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ABSTRACT

This thesis first establishes a semi-empirical relationship to estimate the reduction
in load carrying capacity of a masonry dome due to damage by exploiting deviations in
the fundamental natural frequency. A macro finite element model of the dome is
developed and calibrated using both non-destructive vibration measurements and
destructive load-displacement measurements up to failure. The macro-model is then
executed to simulate incremental development of cracks. The first natural frequency and
remaining load carrying capacity of the dome are monitored to define a semi-empirical
relationship, which is ultimately generalized for spherical domes with varying span-toheight ratios.
Subsequently, in order to numerically determine the load carrying capacity of a
masonry dome, this thesis further investigates three established techniques of FE
modeling for the masonry dome: detailed micro-modeling, simplified micro-modeling,
and macro-modeling. Linear properties of these three alternative models are first
calibrated with the modal parameters identified through dynamic modal testing conducted
on the scaled dome specimen in the laboratory. Then, the fidelity and robustness of these
three different modeling approaches are evaluated by comparing the model predictions
against static load-to-failure test data obtained in the laboratory.
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CHAPTER ONE
INTRODUCTION

1.1.

Motivation and Background
The structural stability and aesthetic value of domical geometry made this form of

construction popular for early builders. As such, the history of masonry dome can be
traced back to around 1250 B.C., when the Treasure of Atreus was constructed (Higgins
et al. 1968). Domes can be found in many historically significant monuments, such as the
dome of the Pantheon (the largest unreinforced concrete dome), the dome of the Florence
Cathedral (the largest brick masonry dome), and the masonry dome of the Sanctuary of
Vicoforte (the largest elliptical dome).
For historic masonry structures, the natural aging of materials and extreme
loading conditions can cause sudden collapse of the structure with no (or minimal)
warning signs of imminent structural failure: see for instance the sudden collapses of the
Civic Tower of Pavia, Italy (Binda et al. 1992), the bell tower of St. Magdalena in Goch,
Germany (Gantert Engineering Studio 1993), and the Church of Kersken, Belgium
(Verstrynge et al. 2011). Therefore, predicting and evaluating the load carrying capacity
of masonry monuments are of great importance, which can be achieved through either
experimental or numerical treatments.
The experimental evaluation of the ultimate load carrying capacity of a structure
can be achieved via load-to-failure tests on laboratory-built specimens1. Brown et al.
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Note that one can hardly imagine conducting destructive tests to evaluate the load carrying capacity of an
existing, in-service structure.
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(1995) conducted both destructive, load-to-failure and non-destructive, vibration tests on
a masonry arch bridge built in the laboratory and observed a progressive reduction in
both the remaining load carrying capacity and the first natural frequency as the damage in
the arch bridge was increased. Their work implies a possibility of correlating the load
carrying capacity of a structure, which requires destructive testing to its vibration
parameters, which can conveniently be obtained through non-destructive testing.
Determining such correlation between the measurable dynamic characteristics and the
load carrying capacity has the potential to bypass the difficulties encountered in
experimental assessment of the load carrying capacity of an existing structure.
Numerical simulations, on the other hand, provide the versatility of including
complex geometry, various material models, and different loading and boundary
conditions for the estimation of the load carrying capacity of a masonry structure.
However, the fidelity and robustness of a numerical model hinge on the employed
modeling strategies, which can significantly influence the validity of predictions. Three
alternative numerical modeling strategies exist for the analysis of composite, masonry
structures, including detailed micro-modeling, simplified micro-modeling, and macromodeling (Lourenço et al. 1995; Truong Hong and Laefer 2008; Annecchiarico et al.
2010). However, a comparative evaluation of the fidelity and robustness of these three
modeling strategies is lacking in the published literature.
1.2.

Main Contributions and Objectives
This thesis contributes to the assessment of load carrying capacity of a masonry

dome through both experimental and numerical routes.
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1.2.1 Experimental Route
This thesis develops an empirical formula for the experimental assessment of the
load carrying capacity using vibration characteristics attained through non-destructive
testing. The empirical formula is generalized for masonry domes with varying span-toheight ratios.
1.2.2 Numerical Route
This thesis evaluates and compares the three different modeling strategies:
detailed micro-, simplified micro-, and macro- modeling, as applied to a masonry dome
specimen for the numerical assessment of the load carrying capacity. Both the accuracy
and precision of model outputs are considered during evaluation.
1.3.

Main Findings of the Thesis
In Chapter Two, a macro-model is first developed for a scaled masonry tile dome

specimen built in the laboratory. Then, both destructive, static testing and nondestructive, dynamic measurements are employed to calibrate the material properties of
the FE model. Subsequently, using the calibrated numerical model, an empirical
relationship is established to estimate the reduction in the load carrying capacity due to
damage by monitoring the deviations in the first natural frequency as damage level
increases. The established empirical relationship is ultimately generalized for spherical
domes with varying span-to-height ratios. The findings obtained in this chapter are
submitted to the Construction and Building Materials journal. The accepted manuscript is
scheduled to be published in September, 2012.
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In Chapter Three, a comparative study of detailed micro-modeling, simplified
micro-modeling, and macro-modeling techniques as applied to a scaled masonry dome
specimen is carried out to evaluate not only the accuracy, but also the robustness of the
model predictions. The linear properties of the three models are first calibrated with
modal parameters obtained through experimental modal analysis. Then, the model
accuracy and robustness are investigated for each model by correlating the simulations to
experimental load-displacement measurements obtained from destructive static testing.
The findings obtained in this chapter are submitted to the ASCE Journal of Performance
of Constructed Facilities and is currently under review.
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CHAPTER TWO
LOAD CARRYING CAPACITY ASSESSMENT OF A SCALED MASONRY
DOME: SIMULATIONS VALIDATED WITH NON-DESTRUCTIVE AND
DESTRUCTIVE MEASUREMENTS

2.1

Introduction
Masonry, one of the oldest construction materials, exhibits high load carrying

capacity in compression but much lower capacity in tension, to the point that structural
analysis of masonry often assumes a theoretical value of zero tensile capacity (Heyman
1995). Large spans in structural masonry are possible using domes that allow forces to be
transferred in compression. These masonry domes, found in many historic buildings
across the world, typically stand in a state of structural distress appearing in the form of
cracking. For example, the great dome of Florence stands with 493 symmetrically
distributed cracks of various widths (Suro 1987). The growth of these cracks due to
natural aging or disastrous events can threaten the safety of these masonry domes
regardless of the length of time they may have been safely standing. Furthermore, the
sudden collapse of many historic masonry monuments over the last several decades has
demonstrated the vulnerability of masonry systems to failure with no particular warning
or structural indication of imminent failure; see for example, the Civic Tower of Pavia,
Italy (Binda et al. 1992); the bell tower of St. Magdalena in Goch, Germany (Gantert
Engineering Studio 1993); Cathedral of Noto, Italy (Binda et al. 1999); the bell tower of
the St. Willibrordus Church in Meldert, Belgium (Ignoul and Van 2006); the
Maagdentoren in Zichem, Belgium (Ignoul and Van 2007); the Church of Kerksken,
Belgium (Verstrynge et al 2011).
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Recently, vibration-based structural health monitoring (SHM) techniques have
been increasingly used to help maintain safe and economic operation of aging masonry
structures. The purpose of vibration-based SHM is to exploit the sensitivity of the
vibration signature of a system to the structural damage and has been successfully
implemented to detect the onset of damage in published literature (Atamturktur et al
2011). Detecting the onset of damage, while helpful for efficient and effective
maintenance, is only part of the solution for safe and economic operation of heritage
structures. What is ultimately needed is an assessment of the structural integrity of the
damaged system; therefore estimating the reduction in load carrying capacity after the
onset and progression of damage must be one of the goals of SHM. However, until
recently, little effort has been made to decipher the indirect relationship between the
changes in the vibration characteristics and the reduction in load carrying capacity due to
damage.
Masonry domical structures under excessive loads or support movements develop
meridional and parallel cracks, which cause a reduction in the stiffness of the structure. In
turn, this reduction in stiffness can be detected experimentally through the reductions in
the measured natural frequencies of the dome. Experimental modal analysis (EMA) and
the companion operational modal analysis (OMA) techniques are non-destructive testing
and evaluation methodologies for measuring the modal characteristics of a structure.
These techniques can be conveniently employed to monitor the changes in the natural
frequency of a structure as damage progresses in a non-invasive manner. Aside from
degrading the stiffness, development of meridional and parallel cracks due to distress also
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reduces the strength of the dome. However, the reduction in strength results in the
reduction of the load carrying capacity, which is a challenging property to quantify
without destructive testing (Brown et al. 1995). As it is hard to imagine conducting
destructive experiments on an existing structure, the central query then becomes one of
estimating the reduction in the load carrying capacity due to damage (which we cannot
directly measure) by exploiting the changes in the natural frequencies (which we can
directly measure with EMA and OMA).
The fundamental contribution of this chapter is to exploit the sensitivity of the
vibration characteristics to the structural integrity of the masonry dome and formulate an
empirical relationship between the changes in the natural frequencies and reduction in
load carrying capacity due to damage. Such an empirical relationship is an intrinsic
characteristic of specific type, material, and geometry of a structure and thus must be
treated in a case-specific manner. The proposed approach can be useful for structures
with repetitive components, see for instance the structures studied in (Atamturktur and
Boothby 2010; Atamturktur and Sevim 2011). The proposed empirical relationship, once
successfully formulated for a specific structure type, can be used in practical applications
to assess the remaining load carrying capacity of existing structures.
In the present chapter, this empirical relationship is developed based on a
combined experimental and numerical study completed on a scaled masonry dome
constructed in the laboratory with autoclaved aerated concrete (AAC) tiles and fastsetting gypsum mortar (plaster of Paris). The numerical model of the dome is built in
ANSYS v.13.0, a finite element (FE) analysis tool. The uncertain linear elastic material
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properties of the model, such as the Young’s modulus, are calibrated by comparing the
model predictions against experimentally obtained natural frequencies which are paired
according to mode shape correlations. Next, the nonlinear constitutive behavior is added
to the model and the uncertain nonlinear properties, such as the tensile stress capacity, are
calibrated by comparing the predicted load-displacement relationship to that
experimentally measured in the laboratory. Once a FE model that can accurately
represent both linear (natural frequencies) and nonlinear (load carrying capacity)
behavior of the domes is obtained, the model is then used to simulate the effects of crack
development on both the stiffness (and thus, natural frequency) and the strength (and
thus, load carrying capacity). The gradual reduction in natural frequencies caused by
cracks with increasing lengths up to 0.51 m (20 in.) is documented and correlated with
the corresponding reduction in the load carrying capacity of the dome. A mathematical
function (i.e., an emulator or a surrogate model) is trained to represent this indirect
relationship between natural frequencies and load carrying capacity. The established
empirical relationship is conservative as an upper bound to the reduction in load carrying
capacity is defined and is (to an extent) generally applicable since domes with various
span-to-height ratios are considered.
2.2

Scaled Dome Model
The structure studied herein is a scaled masonry dome built in the laboratory with

the traditional methods of tile vault construction, except for a material change to AAC
tiles. These tiles are lightweight, fire resistant and composed of cement, lime, water,
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sand, and aluminum powder (Costa et al. 2011). The geometric properties of the tested
dome are listed in Table 2.1 and the configuration is shown in Fig. 2.1.
Table 2.1 Geometric properties of the dome.
Properties

Values

Radius of curvature

1.52 m (60 in.)

Span at base

2.13 m (84 in.)

Rise above springing

0.44 m (17.4 in.)

Angle of embrace

45°

Thickness

0.03 m (1.25 in.)

Fig. 2.1. The scaled dome constructed with AAC tile and fast-setting gypsum cement.

2.3

Finite Element Model Development
Although the FE analysis is an efficient method to simulate the behavior of civil

structures, developing an accurate numerical model is a challenging task due to the large
number of assumptions that must be established and the parameters that must be defined.
Masonry construction is a non-homogenous and non-isotropic composite, which in the
dome studied here is composed of individual tile units and mortar joints. The complex
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and irregular nature of masonry construction is responsible for the difficulties in
accurately predicting the structural behavior of such systems. Of course, the problem is
further exacerbated by the degrading effects of aging, such as localized or diffused cracks
and by poorly documented history of structural intervention and rehabilitation schemes.
Although detailed micro-models that incorporate individual tile units and mortar joints
and localized damage are capable of addressing some of the complexities, their
application is primarily restricted to small-scale structures with simple geometric forms
(Lourenço 2002).
In this chapter, the macro-modeling approach is implemented using ANSYS
v.13.0, in which the tile units and mortar joints are smeared together as one continuum
with homogenized properties representative of the combined behavior of the two
components in the masonry assembly (Lourenço 2002). The first step of macro-modeling
is to reproduce the geometry of the structure as precisely as possible. This is
accomplished using the available geometric documentation from the original design of
the dome (see Fig. 2.2.). Even though in Lau (2006), construction imperfections have
been reported to result in ±1.7% deviations between the designed and built dome, in the
FE model, the dome is idealized to have perfectly symmetric geometry. Moreover, the
dome is idealized to have symmetric boundary conditions where the boundaries of the
dome along the bottom edge are kept restrained at all degrees of freedom.
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Fig. 2.2. FE model of the dome (32400 elements).
In FE analysis, obtaining a proper spatial discretization of the solid model, in
which the geometric model is systematically discretized into finite elements, is a critical
step. Indeed, the selected mesh size can drastically affect the accuracy of the numerical
solution. Theoretically, with an infinite number of elements, a complete computational
reproduction of the structure can be achieved; it is of course impractical to use such
excessively large number of elements. Therefore, it becomes important to determine both
the optimal element type and the optimal mesh size that result in converged solutions for
the output of interest, which in this study is the modal and static responses of the tile
dome.
The solution accuracy is monitored for the natural frequencies, static load
carrying capacity and stiffness as the number of finite elements in the model is gradually
increased from 14520 to 49284 (i.e. the mesh size is gradually reduced and the number of
elements gradually increased). Natural frequencies of the six modes of the dome, which
are later presented in Section 4.2 during test-analysis correlation, are monitored. The
asymptotic convergence of the predicted natural frequencies as the mesh is refined is
shown in Fig. 2.3.
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Fig. 2.3. Asymptotic convergence of the six natural frequencies as mesh is refined.
Similarly, for the nonlinear analysis, a vertical 5338 N (1200 lb.) load is gradually
applied within a radius of 0.30 m (12 in.) around the crown of the dome. This
configuration generates force-displacement diagrams and mimics the actual destructive
tests as explained later in Section 5.1. The mesh is refined to ensure that the predicted
ultimate load carrying capacity and stiffness have converged. Similar to mesh
convergence depicted in Fig. 2.3., beyond 30000 elements, further refinement of the
mesh is observed to yield only minimal improvement in predictive capability. As a result,
a mesh with a total number of 32400 elements is implemented to obtain the desired
numerical accuracy for both the linear and nonlinear solutions.
To properly represent the constitutive behavior of the domical structure, a suitable
element type must be defined for the FE model. AAC materials share a similar stressstrain law with that of normal strength concrete (Costa et al. 2011). Developed
specifically for concrete, SOLID65 is a three-dimensional, 8-node solid isotropic element
readily available in ANSYS v.13.0 to model the nonlinearity of brittle materials (ANSYS
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Academic Research 2010). The nonlinear behavior of SOLID65 element is based upon
the Willam-Warnke yield criterion, a constitutive model for the failure and tri-axial
behavior of concrete materials (Willam and Warnke 1975) as seen in Fig. 2.4. Although
the Willam-Warnke yield criterion is developed for concrete material, it has been
demonstrated to be suitable for masonry (Page 1978). There have been several successful
applications of the Willam-Warnke yield criterion to masonry structures; see for instance,
Andreas et al. (2002), who evaluated the lateral load carrying capacity of unreinforced
masonry structures; Truong Hong and Laefer (2008), who compared the different
modeling strategies (micro vs. macro) for masonry underground movements; Aiello et al.
(2006), who evaluated the bond behavior between masonry components; Pallarés et al.
(2009), who carried out seismic analysis of a masonry chimney using different
constitutive models for masonry; Bayraktar et al. (2010), who assessed damage of an
ancient masonry bell tower; and Brencich et al. (2001), who adopted the criterion in the
safety analysis of the masonry dome of Basilica of S. Maria of Carignano.
The SOLID65 element is capable of accounting for cracking in tension with a
smeared crack analogy and crushing in compression with a plasticity algorithm. The
stress-strain relationship of SOLID65 has two phases: linear elastic behavior and
nonlinear behavior after either of the specified tensile or compressive strengths is
exceeded. Cracking or crushing occurs when any of the three principal stresses exceeds
the specified tensile or compressive strength at any of the eight integration points. After
the occurrence of cracking or crushing, a plane of weakness is introduced in the requisite
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principle stress direction, thus decreasing the global stiffness and simulating the
formation of a crack (Fanning 2001).

Fig. 2.4. Simplified stress-strain curve for concrete in ANSYS.
The AAC brick used in this study is mid-grade TruStone AAC TS 3, which has a
compressive strength

f b of 4.14 MPa (600 psi) (TruStone America 2005). The modulus

of elasticity of AAC brick is calculated using Equation (2.1) according to ACI-530
Section 1.8.2.3.1 (MSJC 2008):

Eb  6500( fb)0.6
where

(2.1)

f b is the specified compressive strength (in psi) of AAC masonry.
The modulus of elasticity of the AAC tile is calculated using Equation (2.1) as

2.08 GPa (3.02×105 psi). There are other recommended empirical equations for the
modulus of elasticity of AAC, which are provided in Narayanan and Ramamurthy (2000).
These alternative equations all yield values close to or a range containing the value
calculated using Equation (2.1). In the absence of experimental data, the elastic modulus
of the wet gypsum mortar is initially assumed to be 25% that of the tile yielding 0.52 GPa
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(7.55×104 psi). The Uniform Building Code (UBC-1991) recommends Equation (2.2) to
calculate the modulus of elasticity of the homogenized material of brick and mortar units
(UBCS 1991). The equation considers the thickness and elastic modulus of both the AAC
tile and the mortar to provide an approximate value of the homogenized modulus of
elasticity, Em which is given by

Em 

1  t
Eb
1  t  m

(2.2)

in which Eb is the modulus of elasticity of brick (2.08 GPa (3.02×105 psi));

 m is the

modulus ratio given by E j Eb  0.25 , where E j is the modulus of elasticity of mortar
joints (0.52 GPa (7.55×104 psi)); and  t is thickness ratio given by t j tb  0.125 where

t j is the thickness of mortar joints, (0.01 m (0.5 in.)) and tb is the thickness of brick
along the curvature (0.10 m (4 in.)). Thus, with all required values known, the initial
value of the elastic modulus for the homogenized tile and mortar assembly is calculated
from Equation (2.2) as 1.56 GPa (2.27×105 psi).
The AAC tile used in this study has an approximate dry density of 581.28 kg/m3
(0.02 pcf) (TruStone America 2005). AAC, being quite porous, has a moisture content of
approximately 15-25% (Narayanan and Ramamurthy 2000), which of course leads to an
increase in the density. For new construction, this value can be as high as 45% (RILEM
1993). In this study, the experiments were conducted within 48 hours after the dome was
constructed, therefore an approximate of 35% moisture content is adopted while
calculating the density. The wet density of AAC tile is then calculated as 775.04 kg/m3
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(0.03 pcf). According to the product manual, the wet density of the gypsum cement is
1762 kg/m3 (0.06 pcf) (USG 2011). Therefore, assuming a composition of 60% bricks
and 40% mortar, a homogenized density is calculated to be 1190 kg/m3 (0.04 pcf).
Lau (2006) reports the uniaxial tensile strength test results for the brick-mortar
bond conducted for the scaled tile dome discussed herein. It is reported that the bond has
a tensile strength within a range of 0.07 MPa (10 psi) to 0.27 MPa (39 psi), and with an
average value of 0.16 MPa (23 psi). Accordingly, in this study, the initial value for the
tensile strength of the FE model is defined as 0.16 MPa (23 psi).
Table 2.2 FE model input parameters before and after calibration
(*fine-tuned parameter values)
Parameter
Young’s Modulus*, Em
Poisson’s ratio,
Open shear transfer coefficient,

t

Closed shear transfer coefficient,

c
'

Ultimate uniaxial compressive strength, f c
Ultimate uniaxial tensile strength*,

2.4

ft

Before

After

1.56 GPa

1.55 GPa

0.25

0.25

0.2

0.2

0.6

0.6

4.14 MPa

4.14 MPa

0.16 MPa

0.14

MPa

Test-Analysis Correlation with Non-Destructive Test: Linear Material
Properties Calibration
The natural frequencies of the structure which must be measured to establish the

proposed empirical relationship can be obtained using either experimental modal analysis
(EMA) or operational modal analysis (OMA) techniques. In published literature, both
EMA and OMA have been successfully applied to masonry structures. For EMA, see for
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instance Armstrong et al. (1995), who studied a masonry arch vibrations to detect
spandrel wall separation; Brown et al. (1995), who tested masonry arch bridge prototypes
to determine the development of cracks and hinges under overloading; and Atamturktur
and Boothby (2010), who exploited the vibrations of the cathedral vaults to validate the
numerical models. For OMA, see for instance Gentile and Saisi (2007), who studied a
masonry tower to determine the regions with diffused cracks; Ramos et al. (2010), who
evaluated a historic masonry cathedral and Bayraktar et al. (2011), who studied the
vibration of a minaret to update the numerical the finite element model. Also see
Atamturktur et al. (2011) for a comparison of practical and technical differences of EMA
and OMA techniques as applied to large-scale masonry monuments.
2.4.1 Experimental Campaign
EMA is adapted for the vibration evaluation of the scaled dome by collecting the
acceleration response of the masonry tile dome due to a short-duration hammer impact.
The objective of this dynamic test is to provide physical evidence for the calibration of
the linear parameters entered into the FE model. For the impulse excitation, a 1.01 kg
(2.42 lb.) model 086D20 sledge-hammer manufactured by PCB, Inc. is used. This
hammer is selected due to its capability to excite the frequency range of interest, which is
0-150 Hz (to identify the first 20 modes of the dome). In an effort to maximize the
number of modes that are successfully identified, seven distinct excitation locations are
selected as shown in Fig. 2.5 (Left). PCB Model 393A03 uniaxial seismic
accelerometers, with a frequency range of 0.3-4000 Hz and a sensitivity of 10 volts/g, are
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used during the test. The accelerometers are arranged at 19 locations over outer surface of
the dome as shown in Fig. 2.5 (Right).

Fig. 2.5. (Left) Excitation points, (Right) Measurement points.
The data is processed and recorded by SigLab data acquisition system,
manufactured by Spectral Dynamics, Inc. The time domain response measurements are
obtained with a record length and sampling frequency of 2048 samples and 1000 Hz,
respectively. The responses are recorded within 4 seconds, which fully capture the
response of the dome in a single time frame, thus preventing the leakage of higherfrequency energies over the lower frequencies. The short duration impact of the hammer
excites the tile dome to vibrate at a wide range of its inherent natural frequencies until the
response dies out exponentially. A typical time domain measurement of hammer impulse
and acceleration response can be seen in Fig. 2.6. As seen in this figure, the
measurements are collected over 4 seconds to allow for the decay of the dome’s vibratory
response, which eliminates the need for window functions. The measurement duration is
determined by the desired frequency bandwidth and resolution. All variables of signal
processing equipment are given in Table 2.3.
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Fig. 2.6. Typical response history measurements: (Left) hammer impact, (Right)
vibration response
Table 2.3 Variables of the digital signal-processing.
Parameter Description

Parameter Value

Data acquisition time

4.0 s

Frequency resolution

0.25 Hz

Frequency bandwidth

200 Hz

Frequency range of interest

60-200 Hz

Sampling frequency resolution

1000 Hz

Total number of samples

2048

Number of frequency lines

800

Number of averages

5

Window function

Boxcar (no window)

The frequency response functions (FRFs), which are the ratio of the output
response of a structure to an applied force in the frequency domain are calculated.
Assuming an accurate measurement of the excitation force, SigLab accounts for
uncertainties and noise in the response signals, and thus uses an H1 FRF estimator
(Rocklin et al. 1985). As recommended by Atamturktur et al. (2009), FRFs obtained for
five repeated tests are averaged to reduce the degrading effects of ambient vibrations.
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Observing the coherence functions ensure the quality of the measurements as did
reciprocity and linearity checks.
Reciprocity of the dome measurements is checked by comparing the response at
Point 10 due to an excitation at Point 6, against the response at Point 6 due to an
excitation at Point 10 (see Fig. 2.7.). In reciprocity checks, the discrepancies may derive
from many sources (e.g. test-to-test variability caused by the hammer excitation,
accelerometer setups, ambient vibration from the environment, and testing equipment
noise) (Atamturktur et al. 2009). In Fig. 2.7., over the frequency range of 0-200 Hz, the
area between the two FRF curves is approximately 11.76% of the average area of the two
FRFs. Despite this deviation, the peaks are closely adjacent with an average deviation of
3.9% for the six modes of interest. This limited variability indicates that the modal
parameter identification is minimally affected; thus the reciprocity between the two
FRFs, and thus the linear behavior of the structure, is deemed acceptable.

Fig. 2.7. Reciprocity check between Points 6 and 10.
In theory, as a linear system should have identical FRFs at different magnitudes of
hammer excitation, the linear response of the dome can also be checked by comparing the
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FRFs obtained at different excitation levels. Fig. 2.8. shows the linearity check through a
comparison of the responses and the coherence functions of the driving point
measurements2 with two levels of excitations. Over the frequency range of 0-200 Hz, the
area between the two FRF curves obtained with 27.22 kg (60 lb.) and 45.36 kg (100 lb.)
excitations is approximately 1.53% of the average area of the two FRFs. The peaks in the
FRFs are less influenced by the change in the excitation force with an average deviation
of 2% in the natural frequencies.

Fig. 2.8. Linearity check (Top) the driving point FRF for the crown of the dome,
(Bottom) the corresponding coherence function.
Using PULSE Reflex version 15.0.0, manufactured by B&K Company, system
identification of the natural frequencies and mode shapes is conducted, the result of
which are discussed in the next section.

2

Driving point measurement indicates a measurement where the excitation and measurement locations are
identical.
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2.4.2 Test-Analysis Correlation
Since the FE model is used to predict the changes in the natural frequencies as a
result of development and propagation of cracks, it is critical to ensure that it reproduces
the natural frequencies of the actual tile dome accurately. However, while comparing
measured and calculated natural frequencies, it is most important to ensure that the modes
are paired in a correct sequence such that natural frequencies are correctly compared
against each other, i.e., measured first bending mode is compared against the calculated
first bending mode. Therefore, we first pair the measured and calculated natural
frequencies according to their mode shape vectors. We verify each pair by both visually
correlating the mode shapes and checking the Modal Assurance Criterion (MAC) values
(see Table 2.4).
Table 2.4 presents this test-analysis correlation for the six modes of the dome,
where the maximum deviation between the natural frequencies is approximately 8%.
Table 2.4 also presents the visual comparison of mode shapes along with the MAC values
between the measured and calculated modes with an average of 0.73. For the first four
modes, the MAC values are above 0.7 indicating sufficiently well correlated modes. The
fifth and sixth modes however yield lower MAC correlations. Satisfactorily high MAC
values for the first four modes and the clear visual agreement of the last two modes in
combination enable us to verify the mode shape sequence. While obtaining the agreement
presented in Table 2.4, one of the linear material property values listed in Table 2.2, the
homogenized Young’s modulus, Em, is calibrated from 1.56 GPa to1.55 GPa.
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Table 2.4 Comparison of the predicted and measured natural frequencies and
corresponding mode shapes.
Frequency
Disagreement

MAC
Correlation

Analytical
Mode Shape

Experimental
Mode Shape

2.90%

0.81

74.5 Hz

72.4 Hz

0.76

80.6 Hz

78.2 Hz

0.78

80.8 Hz

86.2 Hz

0.87

86.9Hz

90.6 Hz

0.69

88.4 Hz

96.1 Hz

0.48

96.6 Hz

98.5 Hz

MODE 1
3.07%
MODE 2
6.26%
MODE 3
4.08%
MODE 4
8.01%
MODE 5
1.93%
MODE 6
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2.5

Test-Analysis Correlation with Destructive Test: Nonlinear Material
Properties Calibration
In published literature, researchers have frequently resorted to destructive

experiments to determine the load carrying capacity of masonry structures. Balaji and
Sarangapani (2007) conducted a load-to-failure test on a scaled dome model built with
brick and mud mortar. Deflections of the dome were measured as a function of the
uniformly distributed load applied evenly on the dome and simultaneously, propagation
of meridional cracks was recorded. In this study, a gradual reduction of stiffness was
observed as the cracks develop. There has been a greater interest in conducting
destructive experiments on masonry arches compared to domes, owing the need to assess
the load carrying capacity of masonry arch bridges. Load-to-failure tests on arch bridges
were completed in numerous studies; see Page (1995) and Boothby et al. (1995) for field
testing on in-service masonry arch bridges, see Page (1989) for full-scale destructive
testing of an arch-bridge, Gilbert and Melbourne (1994), Søyland and Rosson (1995), and
Royles and Hendry (1991) for destructive testing of scaled masonry arch bridge models.
Perhaps the most relevant earlier published work in the literature is Brown et al.
(1995), through which a masonry arch bridge was incrementally loaded to failure in the
laboratory with a vertical load at its quarter span. During this experiment, authors have
conducted experimental modal analysis to observe the changes in the natural frequencies
of the arch and observed a 10% reduction in the first natural frequency between the onset
of damage and the formation of first hinge. As the damage in the arch bridge was further
increased, progressive reduction in natural frequencies was observed. Brown et al. (1995)
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also proposed a novel “serviceability threshold criterion” to relate the load carrying
capacity of the damaged arch bridge to its natural frequency.
2.5.1 Experimental Campaign
A load-to-failure test is conducted on the masonry tile dome studied herein to
evaluate both the load-displacement behavior and failure pattern under a distributed load
applied at the crown (see the test setup in Fig. 2.9.). Load is gradually applied within a
radius of 0.30 m (12 in.) around the crown of the dome. The applied load and the
deflection of the dome are measured until the dome reached collapse.

Fig. 2.9. Experimental setup for the destructive testing (Ramage (2006), with
permission).
2.5.2 Test-Analysis Correlation
During the load-to-failure evaluation, the structure enters into the nonlinear range
and therefore, the available destructive test data can be used to calibrate the nonlinear
material properties entered into the FE model. Consistent with the experimental
campaign, a 5.34×103 N (1200 lb.) vertical force is applied over a circular region with a
0.30 m (12 in.) radius at the top of the FE model. The comparison of the calculations with
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measurements given in Fig. 2.10. yields a good agreement, where the difference between
the average stiffness is approximately 2.9% within the elastic range. The stiffness is
calculated from measurements as the average of 201 experimental data points and from
calculations according to the ultimate load carrying capacity and the corresponding
displacement as shown in Fig. 2.10. The mean value of the maximum load during the
experiment is approximately as 3.98×103 N (895.66 lbf), while the FE model has a load
carrying capacity of 3.96×103 N (889.32 lbf), which yields a difference of 0.71%. To
obtain such agreement as presented in Fig. 2.10., the ultimate uniaxial tensile strength,

f t , is fine-tuned and is reduced from 0.16 MPa to 0.14 MPa.

Fig. 2.10. Test and simulation correlation.

2.6

Simulation of Damage via Experimentally Informed FE Models

2.6.1 Crack Pattern and Modeling
A common feature of unreinforced masonry domes is that under vertical loads the
lower portion of the dome tends to spread outward. The resulting hoop tension then
causes meridional cracks at the base, ultimately resulting in the separation of the dome
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into a series of arches with the top portion acting as a common key stone (see Fig. 2.11
(Top)) (Heyman 1995; Fraternali 2010). Such behavior, which has been observed in
many historic domes, was the primary motivation for the invention of the tension ring
placed at the base of domes, see for instance the dome of Hagia Sophia where continuous
iron clamps were used between bricks to resist the hoop forces (Mainstone 2001). For
domes with tension rings, although a similar crack pattern may be observed, the cracks do
not reach the base of the dome since the tension ring prevents opening of the cracks (Fig.
2.11 (Bottom)).

Fig. 2.11. (Top) Spherical masonry domes without hoop tension carrying mechanism:
aerial and plan view of cracks (reproduced with permission, (Heyman 1995)); (Bottom)
Spherical masonry domes with a tension ring: aerial and plan view of cracks.
Although a dome may remain stable after the occurrence of cracks, owing to the
inherent ductility of masonry construction (Abrams 1992), the propagation of such cracks
definitely degrades the strength of the dome. These cracks can threaten the structural
integrity if they become too extensive, as with the unforeseen collapse of the domes of
the Noto Cathedral (Tringali et al. 2000). It is precisely this degradation in strength after
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the onset of damage (in this particular study, after the development of cracks) that must
be determined for appropriate management and maintenance of masonry structures.
2.6.2 FE Analysis of the Crack Distribution
To simulate a scenario in which cracks develop in the masonry tile dome due to
overloading, the load applied at the crown of the dome is gradually increased. As the load
increases, the middle part of the dome bulges outward, thus resulting in hoop tension
around the circumference of the dome. Fig. 2.12. shows the distribution of the first
principal stress of the dome under the static load. The shaded area indicates regions
where tensile stress levels exceed the tensile strength of the material, which initiates the
crack formation. This simulation supplies a series of symmetrically distributed crack
locations that are further discussed in Section 6.3.

Fig. 2.12. 1st principal stress distribution above the tensile stress capacity (>0.14 MPa (20
psi)).
2.6.3 FE Modeling of the Damaged Dome
For modeling cracks in FE analysis, two distinct methods are adopted in
literature: smeared crack models and discrete crack models. A smeared crack model is a
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suitable representation when an abundance of minor cracks are distributed across the
structure, while discrete crack modeling is suitable to represent the actual discontinuity in
the deformations if the problem only involves a few dominant cracks where the cracks
are isolated and significant in size (Ngo and Scrodelis 1967).
Discrete crack modeling changes either the geometry or the mesh topology of the
model to create a gap (or void) in the model that represents the crack (Fig. 2.13.). Here,
the initial four major cracks that represent the damaged state of the dome are modeled by
introducing a mesh discontinuity. During the nonlinear load-to-failure analysis, as the
applied loads are gradually increased, minor distributed cracks emerge that are
represented by the inherent smeared cracking capability of the SOLID65 elements readily
available in ANSYS v.13.0.

Fig. 2.13. Cracks introduced to the FE model through mesh discontinuities.
When the mesh topology is being modified to introduce the meridional cracks into
the FE model, it is important to automate the process in such a way that the mesh is kept
identical for each model to avoid numerical uncertainties interfering in the comparisons.
For increasing lengths of cracks from 0 to 0.51 m, the FE model is executed to predict the
natural frequencies (see Table 2.5 and Fig. 2.14.) and the load carrying capacity (see
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Table 2.6 and Fig. 2.15.) to study the changes in the response of the increasingly
damaged dome models.
The reductions in the natural frequencies due to the increasing levels of initial
damage are presented in Fig. 2.14. Herein, the emphasis is on the same six modes
presented earlier in Section 4.2 (recall Table 2.4). Fig. 2.14. illustrates that the decrease in
natural frequencies caused by the progression of cracks is more evident for the first
mode. This observation is also confirmed for cracks distributed in an asymmetrical
manner where the first mode is consistently observed to be the most sensitive to crack
development.
Table 2.5 Modal analysis solutions, natural frequencies (Hz).
Health State

Mode 1

Mode 2

Mode 3

Mode 4

Mode 5

Mode 6

No Cracks (Healthy)

74.47

80.61

80.76

86.93

88.38

96.62

0.13 m (5 in.) Cracks

74.15

80.20

80.68

86.66

88.11

96.32

0.25 cm (10 in.) Cracks

72.01

78.92

78.93

82.58

84.04

96.14

0.38 cm (15 in.) Cracks

63.88

72.40

76.23

77.82

79.28

93.77

0.51 cm (20 in.) Cracks

53.86

66.36

75.53

75.96

77.42

87.48

Fig. 2.14. Natural frequencies of the five health conditions.
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Using the FE models developed with cracks of increasing length, static analysis is
conducted as discussed in Section 5.2 with a distributed load applied at the crown. FE
model is used to calculate the reduction in the load carrying capacity of the dome that is
increasingly damaged with cracks. A comparison between the load carrying capacities of
the damaged and undamaged domes is plotted in Fig. 2.15.

Fig. 2.15. Comparison of load carrying capacity of damaged and undamaged models.
To evaluate the influence of the damage on the structural strength of the dome,
ultimate load carrying capacity, displacement at the ultimate load and stiffness are
extracted from the load vs. displacement diagrams (Table 2.6). Ultimate load carrying
capacity is determined by the yield point, beyond which the dome further displaces with
no increase in load. The stiffness is calculated as the slope of an imaginary line between
the origin and this yield point where the ultimate load carrying capacity is reached. Table
2.6 shows that a 0.13 m (5 in.) crack has little influence on the load carrying capacity and
stiffness of the dome and causes only a 0.15% reduction in load carrying capacity and a
0.36% reduction in stiffness. After the length of the crack increases from 0.13 m (5 in.) to
0.25 m (10 in.), however, a clear drop in both the load carrying capacity and stiffness of
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the structure becomes evident where the load carrying capacity is reduced by 26.4% and
stiffness is reduced by 26.6%.
Table 2.6 Comparison of the simulated mechanical behavior of the dome.
Health State

Healthy

0.13 m
(5 in.)

0.25 m
(10 in.)

0.38 m
(15 in.)

0.51 m
(20 in.)

Capacity (N)

3960.2

3954.4

2913

2834.3

2750.4

0.62

0.62

0.62

0.62

0.63

6397.2

6374

4690.5

4554.5

4365.7

Ultimate displacement
(10-3 m)
Stiffness (103 N/m)

2.6.4 Formalizing a Semi-empirical Relationship
Due to the unavoidable limitations in computational resources, the relationship
between reduction in the first natural frequency and the load carrying capacity is
simulated only at a limited number of discrete crack lengths. However, it is of interest to
estimate this relationship for all levels of crack severity including the crack lengths for
which simulations are not obtained. This relationship should of course be defined
conservatively, meaning that the reduction in the load carrying capacity must not be
underestimated.
The semi-empirical relationship developed based on the data presented in Fig.
2.14. and 2.15. would of course be only valid for the tile dome studied here, since any
such semi-empirical relationship is expected to vary depending on material properties,
boundary conditions and geometric characteristics. However, by incorporating material
properties and geometric characteristics in the training process, this relationship can be
made more generally applicable. To demonstrate the concept, here we study spherical
domes with varying span-to-height ratios. A total of seven span-to-height ratios varying
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between 0.15 and 0.40 are investigated (0.15, 0.20, 0.21, 0.25, 0.30, 0.35, 0.40) each with
five levels of crack severity varying from none to 0.51 m cracks. A total of 35 computer
runs are executed with symmetrically distributed cracks of varying length.
Many mathematical functions can be implemented to define this relationship;
preference of one over the other can be determined by the errors associated with the fit as
well as the robustness of the fit. As stated by the Weierstrass Approximation Theorem,
any real-valued continuous functions are approximated on a closed and bounded interval
by polynomials given in a generic form in Equation (2.3), to any desirable degree of
accuracy by increasing the polynomial order p (Atkinson and Han 2009; Mastroianni and
Milovanovic 2008).
p

  a1   a j  j

(2.3)

j 2

Equation (2.3) presents a power function, in which the power of  can take any real
value. In polynomials, these powers are non-negative integers.

  a1  a2    a3 ( 1)  a4  ( 2)  a5  ( 3)

(2.4)

where  is the reduction in load carrying capacity (a quantity that is hard to measure),
 is the reduction in the natural frequency (a quantity that is convenient to measure),



is the height-to-span ratio. Recognizing that   0 and   0 , and enforcing a  0 , the
polynomial given in Equation (2.4) will be monotonic and strictly increasing in nature
and therefore suitable for our application, as a higher reduction in natural frequencies
should indicate a higher degradation in load carrying capacity.
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To train an emulator representing the semi-empirical relationship, we seek the
coefficients a of Equation (2.4). In doing so, we minimize the objective function defined
as the sum of the square of the differences between the emulator and the available
simulation data points as shown in the following optimization problem:
N

Obj (a1 , a2 ,..., a5 )   ([a1  a2  j j  a3  j


( j 1)

j

( j 1)

j 1

[ a1  a2  j  a3  j

where Obj is the objective function,

 a4  j
 a4  j

( j  2)

( j  2)

 a5  j
 a5  j

( j 3)

( j 3)

]   j )2

(2.5)

]   j j=1,...N Constraints

a1 , a2 ,..., a5 are coefficients of the power function

that are considered as optimization variables and N is the number of available simulation
data points. Additional constraints are assigned to assure that the load carrying capacity
reduction in the emulator is always higher than the simulated results such that the
emulator is a conservative upper-bound. The

fminsearch function in MATLAB is

implemented for the optimization problem (Lagarias et al. 1998). For the dome studied
here, the coefficients are obtained to be α1=3.78, α2=18.98, α3=6.45, α4=1.47 and
α5=3.46. The power function obtained with these coefficients supply a conservative upper
bound as depicted in Fig. 2.16 (Left).

Fig. 2.16. (Left) Span-to-height ratio of 0.21 representing the dome studied herein;
(Right) Span-to-height ratio of 0.35.
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Fig. 2.17. demonstrates the three-dimensional plots of the functional relationship
defined in Equation (2.3) for domes of same thickness but with height-to-span rations
varying from 0.15 to 0.50. This functional form, given in Equation (2.3) and
demonstrated in Fig. 2.17. can be improved by increasing the number of simulation runs
and can be made more generally applicable by considering the different thicknesses,
boundary conditions and materials that can be used for masonry domes. Therefore, the
semi-empirical relationship presented herein should be considered to be for
demonstration purposes only.

Fig. 2.17. Semi-empirical formulation between the first natural frequency and the load
carrying capacity of spherical domes for varying span-to-height ratios.

2.7

Conclusions
Damage to a structural system causes degradation in not only the strength but also

the stiffness of the structure. The degradation in strength manifests itself as reduced load
carrying capacity; while degradation in stiffness influences the increased deformations.
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For instance, a damaged structure becomes less stiff compared to its healthy counterpart,
and thus deforms more under the same loading condition. Similarly, a damaged structure
can be expected to have lower natural frequencies compared to its healthy counterpart.
Measuring the reduction in load carrying capacity due to the presence of damage
requires some form of destructive testing and thus in practical applications is not feasible.
However, the vibration characteristics, which are also sensitive to the presence of
damage, can be conveniently measured in a non-intrusive and non-invasive manner from
an existing structure. If this indirect relationship between the reduction in load carrying
capacity and changes in the vibration response can be determined for a structure, then by
monitoring the vibration characteristics, infrastructure managers can determine the
remaining strength. Accordingly, the infrastructures can prescribe timely and effective
maintenance and rehabilitation campaigns preventing potentially unforeseen catastrophic
failures of historic masonry monuments.
In this chapter first, considerable efforts are made to develop a FE model that is a
sufficiently accurate representation of both the vibration characteristics (i.e. natural
frequencies) and the load carrying capacity of a scaled laboratory dome built with AAC
tile and plaster of Paris. For these purposes, natural frequencies measured during nondestructive tests and load-displacement curves obtained during destructive tests are used
to fine-tune the imprecise material properties of the FE model. Next, the calibrated FE
model is used to predict the reduction in the load carrying capacity and in the first natural
frequency of the dome as the dome is progressively damaged. The simulated damage
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pattern is in the form of four, symmetrically distributed discrete cracks. The damage
severity is gradually varied from no cracks to four 0.51 m (20 in.) cracks.
The obtained simulation based results are used to train an emulator representing a
conservative upper bound for the indirect relationship between the changes in vibration
response and the reduction in load carrying capacity. This semi-empirical relationship is
of course only valid for the tile dome studied herein and would vary depending on the
material properties, geometric characteristics and type of the damage. In an attempt to
make the obtained empirical relationship more generally applicable, the relationship
between strength and stiffness is studied for domes with varying span-to-height ratios. An
emulator is trained that contains a variable for the span-to-height ratios and then plotted
for various geometric configurations. Future studies should follow to seek generally
applicable trends and relationships for varying material properties and damage types.
In this study, the first mode frequency exhibited the greatest sensitivity to crack
development and is therefore used as the basis for the development of the empirical
relationship. However, even for domes with similar geometric properties, the most
sensitive mode may vary depending on the cause and type of damage. For example,
differential support settlement may cause a different damage scenario than a distributed
load on the crown, to which a mode frequency other than the first might be more
sensitive. One approach to ensuring sensitivity to a wide range of damage scenarios that
the domes studied here may experience would be to develop the empirical relationship
considering all six modes as proposed by Prabhu and Atamturktur (2011), where
assimilation techniques are utilized to increase the sensitivity to damage.
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This chapter introduces a novel concept that can ultimately be applied to a wide
range of structures. Of course, such empirical relationship between strength and stiffness
will need to be defined for various structure types in future applications. When
successfully developed and validated, such empirical relationship has the potential to
improve the serviceability assessment of existing structures.
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CHAPTER THREE
FIDELITY AND ROBUSTNESS OF DETAILED MICRO-, SIMPLIFIED MICROAND MACRO-MODELING TECHNIQUES FOR A MASONRY DOME

3.1

Introduction
The structural analysis of masonry construction has been approached through both

experimental and numerical studies. Researchers have conducted various experimental
campaigns, including full-scale (Laefer 2001) and component tests (Gabor et al. 2006;
Maheri and Najafgholipour 2011) that are destructive (Lau 2006) or non-destructive in
nature (Armstrong et al. 1995; Salawa and Williams 1995; Gentile and Saisi 2007).
Although experiments supply critical insights into the behavior of masonry construction,
experimental observations are limited to the conditions, under which the tests are
completed, making it necessary to conduct a new set of experiments each time there is a
need to study a different condition, such as different loading or boundary conditions
(Zucchini and Lourenço 2002). Thus, experimental studies alone are unable to provide
the full picture of the mechanical behaviors of masonry due to the impossibility of
representing all desired configurations in the experiments.
On the other hand, numerical models supply the versatility to simulate virtually
all loading and boundary conditions with minimal added cost. Therefore, advanced
numerical modeling has been routinely pursued to provide a more in-depth understanding
of the structural response of masonry under various loading conditions (Lourenço 2002).
The accuracy of model solutions however, hinges on the adequacy of the model used to
describe the behavior of the composite masonry assembly. Here, “model” refers not only
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to the geometrical representation of the composite assembly but also to the constitutive
behaviors of the masonry and mortar components. As seen, numerical models without
experimental substantiation are mere speculations, and thus, it is crucial to validate model
predictions against experiments. Therefore, the study of masonry construction requires a
combined experimental and numerical program. Such a program should focus not only on
the individual components of masonry units and mortar joints considering inherent planes
of weakness, but also on the masonry composite assembly as a whole.
Confining our focus on finite element (FE) implementations, there are three
plausible modeling strategies dedicated to masonry structures, which vary in the
mechanical and constitutive detail they entail: (i) detailed micro-modeling, (ii) simplified
micro-modeling and (iii) macro-modeling (shown in Fig. 3.1.) (Rots 1991; Lourenço,
2002). For the last three decades, modeling strategy suitable for a particular application
was chosen through expert judgment considering the available computational capabilities
and resources as well as the level of desired detail in results (Truong Hong and Laefer
2008). There has been much debate on the use of these modeling approaches, resulting in
several studies comparing the predictive performance of these three masonry-specific
modeling schemes (Lourenço et al. 1995; Truong Hong and Laefer 2008; Annecchiarico
et al. 2010). The comparative studies available in the literature focus primarily on
masonry shear walls or small-scale cutouts from walls. No prior studies are available
however, that focus on the entirety of the structure or on structures with single or double
curvature, such as an arch or dome.
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To address the existing gap in the literature, this study presents a comparison of
detailed micro-modeling, simplified micro-modeling and macro-modeling techniques as
applied to an unreinforced masonry dome constructed according to timbrel vaulting style.
The comparison presented herein evaluates not only the fidelity of the model predictions
to experiments, but also the robustness of the predictions to uncertainties in input
parameters. The fidelity of the three modeling approaches in predicting the modal
parameters (i.e. natural frequencies and mode shapes) through a linear analysis and loaddisplacement relationship through a nonlinear analysis are evaluated by correlating the
simulations to experimental measurements obtained from non-destructive, dynamic and
destructive, static testing, respectively. The robustness of the three modeling approaches
to uncertainty in the Young’s modulus and tensile strength of the brick units are
evaluated by quantifying the self-consistency of load-carrying capacity predictions.
This chapter first provides a brief overview of three masonry-specific
computational modeling strategies followed by an overview of the details of the masonry
dome specimen built and tested in the laboratory. Next, the development of the three FE
models and experimental campaigns are presented for the masonry dome studied herein.
The numerical model predictions are then correlated with experimental counterparts and
thus, the three alternative modeling strategies are compared based on the model fidelity.
Aside from fidelity to experiment, the robustness of the three FE models to potential
variations of the model input parameters are assessed by quantifying model uncertainty.
Finally, concluding remarks and a summary of the main findings are provided.
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3.2

FE Modeling Strategies for Masonry Construction
In the most general sense, computational modeling of masonry can be divided

into micro- and macro-modeling. In micro-modeling, the masonry units and mortar joints
are modeled as individual constituents; while in macro-modeling, these constituents are
smeared into a continuum. Micro-modeling is further divided into two subcategories as
shown in Fig. 3.1 (Left and Middle) depending on the interpretation of the mortar joints:
detailed and simplified micro-modeling.

Fig. 3.1. Modeling schemes: (Left) detailed micro-modeling, (Middle) simplified micromodeling, (Right) macro-modeling.
Detailed micro-modeling supplies the most realistic representation of the masonry
composites. The masonry units and mortar joints are modeled separately and can be
assigned with individual constitutive laws and material properties. Owing to strict aspect
ratio requirements of finite elements and the narrow geometry of the mortar joints, the
detailed micro-model requires a very fine mesh in the FE model and therefore, demands
considerable computational resources. As a result, micro-models are generally built for
masonry components or periodic cells of small scale primarily for the study of
homogenization techniques (Zucchini and Lourenço 2002). In detailed micro-modeling,
the degrees of freedom of the nodes at the interface are typically coupled preventing
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bond-slip failure as discussed in Gabor et al. (2006), Shieh-Beygia and Pietruszczak
(2008), Lüet al. (2011), and Maheri and Najafgholipour (2011).
In simplified micro-modeling, the bricks and surrounding mortar are smeared into
homogenized, fictitious ‘units’ bonded by zero-thickness interface elements, which
represent the planes of weakness inherent in masonry construction. The mortar joints
therefore are lumped into interface elements, which represent cracking and slipping
planes (Page 1978; Lourenço 1994). Typically, homogenization techniques are applied to
obtain the effective material properties for the fictitious unit (Sacco 2009). Although the
units can be modeled to represent material nonlinearity, cracking and splitting is typically
realized at the interface, leading to a dominantly linear behavior in the unit. With this
modeling scheme, a certain loss in accuracy is expected since the simplified micromodeling neglects the Poisson effect of the mortar (Lourenço 2002). Many studies can be
found in published literature detailing the adoption of the simplified micro-modeling
strategy (Chiostrini et al. 1989; Lourenco and Rots 1997).
Conversely, macro-modeling smears the bricks and mortar joints as well as the
brick-mortar interface into one continuum assuming homogeneous material properties
(shown in Fig. 3.1 (Right)). In macro-modeling, the values of the parameters that
describe the brick-mortar continuum can be obtained through either experiments
conducted on material components (Lourenço et al. 1998) or homogenization techniques
(Zucchini and Lourenço 2007). Through this approach, not only geometric configuration
of units and joints, but also their material properties are approximated, significantly
sacrificing the accuracy of the local stress and deformation predictions. However, macro-
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modeling can be used with success to predict the global properties of full-scale masonry
models with large dimensions, such that stresses along finite elements can be considered
uniform. Because of its computational efficiency, macro-modeling is routinely adopted in
published literature (DelloRusso et al. 2008, Teomete and Aktaş 2010, Atamturktur and
Sevim 2011; Atamturktur et al. 2012). However, note that with this approach, local stress
concentrations at the brick and mortar interface cannot be represented.
3.3

Scaled Dome Model
The structure analyzed in this study is a scaled masonry dome constructed in the

laboratory, the geometry and dimensions of which are shown in Fig. 3.2. The single layer
brick dome is made of Autoclaved Aerated Concrete (AAC) tiles and Hydrocal White
Gypsum Cement, using a construction technique similar to timbrel vaults (Ochsendorf
and Freeman 2010; Atamturktur and Boothby 2007). The tiles at the base of the dome
have the geometry of 0.203 m×0.102 m×0.032 m. Tile dimensions decrease towards the
crown as tiles are cut for a tighter fit. The masonry dome is confined with a steel tension
ring at its bottom to resist outward thrust (Ramage 2006).

Fig. 3.2. (Left) the masonry dome model, (Right) the geometry of the dome model.
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3.4

FE Model Development of the Scaled Masonry Dome
In this study, the FE models are developed in ANSYS v.13.0. The models are

executed to obtain modal and static analysis results for the purpose of comparison against
experimental observations, as it will be discussed later.
3.4.1 Detailed Micro-Model
The detailed micro-model shown in Fig. 3.3. includes 74826 elements (35271 for
brick units and 39555 for mortar) and 102932 nodes. The interface is represented
assuming a complete bond between mortar and brick, and thus, assuming cracks only
develop in the body of the mortar and brick.

Fig. 3.3. Detailed micro-model: (Left) brick units, (Right) mortar joints.
In the detailed micro-model, SOLID65 element specifically developed for brittle
materials is utilized (Truong Hong and Leafer 2008; Lü, et al. 2011; Maheri et al. 2011).
As the SOLID65 element implements Willam-Warnke failure criterion (Willam and
Warnke, 1975), both crushing and cracking failures in three orthogonal directions are
considered. The parameters for Willam-Warnke constitutive model, i.e. tensile and
compressive strength, are taken from experimental data provided by Lau (2006).
With SOLID65 elements, cracks are allowed to retain partial shear transfer
capabilities through a shear transfer coefficient. The typical range of the shear transfer
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coefficient is from 0 to 1.0, with 0 meaning smooth crack (no shear is transferred) and 1.0
meaning rough crack (all shear is transferred). The shear transfer coefficient in this study
is set to 0.2 (Queiroz et al. 2007) and 0.8 (Al-Kashif et al. 2012), for open and closed
cracks, respectively.
The Young’s modulus of the brick is calculated as 2.08 GPa using Equation (2.1)
(MSJC 2008):
Eb  6500( fb)0.6

(2.1)

where f b is the compressive strength (in psi) of AAC brick. The Young’s modulus of the
mortar is assumed to be 25% of that of the bricks. A Poisson’s ratio of 0.25 is adopted for
the bricks as recommended by earlier studies (Harry 1988; Anthoine and Taucer 2006),
while a value of 0.30 is selected for the mortar as it is a softer material than brick. The
density of the brick is measured in the laboratory under moist conditions and the density
of the mortar is provided in a product manual for white gypsum cement (USG 2012). The
material properties of the brick and mortar components are summarized in Table 3.1.
Table 3.1 Material properties of the masonry components for the detailed micro-model
Material Properties

Brick Unit

Mortar Joint

Open shear transfer coefficient

0.2

0.2

Closed shear transfer coefficient

0.8

0.8

Compressive strength

4.14 MPa

2.32 MPa

Tensile strength

0.36 MPa

0.16 MPa

Young’s modulus

2.08 GPa

0.52 GPa

0.25

0.30

775 kg/m3

1762 kg/m3

Poisson’s ratio
Density
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3.4.2 Simplified Micro-Model
In the simplified micro-model, the expanded units are modeled with SOLID65
elements and joints are modeled with zero-thickness CONTA174 and TARGE170
interface elements. These contact and target elements are capable of representing splitting
and sliding failures between 3D surfaces. In the FE model shown in Fig. 3.4., 21564 solid
elements, and 10080 contact and target elements are employed resulting in 23826 nodes.

Fig. 3.4. Simplified micro-mode: (Left) FE model geometry, (Right) FE mesh
The sliding behavior of the contact pair is governed by Mohr-Coulomb criterion,
for which the coefficient of friction, and contact cohesion coefficient must be defined. In
published literature, the coefficient of friction is reported to vary within 0.3-1.2 (Paulay
and Priestley 1992). In this study, a coefficient of friction of 0.65 and a contact cohesion
coefficient of 0.21 MPa are defined. Moreover, contact opening stiffness functions as a
weak spring between contact bodies to ensure solution stability. A contact opening
stiffness of 0.16 MPa is defined. The parameters for the contact pairs are listed in Table
3.2.
Table 3.2 Parameters for the contact pair
Parameter Contact Opening Stiffness Friction Coefficient Contact Cohesion
Value

0.16 MPa

0.65
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0.21 MPa

For simplified micro-model, the Young’s modulus of brick and mortar (given in
Table 3.1) are homogenized to attain the effective Young’s modulus of the fictitious,
expanded unit according to Equation (3.2) (Atamturktur and Sevim 2012):

L L L L
Eeff   m  b 
Eb 
 Em

1

(3.2)

where, Eeff is the effective Young’s modulus of brick and mortar; Eb is the Young’s
modulus of brick from Table 3.1; Em is the Young’s modulus of mortar from Table 3.1;

Lb is the length of brick (in the direction of interest); Lm is the length of mortar; and L is
the total length of the brick and mortar.

Fig. 3.5. Geometry of a homogenized unit
A brick tile along with its surrounding mortar is considered for the
homogenization process, as shown in Fig. 3.5. The effective Young’s modulus is
acquired in two steps, first through homogenization in the hoop direction and next, in the
meridional direction as shown in Fig. 3.6. The original values of Young’s modulus,
dimensions of brick and mortar, and calculated results are summarized in Table 3.3. A
mean value of 1.67 GPa is calculated for the Young’s modulus for the expanded,
fictitious unit, considering it as an isotropic material.
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Fig. 3.6. Homogenization technique for simplified micro-modeling
Table 3.3 Material and geometric parameters for the homogenization process
Hoop Direction

Meridional Direction

Eb

2.08 GPa

Em

0.52 GPa

Lb

0.20 m (8 in.)

0.10 m (4 in.)

Lm

0.01 m (0.5 in.)

0.01 m (0.5 in.)

L

0.21 m (8.5 in.)

0.11 m (4.5 in.)

Eeff

1.77 GPa

1.56 GPa

The effective density of the fictitious unit is calculated using Equation (3.3):



b Lbh Lbm  m  Lh Lm  Lbh Lbm 
Lh Lm

(3.3)

where b is the mass density of brick,  m is the mass density of mortar, Lbh is the length
of brick in the hoop direction, Lbm is the length of brick in the meridional direction, Lh is
the total length of brick and mortar in hoop direction, and Lm is the total length of brick
and mortar in the meridional direction. The initial density values of the tile and mortar are
taken from Table 3.1, as 775 kg/m3 and 1762 kg/m3, respectively. The homogenized
density,  of the unit is then calculated as 936 kg/m3. The strength of the expanded unit
is dominated by the strength of the brick unit, therefore the parameters for the WillamWarnke material model of the expanded unit are taken to be the same as the values of the
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brick unit in Table 3.1. The material properties of the homogeneous unit are summarized
in Table 3.4.
Table 3.4 Material properties of the expended unit in the simplified micro-model
Material Properties

Values

Open shear transfer coefficient

0.2

Closed shear transfer coefficient

0.8

Compressive strength

4.14 MPa

Tensile strength

0.36 MPa

Young’s modulus

1.67 GPa

Poisson’s ratio

0.25
936 kg/m3

Density
3.4.3 Macro-Model

Development of the macro-model requires relatively less effort compared to the
two micro-models, since it greatly approximates the geometries and material properties of
the masonry composite. The brick unit, mortar joint, and brick-mortar interface are
smeared into an isotropic, homogeneous continuum and the entire model is discretized
into uniform finite elements. A total number of 32400 SOLID65 elements and 43684
nodes are employed for the macro-model. The homogeneous material properties are
obtained through a similar process as the simplified micro-modeling using Equation (3.2)
and (3). The parameters for the Willam-Warnke model are taken from those of mortar
joints in the detailed micro-model. Table 3.5 lists the material properties for the macromodel.
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Table 3.5 Material parameters for the macro-model
Material Parameter

Values

Open shear transfer coefficient

0.2

Closed shear transfer coefficient

0.8

Compressive strength

2.32 MPa

Tensile strength

0.16 MPa

Young’s Modulus

1.67 GPa

Poisson’s ratio

0.25
936 kg/m3

Density

3.5

Experimental Investigations
In this study, the availability of both non-destructive dynamic and destructive

static experiments allows the evaluation of the predictiveness of the aforementioned FE
models in linear and nonlinear ranges separately. The non-destructive testing campaign
herein implements experimental modal analysis, where the natural frequencies and mode
shapes of the scaled masonry dome, both of which are related to linear properties, are
identified. The destructive testing campaign implements a static, load-to-failure testing,
which pushes the structure into the nonlinear regime and yields the load-displacement
diagram. The details of these test campaigns are provided in the following sections.
3.5.1 Non-Destructive Dynamic Testing
Experimental Modal Analysis (EMA) is a non-destructive testing and evaluation
method that measures the vibration response of a structure to extract the modal
parameters, i.e., natural frequencies, mode shapes and damping ratios (Avitabile 2001).
In the present study, a hammer impact test is conducted with experiments repeated at one
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of the seven excitation locations in each set-up, as shown in Fig. 3.7. A PCB model
086D20 sledge-hammer which weighs 1.01 kg is selected to excite the masonry dome.
The vibration response of the brick tile dome are then collected with PCB model 393A03
uniaxial piezoelectric accelerometers at 19 locations, as shown in Fig. 3.7. The
accelerometers used in the present study have a range of 0.3-4000 Hz and a sensitivity of
10 volt/g.

Fig. 3.7. Measurement and excitation points during hammer impact testing
The raw time domain vibration data are recorded and processed using SigLab data
acquisition system manufactured by Spectral Dynamics, Inc. The parameters of the data
acquisition and signal processing system are listed in Table 3.6.
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Table 3.6 Parameters of the data acquisition and digital signal processing
Parameter Description

Parameter Value

Data acquisition time

4.0 s

Frequency resolution

0.25 Hz

Frequency bandwidth

200 Hz

Frequency range of interest

60-200 Hz

Sampling frequency resolution

1000 Hz

Total number of samples

2048

Number of frequency lines

800

Number of averages

5

Window function

Boxcar (no window)

A reciprocity check between points 9 and 10 (as shown in Fig. 3.7. in bold) is
completed to ensure the accuracy of the test results as shown in Fig. 3.8. The area of the
difference between the FRFs is calculated as 3.52% of the mean area of the covered
region of the two FRFs. The vibration response measurements therefore are deemed to be
of sufficient quality.

Fig. 3.8. Reciprocity check between measurement and excitation points 9 and 10
Using the PULSE Reflex (15.0.0) system identification tool, a total of six modes
are identified. The identified experimental natural frequencies and their corresponding
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mode shapes are listed later in Fig. 3.11. These modal parameters are used to calibrate the
linear properties of the FE models, as discussed later in Section 3.6.
3.5.2 Destructive Testing
Destructive tests are routinely conducted to elucidate the crack propagation and
failure mechanism of masonry structures under static loading (Abrams 1988), abutment
movement (Theodossopoulos et al. 2002), and ground motion (Bothara et al. 2010).
Herein, the force-controlled destructive static tests reported by Ramage (2006) are
adopted.
During the load-to-failure test, a steel ring is placed at the bottom of the dome to
fully resists the horizontal thrust. Load is applied vertically on a 0.62 m-diameter plaster
pad cast at the crown of the dome. Two linear variable differential transformers (LVDT)
are mounted on the plaster pad to monitor the downward displacement along with the
load. The measured load-displacement plot is shown in Fig. 3.9.

Fig. 3.9. Load-displacement plot of the static test.
The recorded maximum load the dome is able to bear is approximately 4200 N.
Prior to a load of about 4100 N (at a displacement of about 1.02 mm), the load-
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displacement relationship can be approximated as linear. The dome experiences a plastic
phase where displacement rapidly increases from 1.02 mm to 5.12 mm, causing overt
cracking along the meridional direction. Subsequently, the load borne by the dome
steadily drops as the displacement of the crown increases3. A sudden descent of load
from 2900 N to 2600 N occurs when the displacement reaches approximately 6.86 mm.
Cracks in hoop direction develop rapidly subsequent to this point, resulting in complete
failure of the dome when the displacement reaches approximately 26.03 mm. From Fig.
3.9., the mean value of the load carrying capacity of the dome during the test is
approximated as 3980 N, and the mean value of static stiffness in the linear regime is
approximated as 4312.84×103 N/m.
Fig. 3.10 exhibits the crack development before the complete collapse of the
dome. The intermediate portion of the dome bulges and causes cracking in the meridional
direction with hoop cracks located between the 3rd, 4th and 5th layers, as shown in Fig.
3.10. It should be noted that the cracks develop primarily through mortar joints with the
bricks remaining by and large intact at the failure of the dome.

Fig. 3.10. Crack development before collapse.
3

The fast downward displacement of the dome ultimately causes loss of contact between the loading pad
and the model.
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3.6

Evaluation of Model Fidelity
This section presents model simulations obtained from the three modeling

techniques discussed, considering both dynamic and static loads. The simulation results
are compared against the available experimental data discussed. The non-destructive test
data is exploited to calibrate the linear properties of the model, while the destructive test
data is used to evaluate the fidelity of the model predictions.
3.6.1 Evaluation of Linear Model Input Parameters: Modal Analysis
The modal parameters are dependent on the mass and stiffness matrices and thus,
can be used to confirm the appropriateness of the parameter values entered into the FE
model that have an influence on the mass and stiffness of the structure, such as Young’s
modulus and density. In this study, densities of the materials are taken from product
manuals and laboratory measurements and are considered to be reliable estimates.
However, the Young’s modulus is obtained from an empirical formula and thus, may
contain significantly more uncertainty. Therefore, initial Young’s modulus values (i) for
the brick and mortar units in the detailed micro-model, (ii) for the fictitious units in the
simplified micro-model and (iii), for the homogeneous continuum in the macro-model are
calibrated by manually correlating numerical predictions and experimental modes
through trial and error (Table 3.7).
Table 3.7 Calibration of the Young’s modulus.
Model
Detailed Micro
Simplified Micro
Macro

Initial E

Calibrated E

Brick
Mortar
2.08 GPa 0.52 GPa
1.67 GPa

Brick
Mortar
1.93 GPa 0.48 GPa
1.61 GPa

1.67 GPa

1.55 GPa
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In the model calibration process, not only the agreement in natural frequencies but
also the visual and quantitative correlation of mode shapes are considered. During testanalysis comparison of modes, attention is given to ensure that the experimental and
numerical modes are paired correctly, in the right sequence. For quantitative correlation
of mode shapes, the modal assurance criterion (MAC) (Allemang and Brown, 1982) is
calculated. The MAC measures the consistency between modal vectors obtained from
different testing setups, system identification algorithms or sources (i.e. analytical and
experimental). MAC varies from 0 to 1.0, indicating either total consistency or no
consistency between two sets of modal vectors.
Fig. 3.11. shows a numerical comparison of natural frequencies and a visual
comparison of mode shapes after the calibration. The test-analysis correlations of all
three models yield satisfactory agreement with less than 10% overall discrepancy
between the measured and predicted natural frequencies. Moreover, all mode shapes
show satisfactory agreement based not only on visual comparison but also MAC metrics.
The mean values of the computed MACs are 0.76, 0.72, and 0.73 respectively, for the
detailed micro-model, simplified micro-model and macro-model. Based on the agreement
in the test-analysis correlation of modal parameters, the three calibrated FE models are
deemed to be of sufficient accuracy and are employed in the following section for the
static analysis.
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Experiment

Detailed Micro

Simplified Micro

Macro

72.4 Hz

73.5 Hz (1.52%)

72.7 Hz (0.41%)

74.3Hz (2.62%)

0.63

0.82

0.81

80.7 Hz (3.20%)

79.1 Hz (1.15%)

80.4 Hz (2.81%)

0.79

0.76

0.76

80.8 Hz (6.26%)

79.2 Hz (8.12%)

80.6 Hz (6.50%)

0.78

0.78

0.78

86.5 Hz (4.53%)

86.6 Hz (4.42%)

86.6 Hz (4.42%)

0.83

0.67

0.87

86.5 Hz (9.99%)

86.7 Hz (9.78%)

86.7 Hz (9.78%)

0.80

0.56

0.69

96.2 Hz (2.34%)

96.3 Hz (2.23%)

96.4 Hz (2.13%)

0.73

0.71

0.48

MODE 1
Mode shape

Natural
frequency
MAC
MODE 2
Mode shape

Natural
frequency
MAC
MODE 3
Mode shape

Natural
frequency
MAC
MODE 4
Mode shape

Natural
frequency
MAC
MODE 5
Mode shape

Natural
frequency
MAC
MODE 6
Mode shape

Natural
frequency
MAC

78.2 Hz

86.2 Hz

90.6 Hz

96.1 Hz

98.5 Hz

Fig. 3.11. Test-analysis correlation for the modal analysis
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3.6.2 Evaluation of Nonlinear Model Input Parameters: Static Analysis
In this section, the static test is simulated using the calibrated FE models. A
distributed load of 4448 N is applied at the dome crown within a diameter of 0.32 m and
the bottom of the FE model is fixed, to mimic the load-to-failure test. The simulated and
measured load-displacement diagrams are plotted in Fig. 3.12.

Fig. 3.12. Test-analysis correlation for the static analysis.
The comparisons of load carrying capacity and stiffness between experimental
and numerical models are listed in Table 3.8. The three alternative FE models predict the
load carrying capacity within 0.25%, 1.26%, and 6.53% of the experiments respectively,
for the detailed micro-, simplified micro- and macro-model. For the stiffness, the
simplified micro-model underestimates the stiffness by 20.10%, while the macro-model
considerably overestimates the stiffness by 45.37%. The detailed micro-model only
deviates from the experiment by 6.81%. The simplified micro-model has the lowest value
of stiffness among the three models. This is expected since interfaces cause
discontinuities that reduce the global stiffness of the model.
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Table 3.8 Comparison between the experiment and FE simulation.
Experiment

Detailed Micro

Simplified Micro

Macro

Load carrying
capacity

3.98×103 N

3.99×103 N
(0.25%)

3.93×103 N
(1.26%)

4.24×103 N
(6.53%)

Stiffness

4312.84×103
N/m

4019.07×103
N/m (6.81%)

3446.01×103
N/m (20.10%)

6269.60×103
N/m (45.37%)

Fig. 3.13. shows the plots of crack distribution and the 1st principal stress
distribution for the detailed micro-model. A total number of eight meridional cracks are
present at the point of ultimate loading. Additionally, hoop cracks appear between the
6th, 7th and 8th layers of the bricks (Fig. 3.13.). The cracks propagate primarily through
mortar joints with only a small portion of the bricks developing cracks. The crack
development of the detailed micro-model matches quite closely with the experimental
observations (recall Fig. 3.10.).

Fig. 3.13. (Left) Crack distribution, (Right) 1st principal stress distribution (unit: psi, 1 psi
= 6.895×103 N/m2).
Fig. 3.14. shows the deformation of the simplified micro-model at its ultimate
load carrying capacity with a region of interest magnified. The bulge in the intermediate
portion from the 4th layer to the 7th layer (counting from the bottom) of units induces
hoop tension in the model, and eventually causes cracking of the interface elements in the
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meridional direction. Similar to the detailed micro-model, focusing on the deformation
plots, a total of eight major meridional cracks are clearly observed at the interface, which
are consistent with the experimental observations (Fig. 3.10.). Also consistent with
experimental observations are the hoop cracks present between the 6th ,7th and 8th
layers.

Fig. 3.14. Deformation of the simplified micro-model (unit: in, 1 in. = 0.025 m)
The crack distribution predicted by the macro-model is shown in Fig. 3.15. Eight
clusters of cracks are obtained in the meridional direction with only one cluster of cracks
observed in the hoop direction. However, as mentioned in earlier, the macro-model treats
the masonry composites as a continuum, therefore, specific location of cracks, i.e. brick
units versus mortar joints, cannot be identified.

Fig. 3.15. (Left) Crack distribution of the macro-model, (Right) 1st principal stress
distribution above the tensile stress capacity (>0.16 MPa).
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The computational requirements for the three models are also compared. Static
analysis for all three models are executed in ANSYS v.13.0 on the high-performance
computing cluster developed by Clemson Computing and Information Technology
(CCIT). 5 computing nodes and 100 GB memory are assigned for the solutions of each
model. For a full solution, the detailed micro-model requires the most elapsed time
(120621 sec), the simplified micro-model requires less than 1/4 of that (31417 sec), and
the macro-model requires the least, to be approximated 1/7 of the time required by the
detailed micro-model (17192 sec).
3.7

Evaluation of Model Robustness
Ensuring robustness in model predictions provides confidence that the model is

delivering accurate predictions, even in the absence of precise knowledge of input
parameters. In this section, the detailed and simplified micro-models as well as the
macro- model of the masonry dome are evaluated considering their sensitivity to the
uncertainty in the input parameters. The Young’s modulus and tensile strength of the
brick are considered as uncertain variables in the robustness analysis. A ±10% variation
is assigned to both parameters, yielding nine cases for each model (Table 3.9).
Table 3.9 Variations of each case
Case1 Case2 Case3 Case4 Case5 Case6 Case7 Case8 Case9
E

0%

0%

0%

0%

+10%

-10%

+10% +10% +10%
0%

+10%

-10%

-10%

-10%

-10%

0%

+10%

-10%

The uncertainties in these two parameters are propagated to the stiffness and load
carrying capacity predictions. The nonlinear static analysis is repeated for different sets
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of material properties according to Table 3.9, and the numerical load-displacement
diagrams for the three models are generated as shown in Fig. 3.16. – 3.18.

Fig. 3.16. Load-displacement diagrams of the detailed micro-model

Fig. 3.17. Load-displacement diagrams of the simplified micro-model.

Fig. 3.18. Load-displacement diagrams of the macro-model.
The load-displacement diagrams shown above indicate that the static stiffness of
the dome is directly related to the Young’s modulus, while the load carrying capacity is
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directly related to the tensile strength. This can be very clearly observed in Fig. 3.18.,
considering the homogenous nature of the macro-model. Table 3.10 shows the calculated
coefficient of variation for the stiffness and load carrying capacity of the three models,
executed with variability in the Young’s modulus and tensile strength of brick, for the
nine cases given in Table 3.9.
For all three models, the load carrying capacity is less sensitive to variation of the
Young’s modulus and tensile strength compared to the static stiffness of the dome.
Moreover, Table 3.10 illustrates that the detailed micro-model is the most robust among
the three models against uncertainties in the Young’s modulus and tensile strength,
yielding only a 2% variability in the predicted load carrying capacity even when there is
20% variability in the input parameters.
Table 3.10 Coefficient of variation
Output

3.8

Detailed Micro Simplified Micro

Macro

Stiffness

6.83%

8.65%

8.65%

Load carrying capacity

1.98%

8.47%

7.56%

Conclusions
Understanding the complex structural behavior of masonry composites requires a

combination of experimental efforts and advanced modeling strategies. While insights
can be gained from laboratory experiments on scaled specimens regarding the mechanical
behavior of masonry, numerical modeling offers a more flexible approach (provided that
numerical models are validated) and an ability to conduct a more in-depth investigation
of the failure mechanism under vastly different loading conditions. Focusing specifically
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on FE modeling of masonry, three different modeling schemes have been proposed in
literature: detailed micro-, simplified micro- and macro-modeling. Macro-modeling is the
simplest approach, which treats the entire masonry structure as a homogeneous
continuum. This approximation significantly simplifies the modeling process and requires
considerably less computational resources than micro-modeling. However, if local
mechanical behaviors at the interface of the units of brick or mortar joints are of interest,
a more detailed FE model, such as that achieved with micro-modeling, may be necessary.
In this study, three models for the analysis of a masonry dome are provided:
detailed micro-, simplified micro- and macro-models. The detailed micro-model includes
the masonry components of brick units and mortar joints as separate entities. The
simplified micro-model is built with continuum solid elements for the expanded units and
zero-thickness interface elements for the mortar joints. The macro-model adopts a
continuum of elements for the entire structure.
The material properties of the three models are first calibrated through testanalysis correlation of experimental and numerical modal analyses. Next, the fidelity and
robustness in predicting the load carrying capacity and stiffness of the dome for these
three alternative modeling techniques is investigated. With calibrated linear material
properties, the analytical modal results of all three models are comparable to the
experimental modal data, with a difference of natural frequency of less than 10%. The
mode shapes of the three models are documented to match the experimental mode shapes
both visually and through a quantitative correlation metric.
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During the correlation of load-displacement diagrams obtained through simulation
and experimentation, the detailed micro-model proves to be the most accurate model for
accurately predicting the load carrying capacity and stiffness of the dome, with a
difference between its predictions and the measured results of 0.25% and 6.81%
respectively. The simplified micro-model predicts the load carrying capacity of the
masonry dome with an accuracy of 1.26%, however; it underestimates the stiffness of the
dome by 20.10%. The authors believe the discontinuity between expanded units can
explain this deviation in global stiffness. Finally, the macro-model is deemed least
accurate in representing the experimental load-displacement relationship among the three
models. While the predicted load carrying capacity has only a 6.53% error, the numerical
stiffness of the macro-model is overestimated by 45.37% compared to the experimental
measurements.
The capability of simulating cracking of the masonry dome specimen under static
loading is also investigated for all three models. In the two micro-models, crack
distributions along the hoop and meridional directions at failure show good agreement
with the observations during the test, with regards to both the number and location of
cracks. The detailed micro-model is more suitable for the observation of the stress
distribution, while the simplified micro-model is more suitable for the visualization of the
splitting and sliding between units. On the other hand, in comparison to the two micromodels, the macro model is also as capable of representing the meridional cracking,
while less capable of representing the hoop cracks.
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The last section of the study evaluates the robustness of the three FE models. The
sensitivity of the stiffness and load carrying capacity based on a ±10% variation of the
Young’s modulus and tensile strength of the brick units are analyzed for all three models.
Simulation results reveal that the detailed micro-model is observed to be the most robust
model to uncertainties in the selected variables. The macro-model and the simplified
micro-model are considerably more sensitive to variability in material properties. Since
both models adopt homogenization techniques, any variation of the material properties
affects the performance of the entire model.
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CHAPTER FOUR
CONCLUSIONS

The two studies presented in this thesis aim to address the load carrying capacity
assessment of a masonry dome through a semi-empirical route and numerical route,
respectively.
The first study introduces a novel method to evaluate the load carrying capacity of
a masonry dome under damaged condition by correlating the deviations of this static
response feature to the dynamic responses of the dome model under incremental growth
of cracks. An empirical formula is proposed, which is ultimately generalized for spherical
domes with different span-to-height ratios. The data used to train the empirical formula
are obtained through simulations of a macro FE model, the material properties of which
have been calibrated by both non-destructive-dynamic and destructive-static experimental
measurements. The novel concept presented by this study can be applied to a wide range
of structures and ultimately be utilized to improve the serviceability assessment of
existing structures.
In the second study, three alternative modeling schemes: detailed micromodeling, simplified micro-modeling, and macro-modeling are implemented for the
numerical load carrying assessment of a masonry dome. Non-destructive-dynamic testing
results are employed for the calibration of the linear properties of the three FE models.
Subsequently, model prediction accuracy and robustness are investigated for the three
models by test-analysis correlations of the simulations to experimental data obtained
through destructive-static testing. The detailed micro-model is proved to be the most
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accurate model to predict the load-displacement diagram of the masonry dome and also
the most robust model against uncertainties in the Young’s modulus and tensile strength
of the bricks. While the simplified micro-model and macro-model are less advantageous
in the both aspects of the prediction fidelity and robustness.
Future studies should consider including the brick/mortar interface in the detailed
micro-model to fully explore the failure mechanism of the dome specimen under
destructive static loading. The interface elements could also be modeled along the center
of the brick units to represent the cracking in the brick units for the detailed micro- and
simplified micro-models. The macro-model can be replaced by the detailed micro-model
in the development of the empirical formula for the load carrying capacity assessment in
the first study. Therefore, more crack damage scenarios can be included considering more
realistic cracking along the head (meridional direction) and bed (hoop direction) mortar
joints, and in the brick units.
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