Tangential stiffness K seeei—seeer [MPa/mm] 5.10* 2.5-50-10*
stone-to-ground interface Normal stiffness Ky stone—ground [MPa/mm] 1.10° 0.5-10-10°
Tangential stiffness k; sone—ground [MPa/mm] 5.10% 2.5-50-102

Table A.1 summarises the mechanical properties assigned to the flexible numerical model of Fig. A.1. A reference value characterises each
parameter, while a range of values accounts for the epistemic uncertainty. More specifically, the elastic modulus Ene and density pg,,, = 2238 kg/m3
of the limestone specimens have been experimentally characterised in Section 2.1. To investigate potential influence of Egp, it is assigned herein with
a variability equal to + 2 times the experimentally derived standard deviation. The reference value and the range of values of the Poisson’s ratio vsgne
are obtained by literature [80], while the properties of the steel plates are deterministically defined, with elastic modulus Eg.,; = 200 GPa, Poisson’s
1atio Vge = 0.2 and density pg.; = 7480 kg/m®. Regarding the interface properties that govern the interaction of the contacting bodies of the system of
Fig. Ala, the reference and range of values of the steel-to-steel interface stiffness are collected from literature [16,31,41,42,45,47,49,50], while due to
the lack of reliable estimations, the stone-to-steel and stone-to-ground interface stiffness are set as an intermediate order of magnitude between the
stone-to-stone and steel-to-steel interface stiffness. Finally, the stone-to-stone interface stiffness is the unknown parameter of this investigation and
therefore its value is estimated by the flexible numerical model after interpolation of the experimental frequencies on the stiffness-frequency nu-
merical results.

The (low amplitude) ambient noise vibrations of the experimental setup (Section 2.4) permit the use of linear dynamics and thus the flexible
numerical model is examined using eigenvalue analysis. Furthermore, the flexible numerical model (Fig. A.1) and the rigid analytical model (Fig. 6
and Table 1) are compared in terms of vibration frequencies, which are obtained after eigenvalue analysis and use of Table 1 and Eq. (5), respectively,
through the following error metric:

Errory = M (A.1)

fNUM

where fyym and fana are the vibration frequencies of the flexible numerical and rigid analytical models, respectively.
A.2. Error quantification on the interface stiffness estimation: flexible numerical model versus rigid analytical model

Fig. A.2 plots the error in the prediction of the vibration frequencies (Eq. (A.1)) between the flexible numerical model (Fig. A.1) and the rigid
analytical model (Fig. 6 and Table 1), for the three identified modes of vibration with respect to the normal/tangential stiffness at the interface
between the two (limestone) specimens for different normal stress levels. Fig. A.2 shows that as the interface stiffness increases, so does the error
between the two models. This is attributed to the competing role between the stone-to-stone interface stiffness and the rest of the flexibilities on the
dynamic characteristics of the flexible numerical model of Fig. A.1. Indeed, a rather flexible stone-to-stone interface governs the overall dynamics, and
subsequently, the stiffness estimations between the rigid analytical model and the flexible numerical model are similar, hence providing negligible

Mode x-x Mode y-y Mode z-z

Errors [%]

e

0 10 20 30 40 50 60 70

Fig. A.2. Error in the prediction of the frequencies (Eq. (A.1)) between the flexible numerical (Fig. A.1) and the rigid analytical model (Table 1) of the vibration-
based tests, for the modes over (a) x-x, (b) y-y, and (c) z-z axes.

16



G. Vlachakis et al. Construction and Building Materials 392 (2023) 130880

Specimen height Steel plates Specimen height Steel plates
I l l I
1 | 1 |

'g‘ v v
% v v v v v v b4 v
& v ¥V ¥ v v )
2. 10' ’ ; % § oy ; g 10' 1 ’ ; % i 1 § g

” ] ¥ g § v v 1 ¥ g g v v ¥
X 1 v V¥ v x v g 1 \/ ¥ v v g

a ] v v 3 v v 4 v : - 5 ; v v v v

) 4 v v ® ® " 1 ; v v
vl | BEERE i 1l v o

@ i 4 ® % ® x * * ]

2 LI I v
£ ) ]

[5) ®
g
= 1 |

= v Numerical

go Numerical ®  Median

g ¥ % Analytical v Epistemic uncertainty

100 T T 1 T T 100 T T T T 1
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.000 0.025 0.050 0.075 0.100 0.125 0.150
(a) Normal stress 0, [MPa] (b) Normal stress 0, [MPa]

Fig. A.3. Tangential interface stiffness ks estimation (a) using the flexible numerical (Fig. A.1) and the rigid analytical models (Table 1), and (b) influence of the
epistemic uncertainty of the numerical model on the median values of the reference parameters (Table A.1).

error. On the contrary, the higher the stone-to-stone interface stiffness is, the lower its influence on the overall dynamics compared to the other sources
of flexibility, therefore causing an increase in the error between the two models. Moreover, Fig. A.2 reveals that the error is minor (up to 16 %) for the
modes over the x-x and y-y axes, while it substantially increases (up to 70 %) for the mode over the z-z axis. This observation implies that the rigidity
assumption of the examined specimens presumed by the rigid analytical model is satisfactory for the first two modes (i.e. x-x and y-y), while it becomes
inadequate for the mode over the z-z axis. Hence, the estimations of the normal interface stiffness k, are reliable enough through the rigid analytical
model of Section 2.4. On the contrary, a more reliable estimation of the tangential interface stiffness k; can be obtained by the flexible numerical
model. Finally, it is worth highlighting that a sensitivity analysis, the results of which are omitted herein for brevity, showed that the main source of
this error stems from the bulk deformability of the top specimen (i.e. Egone and vgone), While the rest of the parameters have a minor role. Subsequently,
one can conclude that the influence of the specimen’s bulk deformability is negligible for the normal interface stiffness k, estimations, while it be-
comes substantial for the tangential interface stiffness k; estimations. Thus, the rest of the current section focuses on the tangential interface stiffness.

Fig. A.3a compares the tangential interface stiffness k; estimations obtained by both the flexible numerical model of Fig. A.1 and the rigid
analytical model of Section 2.4. Fig. A.3a illustrates the considerable difference between the stiffness estimations of the two models, with the flexible
numerical model providing a higher tangential interface stiffness k; than the rigid analytical model. As expected, this is attributed to the different
sources of flexibility the flexible numerical model considers while the rigid analytical model disregards. Finally, Fig. A.3b quantifies the influence of
the epistemic uncertainty of the mechanical properties of Table A.1 on the tangential stiffness. To this end, the flexible numerical model is inde-
pendently investigated under both the more flexible and stiffer bounds of the range of values of each parameter of Table A.1, e.g. lower bound of the
various sources of flexibility and higher bound of the Poisson’s ratio yield a more flexible numerical model. For the sake of this comparison, the stone-
to-stone interface assumes the median experimental value depicted in Fig. A.3b. Fig. A.3b indicates that the more flexible bound provides a higher
estimation of the tangential interface stiffness, while the stiffer bound provides a lower estimation of the tangential interface stiffness. In addition,
Fig. A.3b illustrates that the epistemic uncertainty of the flexible numerical model remains within the aleatory variability of the experimental tests.
More specifically, concerning the variation of height of the specimens, the epistemic uncertainty is significantly lower than the scatter of the
experimental data, due to the aleatory uncertainties of the different 120 tested surfaces. On the other hand, the flexibility of the experimental setup
becomes important for the groups of specimens tested with additional steel plates on top. Yet, only 10 different surfaces are tested for this group,
resulting in smaller experimental scatter. In conclusion, Fig. A.3b reveals that the epistemic uncertainty of the numerical model does not undermine
the estimation of the tangential interface stiffness k.
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