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ABSTRACT. This paper aims to explore the dynamic behavior of a segmental
masonry arch subjected to increasing horizontal displacements of one
support. To this end, output-only dynamic identification techniques are first
used to track the evolution of the dynamic features of the system under
progressive damage scenarios and evaluate their sensitivity to settlement-
induced cracks. Considerations on the structural response of the segmental
arch up to failure are also included. Then, a numerical procedure coupling
linear perturbation and modal analysis is applied to simulate the dynamic
behavior of the arch over consecutive scenarios, taking into account the
influence of the damage on the structure’s dynamic properties in an automatic
way. The combination of experimental and numerical analyses allows to fully
investigate the dynamics of the cracked masonry arch and to shed light on
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INTRODUCTION

asonry arches are among the most used structural systems in many worldwide historical buildings and bridges.

The first arches appeared as eatly as the second millennium B.C. in Mesopotamian architecture. The great ancient

civilizations, like the Egyptians, the Babylonians and the Assyrians, knew about the arch and began to exploit it
as a basic structural system to span large areas and enclose spaces. However, the systematic use of masonry arches only
started with the ancient Romans, who learned the arch from the Etruscans, refined it and tapped its full potential for above
ground buildings and bridges, erecting arch structures throughout the empire [1]. Many of those structures have survived
almost unimpaired for centuries and are still in use today. Indeed, the nature of the masonry material combined with the
resistant virtues of the arch form makes these structural systems durable and surprisingly resistant to high compression
loads. Yet, during their lifespan, masonty arches are exposed to several threats that can adversely affect their bearing capacity
and stability, such as structural damages due to horizontal actions or excessive vertical loads originated by the increased
traffic demand, materials degradation and springing settlements. In this regard, many research works have been devoted in
the last years to investigating the mechanics of masonry arches up to failure for different loading conditions [2-7] and arch
shapes [8] as well as considering the influence of geometrical irregularities [9, 10], materials nonlinearity [11], arch-fill
interaction [11, 12] and localized damages [13, 14]. Apart from a few exceptions, a large amount of this literature focused
on simplified uni- or bi-dimensional problems with the aim of shedding light on the collapse mechanisms of masonry arches
to evaluate the minimum load multipliers and ultimate load carrying capacity. To this end, the most common approaches
used by the international community working on these topics are the limit analysis and the finite element method, or a
combination of both [15].
However, despite the great quantity of research devoted to the static and dynamic analysis of masonry arches, not all the
aspects related to its structural behavior have been completely explored. For instance, studies on the actual response of
arched structures subjected to springing settlements ate still limited and mainly focused on the evaluation/prediction of the
most probable failure modes for a variety of different semicircular or pointed arch geometries and settlement mechanisms
[16-20], through analytical and/or advanced numetical procedures. Much less attention is paid to segmental masonry atches,
which are indeed more prone to lateral movements of the abutments because of the higher horizontal thrust deriving from
their shape (the flatter the arch, the greater the thrust). Furthermore, to the authors’ knowledge, no study on the effects of
settlement-induced cracks on the dynamic blueprints of masonry arches has been ever addressed. As settlements represent
one of the main causes of collapse in arched structures, the correct dynamic characterization of the nonlinear behavior of
masonry arches undergoing this type of phenomena is fundamental to timely detect the stiffness degradation and consequent
strength reduction resulting from the gradual progression of support displacements, thereby preventing local damages and
unexpected failures. Indeed, the sensitivity of dynamic properties to structural damage is widely recognized within the
scientific community and many works have demonstrated the importance of tracking such features to monitor the structural
health and identify the onset of damage at the earliest possible stage, even when not yet detectable by visual inspections [21-
24).
In light of the above considerations, the present contribution aims at thoroughly investigating the three-dimensional
dynamic behavior of a segmental masonry arch under increasing horizontal settlements of one support. To rigorously
address this problem, the adopted strategy combines both experimental and numerical methods: the former for the real-
time simulation of the studied phenomenon and the direct estimation of damage-sensitive dynamic features for the
calibration of the subsequent numerical model; the latter for the correct reproduction of the actual dynamic behavior of the
masonty arch taking into account the non-linear behavior of the materials and the effects that settlement-induced cracks
have on the dynamic properties of masonry structures. Accordingly, the article is organized in two main parts: the first one
is dedicated to the experimental analysis of the masonry arch and the second one focuses on the numerical simulations. The
experimental investigations have been carried out in the Structural Laboratory of the University of Minho in Guimaraes
(Portugal) and the results obtained from the tests have been exploited as reference information for the subsequent modal

analyses performed in the context of nonlinear elasticity through a non-commercial software developed by the Mechanics
of Materials and Structures Laboratory of ISTI-CNR (Italy), namely the NOSA-ITACA code. The cross-validation with the
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experimental counterpart allows to verify the reliability of the non-standard numerical procedure adopted to simulate the
evolution of the dynamic behavior of settled masonry arches with reasonable accuracy.

EXPERIMENTAL TESTING

of Bio-Sustainability of the University of Minho (Guimaries, Portugal). The small-scale arch was progressively

damaged by applying uniform increasing displacements at one support and, after each displacement stage, dynamic
tests were performed to measure the dynamic response of the system and follow its stiffness degradation due to the
occutrence of structural damage. Finally, in order to gain a better insight into the failure mechanisms of masonry arches on
spreading support, displacements were increased up to collapse, allowing to analyze the hinge position throughout the
development of the mechanism as well as to estimate the ultimate displacement of the arch.

T he segmental masonry arch investigated in this work was built and tested in the structural laboratory of the Institute

Description of the arch and static damage tests

The arch specimen consists of four rows of 39 brick units (100x75x50 mm?) assembled with staggered lime mortar joints
and it is characterized by a nominal span of 1900 mm, a springing angle of 40°, a nominal net rise of 430 mm and a 75 mm
radial thickness (Fig.1). The structure is symmetrically loaded with two lime bags of 25 kg each (corresponding to about
50% of the arch weight), aiming at reproducing the weight of backfill material typical of masonry arch bridges, and is
supported by two concrete abutments, one fixed to the floor by bolts (left support) and the other set on a simple system
with lateral roulette wheels (right support) featuring a movable springing along the horizontal direction.

With the aim of investigating the support settlements effects on the dynamic behavior of the segmental arch, a displacement-
controlled test is carried out to induce five unrecoverable Damage Scenarios (DSs). Outward movements in horizontal
direction are imposed to the right support with a hydraulic jack, whose displacement is simultaneously measured by a Linear
Variable Displacement Transducer (LVDT). Additionally, two LVDTSs are used to control the uniform sliding of the
movable support and two LVDTs are employed to measure the arch displacements at the keystone and left springer,
respectively (Fig.1a).

@ ©

Figure 1: Arch specimen: (a) geometry with test layout; (b) view of the test apparatus; (c) static scheme.

Increasing displacement rates are applied in five stages up to reaching a final value of 3 mm (Tab.1). the scope of the
experimental test in this first phase is to cause very little visual damage to the arch so as to quantitatively assess the effects
that incipient settlement-induced cracks can have on its global dynamic behavior. It is noted that the typical experimental
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scheme used in literature for masonry arches consists in performing force-controlled static tests with increasing loads applied
at a quarter of the span. In spite of being a well-established procedure, this testing scheme does present clear disadvantages
when dealing with damage identification problems as it results in recoverable damage scenarios because of the closure of
cracks during the unloading phases, which is indeed overcome with the adopted experimental scheme. On the other hand,
the placement of lime bags on the arch backs allows to evaluate the possible influence of backfill material on the global
modal parameters of the arched structure.

As the support settles, three passing cracks progressively appear at the mortar-brick interfaces: the first crack ¢/ is located at
the intrados, in the left region of the keystone; the second and the third cracks, denoted by ¢, and ¢, appear at the extrados
of the left (fixed support) and right (moving support) skewbacks, respectively. The crack pattern observed at the end of the
five stages is presented in Fig. 2.

Stage Name Acronym Settlement [mm]
0 Reference Scenario (with Weight) RSW -
1 Damage Scenario 1 DS1 0.4
2 Damage Scenario 2 DS2 0.5
3 Damage Scenario 3 DS3 0.6
4 Damage Scenario 4 DS4 0.7
5 Damage Scenario 5 DS5 0.8
Tot. — — 3.0

Table 1: Support settlements applied over different damage scenarios.

© @

Figure 2: Crack pattern after 3 mm horizontal settlement of the right support: (a) crack location; (b) crack ¢; (c) crack ¢; (d) crack ¢.
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Horizontal, vertical and inclined settlements at the support of an arch are responsible for the formation of three crack
hinges, which can transform the structure into a mechanism if the thrust line becomes tangent at the arch boundary in
enough points [16, 27]. Considering segmental arches subjected to horizontal settlements of one support, the typical
mechanism consists of symmetric crack hinges that open alternatively at the intrados and extrados of the arch depending
on the inwards or outwards direction of the settlement. However, literature studies highlighted that the position of internal
hinges can vary with the arch geometry [16] as well as with the increase of the horizontal displacement at the support [20].
A more extensive discussion on the hinge position and collapse mechanism regarding the arch object of analysis is provided
hereinafter.

Modal testing and evolution of dynamic features with progressive settlements

It is well-known that modal parameters are related to the physical and mechanical properties of a structure, like mass,
stiffness, and energy dissipation. Such a relationship implies that any structural change a system may undergo over time will
be reflected by changes in its modal properties. Thus, to analyze the evolution of the modal features of the arch with
spreading support and to track its stiffness degradation with progressive damage, dynamic identification tests are performed
in the damage scenario (DS) reached after each displacement stage.

Given the non-negligible background noise of the laboratory environment, the vibration response of the structure is
measured using both ambient excitations and random finger tapping so as to ensure a fairly high signal-to-noise ratio,
without violating the assumption of stationary Gaussian white noise input on which operational modal analysis relies. Eight
high-sensitivity accelerometers (model PCB 393B12, 0.15 to 1000 Hz frequency range, 10000 mV/g sensitivity, 8ug
resolution) and twelve setups — each one consisting of four fixed reference sensors and four moving sensors — are employed
to acquire the response processes of 26 points evenly spaced along the front and back edges of the arch, for a total number
of 52 acceleration responses, 26 in normal direction and 26 in tangential direction (Fig. 3).

Aiming at the direct estimation of modal curvatures, which are notably more sensitive to structural damage as compared to
other modal parameters [23, 24|, twenty-six linear strain gauges (series PL-120-11-5L) are also used to measure the strains
both at the intrados and extrados of the arch middle line (Fig. 3). The choice of such a dense sensor distribution including
accelerometers and strain gauges is driven by the necessity to obtain a very good resolution in terms of modal estimates,
especially as far the mode shapes are concerned. To ensure an acquisition window of at least 2000 times the fundamental
period of the arch, signals are sampled at 400 Hz for a minimum duration of 180 s (60 s in the case of random fingertips),
resulting in 72.000 (24.000) data points per channel.

O,
A14] A15 A16 A17 A18 A19 A20 A21 A22 A23 A24 A25 A26
o,

NI GFE N
A ,“‘_k“ ‘\-.\“-\Vm

Figure 3: Sensor layout for the dynamic identification tests. Accelerometers and strain gauges are denoted by Ai and Si, respectively;
reference sensors are indicated in red.
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In order to identify the dynamic properties of the structure over the different DSs, the time-dependent nodal response
processes recorded before applying any support displacement (undamaged configuration) are processed and analyzed first.
Two well-known and complementary modal estimators implemented in the software ARTeMIS Modal [28] are employed
for the feature extraction: the Enhanced Frequency Domain Decomposition (EFDD) and the Stochastic Subspace
Identification with Extended Unweighted Principal Component (SSI-UPCX). The results in frequencies, damping ratios
and MAC coefficients for the undamaged scenarios, either with (RSW) or without (RS) additional weight, are summarized
in Tab. 2, whereas the corresponding mode shapes are displayed in Fig. 4.

Mode
1

~ & A LN

Avg

Jrs [Hz]

37.03

58.64

63.56

100.76
122.67
125.06
146.21

Jrsw [Hz]

30.06

50.95

59.44

95.23
120.62

134.02

Af[%)
-23.19
—15.09
- 6.93
— 5.81
— 1.70
— 9.10
-10.30

&s [%0]
0.95
0.88
1.02
0.97
1.25
1.03
1.46

Sesw [7o]
1.26
3.06
1.22
2.12
2.97

4.19

A% [%)
+24.60
+71.24
+16.39
+54.25
+57.91
+65.16
+48.26

MAC (grs, prsw)
1.00
0.70
0.93
0.90
0.71

0.67

Table 2: Comparison between estimated frequencies fand damping ratios £of the arch for RS and RSW scenarios (torsional modes are

highlighted in grey).

Mode 4 MAC = 0.90)

LV

Mode 7 MAC = 0.67)
Figure 4: Mode shapes identified in both reference scenarios (undeformed shape in grey, RS in red and RSW in blue).

Mode 6
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Either estimator allows to identify seven vibration modes in the frequency range 37-147 Hz with damping ratios below 2%
for RS and six vibration modes in the frequency range 30-135 Hz with damping ratios below 5% for RSW. For the sake of
brevity, only the modal features extracted by the SSI-UPCX are presented herein.

A first analysis of the global modal parameters relevant to the two undamaged scenarios shows that, by increasing the overall
weight of the arch of about 50%, frequency values decrease of around 10%, while damping values increase of circa 48%.
This result is somehow expected assuming a classical Rayleigh damping formulation for the structure [29]. In what concerns
the mode shapes, similar configurations are observed for the in-plane vibration response of the arch, with MAC values
higher than 0.90 for modes 1, 3 and 4. On the other hand, due to the variation of in-plane and out-of-plane modal
components induced by the change in loading conditions, the degree of similarity between corresponding torsional modes
decreases, reading MAC values lower than 0.71 for modes 2, 5 and 7, whereas the symmetric mode in Z-direction at 125.06
Hz cannot be identified as a stable mode.

The modal feature extraction process described above is then applied to the output signals collected after each displacement
stage. As the support slides, cracks start to propagate, and the arch stiffness degrades with progressive damage. Despite the
low displacement rate, this leads to significant changes in the arch eigenfrequencies, recording downshifts of about 36%,
15% and 22% for modes 1, 2 and 4, respectively. The frequency results for the six consecutive scenarios (RSW to DS5) are
presented in Tab. 3 and Fig. 5. It is worth noting that considerable frequency drops are already observed during DS1,
scenario in which the first crack ¢ appears in the left region of the keystone causing a sudden stiffness reduction in the
structure that is reflected by a significant change in the eigenfrequencies of modes 1, 4 and 5. With regard to the modal
vectors, the direct comparison between undamaged (RSW) and final damaged (DS5) scenatios reveals remarkable local
changes in the high-frequency modes of the arch, but very little changes as far as the main vibration mode is concerned.
This is clearly evident by visually inspecting the mode shapes juxtaposed in Fig. 6, whose MAC values are provided below
each pair. The larger the differences in modal displacements due to local damage, the higher the MAC sensitivity and the
lower its value. Such a result is a direct consequence of the vulnerability that vibration modes featuring a higher number of
inflection points exhibit to local structural damage.

Frequencies [Hz]

Scenario

Mode 1 Mode2  Mode 3 Mode 4  Mode 5 Mode 6 Mode 7

RSW 30.06 50.95 59.44 95.23 120.62 - 134.02
DS1 26.31 50.28 59.04 80.47 113.16 — 136.40
DS2 23.40 48.86 58.14 75.75 111.44 121.50 130.91
DS3 21.44 45.14 58.27 74.97 110.60 118.71 128.84
D§4 20.20 44.05 57.77 74.39 110.98 116.68 129.60
DS5 19.16 43.19 57.54 74.09 110.86 115.78 129.00
Af %] —36.26 —15.23 -3.20 —22.20 - 8.09 —-4.71 - 375

Table 3: Eigenfrequencies variation over progressive damage scenarios.

—8— Mode | —A— Mode 2 —8— Mode 3 —T— Mode 4 —— Mode 5 —0— Mode 7

1.00 +

0.75 +

0.50 f f f f f {
RSW DS1 DS2 DS3 DS4 DS5

Figure 5: Relative frequency decay with increasing support settlements.
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Mode 2 (MAC = 0.72) Mode 3 (MAC = 0.96)

J,x‘ L

Mode 4 MAC = 0.60) Mode 5 MAC = 0.34) Mode 7 MAC = 0.73)

Figure 6: Mode shapes comparison between undamaged and last damaged scenarios (undeformed shape in grey, RSW in blue and DS5
in red).

Limit settlement assessment

The last part of the experimental campaign is devoted to fully explore the response of the settled masonry arch up to failure,
also evaluating the limit support displacement and corresponding geometrical configuration. To this end, additional
displacement rates are incrementally applied to the movable support in horizontal direction until reaching the final condition.
Sufficient releases are required in order to permit a structure to articulate and ultimately collapse. According to the limit
analysis, in a skeletal structure a total of r + 1 releases (e.g. hinges) are required for complete collapse, where r is the degree
of redundancy. In a fixed-end semicircular arch r = 3, so r + 1 = 4 hinges form at failure and a three-block mechanism
activates; similatly, in a twin span bridge r + 1 = 7 hinges are typically observed at failure and a six-block mechanism occurs
[30]. Instead, when dealing with settled supports, the degree of redundancy decreases. In particular, if the settled support
coincides with one of the hinges, the collapse mechanism coincides with a settled three-hinged arch, i.e. a two-block
mechanism that activates at the instant in which the thrust line becomes tangent to the profile of the arch in a further section
[19]. With regard to segmental arches on spreading support, the typical failure mechanism usually features three symmetric
hinges located alternatively according to the classical configuration intrados-extrados-intrados (Fig. 7). Nevertheless,
experimental investigations pointed out that the collapse conditions of masonry arches on spreading support in horizontal
direction are dependent on the geometrical parameters of the structure itself, namely curvature radius, thickness and angle
of embrace [16, 18]. The role of uncertainties, particularly those associated with the mechanical parameters of the masonry
material, such as the tensile strength of the mortar joints, is also crucial in this regard. Furthermore, hinges may move with
the increase of the settlements before reaching the collapse.

Figure 7: Typical collapse configuration for segmental arches with one settled support in horizontal direction.

For the present case study, the experimental evidence proves that an asymmetric three-hinge configuration occurs, likely
imputable to the inhomogeneous distribution of the tensile strength in the mortar joints of the crafted arch; also, the position
of the cracks ¢s, c2and ¢; characterizing the kinematic collapse does not change from the initial to the final condition. Fig. 8
shows the sequence of kinematic configurations featured by the segmental arch object of analysis, under symmetric loads
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and subjected to horizontal settlements of the right support. Snapshots were taken at the settlement onset (Fig. 8a), in
correspondence to a movement of 4.5 cm (Fig. 8b), 7.5 cm (Fig. 8c) and in the last configuration before collapse (Figs. 8d-
e), respectively.

Figure 8: Experimental kinematic configurations of the segmental masonry arch subjected to horizontal settlements of the right support:
(@) 0.5 cm; (b) 4.5 cm; (c) 7.5 cm; (d) and (e) 10.5 cm settlements.

The maximum measured displacement before collapse (10.5 cm) was reached with an increment of 5.5% with respect to
the nominal span. At this stage, the position of the thrust line still lies inside the profile of the arch (even if it is close to
touch the intrados in correspondence of the 11th joint from the right) confirming that the equilibrium of the structure with
10.5 cm settlement is still ensured. Afterwards, the right support is left free to slide horizontally over the clearance remaining
between support and actuator (3 cm) with consequent loss of stability of the arch and activation of a pure rotational collapse
mechanism when the thrust line becomes tangent to the arch profile in another point [19], presumably the 11th joint
(counting from the moving support). The position of both intrados and extrados crack hinges remains unchanged
throughout the development of the mechanism. Collapse occurs with a limit displacement capacity of approximately 12 cm,
corresponding to an ultimate span increment of 6.3%. In Fig. 9 the instant immediately after the collapse is shown.

Figure 9: Masonry arch specimen after collapsing due to increasing horizontal settlements of the right support.
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NUMERICAL MODELING

masonty arch described in the previous section was then modeled by a non-commercial finite element (FE) code.

In particular, the adopted numerical procedure allowed to take into account the influence of the damage on the
structure’s dynamic properties in an automatically way, without resorting to the reduction of the elastic modules of the
damaged zone, as usually done in the literature [31, 32].

‘ ) : T ith the aim of reproducing the dynamic behavior identified in the various damage scenarios, the segmental

Constitutive equations and modal analysis of masonry structures

Standard modal analysis allows to evaluate the dynamic properties of a structure. This analysis is based on the assumption
that the materials constituting the structure are linear elastic, and can be unsuited to be applied to masonry constructions
that exhibit a nonlinear behavior and show cracks (cither due to permanent and/or accidental loads) which tend to reduce
the structural stiffness, hence the frequencies. For these reasons, the dynamic behavior of masonry structures should be
evaluated considering the presence of existing cracks. To this end, the FE NOSA-ITACA code [33],[34], developed by the
Mechanics of Materials and Structures Laboratory of ISTI-CNR, adopts a numerical method based on linear perturbation
and modal analysis, which takes into account the influence of existing damage on the dynamic properties of masonty
buildings. The numerical method is widely described in [35, 306].

The NOSA-ITACA code allows to study the nonlinear behavior of masonry structures by adopting the constitutive equation
of masonry-like materials. Masonry is modeled as a nonlinear elastic isotropic material with zero or weak tensile strength and
infinite or bounded compressive strength [37, 38]. Given the infinitesimal strain tensor E, it is possible to prove the existence
of a unique triplet (T, E¢, Ef of symmetric tensors such that E is the sum of the elastic strain E€and the positive semidefinite
fracture strain E£ and the Cauchy stress T, negative semidefinite and orthogonal to E£ depends linearly and isotropically
on Ee¢, through the Young’s modulus E and Poisson’s ratio v [37, 38]. Masonry-like materials are then characterized by the
stress function T given by T(E)=T, whose explicit expression is reported in [38], along with its main properties. In particular,
T is differentiable on an open dense subset of the set of all strains and the explicit expression of the derivative DT (E) of
T(E) with respect to E is reported in [38]. The equation of masonry-like materials was then generalized in order to take into

account a weak tensile strength G, = 0 [38].

The procedure implemented in the NOSA-ITACA code to evaluate the dynamic properties of masonty structures in the
presence of cracks consists in calculating the numerical solution to the nonlinear equilibrium problem of a masonry structure
discretized into finite elements, subjected to given boundary and loading conditions, and then solving the generalized
eigenvalues problem:

K, p=w'M¢ @

obtained from the linear equation governing the undamped free vibrations of the structure about the equilibrium solution.
Krand M € R»” are the tangent stiffness and mass matrices of the finite-element assemblage, both symmettic and positive
definite, @is a vector of R and w a real scalar, with # the number of degtees of freedom of the structure. The counterpart
of Eq. (1) for a linear elastic body involves the elastic stiffness matrix Kg, replaced in (1) by the tangent stiffness matrix Kr,
calculated using the solution to the equilibrium problem and then taking into account the presence of cracks in the body.

Therefore, assigned a case-study structure discretized into finite elements, and given the mechanical properties of the
constituent materials together with the kinematic constraints and loads acting on the structure, the procedure implemented
in NOSA-ITACA consists of the following two steps: 1) solution of the nonlinear equilibrium problem of the masonry
structure subjected to external loads and calculation of the tangent stiffness matrix Kr to be used in the next step; 2) solution
of the generalized eigenvalue problem (1), where the matrix Kris employed instead of its elastic counterpart, and the natural

frequencies f; = @, / 27t and mode shapes @ of the structure are estimated in the presence of cracks [35, 36]. In particular,

NOSA-ITACA provides the first £ natural frequencies ﬁ < f2 <..< fk and the corresponding M-orthonormal mode
shapes ﬂ,@,...,% [39].

Reference scenarios model updating
NOSA- ITACA is used to model the experimental specimen described in the previous section, employing 53,496 8-node
isoparametric brick elements (element 8 of the NOSA-ITACA library [34]) and 64,411 nodes, for a total of 193,233 degrees
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of freedom. Fig. 10 shows the FE mesh generated by the code, where the individual masonry components, bricks and
mortar joints, are highlighted in cyan and red, respectively, while the parts loaded with lime bags are displayed in yellow.

Figure 10: FE model of the experimental specimen generated by NOSA-ITACA for RS and RSW.

A model updating [40] is performed on the FE model with the aim of estimating the Young’s moduli E of the two masonry
components (mortar and brick). The algorithm used and implemented in the NOSA-ITACA code for model updating is
based on the construction of local parametric reduced order models embedded in a trust-region scheme. The objective
function to be minimized is the distance between experimental and numerical natural frequencies and mode shapes. The
optimal mechanical characteristics of the two masonry components are estimated by using the first three experimental
frequencies and mode shapes of the reference scenario (RS), assumed as undamaged configuration, because the parameters
to be optimized are only two. This choice is based on the observation that in both reference scenarios (RS and RSW) no
visible cracks were present, thus the arch behavior can be plausibly considered as linear elastic at this stage. The model
updating is carried out considering the base of the concrete supports clumped and adding concentrated masses to the
measurement points (black nodes in Fig. 10) to take the weight of the accelerometers into account. Tab. 4 summarizes the
mechanical characteristics of the materials employed in the FE model: in bold the parameter values obtained via model
updating (the others, including the Poisson’s ratios and mass densities, are kept fixed during the optimization process). It is
interesting to note that the updated Young’s moduli obtained through the aforementioned procedure are consistent with
the values reported in literature [41, 42].

The modal results of the calibrated numerical model are summarized in Tab. 5 along with the experimental counterpart.
The relative errors in frequencies and MAC values are also reported to assess the degree of consistency between
experimental and numerical mode shapes for RS. It is worth noting that the fourth and fifth numerical mode shapes are
inverted with respect to the corresponding experimental modes, as cleatly shown in Fig. 11. Furthermore, the MAC value
relative to the second mode shape is quite low. This is likely due to the fact that the numerical mode shape, being the model
clamped at the base of both concrete abutments, is characterized by a displacement in Y direction coupled with a torsion
around the X axis, while the corresponding experimental mode shape (as visible in Fig. 11 for RS, and even better in Fig.
13 for RSW) seems to be characterized by a movement in Y direction and a torsion around the Z axis, even though the
moving support is nominally kept blocked in the reference configurations.

E [MPa] v o [kg/m’]

Brick 2500 0.2 1653.3
Mortar 500 0.2 1750.0
Concrete 25000 0.2 2500.0

Table 4: Materials properties adopted for the numerical model.
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RS Jesp Joum | Af 7] MAC (fesp, foum)
Mode 1 37.03 36.55 1.30 0.94 0.00 0.01 0.00 0.02
Mode 2 58.64 55.57 5.24 0.01 0.72 0.15 0.01 0.00
Mode 3 63.56 65.87 3.63 0.04 0.02 0.81 0.04 0.00
Mode 4 100.76 114.34 13.49 0.10 0.00 0.03 0.01 0.56
Mode 6 125.06 124.08* 0.79 0.00 0.00 0.12 0.87 0.00

Table 5: Experimental (fy,) versus numetical frequencies (foum), frequency relative error Afand MAC matrix for the Reference Scenario
(RS). Note: * refers to the frequency of the fifth numerical mode.

Experimental mode shape ‘ ‘ Numerical mode shape
L X
Mode 1, f=37.03 Hz Mode 1, f=36.55Hz

( & w

Mode 2, f=55.57Hz

¢

Mode 3, f=65.87Hz

(o

Mode 4, f=100.76 Hz Mode 4, f=114.34Hz

LX-"""-

Mode 5. f=124.08 Hz

Mode 2, f=58.64 Hz

Mode 3, f=63.56 Hz

Mode 6, f=125.06Hz

Figure 11: Experimental (left) and numerical (right) mode shapes for Reference Scenario RS (blue line: front side A01-A13; red line:
back side A14-A20).

With the purpose of matching the order of fourth and fifth mode shapes, a parametric study on the boundary conditions
of the right abutment is conducted by introducing horizontal and vertical springs aimed at simulating the friction effect
between the moving support and the ground floor, as well as its possible rotation. The analyses carried out varying the
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stiffness of the springs reveal that the ordering of the mode shapes remains unchanged and the MAC values related to the
first three eigenfrequencies get worse.

As a second attempt a numerical simulation is performed reducing the mortar joint thickness as done in [3, 43, 44], fact that
can be reasonably justified by the necessity to take into account the slight variations in thickness, corner rounding and
imperfections typical of a manually assembled geometry. The results obtained by this simulation show that the only way to
invert fourth and fifth mode shapes is to reduce the mortar joint thickness at least of 20%. This allows to infer that
mechanical uncertainties, geometrical imperfections and block size variations do affect not only the overall capacity of an
arch, but also its dynamic properties [45]. Fig. 12 shows the variation of the fourth and fifth vibration mode of the arch as
a function of the mortar joint thickness. As clearly discernible in the Figure, when the thickness of the mortar joints is about
0.063 m the two frequencies coincide and the corresponding mode shapes switch. However, this modeling strategy can be
exclusively adopted for the RS configuration, as it proves not to be suitable for simulating the arch dynamic behavior neither
in the RSW configuration nor in the subsequent damage scenario (DS1), where the sixth experimental mode characterized
by a “heart shape” disappears (or it is no longer identifiable). In addition, reducing the joint thickness causes the second and
third numerical mode shapes to invert. Due to these reasons, no thickness reduction is applied to the model and only the
first four corresponding modes are taken into account for the linear perturbation adopted next. Fig. 13 shows the considered
experimental and numerical mode shapes for the RSW configuration; the numerical results are obtained using the parameters
provided in Tab. 4 and applying to the FE model (Fig. 10) a total mass of 50 kg to simulate the lime bags symmetrically
placed on the arch backs.
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Figure 12: Fourth and fifth mode trend vs mortar joint thickness.

0.075

Tab. 6 summarizes both experimental and numerical frequencies for RSW as well as the MAC matrix between experimental
and numerical mode shapes.

RSW foup frum |AF | [%] MAC (s, o)

Mode 1 30.06 30.84 2.60 095 000 000 002
Mode2 5095 52.75 3.53 001 065 000  0.00
Mode3  59.44 58.74 118 0.00 001 079 001
Mode4 9523  104.61 9.85 022 000 002  0.65

Table 6: Experimental (fy,) versus numerical frequencies (foum), frequency relative error Afand MAC matrix for RSW.
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Experimental mode shape ‘ Numerical mode shape
Mode 1, f=30.06 Hz Mode 1, f=30.84 Hz
Mode 2, f=50.95Hz ; Mode 2, f=50.95Hz

TZ_’X Mode 3, f=58.74 Hz

X
Mode 4, f=95.23 Hz Mode 4, f=104.61 Hz

Figure 13: Experimental (left) and numerical (right) mode shapes for Reference Scenario with Weight RSW (blue line: front side A01-
A13; red line: back side A14-A20).

Mode 3, f=59.44 Hz

Damage scenarios simulation

Using the FE model calibrated through the standard model updating sketched in the previous subsection, a linear
perturbation followed by modal analysis is conducted via the NOSA-ITACA code according to the procedure described in
Section 0, modeling concrete as a linear elastic material, bricks and mortar as wasonry-like materials. A further model updating
is conducted by keeping the values of E, » and g fixed (Tab.4) and varying the tensile strengths of brick (o; = 0.5 MPa) and
morttar (o; = 0.37 MPa).

In order to numerically reproduce the experimental crack pattern along with its evolution [46], the tensile strength of the
mortar joint circled in red in Fig. 10 is reduced of about 80%. Each analysis is conducted by imposing the same horizontal
displacements (X direction) recorded during the experimental test to all nodes belonging to the base of the right abutment
(moving support). As an example, the comparison between numerical and experimental results for DS3 and DS5 is
summarized in Tab. 7 and Tab. 8, highlighting percentage frequency errors and MAC values between corresponding
vibration modes. A visual comparison between experimental and numerical mode shapes for damage scenarios DS3 and
DS5 is given in Figs 14 and 15.

DS3 fosp frum |AF | [%] MAC (fsp, Brum)

Mode 1 2145 2213 3.17 097 000 000 001
Mode2 4514  48.96 8.46 001 080 000  0.00
Mode3 5827  53.24 8.62 005 000 079 007
Mode4 7497  73.32 2.20 009 000 001  0.88

Table 7: Experimental (foxp) versus numerical frequencies (fuum), frequency relative error Afand MAC matrix for DS3.
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DS5 Joxp - | Af [ [%0] MAC (@exp, Prum)
Mode 1 19.16 1744 8.97 098 000 000 001
Mode 2 4319 4411 2.13 000 079 002  0.00
Mode 3 5754 48.18 16.27 007 000 079  0.10
Mode 4 7409  61.00 17.67 0.08 000 000  0.89

Table 8: Experimental (fexp) versus numerical frequencies (fuum), frequency relative error Afand MAC matrix for DS5.

Experimental mode shape Numerical mode shape

Mode 1, f=21.45Hz Mode 1, f=22.13 Hz
@

Mode 2, f=45.14Hz L Mode 2, f=48.96 Hz
/\

Mode 3, f=5827 1z TZ_’X Mode 3, f=53.2411z
V&

f,
Mode 4, f=74.97Hz X Mode 4, f=73.32Hz

Figure 14: Experimental (left) and numerical (right) mode shapes for Damage Scenario DS3 (blue line: front side A01-A13; red line:
back side A14-A26).

Fig. 16 shows the trend of the arch frequencies over progressive support settlements in the experimental and numerical
cases. It appears that the adopted numerical simulation coupling linear perturbation and modal analysis is able to fairly
replicate the dynamic behavior of the damaged arch, especially with regard to the mode shapes, while it underestimates for
the last DS the frequencies relative to the third and fourth modes.

For the sake of completeness, the distribution of the maximum eigenvalue of the fracture strain tensor Ef and of the
minimum eigenvalue of the Cauchy stress tensor T concerning the last damage scenario (DS5) are displayed in Figs. 17 and
18, further demonstrating the consistency between numerical and experimental crack pattern.
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Figure 15: Experimental (left) and numerical (right) mode shapes for Damage Scenario DS5 (blue line: front side A01-A13; red line:

back side A14-A20).
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CONCLUSIONS

ettlements represent one of the main causes of collapse in arched structures and not all the aspects related to this

phenomenon have been completely explored in the literature, as for instance their effects on arches dynamic

properties. The correct dynamic characterization of this kind of structures undergoing supports settlements is
fundamental to timely detect the occurrence of serious damage mechanisms and prevent unexpected failures.
This paper focused on the dynamic characterization of a segmental masonry arch with one settled support, from both the
experimental and the numerical point of view. The arch specimen, tested in the Structural Laboratory of University of
Minho, was progressively damaged by applying uniform increasing displacements at one abutment. After each displacement
stage, dynamic identification tests were performed to estimate, via the Enhanced Frequency Domain Decomposition and
the Stochastic Subspace Identification methods, the modal characteristics of the system in terms of frequencies, mode
shapes and damping ratios. Despite the low displacement rate applied to the support, significant changes affected the
eigenfrequencies and damping ratios of the arch; in particular, decreases of about 36% and 22% were recorded for the first
and fourth eigenfrequencies as a consequence of a total settlement of 3 mm. This fact is likely connected to the deformations
associated to the first and fourth mode shapes of the arch (anti-symmetric eigenmodes) due to the abutment settlement.
Analyzing the evolution of the modal features allows quantifying the effects that the spreading supports can have on the
dynamic behavior of segmental masonry arches, both at global and local levels, and demonstrating the high vulnerability of
such structures even to incipient support settlements.
From the numerical point of view, with the purpose of reproducing the dynamic behavior identified along the test stages, a
numerical method relying on the coupled application of linear perturbation and modal analysis, implemented in the non-
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commercial finite element code NOSA-ITACA, was used. From comparison with the experimental results, it turns out that
the adopted simulation is able to replicate the dynamic behavior of the damaged arch; numerical frequencies and mode
shapes match their experimental counterpatts, although in the last damage scenario the actual frequencies relative to the
third and fourth modes are slightly overestimated. In view of the sensitivity of the experimental and numerical results to the
geometrical features of the arch and manual assemblage adopted, further laboratory tests and FE analyses may be required
to refine the numerical prediction strategy.
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