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SUMMARY

The gas production in the Groningen gas field of the Netherlands has caused a signifi-
cant amount of shallow-human induced earthquakes. Among various building typolo-
gies, Groningen is home to many Dutch historical churches constructed by unreinforced
masonry which has shown to be highly vulnerable to these earthquakes. From the per-
spective of conservation and prevention of loss of our historical and cultural heritage,
the structural assessment of these churches and their monitoring is of importance.

The assessment of the seismic performance of historic churches is a challenging task
because of their unique design, governed by macro element behaviour and non-linear
material behaviour. An accurate and reliable earthquake resistant assessment with ap-
propriate numerical modelling of the structure and proper assumptions of all the uncer-
tainties is crucial. The structural monitoring cannot be applied to all historical churches.
By selecting representative case studies, in-depth study regarding both numerical mod-
elling and structural monitoring are possible. This information can then serve engineers
and professionals to evaluate similar structures. The research gap lies in accurate mod-
elling of historical churches to achieve reliable and faster results by linear dynamic mod-
elling.

The fundamental modes, eigen-frequencies and modal shapes, geometry and ma-
terial properties, boundary conditions, connections between structural elements and
loading variations are studied using 3D models with shell elements of the case-study.

Although, the models described cannot closely represent the real structure. Firstly, a
regular thickness has been assigned to masonry walls and piers despite their irregular-
ities. Secondly, the material properties have been estimated from similar structures in
Groningen, and may not represent the actual material characteristics of this case study.
Thirdly, the cavity ties has been disregarded because they have been assumed to be cor-
roded (no actual information was available). Finally, the concrete slab at the entrance
of the church is disconnected to the foundation, which was an approximation from the
drawings but could not be verified.

For the case-study prior structural retrofitting (models 1-5); Numerical Model 3 with
eliminated foundation and timber flooring and a rigid base at the ground level is ex-
pected to give the best approximation of dynamic response of the church. The funda-
mental frequency in X direction of the case-study prior structural retrofitting can be ap-
proximated between 2.30Hz to 2.75Hz and the fundamental frequency in Y direction
between 3.0Hz to 3.45Hz. The fundamental global modes in this model show maximum
deformation in the timber roof of the main-structure and tip of the bell-tower in global
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X and Y directions. This indicates weakness of the case-study prior structural retrofitting.

The Old Church has undergone structural retrofitting in July 2018, to prevent further
seismic damage on the structure. From the survey of the case-study and the retrofitting
measures, the recent findings (eg., cavity walls, installation of steel frame, steel and tim-
ber columns) are incorporated into the finite element model of the case-study and var-
ious modelling variations are presented in models 6 to 10. From comparing the results
of these models post structural modifications, Numerical Model-8 (or Model-9 which
has almost similar results) with degraded material properties of masonry and timber di-
aphragms, a shallow masonry step foundation and a rigid base at the foundation level
are predicted as the closest approximation of the dynamic properties of the church. The
fundamental frequency of the case-study post structural retrofitting can be predicted to
lie between 1.5Hz-2.6Hz in global X direction and between 1.1Hz-1.65 Hz in global Y di-
rection. It can be observed that the implemented measures make the church stiffer and
the weakness of the structure post structural retrofitting is localised at masonry facade
walls of the bell-tower, cavity wall between the bell-tower and main-structure, tip of the
bell-tower, lateral walls and timber roofing of the main-structure.

This research on simulating a numerical model that closely represents the dynamic
properties of the Old Church in Garrelsweer for achieving reliable, computationally ef-
fective and faster results. This can be used as a basis to compare the results of ambient
vibration testing and operational modal analysis, and a relevant guide to study how the
numerical models can be defined for modelling similar structures.

Keywords: Historical masonry churches, Dynamic response, Numerical modelling, Eigen-
value analysis, Fundamental frequency, Curved shell finite elements, Groningen.



ACRONYMS

URM - Un-Reinforced Masonry
EMM - Engineering Masonry Model
TCSM - Total Strain-based Cracking Masonry model
EMPF - Effective Mass Participation Factor
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1
INTRODUCTION

This chapter gives the general context of this thesis, states the main research question
and provides an overview of the following chapters.

1.1. BACKGROUND & RESEARCH MOTIVATION
The Groningen gas field, located in the north of Netherlands is one of the world’s largest
gas fields (2,800 billion m³) with a significant volume of gas still present in the field to-
day. It was discovered in 1959 and NAM has been producing Groningen natural gas since
1963. NAM supplies 75% of the natural gas required by Dutch households and busi-
nesses and 93% of all Dutch households use natural gas. Natural gas accounts for 45%
of all the energy that is used in the Netherlands and the Groningen gas field supplies gas
to 98 percent of the population of the Netherlands. After 55 years of extraction, the 900
km2 large Groningen field still holds about 600 billion cubic meters out of the original
2800 billion cubic meters (bcm). In principle, this would allow for a further 30 years of
extracting at an average annual extraction of 20 bcm. [1]

However, in the past decades, gas production in the province of Groningen have
caused a significant amount of shallow human-induced earthquakes. An induced seis-
micity event in the field was first recorded in 1991 with local magnitude (ML) 2.4. In the
subsequent years, there have been more than 1,300 registered small-magnitude earth-
quakes. On August 16, 2012, an earthquake with a magnitude of 3.6 on the Richter
scale occurred near Huizinge which was the largest one so far and this earthquake was
felt more strongly by residents than previous seismic activity.[2]. Groningen has been
turned into the spearhead of the research related to induced seismicity in recent years
as it is the most intensely populated area in the world with many induced earthquakes.
The induced seismicity is obviously due to increasing reservoir (porous sandstone) com-
paction along many faults, which seem to become more critical as gas extraction contin-
ues.
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Figure 1.1: Geological cross section of the Groningen field (‘Slochteren’) from south-east (SE) to north-west
(NW), in between a carboniferous source layer and a Zechstein rock-salt layer[2]

Earthquakes with magnitude 1.0 ≤ M ≤ 3.0 on the Richter scale are generally consid-
ered ‘light’ and not problematic. In the province of Groningen (population of 600,000),
however, the limited depth (3 km) of the Earthquakes, the relatively soft and wet sur-
face soil (clay, peat, sand), local construction techniques, ground water table very close
to surface and the long repetitiveness of seismic activity, all contribute to considerable
damage and safety risks over time in a tectonically inactive region which never needed
to be earthquake resistant. In 2015, the Dutch government expanded the application of
the Meijdam norm to Groningen. This is a norm defining a risk of death for an individual
from external causes such as flooding. That practically meant that the risk of dying from
earthquake in Groningen should be limited to 1 in 100,000 annually. A lower level of 1 in
10,000 per year is also allowed provided that the risk will be reduced to the norm within
5 years [3].

The building stock in the Groningen province is mainly constructed by unreinforced
masonry (URM) which has shown to be highly vulnerable to these earthquakes. Regard-
less of step-wise reductions in annual extraction: from 54 bcm in 2013 to 20 bcm in
2018, well-fitting trends over 1991–2018 reveal a steady growth of seismic activity per
unit of gas extraction, hence the Dutch cabinet made a decision in March 2018 to re-
duce Groningen gas extraction to below 12 bcm in 2022 and to end all field operations
by 2030. This would reduce the remaining number of risky earthquakes with M ≥ 2.5 to
some seven or eight, with one expected Mmax ' 4.0. [2]

More than 2,000 registered historical monuments and heritage structures in this re-
gion consist of traditional Dutch farmhouses, churches together with surrounding premises,
public and administrative buildings of importance, residential houses, towers and no-
ble houses (“borg” structures). Most structures are supported on piles or deep founda-
tions, which is not always the case for historical buildings either because the piles were
not placed in the first place or have deteriorated over time. The earthquake safety and
structural integrity during repeated induced earthquakes of small magnitude is a ma-
jor concern for authorities, local communities and owners, and the motivation behind a
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Figure 1.2: a, b Annual gas extraction (bcm; upper curve) versus annual number (N) of earthquakes with M ≥
1.5and ≥ 2.5 (Richter; lower curves). The ordinate (y) fits both annual bcm and earthquake frequency [2]
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large research program commissioned by the licensee company extracting the gas, NAM
(Nederlandse Aardolie Maatschappij). [1]

Among various building typologies, the province of Groningen is home to 11.3% of
all Dutch historical churches (Fig.1.3). Up to July 2019, damage has been reported for ap-
proximately 12.9% of these churches. From the perspective of conservation and preven-
tion of loss of our historical and cultural heritage, the assessment of churches is therefore
of importance.[4]

Figure 1.3: Monumental churches per province in Netherlands [4]

Historical structures constructed by unreinforced masonry respond to cyclic load re-
versals in a non-ductile way unless special measures are taken. As a result of the ob-
served damage, a significant amount of the existing unreinforced masonry stock have
shown to require strengthening. Due to the small magnitude and continuous occur-
rence of induced earthquakes, structural monitoring of these structures with slight dam-
ages become an important issue as the determination of causality of such cracks is very
difficult. Given the necessity to preserve the authentic style of the monumental struc-
tures, non-destructive testing techniques are implemented. Particularly, in case of a
post-earthquake diagnosis, the geometric survey and visual inspections are used in par-
allel with ambient vibration tests and the monitoring of vibration and temperature act
as a seismic early warning system. [1]

1.2. OBJECTIVES
The assessment of the seismic performance of historic structures is a challenging task
because of their unique construction of structural and non-structural elements, com-
plex design governed by macro element behaviour. In addition, the highly nonlinear
behaviour of unreinforced masonry structures (URM) and the dynamic nature of the
seismic loading will add to this complexity which cannot be simplified to any standard
structural scheme for which a detailed analysis methods would be available.
An accurate and reliable assessment with appropriate numerical modelling of the struc-
ture and proper assumptions of all the uncertainties is crucial. As well as, the structural
monitoring cannot be applied to all historical structures (and namely churches); this



1.2. OBJECTIVES

1

5

case-study constitutes a benchmark to study how the numerical models should be de-
fined by providing useful information to engineers and professionals to model similar
structures in the future.
Therefore, the research gap lies in accurate modelling of historical structures with sim-
plified material and geometrical assumptions and being able to achieve reliable and
faster results by linear dynamic modelling, leading to the main research question.

MAIN RESEARCH QUESTION

How can the dynamic properties of a historical masonry church in Groningen be accu-
rately determined by numerical modelling?

SUB QUESTIONS

• How to simplify the geometry and material properties of load carrying and non-
load carrying elements to represent the complex structure of unreinforced ma-
sonry church ?

• What is the main modal response of this case-study prior and post structural mod-
ifications in both global X and Y directions?

The scope of this thesis is limited to analyzing the dynamic behaviour of The Old Church
(Het Oude Kerkje) in Garrelsweer in the province of Groningen, The Netherlands. The
technical drawings of this church are attached in Annex A. The numerical and analytical
representation of this unreinforced masonry church structure only includes the main
structural elements. By modelling the main structural elements and carrying out eigen-
value analysis, the global fundamental mode of the case-study is analysed and compared
with all modelling variations to predict the dynamic properties of the case-study.

Figure 1.4: Case Study: The Old Church, Garrelsweer (site visit,2021)



1

6 1. INTRODUCTION

1.3. THESIS OVERVIEW
The research starts in Chapter 2, with providing the reader background on seismic be-
haviour of unreinforced masonry structures and detailed structural behaviour of his-
torical masonry church structures. It covers the post earthquakes diagnosis, structural
assessment methods and the theory of Eigen-value analysis to estimate the dynamic be-
haviour of a system.

Chapter 3, presents the structural characteristics of the case study- The Old Church
(Het Oude Kerkje )in Garrelsweer. Detailed geometrical, material and shape properties
assumed for modelling the structural elements and simplifications for the numerical
modelling are presented. The element meshing properties of all the structural elements
and analysis methods for various simulations are discussed.

Following the numerical modelling, Chapter 4 presents the eigen-value analysis- re-
sults, and the main modal deformations in each direction for all the simulated models.

Chapter 5 presents new insights acquired during the thesis work on structural prop-
erties and on a recent retrofitting of the church in 2018; related modelling modifications
are presented. Modified case-study structure and the results of the eigen-value analy-
sis of simulated models of the structurally modified case-study showing the main modal
deformations and the natural frequencies of vibration are presented.

Chapter 6 discusses the results of all the modelling variations in detail by qualitative
and quantitative comparison leading to predicting the numerical model representing
the dynamic properties of the case-study with accuracy.

Chapter 7 concludes the research highlighting the key findings and recommenda-
tions for new additional research.



2
LITERATURE REVIEW

This chapter provides a background on seismic (dynamic) behaviour of unreinforced
masonry structures and structural behaviour of unreinforced masonry historical churches.
It covers the post earthquake diagnosis, structural assessment methods and the theory
of Eigen-value analysis to estimate the dynamic behaviour of a system.

2.1. EIGEN-VALUE ANALYSIS
A complete full 3D finite element model can be used to quantitatively examine a struc-
ture’s seismic vulnerability. The structure’s geometry is derived from both existing data
and in-situ surveys. A detailed 3D realistic mesh is designed on the basis of such geo-
metrical data, with a point-by-point characterisation of each geometric component.

First, a standard eigen-frequency analysis is performed with the aim of identifying
the vibration modes characterized by a high participating mass as well as the corre-
sponding periods to compare with accelerations provided by code response spectra. Al-
beit approximate, because masonry exhibits a non-linear behavior even at very low lev-
els of the external loads, such a standard approach may give a rough indication of the
weaknesses of the structures corresponding to maximum deformation in the structural
elements, that can be compared with more sophisticated methods of analysis.[5]

The first step in performing a dynamic analysis is determining the natural frequen-
cies and mode shapes of the structure with damping neglected. These results charac-
terize the basic dynamic behaviour of the structure and an indication of how a structure
will respond under dynamic loading.

Eigen-value analysis or free vibration analysis is performed to understand the nat-
ural modes of vibration characteristic of the structure. Free vibration is a condition in
which external force is absent.

7
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The natural frequencies of a structure are the frequencies at which the structure nat-
urally tends to vibrate if subjected to a disturbance and the deformed shape of the struc-
ture at a specific natural frequency of vibration is termed as its normal mode of vibra-
tion. Natural frequencies and modal shapes are a function of the structural properties
and boundary conditions.

The results of dynamic analysis can be compared to the physical test results and a
normal modal analysis can be used as a guide to indicate the exact placement of ac-
celerometers or to correlate the physical test results to the analytical results of the struc-
ture.

MULTIPLE DEGREE OF FREEDOM SYSTEM WITHOUT DAMPING

The solution of the equation of motion for natural frequencies and normal modes re-
quires a special reduced form of the equation of motion without damping and addi-
tional loading. Assuming single degree of freedom, for a structure of mass ‘M’, stiffness
‘K’, displacement vector ‘x(t)’ and external force ‘F(t)’, with predefined initial (at t = 0)
displacement (x(0) = x0) and velocity (ẋ(0) = v0), the equation of motion in matrix form
reduces to

[M ]{ü}+ [K ]{u} = 0 (2.1)

where,
[M ] = mass matrix
[K ] = stiffness matrix

This is the equation of motion for undamped free vibration. To solve eq. 2.1 assume
a harmonic solution of the form,

{u} = [φ]sinωt (2.2)

where,
[φ] = the eigen vector or mode shape
ω= is the circular natural frequency

This harmonic form has a physical significance in addition to providing the key to
the numerical solution of the problem. The harmonic shape of the solution denotes that
the vibrating structure’s degrees of freedom move in lockstep. During motion, the struc-
tural structure does not change its basic shape; only the amplitude varies. [6]

If differentiation of the assumed harmonic solution is performed and substituted
into the equation of motion, the following is obtained:

−ω2[M ]{φ}sinωt + [K ]{φ}sinωt = 0 (2.3)

which after simplifying becomes (
[K ]−ω2[M ]

)
{φ} = 0 (2.4)
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This equation is called the eigen equation, which is a set of homogeneous algebraic
equations for the components of the eigen-vector and forms the basis for the eigen-value
problem. An eigen-value problem is a specific equation form that has many applications
in linear matrix algebra. The basic form of an eigen-value problem is

[A−λI ]x = 0 (2.5)

where
A = square matrix
λ= eigenvalues
I = identity matrix
x = eigen-vector

In structural analysis, the representations of stiffness and mass in the eigen- equation
result in the physical representations of natural frequencies and mode shapes. There-
fore, the eigen-equation is written in terms of K ,ω, and M as shown in Eq. (2.4) with
ω2 =λ. There are two possible solution forms for Eq.2.4:

1. If det
(
[K ]−ω2[M ]

) 6= 0, the only possible solution is

{φ} = 0 (2.6)

This is the trivial solution, which does not provide any valuable information from a phys-
ical point of view, since it represents the case of no motion. ("det" denotes the determi-
nant of a matrix.)

2. If det
(
[K ]−ω2[M ]

)= 0, then a non-trivial solution ({φ} 6= 0
)

is obtained for(
[K ]−ω2[M ]

)
{φ} = 0 (2.7)

From a structural engineering point of view, the general mathematical eigenvalue prob-
lem reduces to one of solving the equation of the form

det
(
[K ]−ω2[M ]

)= 0 (2.8)

or
det([K ]−λ[M ]) = 0 (2.9)

where λ=ω2

The determinant is zero only at a set of discrete eigenvalues λi or ω2
i . There is an eigen

vector
{
φi

}
. which satisfies Eq. (2.7) and corresponds to each eigenvalue. Therefore, Eq.

(2.7) can be rewritten as [
K −ω2

i M
]{
φi

}= 0 i = 1,2,3 . . . (2.10)

Each eigen-value and eigen-vector define a free vibration mode of the structure. The i th

eigenvalue λi is related to the ith natural frequency as follows:

fi = ωi

2π
(2.11)
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where fi = ith natural frequency

ωi =
√
λi

The number of eigenvalues and eigen-vectors is equal to the number of degrees of free-
dom that have mass or the number of dynamic degrees of freedom.[6]

There are a number of characteristics of natural frequencies and mode shapes that
make them useful in various dynamic analyses. First, when a linear elastic structure
is vibrating in free or forced vibration, its deflected shape at any given time is a linear
combination of all of its normal nodes.

{u} =∑
i

{
φi

}
ξi (2.12)

where,
{u} = vector of physical displacements.{
φi

}= i -th mode shape
ξi = i -th modal displacement

At a specific eigen-mode corresponding to an eigen-frequency, a structure deforms
into a specific shape. Only when an actual excitation and damping qualities are known,
the size of the deformation can be determined.[7]

Determining the eigen-frequencies of a structure is an important part of structural
engineering. Some objectives of such an analysis are to:

• Ascertain that a periodic excitation does not result in a resonance that could gen-
erate excessive stress or noise emission;

• Determine whether a periodic stimulation creates a resonance in a piezoelectric
vibrator (for example) ;

• Investigate appropriate time steps and frequencies for a subsequent dynamic re-
sponse analysis;

• Provide eigen-modes for a subsequent mode superposition analysis;

• By examining the mode shape of a particular eigen-frequency, you’ll be able to see
how design modifications can affect it.

SYSTEM WITH MULTIPLE DEGREES OF FREEDOM

If there are more than a few degrees of freedom, various methods are utilized in prac-
tice. The number of eigen-values is usually equal to the number of degrees of freedom
(DOFs). For example, a linear system with multiple degrees of freedom (DOFs) can be
characterized by a matrix equation of the type

Mü+Cu̇+Ku = f(t ) (2.13)
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Figure 2.1: An example of a Linear Two-degrees of freedom system [6]

where M is the mass matrix, C is the damping matrix, and K is the stiffness matrix. The
DOF’s are placed in the row vector u and the forces in f(t) .[Fig 2.1]
The free vibration problem is then described by the matrix equation(−ω2M+ iωC+K

)
ũe iωt = 0 (2.14)

which forms a complex eigenvalue problem. Formally, the eigenvalues can be solved by
finding

det
(−ω2M+ iωC+K

)= 0 (2.15)

The number of eigen-values is equal to the rank of the mass matrix. A mode shape
is associated with each eigen-value (also known as the eigen-mode). The contour of the
deformation is that of the corresponding eigen-mode when the structure vibrates at a
particular natural frequency. For the two-DOF system [fig. 2.1], the first eigen-mode
corresponding to the lowest eigen-frequency..

Participation factors

Modal participation factors are a way of describing how much a certain mode will be
excited by a rigid body acceleration in a particular direction. The participation factor Γi j

, with respect to mode i and excitation direction j, is defined as

Γi j =
uT

i Md j

uT
i Mui

(2.16)

Here, d j is a vector that has the value 1 in all components containing DOF’s moving in
direction j and 0 in all other components. Note that if mass matrix scaling is used, the
denominator has the value 1. [6]

Effective Modal Mass

Definition of modal mass is the inner product

mi = uT
i Mui (2.17)

When mass matrix scaling is used, the modal mass for each mode is mi = 1. Other
choices of normalization give other values, so the modal mass does not have a physi-
cal meaning.
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The effective modal mass is a quantity related to the modal participation factor. The ef-
fective modal mass for mode i, with respect to excitation in direction j, is defined from
the participation factor and the modal mass as

meff,i j = miΓ
2
i j (2.18)

The sum of the effective modal masses in a certain direction j for all eigen-modes equals
the total mass of the structure:

N∑
i=1

meff,i j = mtot (2.19)

The effective modal mass thus has a physical interpretation- for an acceleration in direc-
tion j, it shows how much of the total inertial force can be attributed to mode i. It can be
used to estimate how many modes are needed for a good representation in a subsequent
response analysis based on mode superposition.[6]

The eigen-frequencies of a continuous system (such as a generic solid, beam, or
plate) are determined by geometry, material qualities, and restrictions. In a continu-
ous system, the number of eigen-frequencies is infinite. Only a few number of modes
are relevant for practical applications. Larger modes are less likely to be stimulated to a
substantial degree, and their damping is frequently higher.

It is impossible to analyze all modes for structures with multiple modes and degrees
of freedom. As a result, the EMPF (effective mass participation factor) is utilized. The
energy contained in that mode is measured by the EMPF. It depends on the vibration’s
direction and magnitude, as well as the available mass vibrating in that direction. From
the free vibration analysis of the model, the important modes analysed based on highest
EMPF in each direction.

According to NPR 9998:2021 [8], the response of all mode shapes contributing sig-
nificantly to the global response shall be taken into account. This requirement may be
deemed to be satisfied if either of the following can be demonstrated:

1. The sum of the effective activated masses for the mode shapes taken into account
amounts to at least 90% of the total mass to be taken into account.

2. All mode shapes with effective activated masses greater than 5% of the total mass
have been taken into account.

The effective activated mass mk , corresponding to a mode shape k, has been determined
so that the base shear force Fbk , at the foundation, acting in the direction of application
of the seismic action, can be expressed as:

Fbk = Sd (Tk )×mk (2.20)

where:
Fbk is the base shear force at the foundation acting in the direction of application of the
seismic action;
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Sd (Tk ) is the design spectrum with mode shape k;

mk is the effective activated mass with mode shape k.

When using a spatial model, the above conditions shall be verified for each relevant di-
rection. If the requirements specified above regarding the effective activated masses
cannot be satisfied (e.g. in buildings with a significant contribution from torsional mode
shapes), the minimum number k of mode shapes to be taken into account in a spatial
analysis shall satisfy both the two following conditions:

k ≥ 3×p
n (2.21)

and
Tk ≤ 0.20s (2.22)

where:
k is the number of mode shapes which shall be taken into account;
n is the number of floors above the foundation or above the top of a rigid basement;
Tk is the vibration period of mode shape k.[8]

2.2. POST-EARTHQUAKE STRUCTURAL DIAGNOSIS- STRUCTURAL

HEALTH MONITORING
Effective diagnostic survey in the structural assessment of the structure plays a vital role
in cultural heritage preservation. The diagnostic phase entails gathering information
about the building’s characteristics, material attributes, historical structure transforma-
tions and existing damage, which provides a sound basis for any further evaluation of
the safety level as well as for the definition of appropriate intervention measures.

The collected information should include accurate investigation of the actual geom-
etry, survey of the crack pattern and local visual inspections: these tasks, joined to his-
toric research, provide a first interpretation of the structural layout and reveal the pres-
ence of masonry discontinuities (generally associated to transformations of the building
and/or repair), possible vulnerabilities and ageing issues. [9]

INFORMATION FOR STRUCTURAL ASSESSMENT

Amount and quality of the information usable for the assessment is defined in EN 1998-3
[10] into three “levels”, called “Knowledge Levels” (KL), ordered by increasing complete-
ness.
The information refers to three aspects:

1. Geometry: the term geometry includes structural geometry and member sizes,

2. Details: refers to the amount and layout of reinforcement (for RC structures) and
connections in URM structures,
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3. Materials: to the mechanical properties of the constituent materials.

The Table (2.2) reproduced from the code summarizes the definition of these levels.

Figure 2.2: Knowledge levels in seismic assessment [11]

A thorough understanding would necessitate the availability of both the original and
as-built design drawings, as well as complete documentation on material tests, all of
which would be supplemented by some in-situ testing to ensure the design specifica-
tions and the current state of the materials. Original designs, on the other hand, are
unlikely to be found for masonry structures dating back a century or more. [11]

Because masonry buildings were not engineered structures, missing information can
be assumed with more confidence: for example, regularity in plan and elevation, dis-
tance between main walls, vertical alignment of openings, etc., so that at least their basic
structural geometry can be reconstructed with minor uncertainty. [11]

VISUAL INSPECTION

The goal of the on-site assessment was to provide information on the structure’s geome-
try as well as to identify crucial spots that need further detailed inspection. Visual exam-
ination and strati-graphic survey, on the other hand, provide valuable support to histor-
ical study by finding unrecorded alterations as well as areas where masonry is homoge-
neous and/or marked by discontinuity. In a seismic assessment framework, this study of
masonry textures gives evidence of local damages and is especially important in detect-
ing local vulnerabilities and possible overturning mechanisms of unconnected masonry
parts. [12]

Visual inspections also suggest the positions that are more suitable for non-destructive
(ND) or minor destructive (MD) tests and material sampling, necessary to evaluate the
characteristics of the masonry and to explore local defects. [12]
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SEISMIC SENSING

In the process of architectural heritage preservation, linking the information locally col-
lected and the overall structural behaviour especially in complex structures evolved over
time, the most effective tools to support the structural assessment are ambient vibra-
tion testing (AVT) and operational modal analysis (OMA, i.e. the identification of modal
parameters from ambient vibration responses), since they are capable of collecting in-
formation on the global modal characteristics (i.e. natural frequencies, mode shapes
and modal damping ratios) and might identify the presence and the position of dam-
age. In addition, AVT is a fully ND test, especially suitable to Cultural Heritage structures
since the test is performed by just measuring the response to ambient excitation (micro-
tremors, wind, etc.).
It should be noticed that AVT could be employed in prompt surveys (e.g. post-earthquake
emergency) by using either traditional accelerometers mounted on outdoor walls or in-
novative non-contact sensors. Furthermore,the results of AVT should represent the start-
ing point of long-term dynamic monitoring in order to perform vibration-based damage
assessment or to evaluate the effects of repair interventions.[9]
Vibration-based damage identification methods, usually defined as Global methods, can
alert for the presence of damage and define its location, but they might not give suffi-
ciently accurate information about the type and extent of the damage. Visual inspections
or experimental non-destructive tests like the acoustic or ultrasonic methods, magnetic
field methods, radiography, eddy-current methods and thermal field methods can be
preceded by a global method that indicates that damage is present. Local methods are
certainly more accurate to localize and describe the damage.[12]

Ambient Vibration Testing (AVT)

Analysis based on ambient vibrations test is a methodology used to characterize the
dynamic behavior of a structure excited by low amplitude vibrations. The information
obtained can be useful to calibrate and update finite element models of the building, or
can be used for the health monitoring of the building. [12]

2.2.1. SEISMIC DAMAGES IN HISTORICAL STRUCTURES

Through the centuries, earthquakes have been one of the most common causes of cul-
tural heritage damage and loss [13]. The examination of post-earthquake damage pat-
terns is a valuable source of knowledge on recurring damage patterns. In addition to
the typical damages often seen in historic structures, the effects of the seismic events
revealed that, in several cases, the adopted structural models (which presumably de-
scribed the historic building’s structural system) were inadequate, and the retrofitting
techniques had failed to produce the desired results due to lack of sufficient documen-
tation. Thus, the necessity for new structural models for existing masonry buildings, as
well as intervention for code requirements, were both highlighted. [14]



2

16 2. LITERATURE REVIEW

2.3. THE SEISMIC BEHAVIOUR OF EXISTING MASONRY BUILD-
INGS

A masonry structure is a box-like structural system composed of vertical structural ele-
ments such as walls and horizontal structural elements such as floors and roofs. Vertical
loads are transferred from the floors to the bearing walls, which act as horizontal flexural,
and from the bearing walls to the foundation system, which act as vertical compression
members. [14]

When a structure is subjected to an earthquake, the inertia force, which is propor-
tional to the mass of the structural system, should be accounted. These action effects
are influenced by a number of parameters, including the mass and stiffness of the struc-
ture, as well as their distribution, the magnitude of the imposed actions, the number of
seismic motion cycles, and the properties of the foundation soil, among others. While
ground motion is generally three-directional, both vertical and horizontal inertia forces
will act on the structure, inducing displacements that change in magnitude and sign over
time, resulting in three-dimensional vibrations of the building. [15]

Horizontal inertial forces are transmitted from the floor structures, which should
serve as rigid horizontal diaphragms, to the bearing walls, producing shearing and bend-
ing effects, and from the bearing walls into the foundation system. Furthermore, dis-
tributed inertia forces are caused by the distributed mass of wall elements, resulting in
out-of-plane bending of walls. [15]

According to laboratory testing and observation of damage modes of real structures,
masonry walls are less resistant to activities perpendicular to their medium plane (out-
of-plane actions) than to actions parallel to this plane (in-plane actions). In the first sit-
uation, the wall rigidity is substantially lower than in the second. For good load bearing
behavior and to avoid inflection and overturning, all walls of a masonry building should
resist actions parallel to them. In this notion, the building’s behavior is viewed as a box.
The walls should be connected to the floor by stiff limitations because the floor should
be able to transfer seismic movements across the walls as a function of their stiffness. It
is well known that satisfactory seismic behavior can only be accomplished by preventing
out-of-plane collapse and fully using the in-plane strength and deformation capacity of
walls. [14]

2.3.1. MORPHOLOGY OF DAMAGES AND FAILURE MECHANISMS

The damage to masonry structures can largely be evaluated based on two basic collapse
modes. The “First Damage Mode,” as defined by Giuffrè [16], is caused by seismic ac-
tions that are perpendicular to the wall (out-of-plane) and result in the overturning of
the entire wall panel or a large section of it [Fig 2.3(a)]. The shedding of a section of the
outer masonry leaves or the emergence of vertical cracks at the corners of a structure
where the wall began to develop a hinge from the swaying are both signs of such dam-
age. This is the highest building vulnerability, and it was previously prevented through
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using ties to compensate for the lack of connection between the exterior and orthogo-
nal walls. They resist the in-plane seismic action imparted by the facades and exhibit a
higher resistance to such force. When the force of the movement exceeds the strength
of the walls, they are stressed in their plane and crack diagonally, isolating a triangular
area of the wind-brace wall and enabling it to participate in the cracking motion. While
the “first mode” is always ruinous, as it implies the complete collapse of the wall and
consequent collapse of all supported elements, the “second mode” does not necessarily
determine the collapse, though it still implies small, medium and even large cracks of
the wind-brace walls.

Figure 2.3: First mode (a) and second mode (b) collapse mechanisms [16]

The Second Damage Mode is induced by forces acting in the plane of the wall, as
previously stated, and is typically characterized by inclined cracks associated with shear
stresses that commonly result in a "X" pattern, but it seldom approaches total collapse.
When a full shear crack occurs during an earthquake, however, the panel’s triangular
parts can become unstable, resulting in collapse. The addition of adjacent construc-
tions or portions to historic structures, as well as residential buildings that have evolved
over the years, implies a lack of strong connections between the parts, and structural
integrity is one of the primary sources of weakness that leads to severe damage and col-
lapse (Fig.2.3(b)).

In existing masonry buildings, in-plane flexible diaphragms, typically timber floors
and roofs, as well as thin masonry vaults are prevalent. Even though appropriate con-
nections between walls and floors prevent local first mode mechanisms, the global seis-
mic response in masonry buildings with flexible floors is highly complex. Vertical struc-
tures (walls) tend to behave independently because horizontal structures have no or lit-
tle coupling effect. However, in practice, analyzing the in-plane seismic response of each
masonry wall as derived from the global structure with its associated loads and inertial
masses could be an acceptable approach. [16]
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Figure 2.4: Deformation of a masonry building and typical damage to structural walls [14]

Figure 2.5: Behaviour of masonry buildings: (a) structural walls not tied together, (b) building with deformable
floors and tied walls, (c) building with rigid floors and tied walls (Tomazevic, 2000)[14]

IN-PLANE BEHAVIOUR

In the plane of walls bending and shear cause horizontal and diagonal cracks respec-
tively (Fig 2.4). In-plane mechanisms cause the conventional shear damage, which does
not always result in the structure collapsing. The little damage is due to the efficient
strong connection between structural components and the presence of floors capable
of transmitting horizontal forces to shear walls, both of which characterize the favorable
"box" behavior of structures under seismic activities, as seen in Fig 2.5. Unfortunately
the layout of historic buildings, their discontinuities, the changing in time, lack of main-
tenance etc, lead to different behaviours. [14]

Seismic damage to masonry walls, as well as laboratory testing, revealed that ma-
sonry piers subjected to in-plane loading can exhibit two distinct forms of behavior, with
local cracks as shown in Figure 2.5, with which different failure modes are associated:

1. Flexural behaviour: It involves two different modes of failure. If the applied verti-
cal load is low with respect to compressive strength, the horizontal load produces
tensile flexural cracking at the corners, (2.6(a)), and the pier begins to behave as a
nearly rigid body rotating around the toe (rocking). If no significant flexural crack-
ing occurs, due to a sufficiently high vertical load, the pier is progressively charac-
terized by a widespread damage pattern, with sub-vertical cracks oriented towards
the more compressed corners (crushing). In both cases, the ultimate limit state is
obtained by failure at the compressed corners.(2.6(a))

2. Shear behaviour: This may produce two different modes of failure: (a) in sliding
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shear failure- the development of flexural cracking at the tense corners reduces the
resisting section; failure is attained with sliding on a horizontal bed joint plane,
usually located at one of the ends of the pier, (2.6(b)); (b) in diagonal cracking,
when failure is attained with the formation of a diagonal crack, which usually de-
velops at the centre of the pier and then propagates towards the corners, (2.6(c)).
The crack may pass prevailing through mortar joints (assuming the shape of a
‘stair-stepped’ path in the case of a regular masonry pattern, or also through the
blocks, (Fig 2.7).

Figure 2.6: Typical failure modes of masonry piers due to horizontal loads: (a) rocking; (b) sliding shear failure;
and (c) diagonal cracking [17]

Figure 2.7: Influence of the mortar-brick adhesion in the joints [17]

The occurrence of different failure modes depends on several parameters:
(a) the geometry of the pier;
(b) the boundary conditions;
(c) the acting axial load;
(d) the mechanical characteristics of the masonry constituents (mortar, blocks and in-
terfaces);
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(e) the masonry geometrical characteristics (block aspect ratio, in-plane and cross-section
masonry pattern).

Many experimental tests were performed in the past to investigate the impact of
these characteristics on the failure mode of masonry piers. In general, it has been de-
termined that rocking predominates in slender piers, while bed joint sliding occurring
only in extremely squat piers. For increasing levels of vertical compression in moder-
ately slender piers, diagonal cracking tends to win out over rocking and bed joint sliding.
[14]

OUT-OF-PLANE BEHAVIOUR

Direct observation of crack patterns recorded in post-earthquake damage surveys yields
to the conclusion that often the most recurrent failure mechanism surveyed is the over-
turning. The way in which this will develop depends on the quality and strength of
the connections with other elements of the structure -internal load-bearing partitions,
floors, and roof structures. If the structure was not strengthened, it is assumed that the
only means of restraint to overturning exerted by other elements to a wall is governed
by the friction of the contact surface, and this will give rise to different types of failures,
highlighted in the examples of Fig 2.8. [14]

Figure 2.8: Overturning mechanisms related to the restraints effectiveness,[14]

2.3.2. NUMERICAL MODELLING OF MASONRY STRUCTURES
The accurate material mechanical characterization is fundamental for simulating the
structural behavior of existing masonry structures. The mechanics of masonry is com-
plex, varied, and highly nonlinear as it comprised of blocks usually bonded with mortar
and assembled with a specific texture. The overall masonry response of this heteroge-
neous material is governed by mechanical properties of block, mortar, and the bond
between them. [18]

Classification of numerical strategies for masonry structures is based on how ma-
sonry and/or masonry structures are conceived and modeled and each numerical ap-
proach has characteristics, which are optimal for a specific field of utilization. There are
4 types of numerical modelling strategies:
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1. Block-by-block Models (BBMs): By definition, masonry is modelled by consider-
ing each block as a rigid or a deformable body, while the mechanical interaction
between blocks can be modeled through various convenient formulations.

2. Continuum Models (CMs): Masonry is conceived as a continuum deformable body,
without differentiation between blocks and mortar layers.

3. Macro-element Models (MMs): Panel-scale structural components (macro-elements)
with phenomenological or mechanical-based responses are employed to idealize
the structure. Two macro-elements- piers and spandrels) are recognised and the
distinction between these macro-elements in a masonry structure is carried out
on the basis of the interpretation of the structural arrangement.

4. Geometry Based Models (GBMs): A rigid body is employed to model the structure.
The only input data needed in these modeling approaches is represented by the
geometry of the structure. [18]

CONTINUUM MODELS

In this class of models, the mesh does not need to represent the masonry blocks and,
accordingly, the mesh size could be considerably greater than the block size. Homoge-
nization procedures are generally based on accurate modeling strategies (e.g., BBM) [19]

The use of these models was found to be favorable for the investigation of structural
performance of historic monumental masonry buildings, especially for the restricted
computational demand of these models and their ease in representing complex geome-
tries. Monumental buildings usually show thick and irregular masonry which are very
complex to characterize mechanically, also due to the restrictions for destructive tests
on these buildings. These aspects promoted the utilization of isotropic nonlinear mod-
els in monumental masonry buildings. Numerous studies that used isotropic smeared
crack, damage, and plastic-damage models have been favorably carried out on historic
masonry towers, churches and temples based on 3D models [19], [18].

2.3.3. STRUCTURAL BEHAVIOUR OF HISTORICAL STRUCTURES: CHURCHES
The structural behavior of complex historic structures, especially in case of agglomer-
ates of buildings may be particularly difficult. For this reason, the initial stage is to iden-
tify structural components (structural units), followed by damage and collapse mech-
anisms. These structural units are called as Macro-elements. It should be noted that
these macro-elements are different from the macro-element models (MMs) in numeri-
cal modelling strategies of masonry [18], [14].

A Macro-element is a physically distinguishable building component that functions
independently of the rest of the structure. They are single elements or a combination
of structural components (such as walls, floors, and roofs) that are designed to work to-
gether (possible damage pattern, cracking, weak connection borders, and so on), as well
as restraints (e.g. the presence of ties or ring beams), the constructive deficiencies and
the characteristics of the constitutive materials. Although they follow both in-plane and
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out-of-plane kinematic mechanisms, they behave as a single unit without the assistance
of other structural units. [14]

In the case of churches, the seismic response owes to local damage and collapse
mechanisms of the various architectonic elements, known as macro-elements (i.e., fa-
cade, nave, triumphal arch, and so on), which behaved nearly independently.[Fig. 2.9] If
masonry shows good characteristics, local damage mechanisms (e.g.out-of plane over-
turning, rocking) develop as loss of equilibrium of the masonry portions capable of slid-
ing and rotating. [14]

Figure 2.9: Macro-elements of a church, example [14]
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IDENTIFICATION OF FAILURE MECHANISMS IN HISTORIC STRUCTURES

In the case of churches as discussed in section 2.3.3, the seismic response showed a re-
current behaviour according to local damage and collapse mechanisms of the different
architectonic parts called macro-elements. Local damage mechanisms (out-of-plane
overturning, rocking) emerge as a loss of equilibrium of masonry components capable
of sliding and rotating if the masonry exhibits good characteristics. When looking at
the progression of these types of failures, the initial damage phase can be quite differ-
ent from the final state. Empirical evaluations known as "vulnerability indexes" for ma-
sonry buildings have been developed with specific attention to historic masonry build-
ings. They are based on the detection of horizontal static-equivalent force levels that can
activate certain mechanisms of local failure / overturning of structural macro-elements
(composed by single walls or sub assemblages, as intersecting walls, walls and floors or
roof, etc.) in-plane and, more importantly, out-of-plane. The lack of systematic linkages
between intersecting walls and between walls and horizontal structures in these systems
may result in kinematic mechanisms related to structural portions loss of equilibrium
rather than stress surpassing the materials ultimate capability. [14]





3
NUMERICAL MODELLING THE OLD

CHURCH BEFORE RETROFITTING

This chapter presents the structural detailing of the present case-study - The Old Church
(Het Oude Kerkje )in Garrelsweer. Detailed geometrical, material and shape properties
assumed for modelling the structural elements and simplifications for the numerical
modelling are presented. The element meshing properties of all the structural elements
and analysis methods for various simulations are discussed.

Garrelsweer is a small village in the municipality of Loppersum in the province of
Groningen (the Netherlands), on the Damsterdiep. Garrelsweer has almost 700 inhabi-
tants.[Fig3.1] The Dutch reformed hall church was built in 1912 to a design by H. Rozema
and G. Hoekzema. It is built of clay-brick masonry and Timber roofing and floor struc-
tures. All windows have colored stained glass. The architectural style is known as ratio-
nalism. Originally a bell from 1695 by C. Fremy hung in the tower. This clock was moved
to the Reformed Church in Garrelsweer in 2013. The organ was built by the Rohlfing firm
in 1921 (using older interior). On the north side, a consistory has been built on a rect-
angular plan, in the same style as the church. In the east facade is the entrance with a
natural stone sidewalk (two steps). A small extension with a flat roof was built on the
west facade in the 1960s. [20]

The following are specifics in interior of the church; in the bell-tower (portal): the
tiled floor, the wooden spiral staircase and the two framed sliding doors (panel) under a
brick segment arch; in the church, the pointed barrel vault with draw beams, the wooden
platform pulpit in a niche with an entrance on both sides, the consistory benches to the
left and right of the pulpit, the wooden balustrade with lectern, the wooden organ stand
supported by two decorative wooden pillars and the organ case [20].

25
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Figure 3.1: Location of Case Study: Old Kerkje, Garrelsweer, Groningen [21]

(a) Front view of the Old church,Garrelsweer

(b) Side view of the Old church,Garrelsweer

Figure 3.2: Case Study:The Old Church, Garrelsweer [20]
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3.1. CHARACTERISTICS OF THE OLD CHURCH IN GARRELSWEER,
GRONINGEN

In order to obtain a preliminary assessment of the dynamic behavior of the church un-
der study, an eigen-frequency analysis is performed using a three-dimensional finite el-
ement model. For precise modelling of the structure, the structural characteristics of the
church are studied by detailing the macro-elements of the structural unit, (Section2.3.3).

From the drawings (Fig 3.3), the macro elements of the church are
Masonry:

• Main facade in x-direction along with the bell-tower (masonry);

• Lateral walls in y-directions with window openings (masonry);

• Piers supporting the cross beams of the main roof structure and curved roof struc-
ture connecting to the foundation;

• Shallow masonry step-foundation running through-out the length of the walls and
through the main piers;

• Sub-structure adjacent to the main hall (Polygonal Apse) with two levels: Masonry
walls, foundation.

Timber:

• Inclined roof structure with timber sheets and timber cross beams running in y-
direction supported by inclined timber beams;

• Curved timber roof structure and curved timber beams supported by cross timber
beams on the curved roof below the main roof structure;

• Sub-structure adjacent to the main hall (Polygonal Apse) with two levels: Timber
flooring, roof;

• Timber flooring through the ground-floor and the first floor with flexible timber
sheets supported on timber beams connected to the masonry walls;

• Two level stair-cases in bell-tower up-to the first floor and in between the main
structure and the adjacent substructure up to the first floor level.

The arched window and door openings in the main structure and the adjacent sub-
structure are identified and modelled carefully as these openings in the masonry wall
play an important role in the analysis of dynamic behaviour of the structure.

As shown in Fig 3.3b & Fig 3.3c, due to previous seismic activity, the bell tower has
moved along the y-axis towards the main- structure causing the main shear cracks along
the lateral walls in y-axis through the window openings (as can be seen by the crack
pattern & broken stained glass of both the windows near the bell tower). Due to these
damages, there has been a retrofitting of this church which is discussed in Chapter 5.
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(a) Front view (x axis)

(b) Right side view (y axis)

(c) Left side view (y axis)

Figure 3.3: Elevation drawings of The Old Church- Garrelsweer prior structural modifications (Source: Arcadis)
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3.2. NUMERICAL MODELLING
A 3D representation of the case study as presented in section 3.1 is set-up with the aid of
the commercial software package DIANA FEA 10.4 [22]. This section presents the model-
ing choices for the eigen-frequency analyses and elaborates on the characteristics of the
numerical models. The material of all the masonry specimens in this study was repli-
cated by clay-brick masonry typical of the period before 1950 in the Netherlands. The
goal of this study is to investigate the structural characteristics of the church in dynamic
loading including fundamental modes and eigen-frequencies of the whole structure to
validate the results with the physical tests.

After identifying the macro-elements of the church, many simplified modelling as-
sumptions are considered to rationalize the complex structure, material properties and
connections which are discussed in detail in this section with the aim of reducing the
computational time and effort.

3.2.1. MASONRY WALLS
Most of the buildings in the region are constructed of unreinforced masonry. In the case-
study, it can be observed that the structural wall thickness of the church is not uniform
over the length due to various factors over the time [Appendix A]. A homogenized cross-
section is considered for the walls with an average thickness of 500 mm, in X-direction
and 460mm, in Y-direction of the main structure and 220 mm thick walls of the adjacent
substructure [Fig 3.4].

GEOMETRICAL & MESH PROPERTIES

The cross-sectional details of all the masonry walls is shown in table 3.1.
Masonry Walls are modelled with triangular and quadrilateral shell elements and the
element types are described in table 3.2

Wall element Location Total Wall thickness(mm)
Masonry Walls -Y axis Main Structure -Lateral 460
Masonry Walls- Y axis Vestibule 220
Masonry Walls- Y axis Sub-structure (Apse) 220
Masonry Walls -X axis Bell Tower -Facade 100
Masonry Walls- X axis Main Structure 500
Masonry Walls- X axis Sub-structure (Apse) 220

Table 3.1: Element Cross-sectional properties- Masonry Walls (The Old Church, Garrelsweer)
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Figure 3.4: Kerk Garrelsweer(y-section) showing the cross-section of masonry walls

Element Types CQ40S CT30S
Degrees of Freedom 40 30
interpolation scheme Quadratic Quadratic
Integration scheme Gauss and Simpson (2 x2x2) Gauss and Simpson (2 x2x2)
Stress Components σxx ,σy y ,σzz ,σx y ,σy z ,σxz σxx ,σy y ,σzz ,σx y ,σy z ,σxz

Inclusion of shear deformation Yes Yes
Topological dimension 3D 3D
Average element size 200 mm 200 mm
Total number of elements 11752 201

Table 3.2: Classification of element types in masonry wall

(a) CQ40S
(b) CT30S

Figure 3.5: Element Models of quadrilateral & triangular Shell elements -Masonry Walls [23], [24]
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MATERIAL PROPERTIES- MASONRY MODEL

A smeared, continuum Engineering Masonry Model (EMM), recently developed by TU
Delft and DIANA FEA was chosen for the elaboration of the macro (or continuum) model.
This material model accounts for the orthotropy from bed and head joints, tensile soft-
ening with secant unloading, shear friction and cohesion softening with elastic unload-
ing, and compression hardening and softening with bi-linear elastic-secant unloading.

Note that these material parameters are partially obtained from [8] and from experi-
mental correlations on residential buildings of Groningen subjected to seismic damage
[25] as shown in table 3.3.

Property Symbol Value Units
Density ρ 1708a kg/m3

Young’s modulus (vertical) Ey 3087a MPa
Young’s modulus (horizontal) Ex 2157b MPa
Shear modulus Gxy 1354b MPa
Tensile strength ft 0.09a MPa
Fracture energy (tension) G1

t 7.527c N/m
Compressive strength fc 11.35a MPa
Fracture energy (Compression) GC 26050a N/m
Friction angle ϕ 0.669a rad
Cohesion (no softening) c 0.14a MPa
Diagonal crack orientation α 0.5a rad

a From material characterisation [26], [8] ;
b From calibration [25];
c From formulation [8].

Table 3.3: Calibrated Properties of Engineering Masonry Model(EMM)-Macro Model

3.2.2. PIERS
Piers are vertical load bearing structural elements which are integrated in the main walls
and carry the load of roof structure. Figure 3.6a depicts the interior and exterior detail of
the piers and the connection with the main load bearing walls. The connection between
the main walls and piers are difficult to define based on the provided information, so are
assumed to be fixed due to likely presence of interlocking between the masonry bricks.
The geometry of the columns/ piers is varying along the height from 525mm to 637mm
as shown in Fig 3.6. Therefore, the piers are modelled as beam elements with constant
thickness equal to the average of both values (580 mm).

Beam elements are those in which the length dimension “l” is considerably higher
than its thickness “d”. They can simulate axial deformation ∆l , shear deformation γ,
curvature κ and torsion. Such an element is shown in figure 3.7.
DIANA offers three classes of beams:
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• Class I: These elements are directly integrated along cross-sections and behave
according to the classical Bernoulli beam theory. This element can be used for
linear and geometrically non-linear analysis, although it is limited to stress-strain
curves in terms of physical non-linearity.

• Class II: These elements are fully numerically integrated and similar to Class I, but
they can also be employed for issues involving material physical non-linearity.

• Class III: Cross-sections that are fully numerically integrated and correspond to
the Mindlin-Reissner theory. [27]

For the thesis, class III beam element CL18B is used. The cross-sectional properties of
the piers and the element properties are discussed in Table 3.4 and Table 3.5 respectively.

(a) Kerk Garrelsweer, x-section

(b) Cross-sectional Geometry of Piers

Figure 3.6: Element Models of Shells-Masonry Walls

GEOMETRICAL & MESH PROPERTIES

Element length(mm) thickness(mm) Width (mm)
Piers 3600 580mm(average) 737mm

Table 3.4: Cross-sectional details of Piers
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Element Types CL18B
Degrees of Freedom 6
interpolation scheme quadratic
Integration scheme 2 point Gauss integration
Stress Components σxx ,σx y ,σzx

Inclusion of shear deformation Yes
Topological dimension 3D
Average element size 200 mm
Total number of elements 184

Table 3.5: Classification of element types in masonry piers- CL18B

Figure 3.7: Element Model of Class III beam element- (CL18B)

MATERIAL PROPERTIES

For the masonry piers the Total Strain Based Cracking Model (TSCM) is assigned.This
TSCM requires only

• Elastic properties, such as: Young’s modulus and Poission’s ratio.

• Material strength parameters, such as tensile, compressive and shear.

This model doesn’t include the anisotropic material properties of masonry, and as it not
feasible to assign the local axes since to the piers designed as 2D line elements, this ma-
terial model is appropriate. Note that the values for masonry are partially obtained from
the NPR 9998 and partially from experimental test correlations [25] as shown in table 3.6.

3.2.3. FOUNDATION
The foundation below the masonry walls is a shallow step foundation composed of clay-
brick masonry. This foundation is approximated by considering a step function along z-
axis with varying thickness starting from 500mm at the ground level up-to 630mm thick-
ness at 1500mm below the ground level as shown in figure 3.8.

The masonry step-foundation is modelled with triangular and quadrilateral shell
elements- CQ40S & CT30S (Fig 3.5) and these element properties are described in ta-
ble 3.2. The material model considered for the masonry foundation is the continuum
Engineering Masonry Model (EMM) and the material properties are shown in table 3.3.
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Property Parameter Symbol Unit Value
Elasticity Young’s Modulus E MPa 4000

Poisson’s ratio ν - 0.15
Density ρ kg/m3 1708

Crack orientation Rotating
Cracking Linear-crack energy based

Tensile strength ft MPa 0.30
Tensile fracture energy Gt N/mm 0.01

Crushing Compressive strength fc MPa 8.0
Compressive fracture energy Gc N/mm 20

Table 3.6: Material properties masonry Piers with TSCM model

Figure 3.8: Modelling the masonry foundation with a step function
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3.2.4. TIMBER JOISTS
Timber joists in the roof and the floor are modelled as class III beam elements with linear
elastic isotropic material properties which is considered a good approximation as linear
dynamic analysis is considered.

GEOMETRIC AND MESH PROPERTIES

The cross-sectional details of the timber joists are in table 3.7 and the model of timber
joists in floor and roof structures in figure 3.9.

Element width (h) (mm) thickness (b) (mm)
Main roof-Inclined beams 241 110
Main roof- cross beams 241 110
Main roof-roof joists 95 95
Curved roof- curved beams 182 100
Curved roof- cross beams 182 100
Main roof- center beams(vertical) 222 222
Adjacent apse- roof beams 100 100
Floor beams - bell tower 130 75
Floor beams- Main structure 250 60
Floor beams- Adjacent apse 130 75
Floor beams- first level 130 75
Braces-bell tower(second level) 280 280

Table 3.7: Cross-sectional details of timber joists

MATERIAL PROPERTIES

The simplified material model considered for the timber joists is linear elastic isotropic
model with the properties described in table 3.8.

Property Parameter Symbol Unit Value
Linear Elastic Isotropic Young’s Modulus E MPa 10000

Poisson’s ratio ν 0.35
Density ρ T/mm3 5 e-09

Table 3.8: Material properties of timber joists (Linear Elastic Isotropic model)
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(a) x-z section (front view)
(b) x-y section (top view)

(c) isotropic view

Figure 3.9: Modelling the timber joists in the floor and roof structures (CL18B)
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3.2.5. TIMBER DIAPHRAGMS- ROOF AND FLOOR
Existing or historical constructions with timber floors and roofs represent a significant
part of the building stock and the architectural heritage for several countries. These di-
aphragms are often poorly connected to unreinforced masonry walls, making such ex-
isting buildings potentially vulnerable to earthquakes.

For the Dutch context a lack of knowledge can be observed; this is because on the one
hand the area around Groningen started to be subjected to more intense earthquakes
generated by gas extraction only in recent years. Therefore, the seismic assessment of
existing or historical buildings was no issue until recently. On the other hand, the timber
diaphragms have specific characteristics different from other floors analysed in litera-
ture. From the analytical point of view, the in-plane behaviour of the tested diaphragms
was characterized by examining their flexural or shear-related response, non-linearity
and orthotropy. Based on literature, two different material models are used for mod-
elling the roof and floor timber diaphragms in this thesis discussed in detail below.

GEOMETRIC AND ELEMENT MESH PROPERTIES

The cross-sectional details of flooring, inclined roof and the curved roof structure cor-
respond to the plans included in appendix A. The thickness of these timber diaphragms
vary from 25mm-35mm for both floor and roof structures, hence a simplified assump-
tion of 30mm thickness is made for modelling the case study and the material properties
are also calculated based on this assumption.

The timber diaphragms are modelled as regular curved shells with constant thick-
ness and the element types of the mesh are described in table 3.9.

Element Types CQ40S CT30S
Degrees of Freedom 40 30
interpolation scheme Quadratic Quadratic
Integration scheme Gauss and Simpson (2 x2x2) Gauss and Simpson (2 x2x2)
Stress Components σxx ,σy y ,σzz ,σx y ,σy z ,σxz σxx ,σy y ,σzz ,σx y ,σy z ,σxz

Inclusion of shear deformation Yes Yes
Topological dimension 3D 3D
Average element size 200 mm 200 mm

Table 3.9: Classification of element types in timber diaphragms
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(a) CQ40S
(b) CT30S

Figure 3.10: Element Models of quadrilateral and triangular shell elements - Timber diaphragms

MATERIAL MODELS- TIMBER DIAPHRAGMS

In the first material model, the timber diaphragms are modelled as a fictitious material
with negligible mass density and as a linear elastic orthotropic material ( Table 3.10). It
can be seen that the mass density is of the order 10−20T /mm3 and hence, the masses
of the timber diaphragms are applied as an external load acting normally on the cross-
beams as shown in figure 3.11. The dead weight calculations of the timber diaphragms
is shown in appendix B.

Property Parameter Symbol Unit Value
Linear Elastic Orthotropic Young’s Modulus Ex N/mm2 1.5

Ey N/mm2 11
Ez N/mm2 400

Poisson’s ratio νx y 0
νy z 0
νzx 0

Shear Modulus Gx y N/mm2 1100
Gy z N/mm2 1100
Gzx N/mm2 500

Density ρ T/mm3 10−20

Table 3.10: Material properties of timber diaphragm (Linear Elastic Orthotropic model-1)
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(a) x-z section (front view)
(b) Isotropic (back view)

(c) Isotropic (front view)

Figure 3.11: External Additional Loading applied on the Timber cross-beams on the roof and floor structure
(Material Model -1)
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Furthermore, the second material model has emphasised on the tested and calibrated
properties of timber diaphragms in the local constructions of Groningen with mainly un-
reinforced masonry structures and timber floors, and similar historic constructions from
similar timelines.

Flexible timber diaphragms are known to deform as shear beams and they exhibit
orthotropic behaviour when loaded in their plane, due to the orientation of the joists (see
3.12(a)) [28]. The in-plane behaviour of timber diaphragms with Dutch features from
both experimental tests and analytical calculations as studied in detail in [29], [30]. The
most widely respected recommendations for diaphragm stiffness are the data published
in ASCE 41-13, which specifies a shear stiffness for straight sheathed diaphragms of 350
kN/m [31], [28].

Figure 3.12: Schematics showing aspects of diaphragm response, [28]

A common way to homogenize the stiffness values of timber diaphragms is to adopt
a size-independent parameter, the equivalent shear stiffness (Gd = G .t , with G, floor’s
global shear modulus and t= thickness of floor planking). This parameter can be consid-
ered reliable for diaphragms for which the in-plane behavior can be assumed as shear-
related, such as the strengthened ones; for as-built floors with continuous planks and
joists where the flexural response is dominant, and hence Gd is size-dependent and
loading direction dependent [28].

Additionally, the material properties of an experimentally validated vintage flexible
timber diaphragms which underwent seismic damage (a historical building in Whanganui
(lower North Island of New Zealand) that was constructed in 1913, making the diaphragms
99 years old at the time of testing) are considered in this variation. Both diaphragm test
sections were in poor condition, as shown in figure 3.13 and the figure 3.16 shows the
experimentally calibrated shear stiffness values. [28]

It should be noted that even though testing, time period and the seismic loading is
similar, these values correspond to the material model of the regional timber species in
New-Zealand but with no experimental data or physical tests of the timber diaphragms
in the case-study structure, the material properties for timber diaphragms in this second
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Figure 3.13: Deteriorated condition of vintage Whanganui timber diaphragm tested in-situ.[32]

Figure 3.14: Shear stiffness values for straight sheathed vintage flexible timber floor diaphragms [32]
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material model [table 3.11] are assumed from [28], [30].
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Property Parameter Symbol Unit Value
Elasticity Young’s Modulus Ex MPa 10000

Ey MPa 10000
Ez MPa 10000

Poisson’s ratio ν 0
Density ρ T/mm3 9 e-09

Shear Modulus Gx y N/mm2 6.66
Gy z N/mm2 625
Gzx N/mm2 625

Table 3.11: Material properties of timber diaphragm (Linear Elastic Orthotropic model-2)

From the plans of the case-study, (The Old Church in Garrelsweer, Groningen) the
flooring and roof of existing timber diaphragms are 30mm thick with board widths of
100-150mm. The diaphragm response properties can be approximated as an equivalent
elastic system.

In the table 3.11, the in-plane shear modulus (Gx y ) is calculated based on equiva-
lent shear stiffness of 200 N/mm and out of plane shear modulus (Gy z ,Gzx ) is calculated
based on the established formula of G = E/16 for elastic timber systems. Due to negli-
gible thickness compared to other dimensions of diaphragm panels and due to no slab
effect in the timber floors, the Poisson’s ratio is assumed to be zero (ν= 0) in this material
model-2.

3.2.6. SUPPORT CONDITIONS

The initial assumption for modelling the support conditions of the case study is consid-
ering a fixed base structure. Generally, the effects of soil- structure interaction should be
considered in design when they concern massive and embedded foundations, slender
structures like towers, masts and chimneys, more specifically any structure sensitive to
second order effect (P-δ effects), structures founded on soft soil deposits with a wave ve-
locity VS30 less than 100m/s, and piled foundations.

As a result of soil-structure interaction, the seismic response of a structure is mod-
ified with respect to the case of a fixed base structure. Soil-structure interaction gen-
erally has a beneficial effect on the performance of a structure, due to the flexibility of
the ground the fundamental period of vibration is elongated, significant rocking move-
ments may take place and the overall damping of the system is increased due to radiation
damping. For the majority of structures, except those listed above, these effects tend to
be beneficial because they reduce the seismic forces.

In this case-study of The Old Church none of the above mentioned design concerns
are met. This structure is founded on soft soil deposits described by the strati-graphic
profiles and parameters taken from the NPR9998:2020 Webtool (fig 3.15) at the loca-
tion of the church with a average wave velocity of VS30 = 177m/s indicating deposits
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of loose-to-medium cohesion-less soil (with or without soft cohesive layers), or of pre-
dominantly soft-to-firm cohesive soil. (soil category D) from the table 3.1 in Eurocode
8 [11] and it is greater than Vs30 = 100m/s. Hence, the second order effects can be ne-
glected and the conservative assumption to use a ‘fixed-base’ structural model of the
foundation is expected to continue to serve its function for the model under considera-
tion [NPR9998:2021] [8].

Figure 3.15: average shear wave velocity at case study, NPR9998:2020 webtool [8]

The foundation is modelled as a fixed base at the ground level by restraining all the
translations and rotations at the boundary. For simplifying the modelling further, a tying
is modelled connecting all the edges to a single vertex at the foundation by an equal
connection of translations and rotations as shown in figure 3.16.
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Figure 3.16: Modelling the fixed base support using tyings

3.2.7. LOADING CONSIDERATIONS
Two load combinations are considered in modelling the case study

1. Gravity/ Self-weight: Global load computed for all the structural elements based
on their mass density. It should be noted that when material model-1 is consid-
ered for timber diaphragms the corresponding mass of the timber floor and roof
structure is assigned in addition to the global load (Annex: B).

2. Additional characteristic loads according to Eurocode 8, discussed in detail below.

CHARACTERISTIC-LOADS

Along-side the self weight of the structure, additional dead load and imposed loads are
considered on the roof and floor structures according to Eurocode 8 [11]. In order to
apply these loads, the category of usage of the church is defined as C2: Areas with fixed
seats (eg. churches), where

• Imposed loads on floors, stairs and balconies in the building is qk = 4.0kN /m2

(table 6.2, Eurocode 1 1991-1-1)

• Roof load: Roofs not accessible except for normal maintenance and repair.(category
H) has a recommended value of qk = 0.4kN /m2 (Table 6.10 Eurocode 1 1991-1-1)
[33]

• Dead load on the floors is qk = 2kN /m2

These characteristic loads are applied as a line load (kN/m) in the normal direction over
the cross beams of the roof and floor as shown in Fig 3.17.
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Figure 3.17: Characteristic loads applied on floor and roof structure

3.3. DISCRETIZATION
As discussed in previous sections, regular curved shell elements and class-III beam ele-
ments are adopted to capture the in- and out-of-plane behaviour of the structural com-
ponents of the case study. These higher order finite elements are based on Mindlin-
Reissner theory for which transverse shear deformation is included. Non-linear behaviour
is included for the masonry only and lastly, the orientation of the local axes of the ma-
sonry elements is treated with extra care due to the orthotropic material behaviour. Fig-
ure 3.18 depicts the meshing, local axis orientation, loading and support conditions of
the reference model.The average element size considered for all structural elements is
200mm.
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Figure 3.18: Finite element meshing of the reference model depicting local axis, loading and support condi-
tions (average element size of 200mm)

3.4. CHARACTERISTICS OF EIGEN FREQUENCY
As discussed in section 2.1, the first step in performing a dynamic analysis is determin-
ing the natural frequencies and mode shapes of the structure with damping neglected-
free vibration analysis. These results characterize the basic dynamic behaviour of the
structure and indicate how a structure will respond under dynamic loading.

Considering the equation of motion of an undamped single degree of freedom (SDOF)
system

mü +ku = f (t ) (3.1)

If, however, no external force is acting on the mass, nonzero solutions may still exist. It
can be immediately verified that

u = A sinω0t +B cosω0t (3.2)

fulfills the homogeneous equation of motion if

ω0 =
√

k

m
(3.3)

Here, ω0 is the natural angular frequency, having the unit rad/s. It is related to the natu-
ral frequency (unit: Hz) by ω0 = 2π f0 . We can interpret the solution above as: Once the
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process has started, a free vibration can exist at exactly this frequency without any ex-
ternal excitation. In real life, there is always some damping, so ultimately the vibrations
would fade away. [34]

The expression for the eigen-frequency above exhibits very general behavior in terms
of how stiffness and mass influence eigen-frequencies:

ω0 ∝
√

stiffness

inertia
(3.4)

So, we can predict that as the stiffness of the system decreases or the mass of the system
increases in the particular direction considered, the eigen-frequencies decrease.

EFFECTIVE MASS PARTICIPATION IN EIGEN-MODES

The Effective Mass Participation Factor (EMPF) represents the percentage of the system
mass that participates in a particular mode. It provides a measure of the energy con-
tained within each resonant mode. A mode with a large effective mass participation
factor (EMPF) is usually a significant contributor to the dynamic response of a system.
The EMPF for each mode and each direction is a reflection of how the center of gravity
of the structure gets excited by that mode. [27]

The Cumulative Effective Mass Participation Factor (CEMPF) is a measure of how the
EMPF builds up as additional modes are included in the analysis. In general, the num-
ber of modes considered must contribute to a CEMPF of at least 80% of the system mass
in the direction of excitation. Hence, by evaluating the Effective Mass Participation of
global modes in each direction, the dynamic response of the structure can be predicted.
[27]

The Old Church in Garrelsweer (case-study) is numerically modelled with variations
in geometrical, material and shape properties of the structural elements as discussed
in this chapter and from the free vibration analysis of the model, the important modes
based on highest EMPF in each direction are recorded and presented in the next chap-
ters.
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NUMERICAL RESULTS

Following the numerical modelling, this chapter presents the eigen-value analysis, re-
sults and the main modal deformations in each direction for all the simulated models
with a detailed description of the modelling simplifications and variations assumed for
each model.

4.1. MODEL-1
As a starting point in the first model, the geometrical details, loading and support condi-
tions are as discussed in chapter-3. The material models and further assumptions con-
sidered are shown in table 4.1.

Finite Element Model-1
Structural elements Material Model Further assumptions, reference
Masonry Walls Continuum EMM Table 3.3
Masonry Foundation Continuum EMM Table 3.3
Masonry Piers TSCM Table 3.6
Timber Joists Linear Elastic Isotropic Model Table 3.8
Timber Diaphragms Linear Elastic Orthotropic Model -1 (fictitious material) Additional Timber diaphragm Loading, Table 3.10

Table 4.1: Material Models and specific assumptions for Model-1

Eigen-value analysis is conducted to find the global eigen-modes of the structure.
The important properties of the eigen-modes are the natural period, shape and the modal
mass participation. The modal mass participation provides a method for judging the
significance of each eigen-mode. The modal shape indicates the direction in which the
structure is most likely going to deform due to a dynamic loading. First 350 eigen-values
are evaluated, with eigen-frequencies ranging from 0.2Hz to 4.36Hz (C.1) to obtain cu-
mulative mass percentage of 39.043% in X-direction and 74.25% in Y direction respec-
tively. The global eigen-modes in the first 350 eigen-modes with modal mass participa-
tion ≥ 5% are shown in table 4.2.

49
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Mode Number Frequency (Hz) Time Period (s) Effective Mass & Direction Effective Mass Percentage (%)
25 0.7428 1.3462 0.3167 E+03 9.349
197 2.7516 0.3634 0.37137 E+03 (Y) 10.96

Table 4.2: Modal Mass participation of global modes in global X and global Y direction for the first 350 Eigen
values (Model 1)

GOVERNING EIGEN MODES IN GLOBAL X DIRECTION

From the eigen-value analysis, the global eigen modes in X direction with a modal mass
participation ≥ 5% are recorded. It can be seen that only one eigen mode -25 shows
a maximum mass participation of 9.349% within the first 350 eigen-modes evaluated
and the cumulative modal mass participation in global X direction is limited to 39%. As
the cumulative modal mass participation factor is less than 80%, the NPR 9998 states
that higher modes are likely to be significant for the structural dynamic response of the
church.
Out of all considered global modes in X-direction, Mode 25 (Eigen-frequency of 0.7428
Hz & time period of 1.3462s) is recognised as a significant mode with effective modal
mass participation percentage of 9.349% [Fig 4.1].

GOVERNING EIGEN MODES- GLOBAL Y DIRECTION

The global eigen-modes in Y direction with a modal mass participation ≥ 5% in the first
350 eigen-modes are presented in Table 4.2. The cumulative modal mass participation
is 74.25%, lesser than 80%, so higher modes are likely to be significant for the dynamic
behaviour of the structure in Y direction. One of the governing global eigen-mode in
the global Y-direction is Mode 197 (natural frequency of 2.7516Hz and Time period of
0.3634s) with highest modal mass participation of 10.96% [Fig 4.2 ].
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(a) Isotropic view- Mode 25

(b) Side View- Mode 25
(c) Side View- Mode 25

Figure 4.1: Global Mode 25(X)- indicating modal deformation (out-of plane) of roof and wall systems [scale
factor-0.05]
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(a) Isotropic view- Mode 197

(b) Back view- Mode 197

(c) Side view- Mode 197

Figure 4.2: Global Mode 197- indicating modal deformation (translation) of roof, floor and wall systems [scale
factor-0.05]
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OVERALL BEHAVIOUR OF FIRST MODEL (FINITE ELEMENT MODEL-1)

The response of all natural modes of vibration contributing significantly to the global
response of the structure are taken into account and when using a spatial model. The
above conditions should be verified for each relevant direction according to [8]. From
table 4.2, it can be noted that the time period of the main global modes in X and Y are
within the same range of 0.35- 1.35 seconds.

Figure 4.3: Eigen-frequencies and cumulative mass participation in X and Y direction- Model 1

The cumulative mass participation of the global modes in model-1 is very low in X
direction [Fig 4.3], it can be seen that at the eigen-frequency of around 0.7Hz there is a
jump in mass participation due to a localized mode of the roof-structure and there is a
gradual increase in the modal mass participation up to 40% in the X direction. In Y direc-
tion, jumps in the mass participation can be observed around the eigen-frequencies of
1.8 Hz, 2.3Hz and 2.75Hz each corresponding to the out-of plane deformation of timber
joists in the roof or the first-floor of the sub-structure. Due to the presence of many
localised modes in the timber flooring, it should be noted that 350 eigen-modes are
analyzed to reach the cumulative mass participation of 40% and 70% which makes the
model very inefficient.

The main hindrance of this model is presence of many localized modes in the ground
floor which cannot be captured with the sensors and the major modal deformation in
both global X,Y direction in the timber joists with external normal loading from the tim-
ber diaphragms [fig. 4.4]. In practical applications, considering 350 eigen-values will
be very inefficient due to increased computational time and memory requirement. In-
order to overcome these, the first model is modified as discussed in the next section.
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Figure 4.4: Localised modes in the ground floor of Model-1

4.2. MODEL-2 (Reference Model)
In Model-1, major modal deformation has occurred on the timber joists instead of a
global deformation due to considering the fictitious timber diaphragms, thus in this
Model-2 the timber material model is modified as shown in table 4.3 considering the
equivalent shear stiffness model from [30],[28].

Finite Element Model-2
Structural elements Material Model Further assumptions, reference
Masonry Walls Continuum EMM Table 3.3
Masonry Foundation Continuum EMM Table 3.3
Masonry Piers TSCM Table 3.6
Timber Joists Linear Elastic Isotropic Model Table 3.8
Timber Diaphragms Linear Elastic Orthotropic Model -2 Table 3.11

Table 4.3: Material models and specific assumptions for Model-2

Eigen-value analysis is carried out for the first 350 eigen-modes of the structure with
eigen-frequencies ranging from 0.467 Hz to 16.53 Hz (C.2). The cumulative modal mass
participation for this model is 80.79% in global X and 80.28% in global Y direction for the
considered 350 eigen modes. Hence, as per [8], the significant eigen modes depicting the
dynamic behaviour of the case-study lie within the first 350 eigen-modes in both global
X and Y directions. All modes with effective activated mass-participation percentage ≥
5% are recorded in table 4.4 with the corresponding eigen-frequencies and time periods.
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Mode Number Frequency (Hz) Time Period (s) Effective Mass & Direction Effective Mass Percentage (%)
40 2.7065 0.3695 0.9287 E+02 (X) 4.927
108 6.434 0.1554 0.3279 E+03 (X) 17.40
115 6.8437 0.1461 0.9836 E+02 (X) 5.218
116 6.8796 0.1453 0.23593 E+03 (X) 12.52
348 16.408 0.0609 0.19127 E+03 (X) 10.148
49 3.173 0.3152 0.18344 E+03 (Y) 9.732
52 3.2248 0.3101 0.10105 E+03 (Y) 5.361
203 9.7326 0.1027 0.9287 E+02 (Y) 4.927
205 10.192 0.0981 0.7000 E+03 (Y) 37.142
226 10.851 0.0921 0.1433 E+03 (Y) 7.602

Table 4.4: Modal Mass participation of global Modes in global X and global Y direction for the first 350 eigen-
values (Model 2)

GOVERNING EIGEN MODES IN GLOBAL X DIRECTION

The first governing global mode with maximum mass participation percentage of 5%
is mode 40 with an eigen-frequency of 2.7065 Hz and time period of 0.369s [Fig 4.5].
However, global mode 108 (eigen frequency-6.434Hz), has the highest mass participa-
tion percentage of 17.40% in global X direction.

GOVERNING EIGEN MODES- GLOBAL Y DIRECTION

Similar to global X direction, the cumulative modal mass participation percentage has
increased to 80.28% in global Y direction. The first global governing mode with maxi-
mum modal mass participation of 9.73% is mode 49 with eigen-frequency 3.173Hz and
time period 0.3152s. [Fig 4.6] However, global mode 205(eigen frequency-10.192Hz) has
the highest mass participation percentage of 37.142% in global Y direction.



4

56 4. NUMERICAL RESULTS

(a) Isotropic view- Mode 40

(b) Side View- Mode 40

(c) Top View- Mode 40

Figure 4.5: Global mode 40 - indicating modal deformation (out-of plane) of roof and wall systems [scale factor-
0.05]
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(a) Isotropic view- Mode 49

(b) Front View- Mode 49

(c) Top View- Mode 49

Figure 4.6: Global mode 49- indicating modal deformation (translation) of roof and wall systems [scale factor-
0.05]

OVERALL BEHAVIOUR OF MODEL-2
The response of all modes of vibration contributing significantly to the global response
are taken into account. It can be seen that the cumulative mass participation is same
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in both global X and Y directions (80%) and the fundamental eigen-frequencies depict
a global mode deformation with maximum effective mass participation. In X direction,
there is a distinctive jump at 2.7Hz and 6.5Hz while in Y direction, the distinctive jumps
are around 3.2Hz and 10.2Hz indicating the clear modes of vibration [fig 4.7]. The funda-
mental modes of vibration were found within the first 50 eigen-modes making the model
more efficient for computation.

Figure 4.7: Eigen-frequencies and cumulative mass participation in X and Y direction- Model 2

With the increase in the effective mass participation and clear indication of global
modes, this model can be regarded as the "Reference Model" from here on and further
simulations are compared with the reference model as a base.

4.3. MODEL-3
A simplified assumption of a rigid base at ground level is made in this Model-3 in order to
reduce the local modes on the floor, also the sensors for ambient vibration testing can-
not be placed on the timber floors. Modelling the foundation and flooring is eliminated
and rigid boundary conditions are applied on the edge of masonry walls by restricting
the rotations and translations (T1,T2,T3,R1,R2,R3 are fixed) as shown in figure 4.8. The
material models and further assumptions of Model-3 are similar to the reference model
[table 4.3].

First 200 eigen-modes ranging from 0.467Hz to 27.96Hz (C.3) are evaluated and the
cumulative mass participation percentage is 83.89 % in global X and 81.192% in global
Y direction respectively. All the global eigen-modes with a mass participation ≥ 5% are
shown in table 4.5 as the total mass participation percentage is below 90%. [8]
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Figure 4.8: Finite element model-3 with fixed base

Mode Number Frequency (Hz) Time Period (s) Effective Mass & Direction Effective Mass Percentage (%)
4 2.7377 0.3653 0.69537E+02 (X) 20.187
8 4.3521 0.2297 0.38500E+02 (X) 11.177
24 7.8363 0.1276 0.12092 E+02 (X) 3.5103
36 9.4412 0.1059 0.74450 E+02 (X) 21.613
6 3.3950 0.2945 0.215535 E+03 (Y) 45.098
16 6.2828 0.1592 0.11929 E+02 (Y) 3.463
34 9.1390 0.1094 0.29293 E+02 (Y) 8.5041
48 11.621 0.0860 0.15071 E+02 (Y) 4.3754
53 12.348 0.0809 0.11655E+02 (Y) 3.3837

Table 4.5: Modal mass participation of global modes of the first 200 eigen-modes in global X and global Y
direction (Model 3)
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GOVERNING EIGEN MODES IN GLOBAL X DIRECTION

The cumulative modal mass participation is 83.89% in global X direction for the first 200
eigen-modes, hence the dynamic properties of the case-study in X direction lie within
the first 200 eigen-modes. The governing first global mode is Mode 4 (Eigen Frequency
of 3.59Hz and time period of 0.3653s) with a maximum mass participation of 20.187% in
global X direction [Fig 4.10].

GOVERNING EIGEN MODES IN GLOBAL Y DIRECTION

The cumulative modal mass participation is 81.19% for the first 200 eigen-modes hence
the significant dynamic properties of the structure in the Y direction lie with-in the first
200 eigen-modes. The governing first global mode is Mode 6 (Eigen frequency of 3.3950Hz
and time period of 0.2945s) with the maximum modal mass participation of 45.098% in
global Y direction. [fig 4.11]

OVERALL BEHAVIOUR OF MODEL-3
In comparison to the reference model (model-2), the cumulative mass participation per-
centage of 80% is achieved within the first 200 eigen-modes in both global X and Y direc-
tion. In X axis, at eigen-frequencies around 2.5Hz and 9.5Hz and in Y axis around 3.5Hz
and 9Hz there is a distinctive jump. [Fig 4.9] The first global modal deformation shape in
global X and global Y direction is similar to the reference model but the activated mass
participation percentage of these modes is increased to 20.2% and 45% in each direction
respectively and these main modes are obtained within the first 10 eigen-values. But it
was also noted that the period of vibration roughly doubles in both directions.

Figure 4.9: Eigen-frequencies and cumulative mass participation in X and Y direction- Model 3
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(a) Isotropic view- Mode 4

(b) Side View- Mode 4

(c) Top View- Mode 4

Figure 4.10: Global mode 4 - indicating modal deformation (out-of plane) of roof and wall systems [scale factor-
0.05]
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(a) Isotropic view- Mode 6

(b) Front View- Mode 6 (c) Top View- Mode 6

Figure 4.11: Global mode 6- indicating modal deformation (translation) of roof and wall systems [scale factor-
0.05]

4.4. MODEL-4
In this model simulation, additional to the assumptions of model-3 instead of assuming
a fixed base, the rotations are released at every edge of the masonry-wall (R1,R2,R3) as
shown in Fig 4.12 to approximate the flexible foundation.
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Figure 4.12: Finite element model 4 with released rotations at the masonry wall edges

The first 200 eigen-modes are evaluated ranging from 0.4696Hz to 27.154Hz (C.4)
with cumulative mass participation percentage of 87.216% in global X direction and
82.064% in global Y direction. All the global modes with mass participation percentage
≥ 5% in global X and Y direction are shown in table 4.6.

Mode Number Frequency (Hz) Time Period (s) Effective Mass & Direction Effective Mass Percentage (%)
4 2.3422 0.4269 0.98954 E+02 (X) 28.845
5 3.3074 0.3023 0.14482 E+02 (X) 4.2217
16 5.9598 0.1677 0.15271 E+02 (X) 4.4515
38 9.1963 0.1087 0.42057 E+02 (X) 12.260
42 9.9580 0.1004 0.18374 E+02 (X) 5.3560
7 3.4516 0.2897 0.15982 E+03 (Y) 46.5880
17 6.1647 0.1622 0.12636 E+02 (Y) 3.6835
32 8.5313 0.1172 0.11277 E+02 (Y) 3.2872
52 11.799 0.0847 0.50139 E+02 (Y) 14.616

Table 4.6: Modal mass participation of global modes of the first 200 eigen-modes in global X and global Y
direction (Model 4)
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GOVERNING EIGEN MODES IN GLOBAL X DIRECTION

The cumulative modal mass participation is 87.216% in global X direction for the first
200 eigen-modes. The governing first global mode is Mode 4 (eigen frequency of 2.3422
Hz and time period of 0.4269 s) with a maximum mass participation of 28.845% in global
X direction [Fig 4.14].

GOVERNING EIGEN MODES IN GLOBAL Y DIRECTION

The cumulative modal mass participation is 82.064% for the first 200 eigen-modes. The
governing first global mode is Mode 7 (eigen frequency of 3.4516 Hz and time period of
0.2897s) with the maximum modal mass participation of 46.588 % in global Y direction.
[fig 4.15]

OVERALL BEHAVIOUR OF MODEL-4
Compared to model 3, the principal mode in X direction has a longer period while a
small difference in Y direction. This is due to release of the degrees of freedom has more
influence in the opposite direction (and hence in the X direction, where the walls are
shorter). Two distinctive jumps at 2.3Hz and 9.2Hz in X direction & at 3.5Hz and 12Hz
in Y direction indicating the natural modes of vibration of the system. The first global
modal deformation shape in global X and global Y direction is similar to the reference
model but the activated mass participation percentage of these modes is increased to
28.845% and 46.588% in each direction respectively and these main modes are obtained
within the first 10 eigen-values as seen in the graph 4.13.

Figure 4.13: Eigen-frequencies and cumulative mass participation in X and Y direction- Model 4
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(a) Isotropic view- Mode 4

(b) Side View- Mode 4

(c) Top View- Mode 4

Figure 4.14: Global mode 4(X) - indicating modal deformation (out-of plane) of roof and wall systems [scale
factor-0.05]
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(a) Isotropic view- Mode 7

(b) Front View- Mode 7

(c) Top View- Mode 7

Figure 4.15: Global mode 7(Y)- indicating modal deformation (translation) of roof and wall systems [scale
factor-0.05]
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4.5. MODEL-5
From the first four simulations of the case study the main limitation of localized modes
due to flexible timber diaphragms can be observed. As the sensors cannot be placed
on these timber diaphragms, to limit these local modes in this fifth model, timber di-
aphragms are not modelled and instead the load of the roof diaphragms and timber
joists is applied as a normal line load over the masonry walls. The fixed base with re-
stricted translations and rotations similar to Model-3 [Fig 4.8] is assumed as well as the
material models similar to the reference model[table 4.3]. The load calculations of nor-
mal line loads is attached in appendix: B.

Figure 4.16: Model 5- without roof structure, applied as a line load on masonry walls

By eliminating all the timber diaphragms in modelling [Fig 4.16], the eigenvalue anal-
ysis of Model-5, first 200 modes is evaluated with cumulative modal mass participa-
tion of 92.26% in global X direction and 91.675% in global Y direction and the eigen-
frequencies ranging from 0.428 Hz to 27.755Hz. The global modes with modal mass par-
ticipation ≥ 5% are shown in table 4.7 and it should be noted that the cumulative modal
mass of 90% is reached within the first 130 eigen-modes in both global X and Y directions,
hence the dynamic behaviour of the case-study lies within first 100 eigen-modes.[8]
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Mode Number Frequency (Hz) Time Period (s) Effective Mass & Direction Effective Mass Percentage (%)
3 0.8523 1.173 0.16235 E+03 (X) 23.371
9 1.5692 0.6373 0.11661 E+03 (X) 16.768
27 4.9204 0.2032 0.34544 E+02 (X) 4.972
39 7.0577 0.1416 0.43322 E+02 (X) 6.236
40 7.1420 0.1400 0.40372 E+02 (X) 5.812
47 8.2902 0.1206 0.74420 E+02 (X) 10.713
1 0.4288 2.3320 0.48683 E+02 (Y) 7.008
5 0.9367 1.0675 0.44599 E+02 (Y) 6.420
17 3.0335 0.3296 0.12678 E+03 (Y) 18.250
31 5.8021 0.1723 0.95707 E+02 (Y) 13.777
32 6.0685 0.1647 0.11868 E+03 (Y) 17.084

Table 4.7: Modal mass participation of global modes of the first 200 eigen-modes in global X and global Y
direction (Model 5)

GOVERNING EIGEN MODES IN GLOBAL X DIRECTION

The cumulative modal mass participation is 92.26% in global X direction for the first 200
eigen-modes. The governing first global mode is Mode 3 (eigen frequency of 0.85233 Hz
and time period of 1.173s) with a maximum mass participation of 23.37% in global X
direction [Fig 4.18].

GOVERNING EIGEN MODES IN GLOBAL Y DIRECTION

The cumulative modal mass participation is 91.675% for the first 200 eigen-modes. The
governing global mode is mode 17 (eigen frequency of 3.0335 Hz and time period of
0.329s) with the maximum modal mass participation of 18.25 % in global Y direction.
[Fig 4.19 ]

OVERALL BEHAVIOUR OF MODEL-5
In comparison to the reference model, it should be noted that the local modes of the floor
and roof have been eliminated and the cumulative mass participation percentage of 92%
is achieved within the first 200 eigen-modes in both global X and Y directions. However,
the removal of the timber diaphragms does not allow to identify a single predominant
global mode, as for the previous models (since the participated mass of the main mode
decreases drastically). Two distinctive jumps in the modal mass participation can be
observed in Y direction at 3Hz and 6Hz and 3 distinctive jumps in X direction at 0.8Hz,
1.5Hz and 8.3Hz indicating the natural frequencies of vibration of the structure.

It is observed that due to the additional line load on the lateral masonry walls of the
main structure, there was a maximum modal deformation at the point of loading in the
masonry walls in global X direction. But in global Y direction, the major deformation is
concentrated in the bell-tower similar to the reference model.
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Figure 4.17: Eigen-frequencies and cumulative mass participation in X and Y direction- Model 5



4

70 4. NUMERICAL RESULTS

(a) Isotropic view- Mode 3

(b) Side View- Mode 3

(c) Top View- Mode 3

Figure 4.18: Global mode 3(X) - indicating modal deformation (out-of plane) of roof and wall systems [scale
factor-0.05]
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(a) Isotropic view- Mode 17

(b) Front View- Mode 17

(c) side View- Mode 17

Figure 4.19: Global mode 17(Y)- indicating modal deformation (translation) of roof and wall systems [scale
factor-0.05]





5
MODEL MODIFICATIONS

INCLUDING STRUCTURAL

RETROFITTING

In this chapter, the recent structural findings and the retrofitting measures taken on the
case-study in 2018 are discussed in detail leading to the modified modelling assump-
tions. It also presents the literature behind the material models considered as well as
geometrical, material and shape properties of the modified case-study structure. This
chapter also presents the results of the eigen-value analysis of simulated models of the
structurally modified case-study showing the main modal deformations and the natural
frequencies of vibration.

5.1. RECENT FINDINGS AND STRUCTURAL MODIFICATIONS
In July 2018, this structure has undergone structural modifications (retrofitting of the
church) to prevent further damage of the structure [fig 5.1]. During the survey prior to
retrofitting, certain characteristics of the case-study (eg. cavity walls) are described in
detail. The detailed drawings are attached in Annex A.

The main structural findings and modifications are:

• Firstly, in the preliminary survey, it was found that the main masonry wall struc-
ture of the church is constructed as a cavity wall with a cavity of 115 mm. This is to
prevent the water seepage inside the church as indicated in Fig A.5.

• Secondly, based on the studies of historical monuments in the area [35], it is rea-
sonable to assume that the elastic modulus of the masonry should be decreased to
a value of 1GPa.

• Due to the presence of cavity wall, the bell-tower is disconnected from the main
roof structure as shown in Fig A.4.

73
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Figure 5.1: Kerk Garrelsweer after structural modifications

• A steel frame was installed in the bell-tower of the church up to the first floor level
to prevent further sway of the bell-tower towards the main roof-structure. (fig. A.2,
fig. A.3) with the cross-sectional details of the framework shown in figure A.6.

• In-order to support the steel frame, a concrete slab of approximately 100mm thick-
ness is laid below the entrance of the church at the ground level of bell-tower as
indicated in figure A.8.

• 4 Additional columns are installed supporting the first floor of the main-structure
in the church.

• Two linear damping devices (LD-740 series in PVC buls) are installed at the roof-
structure to decrease the impact of dynamic effects of the bell-tower on the roof-
structure. These shock absorbers are connected to the roof structure at the hori-
zontal timber joists and the cavity wall between the main structure and the bell-
tower as shown in fig. A.4 and fig. A.7. The specifications of these damping devices
is discussed in detail later in this chapter.

5.2. MODIFIED MODELLING ASSUMPTIONS
Based on the recent findings and the retrofitting measures, the following modelling as-
sumptions are made to represent the case study in present state.

5.2.1. MASONRY CAVITY WALLS
The cross-sectional details of the outer wall, cavity and inner wall is given in table 5.1.
A cavity wall is a type of wall that has a hollow center. They can be described as consist-

ing of two "skins" separated by a hollow space (cavity). The skins typically are masonry,
such as brick or cinder block. Masonry is an absorbent material that can slowly draw
rainwater or even humidity into the wall. One function of the cavity is to drain water
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Wall elements Location inner(mm) cavity (mm) outer[t](mm) Total thickness(mm)
Masonry Walls -Y axis Main Structure -Lateral 220 115 125 460
Masonry Walls- Y axis Vestibule 220 - - 220
Masonry Walls- Y axis Sub-structure (Apse) 220 - - 220
Masonry Walls -X axis Bell Tower -Facade 100 - - 100
Masonry Walls- X axis Main Structure 220 115 125 460
Masonry Walls- X axis Sub-structure (Apse) 220 - - 220

Table 5.1: Element Cross-sectional properties- masonry walls (The Old Church, Garrelsweer)

through weep holes at the base of the wall system or above windows. The weep holes
allow wind to create an air stream through the cavity that exports evaporated water from
the cavity to the outside. [36]

Figure 5.2: cavity wall with metal ties- double-wythe masonry wall [36]

It is composed of two masonry walls separated by an air space [fig 5.2]. The outer wall
is made of brick and faces the outside of the building structure. The inner wall may be
constructed of masonry units such as concrete block, structural clay, brick or reinforced
concrete. These two walls are fastened together with metal ties or bonding blocks. The
ties strengthen the cavity wall. In the early 1900s, the ties used are iron anchors which
are prone to rusting and expansion.
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GEOMETRICAL ASSUMPTIONS

In this case study of The Old Church in Garrelsweer, there has been no information re-
garding the iron ties and no specific retrofitting measures have been taken for these cav-
ity walls. Hence, it is safe to assume that these main cavity walls are disconnected to
each other due to degraded ties over time.

• The first assumption of the main masonry walls in y-axis is due to disconnected
cavity wall construction, the inner wall is considered as the main load bearing wall
so modified elemental thickness of the inner-wall is modelled.

• For modelling the cavity wall between the bell tower and the main church which is
of significance, a disconnect connection is modelled between the bell tower wall
and the main church wall.

From the assumptions, the simplified cross-sectional details of the masonry walls are
shown in table 5.1. These masonry walls are modelled with regular curved shell elements
- (CQ40S, CT30S) with element properties given in table 5.2.

Element Location Element thickness(mm)
Masonry Walls -Y axis Main Structure -Lateral 220
Masonry Walls- Y axis Sub-structure (Apse) 220
Masonry Walls- X axis Main structure- Facades 220
Masonry Walls -X axis Bell Tower & Facades 100
Masonry Walls- X axis Sub-structure (Apse) 220

Table 5.2: Modified element cross-sectional properties- masonry walls (The Old Church, Garrelsweer)

MATERIAL PROPERTIES OF HISTORICAL MASONRY STRUCTURES

The material properties of the masonry walls in the first five models are calibrated from
the reported value for the residential unreinforced masonry houses in the region of Gronin-
gen [37]. As this case study is an emblematic historical unreinforced masonry building of
the region that has suffered damage, for the accurate assessment of dynamic response,
material properties of the masonry walls in current condition can be of importance.

The material properties of another historical structure in the same region "Fraeylemaborg
in Slochteren" constructed during similar time frame can be considered as a better fit
to model the case-study. The Fraeylemaborg structure is composed of thick clay brick
walls and wooden floors. Their compressive strength was 0.25 MPa in average (standard
deviation 0.052 MPa) [35], a value considerably lower than those obtained from recent
experimental studies on clay bricks currently used in the construction in Groningen [37].
The modulus of elasticity of the URM walls was derived as E = 1 GPa [35]. The difference
between this value and the value of 4.7 GPa estimated after tests on Groningen resem-
bling wall specimens [37] is justifiable considering that materials used some centuries
ago are expected to have considerably lower properties than similar modern materials.
[35]. The modified masonry material properties of the case-study are shown in table 5.3
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and table 5.4. Here on, they are referred to as EMM (Material Model 2) and TSCM (Ma-
terial Model 2) respectively.

Property Symbol Value Units
Density ρ 1805 kg/m3

Young’s modulus (perpendicular to bed joints) Ey 1000a MPa
Young’s modulus (parallel to bed joints) Ex 1000a MPa
Shear modulus Gxy 400 MPa
Tensile strength ft 0.14 MPa
Fracture energy (tension) G1

t 0.01025 N/mm
Compressive strength fc 0.25a MPa
Fracture energy (Compression) GC 26050 N/m
Friction angle ϕ 0.669 rad
Cohesion (no softening) c 0.14 MPa
Diagonal crack orientation α 0.5 rad

a from experimental tests [35]

Table 5.3: Engineering Masonry Model(EMM)-Material Model 2

Property Parameter Symbol Unit Value
Elasticity Young’s Modulus E MPa 1000

Poisson’s ratio ν 0.15
Density ρ kg/m3 1805

Crack orientation Rotating
Cracking Linear-crack energy based

Tensile strength ft MPa 0.14
Tensile fracture energy Gt N/mm 0.01025

Crushing Compressive strength fc MPa 0.25
Compressive fracture energy Gc N/mm 20

Table 5.4: Total Strain-based Cracking Masonry (TSCM)model- Material Model 2

5.2.2. MATERIAL MODEL OF TIMBER DIAPHRAGMS
As the tested or calibrated material properties of timber diaphragms of the case study
in the present state are not available, in the first five Finite element models the timber
diaphragm properties are calibrated by comparing the properties between the tested
timber diaphragms from residential buildings in seismically damaged Groningen and a
similar historical structure in New-Zealand (section 3.2.5). In-order to account for sig-
nificance of further degradation in the material properties of timber diaphragm on the
eigen-value analysis, the material properties are modified further.

For the present case-study structure with loading perpendicular to the joists and
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assuming discontinuous joists without reliable mechanical anchorage, the equivalent
shear stiffness is assumed to be Gt = 140kN /m instead of initially assumed Gt = 200kN /m
for considering the poor condition. The modified material properties of timber-diaphragms
are shown table 5.5 and here after referred to as linear orthotropic material model-3.

Property Parameter Symbol Unit Value
Elasticity Young’s Modulus Ex MPa 10000

Ey MPa 10000
Ez MPa 10000

Poisson’s ratio ν 0
Density ρ T/mm3 9 e-09

Shear Modulus Gx y N/mm2 4.66
Gy z N/mm2 625
Gzx N/mm2 625

Table 5.5: Timber diaphragm properties- Material model 3

5.2.3. LINEAR DAMPING DEVICES
From the previous recorded damage due to seismic activity, it was observed that the bell-
tower and the main-church structure are not fully connected due to the presence of a
cavity-wall. Due to this disconnection, the dynamic movement of the bell-tower towards
the main structure may lead to severe damage of the lateral masonry walls of the main
structure and to limit this damage, linear damping devices are installed at the roof level
and the cavity wall of the bell-tower. [fig A.7]. The specifications of the damping devices
are given in fig. 5.3

The damping devices are modelled as a translational spring-dashpot systems (SP2TR)
connecting the horizontal timber girders in the roof-structure and the cavity wall con-
necting the main-church structure and the bell-tower as shown in fig. 5.5. The element
properties of these spring dash-pot elements is shown in table 5.6 [fig. 5.4]. The material
properties of LD740 series spring-dashpot systems taken from the fig. 5.3 are shown in
table 5.7

Element type SP2TR
Number of nodes 2
Basic variables translation, elongation, axial force.
Topological dimension 2D

Table 5.6: Classification of element types in spring/dash-pots- SP2TR
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Figure 5.3: Specifications of linear damping devices adopted [38]

Figure 5.4: Element type- SPT2R [39]

Property Units Value
translational spring dashpot

spring stiffness N/mm 1600
spring behaviour - Linear elastic
constant damping coefficient Ns/mm 15000

Table 5.7: Material properties of Linear Damping devices (LD740series)
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Figure 5.5: Modelling dampers as translational linear elastic spring/dashpot systems

5.2.4. STEEL FRAME IN BELL-TOWER
The second modification to the case-study is the installation of a steel-framework in the
bell-tower up to the first-floor level [Fig. A.3, Fig. A.6]. For modelling this modification it
is assumed that the steel-frame is directly connected to the masonry facade in the bell-
tower and the outer-leaf of the cavity wall between the main structure and the bell-tower.
The square hollow cross-sectional details and material properties of standard S235 steel
(Eurocode 3 1993-1-1) are shown in table 5.8 and table 5.9 respectively. The horizon-
tal and vertical elements in the steel frame are modelled with Class III beam elements
(CL18B) with the element properties in table 3.5.

Steel-frame Length (b) breadth (h) thickness
cross-section (horizontal members) 90 mm 90 mm 6 mm
cross-section (vertical members) 90 mm 90 mm 6 mm

Table 5.8: Cross-sectional details of the steel frame in the bell-tower

5.2.5. CONCRETE FLOOR IN BELL-TOWER
The third modification is replacing the flexible timber flooring with a concrete slab (C35)
at the ground floor level of the bell-tower(vestibule). The steel-frame in the bell-tower
is fixed at the concrete slab level. From figure A.8 it is assumed that the concrete slab
is connected to the masonry walls (fixed) of the bell-tower. The material properties of
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Property Units Value
Steel grade (EN10025-2) S235
Young’s Modulus N /mm2 210000
Poisson’s ratio - 0.3
Density T /mm3 7.83e-09
Thermal expansion coefficient /K 1.2e-05

Table 5.9: Material properties of steel framework (S235)

C35 standard concrete (Eurocode 2 EN1992-1-1) are shown in table 5.10 and the slab is
modelled with regular curved shell elements (CQ40S, CT30S) with element properties in
table 3.2.

Property Symbol Units Value
Concrete Grade (EN1992-1-1) C35/45
Young’s Modulus Ecm N /mm2 34077.1
Poisson’s ratio ν - 0.2
Density T /mm3 2.4e-09
Mean uni-axial tensile strength fctm N /mm2 3.20996
mean compressive strength fcm N /mm2 43
Thermal expansion coefficient αt - 1e-05

Table 5.10: Material properties of concrete slab C35/45

5.2.6. ADDITIONAL COLUMNS
The fourth modification of the case-study, is the installation of 4 additional columns sup-
porting the first floor of the main structure [Fig 5.6]. It should be noted that the 2 center
columns are made of timber while the 2 corner columns are made of S235 steel [FigA.5]
and these steel columns are not connected to the masonry walls and the masonry piers.
This modification reduces the impact of first floor load to the masonry walls by directly
transferring the load to the foundation. The cross-sectional details of these columns are
shown in table 5.11. The timber columns are modelled as linear elastic isotropic material
model (Table 3.8) and the steel columns are modelled as standard S235 material proper-
ties (Table 5.9). Both the steel and timber columns are modelled with 2D class III beam
elements (CL18B) with element properties as table 3.5.

columns Length (b) breadth (h) thickness
cross-section (timber) 90 mm 90 mm -
cross-section (S235) 70 mm 70 mm 4 mm

Table 5.11: Cross-sectional details of the columns supporting the first floor of the main structure
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Figure 5.6: Installation of 4 new columns supporting the first floor in the main-structure (site visit,2021)

5.3. MODEL-6
Following these structural modifications discussed in the previous section, the reference
model (model-2) of the case-study is modelled with

1. Modified geometric properties of masonry walls (section 5.2.1)[table 5.2] and dis-
connecting the outer-wall and inner-wall of the bell-tower.

2. Installation of steel frame connected to the masonry walls of the bell-tower [sec-
tion 5.2.4]

3. Modified rigid concrete slab (thickness of 100mm) at the ground level of bell-tower
[section 5.2.5]

4. Installation of additional columns at the first floor of main structure [section 5.2.6]

The model-6 with these modifications is shown in fig. 5.7. The eigen-value analysis show
the first 200 eigen-modes of the structure with eigen-frequencies ranging from 0.496 Hz
to 8.1798 Hz (fig C.6). The cumulative mass participation percentage for the first 200
eigen-modes is ≥ 90% ( 97.192% in global X direction and 95.132% in global Y direction ).
The main global modes with modal mass participation ≥ 5% are presented in table 5.13.

GOVERNING EIGEN MODES IN GLOBAL X DIRECTION

After evaluating first 200 eigen-modes of model-6 with cumulative mass participation
of 97.192%, one significant global mode can be identified - Mode 44 with modal mass
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Finite Element Model-6
Structural elements Material Model Further assumptions, reference
Masonry walls Continuum EMM-1 Table 3.3
Masonry foundation Continuum EMM-1 Table 3.3
Masonry piers TSCM-1 Table 3.6
Timber joists Linear Elastic Isotropic Model-1 Table 3.8
Timber diaphragms Linear Elastic Orthotropic Model-2 Table 3.11
Steel frame EN10025-2 (S235) Table 5.9
Steel columns EN10025-2 (S235) Table 5.9
Timber columns Linear Elastic Isotropic Model-1 Table 3.8
Concrete slab C35/45 (EN1992-1-1) Table 5.10

Table 5.12: Material models and specific assumptions for Model-6

Figure 5.7: Finite element model-6 with the structural modifications (represented by virtual transformation)

Mode Number Frequency (Hz) Time Period (s) Effective Mass & Direction Effective Mass Percentage (%)
43 2.5888 0.3862 0.16984 E+04 (X) 6.450
44 2.6076 0.3834 0.21983 E+05 (X) 83.483
19 1.6536 0.6047 0.19988 E+05 (Y) 75.906
21 1.6838 0.5938 0.21764 E+04 (Y) 8.265
36 2.4666 0.4054 0.14354 E+04 (Y) 5.451

Table 5.13: Modal mass participation of global modes of the first 200 eigen-modes in global X and global Y
direction (Model 6)
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participation of 83.483% in global X direction. It should be noted that the modal defor-
mation is comparable to the reference model (Model-2) as shown in figure 5.9.

GOVERNING EIGEN MODES IN GLOBAL Y DIRECTION

After evaluating first 200 eigen-modes of model-6 with cumulative mass participation of
95.132%, 3 significant global modes with maximum mass participation could be identi-
fied. Mode 19 (eigen frequency- 1.6536Hz) has a maximum modal mass participation of
75.90% in global Y direction [fig 5.10].

OVERALL BEHAVIOUR OF MODEL-6
With these structural modifications in the case-study, it can be observed that the single
significant modes with maximum modal mass participation could be identified in the
X direction and Y direction. The cumulative mass participation in both X and Y direc-
tions is greater than 90% within the first 50 eigen-modes and one distinctive jump at
eigen-frequency 2.6076Hz in X direction and 2.4666Hz in Y direction can be found cor-
responding to the natural frequencies of the structure [fig 5.8].

Figure 5.8: Eigen-frequencies and cumulative mass participation in X and Y direction- Model 6

In general, much higher mass participation for the main mode is found indicating
a single principal mode. The modal shape in Mode-44 in global X direction indicates
significant deformation in the main roof-structure comparable to the reference model
(Model-2) and from the modal shape of Mode-19 in global Y direction indicates maxi-
mum deformation at the masonry cavity wall between the bell-tower and roof structure.
Also, the modal deformation in Mode -36 in global Y direction is similar to the reference
model with maximum deformation at the roof and bell tower.
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(a) Isotropic view- Mode 44

(b) Front View- Mode 44 (c) Side View- Mode 44

Figure 5.9: Global Mode 44 - indicating Modal deformation (out-of plane) of roof and wall systems [scale factor-
0.05]
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(a) Isotropic view- Mode 19

(b) Front view- Mode 19

(c) Side view- Mode 19

Figure 5.10: Global Mode 19 (Y)- indicating modal deformation of the bell-tower and floor systems [scale
factor-0.05]
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5.4. MODEL-7
In-order to compare the difference in the dynamic properties due to installation of linear
damping devices, the model-6 has been modified with addition of two translation linear
elastic spring/dash-pod systems (linear damping devices) at the roof level between the
horizontal timber joists and the cavity wall connecting the bell-tower [Fig A.6]. The prop-
erties of the linear damping devices installed is discussed in section 5.2.3, the modelling
and material properties are shown in figure 5.5 and table 5.14 respectively.

Finite Element Model-7
Structural elements Material Model Further assumptions, reference
Masonry walls Continuum EMM-1 Table 3.3
Masonry foundation Continuum EMM-1 Table 3.3
Masonry piers TSCM-1 Table 3.6
Timber joists Linear Elastic Isotropic Model-1 Table 3.8
Timber diaphragms Linear Elastic Orthotropic Model-2 Table 3.11
Steel frame EN10025-2 (S235) Table 5.9
Steel columns EN10025-2 (S235) Table 5.9
Timber columns Linear Elastic Isotropic Model-1 Table 3.8
Concrete slab C35/45 (EN1992-1-1) Table 5.9
Damping Devices Linear elastic Table 5.7

Table 5.14: Material Models and specific assumptions for Model-7

The eigen-value analysis of first 200 eigen-modes shows the eigen-frequencies rang-
ing from 0.49604Hz to 8.1798Hz (C.7). The cumulative mass participation percentage for
the first 200 eigen-modes is ≥ 90% ( 97.192% in global X direction and 95.132% in global
Y direction ). The main global modes with modal mass participation ≥ 5% are presented
in table 5.15.

Mode Number Frequency (Hz) Time Period (s) Effective Mass & Direction Effective Mass Percentage (%)
43 2.5888 0.3862 0.16984 E+04 (X) 6.450
44 2.6076 0.3834 0.21983 E+05 (X) 83.483
19 1.6536 0.6047 0.19988 E+05 (Y) 75.906
21 1.6838 0.5938 0.21764 E+04 (Y) 8.265
36 2.4666 0.4054 0.14354 E+04 (Y) 5.451

Table 5.15: Modal mass participation of global modes of the first 200 eigen-modes in global X and global Y
direction (Model 7)

GOVERNING EIGEN MODES IN GLOBAL X DIRECTION

After evaluating first 200 eigen-modes of Model-7 with cumulative mass participation
of 97.192%, one significant global mode can be identified - Mode 44 with modal mass
participation of 83.483% in global X direction as shown in figure 5.11.

GOVERNING EIGEN MODES IN GLOBAL Y DIRECTION

After evaluating first 200 eigen-modes of Model-7 with cumulative mass participation of
95.132%, 3 significant global modes with maximum mass participation ≥ 5% could be
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identified. Mode 19 (eigen frequency- 1.6536Hz) has a maximum modal mass participa-
tion of 75.90% in global Y direction [fig 5.12].

(a) Isotropic view- Mode 44

(b) Front View- Mode 44
(c) Side View- Mode 44

Figure 5.11: Global Mode 44 - indicating modal deformation (out-of plane) of roof and wall systems [scale
factor-0.05]
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(a) Isotropic view- Mode 19

(b) Front View- Mode 19

(c) bottom View- Mode 19

Figure 5.12: Global Mode 19(Y)- indicating local modal deformation of floor systems [scale factor-0.05]
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OVERALL BEHAVIOUR OF MODEL-7
The overall behaviour of the Model-7 is same as the previous modelling variation (Model-
6). Similar to Model-6, it can be seen that in global X direction, Mode-44 indicates maxi-
mum modal deformation at timber diaphragm of the main-roof structure (out-of-plane
deformation) similar to the reference model and in global Y direction Mode-19 indicates
maximum modal deformation at the masonry cavity wall in the bell-tower while Mode-
36 indicates maximum deformation at the roof level of the bell-tower and roof-structure
similar to the reference model.

Figure 5.13: Eigen-frequencies and cumulative mass participation in X and Y direction- Model 7
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5.5. MODEL-8
After modelling the geometrical retrofitting modifications, in this model the material
properties of masonry-walls, piers and foundation are varied based on section 5.2.1. The
material properties considered for this Model-8 are shown in detail in the table 5.16.

Finite Element Model-8
Structural elements Material Model Further assumptions, reference
Masonry walls Continuum EMM-2 Table 5.3
Masonry foundation Continuum EMM-2 Table 5.3
Masonry piers TSCM-2 Table 5.4
Timber joists Linear Elastic Isotropic Model-1 Table 3.8
Timber diaphragms Linear Elastic Orthotropic Model-2 Table 3.11
Steel frame EN10025-2 (S235) Table 5.9
Steel columns EN10025-2 (S235) Table 5.9
Timber columns Linear Elastic Isotropic Model-1 Table 3.8
Concrete slab C35/45 (EN1992-1-1) Table 5.9
Damping devices Linear elastic Table 5.7

Table 5.16: Material models and specific assumptions for Model-8

The eigen value analysis of first 200 eigen modes with eigen frequencies varying from
0.4823Hz to 7.707Hz (C.8) with a cumulative mass participation percentage of 98.202%
in global X direction and 97.806% in global Y direction. The significant modes with max-
imum mass participation percentage ≥ 5% are shown in table 5.17.

Mode Number Frequency (Hz) Time Period (s) Effective Mass & Direction Effective Mass Percentage (%)
19 1.5488 0.6456 0.23244 E+05 (X) 88.329
10 1.1125 0.8988 0.23916 E+05 (Y) 90.881

Table 5.17: Modal mass participation of global modes in the first 200 eigen-modes in global X and global Y
direction (Model 8)

GOVERNING EIGEN MODES IN GLOBAL X DIRECTION

After evaluating first 200 eigen-modes of Model-8, one significant global mode can be
identified - Mode 19 with modal mass participation of 88.329% in global X direction [Fig
5.14].

GOVERNING EIGEN MODES IN GLOBAL Y DIRECTION

After evaluating first 200 eigen-modes of Model-8, one significant global mode can be
identified - Mode 10 with maximum modal mass participation of 90.747% in global Y
direction [fig 5.15].



5

92 5. MODEL MODIFICATIONS INCLUDING STRUCTURAL RETROFITTING

(a) Isotropic view- Mode 19

(b) Front View- Mode 19 (c) Top View- Mode 19

Figure 5.14: Global Mode 19 - indicating modal deformation of roof and wall systems of bell-tower with major
deformation in masonry walls. [scale factor-0.05]
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(a) Isotropic view- Mode 10

(b) Front View- Mode 10

(c) side View- Mode 10

Figure 5.15: Global Mode 10 - indicating modal deformation of roof and wall systems with major deformation
in the cavity masonry wall. [scale factor-0.05]
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OVERALL BEHAVIOUR OF MODEL-8
Due to significant decrease in the stiffness values of the masonry (Young’s modulus and
compressive strength), there is a significant decrease in the eigen-frequencies. The modal
deformations in the global X direction indicates major damage in the masonry-wall (fa-
cade) of the bell-tower and modal deformation in the global Y direction indicates signif-
icant damage in the cavity wall of the bell-tower. This localised modal deformation in
the masonry can be due to strike decrease in the Young’s modulus in masonry elements.

Figure 5.16: Eigen-frequencies and cumulative mass participation in X and Y direction- Model 8

One distinctive jump in the eigen-frequency and cumulative mass participation graph
at the fundamental frequency of the structure in both X axis(1.5488Hz) and Y axis(1.1125Hz)
is very clear [fig. 5.16].



5.6. MODEL-9

5

95

5.6. MODEL-9
In this model, along with the masonry material variations of Model-8, the timber di-
aphragm material model is also modified to compare the difference in the results of
eigen-value analysis. The material models considered are shown in table 5.18.

Finite Element Model-9
Structural elements Material Model Further assumptions, reference
Masonry walls Continuum EMM-2 Table 5.3
Masonry foundation Continuum EMM-2 Table 5.3
Masonry piers TSCM-2 Table 5.4
Timber joists Linear Elastic Isotropic Model-1 Table 3.8
Timber diaphragms Linear Elastic Orthotropic Model-3 Table 5.5
Steel frame EN10025-2 (S235) Table 5.9
Steel columns EN10025-2 (S235) Table 5.9
Timber columns Linear Elastic Isotropic Model-1 Table 3.8
Concrete slab C35/45 (EN1992-1-1) Table 5.9
Damping devices Linear elastic Table 5.7

Table 5.18: Material models and specific assumptions for Model-9

The eigen value analysis of first 200 eigen modes with eigen frequencies vary from
0.48232Hz to 7.670Hz (C.9) with a cumulative mass participation percentage of 98.202%
in global X direction and 97.806% in global Y direction. The significant modes with max-
imum mass participation percentage ≥ 5% are shown in table 5.19.

Mode Number Frequency (Hz) Time Period (s) Effective Mass & Direction Effective Mass Percentage (%)
19 1.5483 0.6458 0.23253 E+05 (X) 88.363
10 1.1111 0.9000 0.23915 E+05 (Y) 90.879

Table 5.19: Modal mass participation of global modes in the first 200 eigen-modes in global X and global Y
direction (Model 9)

GOVERNING EIGEN MODES IN GLOBAL X DIRECTION

After evaluating first 200 eigen-modes of Model-9, one significant global mode can be
identified - Mode 19 with modal mass participation of 88.363% in global X direction [Fig
5.18].

GOVERNING EIGEN MODES IN GLOBAL Y DIRECTION

After evaluating first 200 eigen-modes of Model-9, one significant global mode can be
identified- Mode 10 with maximum modal mass participation of 90.879% in global Y
direction [fig 5.19].

OVERALL BEHAVIOUR OF MODEL-9
The modal deformations of this model indicate major damage in the masonry-wall of
the bell-tower as well as the roof systems in both global modes. There is a very slight
difference in the eigen-frequencies of model-8 and model-9 due to change in the shear
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Figure 5.17: Eigen-frequencies and cumulative mass participation in X and Y direction- Model 9

stiffness value of timber diaphragms.

The significant jump at the fundamental modes of vibration in both X (1.5483Hz) and
Y(1.1114Hz) direction similar to the Model-8 is observed and the mass participation (%)
is around 90% in both the fundamental modes. The fundamental eigen-modes of the
structure are evaluated within the first 50 eigen-modes.
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(a) Isotropic view- Mode 19

(b) Front view- Mode 19 (c) Top View- Mode 19

Figure 5.18: Global Mode 19(X)- indicating modal deformation (out-of-plane) of roof and wall systems [scale
factor-0.05]
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(a) Isotropic view- Mode 10

(b) Front View- Mode 10

(c) Side View- Mode 10

Figure 5.19: Global Mode 10 - indicating modal deformation of roof and wall systems [scale factor-0.05]
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5.7. MODEL-10
In this model, along with the geometrical and material modifications (model-9), a fixed
base at ground level is assumed to compare the effect of local modes of the flexible foun-
dation model on the eigen-value analysis. As the concrete slab at the bell-tower has a
thickness of 100mm, it is safe to assume that the foundation is rigid and the boundary
conditions of the steel-frame is fixed as well. The model-10 is shown in figure 5.20.

With these modifications, eigen-value analysis of first 200 eigen-modes derive eigen-
frequencies varying from 0.623 Hz to 20.121 Hz (C.10) and a cumulative mass participa-
tion of 90.914% in global X direction and 88.967% in global Y direction. The global modes
with significant mass participation are shown in Table 5.20.

Figure 5.20: Finite Element Model-10 with structural modifications and fixed base with released rotations (vir-
tually transformed representation)

Mode Number Frequency (Hz) Time Period (s) Effective Mass & Direction Effective Mass Percentage (%)
3 1.1730 0.8525 0.12908 E+03 (X) 28.155
11 2.1867 0.4573 0.94208 E+02 (X) 20.548
40 6.0916 0.1641 0.23595 E+02 (X) 5.146
13 2.4687 0.4288 0.24509 E+03 (Y) 53.458
15 2.8625 0.3493 0.64410 E+02 (Y) 14.049
49 7.2836 0.1373 0.59613 E+02 (Y) 13.002

Table 5.20: Modal mass participation of global modes of the first 200 eigen-modes in global X and global Y
direction (Model 10)
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GOVERNING EIGEN MODES IN GLOBAL X DIRECTION

After evaluating first 200 eigen-modes of Model-10, global mode 3 is a significant mode
with maximum mass participation in X direction with maximum deformation localised
in the substructure [fig 5.21]. Mode-11 with a mass participation of 20.548% has a modal
deformation in the masonry walls of the main structure similar to previous models. [Fig
5.23a]

GOVERNING EIGEN MODES IN GLOBAL Y DIRECTION

After evaluating first 200 eigen-modes of Model-10, global mode 13 has the maximum
mass participation of 53.458% with major deformation localized in the masonry walls
of the sub-structure [fig 5.22], while mode-15 with mass participation of 14.049% has
a modal deformation localised in the roof of bell-tower and main-structure similar to
previous models. [Fig 5.23b]
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(a) Isotropic view- Mode 3

(b) Back view- Mode 3
(c) Top view- Mode 3

Figure 5.21: Global Mode 3(X) - indicating out of plane modal deformation [scale factor-0.05]



5

102 5. MODEL MODIFICATIONS INCLUDING STRUCTURAL RETROFITTING

(a) Isotropic view- Mode 13

(b) Back view- Mode 13
(c) Bottom view- Mode 13

Figure 5.22: Global Mode 13- indicating modal deformation (translation) of roof and wall systems [scale factor-
0.05]
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(a) Global mode-11 indicating main deformation of roof and masonry wall systems of the sub-structure.

(b) Global Mode-15 indicating main deformation in the masonry of sub-structure.

Figure 5.23: Modal deformations of global modes in X and Y direction [scale factor-0.05]
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OVERALL BEHAVIOUR OF MODEL-10
After the geometric and material modifications in modelling the case-study, by assum-
ing a fixed base at ground level, the behavior of the structure changes dramatically. The
main modal deformation in global X direction - Mode 3 indicates major deformation in
the sub-structure while Mode 13 in global Y direction indicates major deformation in the
masonry walls of the sub-structure too. It is interesting to note that, the modal deforma-
tion in Modes 11 (X), 15(Y) is comparable to the reference model.

The eigen-frequency and cumulative mass participation graph shown 2 distinctive
jumps in the X direction (1.17Hz and 2.18Hz) and 3 distinctive jumps in the Y direction
(2.45Hz, 2.85Hz and 7.28Hz) [fig. 5.24]. The cumulative mass participation has reached
90% at the end of 200 eigen-frequencies and the fundamental modes of vibration lie
within the first 50 eigen modes.

Figure 5.24: Eigen-frequencies and cumulative mass participation in X and Y direction- Model 10



6
DISCUSSION

The main research objective of this thesis is to accurately predict the dynamic properties
of this historical Dutch church subjected to seismic damage by numerical modelling.
The first sub-question of this thesis was determining the simplified geometric and mate-
rial properties of the load carrying and non-load carrying elements to precisely represent
the complex structure of the case-study. Ten different modelling variations of the case-
study prior and post structural modifications are analyzed in Chapters 3, 4 and 5 with
the main modelling characteristic of each model summarised below:

6.1. MAIN MODELLING CHARACTERISTICS
The summary of main modelling characteristics of all Models 1-10 are presented below.
Table 6.1 presents the Finite element types of all the structural elements in the case-
study, table 6.2 summarises the material models for Models 1-10 and table 6.3 depicts
the additional modelling simplifications/ assumptions for each model.

Structural element Element type Reference
Masonry wall Regular curved shells : CQ40S, CT30S Table 3.2
Masonry piers Class III beam elements: CL18B Table 3.5
Masonry foundation Regular curved shells: CQ40S, CT30S Table 3.2, step function (Fig. 3.8)
Timber joists, columns Class III beam elements : CL18B Table 3.5
Timber diaphragms Regular curved shells: CQ40S, CT30S Table 3.2
Steel frame, columns Class III beam elements : CL18B Table 3.5
Linear damping devices Elastic spring dash-pots: SP2TR Table 5.6

Table 6.1: Summary of finite elements types of all structural elements in the case-study

105



6

106 6. DISCUSSION

Main Modelling Characteristics
Structural elements Material model Reference

MODEL-1
Masonry walls, foundation Continuum EMM-1, Table 3.3
Masonry piers TSCM-1 Table 3.6
Timber joists Linear Elastic Isotropic Model-1 Table 3.8
Timber diaphragms Linear Elastic Orthotropic Model -1 Table 3.10

MODEL-2
Masonry walls, foundation Continuum EMM-1 Table3.3
Masonry piers TSCM-1 Table 3.6
Timber joists Linear Elastic Isotropic Model-1 Table 3.8
Timber diaphragms Linear Elastic Orthotropic Model -2 Table 3.11

MODELS-3,4,5
Masonry walls Continuum EMM-1 Table3.3
Masonry piers TSCM-1 Table 3.6
Timber joists Linear Elastic Isotropic Model-1 Table 3.8
Timber diaphragms Linear Elastic Orthotropic Model -2 Table 3.11

MODEL-6
Masonry walls, foundation Continuum EMM-1 Table 3.3
Masonry piers TSCM-1 Table 3.6
Timber joists, columns Linear Elastic Isotropic Model-1 Table 3.8
Timber diaphragms Linear Elastic Orthotropic Model-2 Table 3.11
Steel frame, columns EN10025-2 (S235) Table 5.9
Concrete slab C35/45 (EN1992-1-1) Table 5.10

MODEL-7
Masonry walls, foundation Continuum EMM-1 Table 3.3
Masonry piers TSCM-1 Table 3.6
Timber joists, columns Linear Elastic Isotropic Model-1 Table 3.8
Timber diaphragms Linear Elastic Orthotropic Model-2 Table 3.11
Steel frame, columns EN10025-2 (S235) Table 5.9
Concrete slab C35/45 (EN1992-1-1) Table 5.10
Damping devices Linear elastic spring dash-pots Table 5.7

MODEL-8
Masonry walls,foundation Continuum EMM-2 Table 5.3
Masonry piers TSCM-2 Table 5.4
Timber joists, columns Linear Elastic Isotropic Model-1 Table 3.8
Timber diaphragms Linear Elastic Orthotropic Model-2 Table 3.11
Steel frame, columns EN10025-2 (S235) Table 5.9
Concrete slab C35/45 (EN1992-1-1) Table 5.10
Damping devices Linear elastic spring dash-pots Table 5.7
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Structural elements Material model Reference
MODEL-9

Masonry walls,foundation Continuum EMM-2 Table 5.3
Masonry piers TSCM-2 Table 5.4
Timber joists, columns Linear Elastic Isotropic Model-1 Table 3.8
Timber diaphragms Linear Elastic Orthotropic Model-3 Table 5.5
Steel frame, columns EN10025-2 (S235) Table 5.9
Concrete slab C35/45 (EN1992-1-1) Table 5.10
Damping devices Linear elastic spring dash-pots Table 5.7

MODEL-10
Masonry walls, Continuum EMM-2 Table 5.3
Masonry piers TSCM-2 Table 5.4
Timber joists, columns Linear Elastic Isotropic Model-1 Table 3.8
Timber diaphragms Linear Elastic Orthotropic Model-3 Table 5.5
Steel frame, columns EN10025-2 (S235) Table 5.9
Concrete slab C35/45 (EN1992-1-1) Table 5.10
Damping devices Linear elastic spring dash-pots Table 5.7

Table 6.2: Material models of all structural elements in Models 1-10

Models Additional modelling characteristics
Models prior retrofitting: case-study (as built)

Model-1
Modeled all structural elements
Self weight of timber diaphragms: Additional line load on cross-beams
Fixed base at masonry foundation level

Model-2
Modeled all structural elements
Fixed base at masonry foundation level

Model-3
Eliminated masonry foundation and timber floor-system at ground level;
Fixed base at ground level.

Model-4
Eliminated masonry foundation and timber floor-system at ground level;
Fixed base at ground level with released rotations in specific global x, y directions.

Model-5
Eliminated masonry foundation, timber floor-system at ground level and roof-systems;
Fixed base at ground level.

Models post retrofitting: case-study (present state)

Model-6

Modeled all structural elements;
Disconnecting the masonry wall at bell-tower and main-structure;
Installation of steel frame, timber and steel columns;
Fixed base at masonry foundation level.

Model-7 Modeled linear damping devices between the bell-tower and roof structure.
Model-8 Modification of masonry properties (considering degradation of masonry)

Model -9
Modification of timber diaphragm and masonry properties.
(considering degradation of masonry and timber diaphragms)

Model-10
Elimination of masonry foundation and ground floor.
Fixed base at ground level.

Table 6.3: Additional modelling characteristics of Models 1-10.
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6.2. INTERPRETING THE RESULTS OF MODELLING VARIATIONS
The second sub-question is determining the main modal response of the case-study
structure prior and post structural retrofitting in both global x and y directions:

In order to achieve this objective, as discussed in section 3.4, the results of eigen-
value analysis of all modelling variations (Model 1-10) are analyzed based on

• How the eigen-frequencies are influenced by stiffness and mass of the structure?
As, the stiffness of the system decreases or the mass of the system increases in
the particular direction considered, the eigen-frequencies decrease. (according to
equation 6.1)

ω0 ∝
√

stiffness

inertia
(6.1)

• How the effective mass participation of a particular mode in the considered direc-
tion, contributes to the dynamic response of the case-study structure? The effec-
tive mass participation of the considered eigen-frequencies (fundamental mode
of vibration) in both directions are compared for all Models 1-10, to predict the
dynamic response of the case-study.

Chapters 4 and 5 presents the eigen-frequencies, modal mass participation, natural
time period of vibration and main modal deformation in both global x and y directions
for all modeling variations. Table 6.4 summarises the results of all 10 models.
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Models Main Global Modes -X Main Global Modes-Y
Model 1

Mode Number 146 197
Eigen Frequency (Hz) 2.3662 2.7516
Time period (s) 0.4226 0.3634
Mass participation 3.636 10.96

Model 2
Mode Number 40 49
Eigen Frequency (Hz) 2.7065 3.173
Time period (s) 0.3695 0.3152
Mass participation 4.927 9.732

Model -3
Mode Number 4 6
Eigen Frequency (Hz) 2.7377 3.3950
Time period (s) 0.3653 0.2945
Mass participation 20.187 45.098

Model-4
Mode Number 4 7
Eigen Frequency (Hz) 2.3422 3.4516
Time period (s) 0.4269 0.2897
Mass participation 28.845 46.588

Model-5
Mode Number 3 17
Eigen Frequency (Hz) 0.8523 3.0335
Time period (s) 1.173 0.3296
Mass participation 23.371 18.250

Model 6
Mode Number 44 36
Eigen Frequency (Hz) 2.6076 2.4666
Time period (s) 0.3834 0.4054
Mass participation 83.483 5.451

Model-7
Mode Number 44 36
Eigen Frequency (Hz) 2.6076 2.4660
Time period (s) 0.3827 0.4055
Mass participation 84.493 5.439

Model-8
Mode Number 19 10
Eigen Frequency (Hz) 1.5488 1.1125
Time period (s) 0.6456 0.8988
Mass participation 88.329 90.881

Model-9
Mode Number 19 10
Eigen Frequency (Hz) 1.5483 1.1114
Time period (s) 0.6458 0.89997
Mass participation 88.363 90.879

Model-10
Mode Number 3 13
Eigen Frequency (Hz) 1.1730 2.4687
Time period (s) 0.8525 0.4050
Mass participation 28.155 53.458

Table 6.4: Results of all 10 finite element models
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6.2.1. MODELS BEFORE THE STRUCTURAL RETROFITTING
It can be observed from table 6.4, the values of the fundamental frequencies and the
normalized modal shapes in the X and the Y directions obtained from the eigen-value
analysis for the first 5 models, shows lower eigen-frequencies in X directions compared
to the eigen-frequencies in the Y-direction. The slight difference between the funda-
mental frequencies evidences higher constraints in the X direction given by the lateral
masonry walls of the church adjacent to the tower.

MODELLING VARIATION-1
The cumulative mass participation of the global modes in model -1 is very low in X di-
rection (40%) and also the Y direction (75%) and the graph 4.3 indicates insignificant/
minor jumps at the fundamental eigen-frequencies considered in both directions which
can be due to many localised modes in the model.
The Model-1 has lower natural frequency in X direction (2.3662HZ) compared to the Y
direction(2.7516Hz) showing higher constraints in the X direction. The modal shape for
Mode-146 (maximum mass participation in Global X direction) indicates maximum de-
formation in the roof at the timber joists (Cross-beams) which is due to the additional
load equal to the weight of the timber diaphragms acting on the timber-joists. Similarly
in the Y direction, the modal deformation of Mode-197 indicates maximum deformation
at the timber joists at the first floor level of the sub-structure which is due to the addi-
tional load.
The natural-frequencies of the model are lower than the other models, due to insufficient
stiffness consideration of timber diaphragms and it can be concluded that the damage
is confined to the timber joists with additional loading (local), hence the material model
considered for the timber diaphragms may not be ideal and this model doesn’t represent
the case-study accurately.

MODELLING VARIATION-2
In model-2, the cumulative mass participation is the same in both X and Y direction and
there is a clear distinction between the first and second natural modes of vibration as
indicated in graph 4.7. The fundamental modes of vibration were found within the first
50 eigen-modes making the model more efficient for computation.
In model-2, first global modes- Mode 40 (X)and Mode 49 (Y) shows global deformation
of the entire structure. The natural frequencies of this model are lower in X-direction
compared to Y-direction similar to model-1 and both the eigen-frequencies are greater
than the model-1 indicating increased stiffness of the model in both directions, proba-
bly due to large number of local modes. This model also indicates major deformation
in the roof of the main-structure (timber diaphragm) as well as the tip of the bell-tower,
roughly indicating the weakness of the structure at these locations. The modal response
of this Model-2 can be predicted as the probable dynamic response of the Old Church,
thus it is considered as the "reference model."
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MODELLING VARIATION-3
In this model, instead of a flexible foundation a rigid base at ground-level is assumed
leading to an increased stiffness of the structure which can be observed with a slight in-
crease in the natural frequencies of the structure, although minimal.
The cumulative mass participation is same in both X and Y direction and the natural
modes of vibration can be distinctively recognised from the graph 4.9 in both directions.
It can be seen that the fundamental modes of vibration are within the first 10 eigen-
modes making the computation as well as modeling easier than the reference model
and the difference between the eigen-frequencies obtained is also minimal.
In model-3, first global modes Mode 4(X) and Mode 6(Y) have the modal deformation
similar to the reference-model indicating roof and the bell-tower as the weakness of the
structure. Hence, for achieving the goal of predicting the dynamic behaviour of the case-
study, it can be show that the assumption of a fixed base is beneficial for the rough esti-
mation of the modal shape as well as the natural frequencies of the structure.

MODELLING VARIATION-4
In this variation, instead of considering a fixed base, the rotations are released to ap-
proximate the flexible foundation design. The cumulative mass participation is slightly
higher in the X direction compared to the Y direction at the end of 200 eigen-modes, due
to released degrees of freedom has more influence in the opposite direction (and hence
in the X direction, where the walls are shorter). The fundamental modal frequencies are
found within 10 eigen-modes as well making the computation easier [graph 4.13].
In model-4, the fundamental frequency in X decreases to 2.3422Hz compared to Model-3
(2.7377Hz) due to significant decrease in stiffness in X direction, while there is a slight in-
crease in the fundamental frequency in Y from 3.3950Hz(Model-3) to 3.4516Hz indicat-
ing a minimal increase in stiffness in this direction. Although, the cumulative mass par-
ticipation has increased in this model, it may not represent the flexible masonry foun-
dation of the case-study accurately.

MODELLING VARIATION-5
In this variation, timber diaphragm is not modelled entirely leading to the major modal
deformations in the masonry-walls. The cumulative mass participation percentage is
same in both X and Y directions at the end of 200 eigen-modes. [fig.4.17]
In model-5, the fundamental frequency in X decreases to 0.8523Hz and the major de-
formation is observed at the top of the masonry-wall which is due to the additional line
loading directly placed on the masonry-walls. In the Y direction, the eigen-frequency of
3.033Hz has a significant decrease in comparison to the reference model due to a signif-
icant decrease in the stiffness of the structure as the roof-structure is not modelled, the
masonry-walls act like cantilever structures. Although, the global eigen-frequencies are
obtained within 50 eigen-modes, this model is not the best fit to represent the case-study
as the eigen-modes are not comparable to the reference model.

6.2.2. MODELLING AFTER STRUCTURAL RETROFITTING
The main structural retrofitting measures of the case-study included addition of a steel-
frame supporting the bell-tower, timber and steel columns supporting the first floor of
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the main structure, concreting the base of the bell-tower and installation of linear damp-
ing devices. In the models 6-10, these variations are compared with the reference model
to evaluate the influence of these modifications on the modal shape of the structure.

MODELLING VARIATION-6
Along with the structural modifications of the structure, the cavity-wall between the bell-
tower and the main-structure is modelled with a disconnect connection. This connec-
tion is checked by the presence of two separate nodes on both the walls (Node Multiplic-
ity =2) as shown in Fig 6.1.
In Model-6, there is a slight difference between the fundamental frequencies with higher

Figure 6.1: Modelling the cavity-wall with a disconnect connection

frequency in X direction compared to Y direction [fig.5.8]. Although, the difference is
small, it can be predicted that due to the installation of the Steel-frame and additional
columns, the constraint effect in the Y direction has increased leading to the decrease
of eigen-frequency in the Y direction. The eigen-frequency in the X direction (2.6076Hz)
has reduced slightly compared to the reference model(2.7065Hz) due to the additional
mass of the steel-frame and column elements [Fig 5.7].
The analysis of this model depicts the changes accurately. It should also be noted that
even with a disconnection between the bell-tower and the main-structure [Fig 6.1], the
deformation of the bell-tower and roof structure is continuous. The critical elements are
the timber diaphragm in the roof structure in X direction and the cavity wall between
the bell-tower and the main-structure in Y direction indicating the weakness of the case-
study.
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MODELLING VARIATION-7
In this modelling variation, the effect of modelling linear dampers at the bell-tower and
the roof structure is compared.
Comparing the eigen-frequencies and the mass participation percentages [fig 5.13], it
can be clearly seen that there is no significant change in the results and the modal-shape
with respect to Model-6. As eigen-value analysis assumes no damping in the system,
modelling the linear dampers doesn’t modify the behaviour of the structure or the re-
sults.

MODELLING VARIATION-8
In this Model-8, the degradation in the masonry material properties due to existing seis-
mic damage, water-seepage and other factors is considered to compare the effect of the
masonry material properties on the eigen-value analysis.
From figure 5.16, it can be observed that the mass participation at the fundamental mode
in both x and y direction is very high (90%) making these global fundamental modes
significant. The global modes corresponding to the fundamental frequency are found
within the first 50 eigen-modes.
In comparison to the reference model and the Model-6 after structural modifications, a
clear decrease in the eigen-frequencies can be found in both X and Y direction due to
a significant decrease in the stiffness of the system. But similar to Model-6, the eigen-
frequency in X direction is greater than the y direction due to additional constraints in
the Y direction.
The modal deformation in X direction (Mode-19) is concentrated at the facade-wall of
the bell-tower in the masonry, similarly the modal deformation in Y direction(Mode-10)
is also concentrated in the masonry cavity wall between the bell-tower and the main-
structure.
Hence, it can be concluded that the material properties of masonry heavily effects the
fundamental frequency of the structure and the weakness of the structure is concen-
trated at the masonry walls and the bell-tower.

MODELLING VARIATION-9
In this Model-9 the material properties of timber diaphragms (the effective shear stiff-
ness) is modified to account for the degradation over time. The effect of material prop-
erties of timber on the eigen-value analysis is compared.
In comparison to Model-8, there is a slight decrease in the eigen-values in both direc-
tions which is insignificant [fig. 5.17] but can be concluded that, decrease in the stiff-
ness properties of Timber diaphragms leading to a very slight decrease in stiffness of the
structure. The major deformation is still concentrated in the masonry of the bell-tower
(X direction) and the cavity-wall between the bell-tower and the main-structure.
Hence, for this particular case-study it can be concluded that the material properties of
masonry affect the modal analysis more than the timber diaphragm properties and the
variation of the effective shear stiffness of the timber diaphragm is not significant.
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MODELLING VARIATION-10

In this last modelling variation, a fixed base at ground-level is modelled instead of a flexi-
ble foundation to simplify the modelling and comparing the variation in the eigen-value
analysis.
In comparison with the previous models, despite the additional constraints in Y direc-
tion due to retrofitting, the eigen frequency in the X axis (2.1867Hz) is lesser than 2.8625Hz
in the Y direction which is due to increased constraints in the X direction due to a fixed
base. [fig 5.24 ] It can also be observed that, despite the modified material properties,
modelling a fixed base has increased the stiffness of the whole structure increasing the
eigen-frequencies in both X and Y directions compared to model 8,9 but they are smaller
than the eigen-frequencies of the reference model due to degraded material properties.
The modal shape of global Mode-3(X) shows major deformation concentrated in the
sub-structure and the global Mode-13(Y) shows major deformation concentrated at the
masonry walls of the sub-structure and the roof of the main-structure. Hence, it can
be noted that modelling a fixed base shows a significant difference in the fundamental
modes of vibration as well as modal deformation. Model-10 which is a further simplifica-
tion of Model-8, returns clear results with no unexpected and local deformations but the
fundamental mode shows maximum deformation in the sub-structure unlike Model-8
which requires further research.

6.3. DYNAMIC RESPONSE OF THE CASE-STUDY
From section 6.2, the eigen-frequencies and effective mass participation of each mode
are analyzed by interpreting the variation of stiffness, constraints and effects of struc-
tural modifications on the case-study structure. From these models, the results are com-
pared to roughly predict the fundamental frequency of the case-study and critical ele-
ments of the structure.

DYNAMIC RESPONSE OF THE CASE-STUDY IN GLOBAL-X DIRECTION

For all the modelling variations in X direction; from figure 6.2, it can be seen that the
cumulative mass participation of at least 80% is not achieved for Model 1. While models
2-5 does have a cumulative mass participation of 80%, from figure 6.2 the indication of
fundamental frequency of the structure prior structural modifications (models 2-5) is
not quite significant.

From figure 6.3, the fundamental frequency in X direction of the case-study prior
structural retrofitting lies approximately between 2.30Hz to 2.75Hz and the maximum
deformation in the timber roof of the main-structure indicates it to be the critical ele-
ment in the case-study. Considering, the case-study post structural modifications; Mod-
els 6,7 indicate very slight decrease in the stiffness of the structure in X direction, yet the
fundamental frequency of the case-study still lies within 2.30Hz- 2.75Hz and the timber
diaphragm in the roof-system of the main-structure still remains the critical element of
weakness in the structure.
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Figure 6.2: Cumulative mass participation with respect to the eigen modes in the X direction (Models 1-10)

Figure 6.3: Plot between the fundamental eigen-frequency (Hz) and corresponding effective mass participa-
tion (%) in global X direction.
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When the degraded material properties of masonry and timber are considered (Mod-
els 8-10), the stiffness of the whole structure has reduced by a significant amount and
the fundamental frequency of the case-study in present state in X direction can be approx-
imated to 1.55Hz- 2.6Hz [fig. 6.3]. It should also be noted that, Model-8 presents the
approximation of degraded masonry material properties of Model-6 hence, the upper-
limit of fundamental frequency.
The critical-elements in the case-study subjected to maximum deformation are the ma-
sonry walls of the bell-tower as well as the timber diaphragm in the roof of the main-
structure.

Thus, Mode-19 in Model-8 (maximum EMPF) can be predicted to represent the dy-
namic response of the case-study in the present state in global X direction.

DYNAMIC RESPONSE IN GLOBAL-Y DIRECTION

Similar to the X direction, the cumulative mass participation of Model-1 is not 80% hence
it isn’t considered further. From figure 6.4, all the models indicate a distinctive jump
showing fundamental frequency within the first 50 eigen-modes.

For the case-study prior to structural modifications (as-built), the fundamental fre-

Figure 6.4: Cumulative mass participation with respect to the eigen modes in the Y direction (models 1-10)

quency in Y direction approximately lies between 3.0Hz to 3.45Hz (fig 6.5) with maximum
deformation at the tip of the bell-tower as well as the roof-structure indicating the criti-
cal elements of weakness in the structure.

In the case-study post structural retrofitting, there is a large drop in stiffness of the
whole structure in Y direction leading to a significant decrease in the fundamental fre-
quency as indicated in Models 6,7. Although, by considering degraded masonry and
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Figure 6.5: Plot between the fundamental eigen-frequency (Hz) and corresponding effective mass participa-
tion (%) in global X direction.

timber diaphragm properties to represent the present state of the case-study, the funda-
mental frequency of the structure in Y direction can be approximated from 1.1Hz to 1.65
Hz. It should also be noted that, Model-8 presents the approximation of degraded ma-
sonry material properties of Model-6 hence, the upper-limit of fundamental frequency.
The critical elements in the case-study (present state) are the cavity wall between the
main-structure and bell-tower, main facade wall of bell tower as well as the tip of the
roof in main-structure, indicating the weakness in the church.

Thus, Mode-10 of Model-8 (maximum EMPF) can be predicted as the precise ap-
proximation of dynamic response of the case-study post structural retrofitting in global
Y direction.

6.4. LIMITATIONS
The following aspects are disregarded in the analysis and assessment of the church Struc-
ture:

• The non-homogeneous thickness of the masonry walls and piers is not represented
in these models.

• Due to limited research on historical structures in this region, the material proper-
ties considered in this thesis are derived from the residential buildings in Gronin-
gen and a historical "borg" structure from the similar timeline. Thus, there is a lim-
itation in the accuracy of the material model of masonry-walls of the case-study
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structure.

• Due to lack of information about the metal ties between the masonry cavity walls,
they are disregarded and the cavity walls are modelled as disconnected walls as-
suming complete degradation of the ties.

• The concrete slab at the entrance of the church is assumed to be connected to the
masonry walls of the structure and not as a fixed foundation due to lack of specific
details.

With limited research and no physical test results available to support the main modal
response of the case-study by numerical modelling, this thesis report can be considered
as a base to compare the physical test results and further investigate to which extent
these analyses methods can provide insight in the global behaviour of the Old Church in
Garrelsweer.



7
CONCLUSIONS

The main research question of this thesis aimed to accurately predict the numerical
model that represents the dynamic properties of the historical unreinforced masonry
church. Based on a quantitative and qualitative analogy of modelling variations and
comparing the results of analysis, these main conclusions can be drawn:

7.1. CONCLUSIONS
Prior to considering the structural retrofitting of the case-study, Numerical Model-3 with
a fixed base at ground-level can be considered as a computationally effective approxima-
tion representing the approximate dynamic response of the case-study prior structural
retrofitting. The following are the main conclusions drawn on numerical modelling of
the case-study:

• The masonry walls can be modelled as a 2D regular curved shell elements (CQ40S,
CT30S) with a constant thickness obtained by averaging all values along the length.

• As the difference between the thickness of masonry walls and piers is comparable,
the masonry piers can be modelled as 2D Class III beam elements (CL18B) with a
constant thickness obtained by averaging all the values.

• The masonry step foundation can be modeled with a step function in Z direction.

• The masonry walls and foundation are modeled with a continuum Engineering
Masonry Model (EMM), while the masonry piers are modeled with a Total Strain
based Cracking Model (TSCM).

• The timber joists are modeled with 2D class III beam elements (CL18B) with an lin-
ear elastic isotropic material model while the timber diaphragms are modeled with
a 2D regular curved shell elements (CQ40S, CT30S) with a linear elastic orthotropic
material model.

119
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• Considering a fixed base at ground-level instead of modelling the flexible founda-
tion and timber flooring can be beneficial in-order to investigate faster and deter-
mine the clear modal response of the structure effectively but with lesser accuracy.

• As the structural weakness of the case-study prior structural retrofitting lies in the
timber-roof structure, modelling only masonry part of the structure may not achieve
reliable results. Hence, it can be concluded that modelling the timber-roof is impor-
tant to determine the dynamic response of the structure.

Post structural modifications in the case-study, the eigen value analysis indicated that
the structural modifications and material properties of masonry have a significant influ-
ence on the global dynamic response of the church. The main conclusions on numerical
modeling of the case-study post structural retrofitting are:

• It can be concluded that, in analyses assuming no damping (free-vibration analy-
ses), modelling the linear damping devices is of no significance. Hence, the mod-
elling can be simplified.

• The material properties of the masonry structures in the case-study have major in-
fluence on the global dynamic response of the structure. Hence, modelling the ma-
sonry material properties accurately is of importance.

• It can be concluded that the variation of effective shear stiffness of timber diaphragms
have almost negligible influence on the eigen-value analysis of this case-study.

• The steel-frame in the bell tower and the additional columns have influenced the
global response of the structure. It can be observed that the natural modes of vi-
bration are closer in both global X and Y directions and the slight difference in the
fundamental-frequencies evidences increase in stiffness in Y-direction.

• Considering a fixed base at ground-level in the case-study post structural modifi-
cations, shows a drastic change in the eigen-frequencies and modal deformation of
the structure in comparison to previous models.

In conclusion, answering the main research question:
How can the dynamic properties of a historical masonry church in Groningen be accu-
rately determined by numerical modelling?

In order to simulate the structure as it is now, Numerical Model-8 (or Model-9 which
has almost similar results) can be predicted as the closest approximation of the dynamic
properties in the case-study.

• The fundamental frequency of the case-study post structural retrofitting can be pre-
dicted to lie between 1.5Hz-2.6Hz in global X direction and between 1.1Hz-1.65Hz
in global Y direction.
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• The critical elements in the case-study roughly indicating the weakness of the struc-
ture are: the masonry facade walls of the bell-tower, cavity wall between the bell-
tower and main-structure, tip of the bell-tower, lateral walls and timber roofing of
the main-structure.

7.2. FURTHER RECOMMENDATIONS
For further studies it is recommended:

• To collect samples from the real structure or more detailed information by observa-
tions in order to eliminate assumptions regarding the boundary and interface con-
nections and material properties.

• To compare the predicted modal response of the church structure to the physical
ambient vibration tests to validate the results obtained.

• Comparing the modal deformation in the sub-structure of Model-10 with the phys-
ical test results to understand the modal response of the case-study.

• To study the orthotropy of multi-leaf walls on component level as for historical
structures in particular so the physical model is reflected better. Layered curved shell
elements can be used with appropriate material properties for the layers to study the
effect of orthotropic cavity walls for a three-dimensional case.

• Eigen-value analysis gives a rough indication of the weakness in the structure that
can be compared with more sophisticated method of analysis like a cyclic nonlinear
analysis for the study of the church structure in order to observe the degradation and
propagation of the damage.

• To use the Nonlinear Pushover Analysis (NLPO) method in combination with the
Modal Response Spectrum Analysis (MRS) method or the Nonlinear Time History
Analysis (NLTH) method. The methods provide a solution for considering multi-
modes simultaneously and a detailed insight of damage progression in the structure
due to dynamic loading.
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A
ANNEX A: TECHNICAL DRAWINGS

OF CASE-STUDY

This chapter includes the detailed drawings of The case study: Het Oude Kerkje, Garrel-
sweer before & after Structural Modifications as a part of the retrofitting measures taken
in July,2018.

Figure A.1: Structural Modifications of the Case Study: The Old Church

A steel frame is installed at the bell tower upto the first level to control the sway of
the tower.Two Linear damping devices (LD-740 series) were installed in between the
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bell-tower and the connecting roof structure. Concrete slab is laid at the ground level
of the tower/entrance while installing the steel frame. These modifications are clearly
indicated in the below figures.

Figure A.2: Main Facade and Bell tower before structural modifications(Front View,side view, Top view- ground
level, Top view-first level/clock loft respectively clockwise)
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Figure A.3: Main Facade and Bell tower after structural modifications- Installation of steel framework (Front
View,side view, Top view- ground level, Top view-first level/clock loft respectively clockwise)
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Figure A.4: Disconnected tower due to cavity wall(indicated by orange)
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Figure A.6: Cross-sectional details of steel frame in Bell-tower
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(a) Structural modifications of main Roof-structure

(b) Placement of Linear Damping Devices

Figure A.7: Case Study:The Old Church- Linear Damping devices
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Figure A.8: Layer of New Concrete slab below the ground level of bell-tower (approximate thickness =100mm)
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Figure A.11: Elevation of Sub-Structure -Z section

Figure A.12: Elevation of the case-study (front and back view)
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ANNEX-B: DEAD LOAD

CALCULATIONS

This Annex presents the Dead Load calculations in all the Modelling variations

B.1. CHARACTERISTIC LOAD CALCULATIONS
All the Modelling Variations 1-10 have additional characteristic load acting on the roof
and floor systems according to the Eurocode 8.

FLOOR-SYSTEMS:
According to Table 6.2, Eurocode 1 1991-1-1 the characteristic loads on the floor systems
in addition to the self weight of the Timber diaphragms and the timber joists are
Imposed Loads on floors qk = 4.0kN /m2

Dead Load on the floors qk = 2kN /m2

Total Additional Loading on floor systems Qk = 6kN /m2

Example of load calculation - Floor 1 in Fig B.1

Area of Cross-section of Floor 1= 12300 mm x 9000 mm
thickness of timber diaphragm =30 mm
Total Characteristic load Qk = 6000N /m2

Total Load acting Normally (-Z) on the Timber Joists:

W1 = 6000x12.3x9 = 664.2kN

Load acti ng per uni t leng tho f the f l oor [w1] = 54N /mm
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Figure B.1: Loading on Floor Systems

Similarly for all the floor systems 1-7, the additional characteristic load acting per unit
length (N/mm) normally (-Z) on the timber joists is:
Characteristic Load/ unit length of Floor 2[w2] =36 N/mm
Characteristic Load/ unit length of Floor 3[w3] =36 N/mm
Characteristic Load/ unit length of Floor 4[w4] =30 N/mm
Characteristic Load/ unit length of Floor 5[w5] =54 N/mm
Characteristic Load/ unit length of Floor 6[w6] =30 N/mm
Characteristic Load/ unit length of Floor 7[w7] =16.896 N/mm

CHARACTERISTIC LOADING ON STAIRS:
From the Technical drawings of the Case-study A, there are 2 flights of stairs - one in the
bell-tower and one in the substructure. It is assumed that the additional characteristic
loading of the stairs acts on the floor systems, divided equally between floors where the
stairs are located.
Hence the additional loading of Stairs in the bell-tower is divided equally between floors
4, 6. The additional loading of stairs in the substructure is divided equally between floors
2, 3.
Additional Imposed Load on the stairs qk = 4kN /m2

Characteristic load of the stairs acting on Floors 4, 6 =20 N/mm
Characteristic load of the stairs acting on Floors 2,3= 24 N/mm
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ROOF-SYSTEMS:
The Characteristic load on the roofs not accessible except for normal maintenance and
repair (category H) from the Table 6.10 (Eurocode 1 1991-1-1) has a recommended value
of qk = 0.4kN /m2

Figure B.2: Cross-sectional details of roof systems [case study]

Example of load calculation on Main Roof (1) in Fig B.2
Total additional loading on Roof 1 =0.4x12.3x7.5802 =37.29kN

Additional roof loading acting /unit length normally (-Z) on the cross beams of roof 1=
4.92N/mm.

Similarly, the additional roof loading on the cross-beams on roof 2= 3.2N/mm.

B.2. DEAD LOAD CALCULATIONS OF TIMBER DIAPHRAGMS
For Modelling Variation 1 (Model-1), as fictitious timber diaphragms are assumed, the
self weight of these timber diaphragms are calculated and these loads are externally
added acting normally on the timber joists.
From Fig B.1, the example calculation of self weight of floor -1 is shown below.

Density of timber diaphragms = 900 kg /m3 =9000x 9.806 N /m3

thickness of floor diaphragms (t)=30mm.
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Total Weight of Floor-1 [W1] :293.091kN

Additional loading on timber joists [w1]= 293091.53/12300 =23.83N/mm.
Similarly,
w2= 15.885 N/mm.
w3= 15.885N/mm.
w4=13.238N/mm.
w5=23.83N/mm.
w6=13.238N/mm.
w7=8.141N/mm.

Similar to the Floor systems, from Fig B.2, the self weight of timber diaphragms of
roof-systems can be calculated.
Self-weight acting on the cross-beams of Roof-1 = 32.56N/mm
Self weight acting on the cross-beams of Curved Roof= 35 N/mm(approximate)
Self weight acting on the cross-beams of Roof-2= 8.869 N/mm

B.3. DEAD LOAD CALCULATION OF ROOF-SYSTEMS
For Model-5,[fig 4.16] the roof is eliminated completely, hence the self weight of the
Timber diaphragm roof + timber joists is externally loaded as a line load(N/mm) on the
Masonry-walls of the main and the sub-structure of the case-study.
For Calculating the Self weight of Roof-systems:

Density of Timber = 9000 x 9.806 N /mm3

Thickness of timber diaphragms = 30mm.

In additional to Self weight of timber diaphragms calculated in the previous section,
the self weight of timber-joists is calculated
From Fig B.3,
Cross-section of Timber Joists 1= 241 mm x 110 mm
Cross-section of Timber Joists 2 = 241 mm x 110 mm
Cross-section of Timber Joists 3 = 95 mm x 95 mm
Cross-section of Timber Joists 4 = 95 mm x 95 mm
Cross-section of Timber Joists 5 = 100 mm x 100 mm

From Fig B.4,
Cross-section of Timber Joists 1 = 182 mm x 100 mm
Cross-section of Timber Joists 2 = 95 mm x 95 mm
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Figure B.3: Cross-sections of Timber joists in Roof-structure

Figure B.4: Cross-section of Timber joists in Curved Roof
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Considering the self-weight of both the Timber Diaphragm and Timber Joists of the
roof structure, the weight of main-roof 1, Curved roof and substructure roof -2 [Fig B.2]
is divided equally between the lateral masonry-walls. The line load acting normally on
the center of Masonry walls is:
Line load acting on Main masonry walls (Roof 1)= 36 N/mm
Line load acting on Main masonry walls (Curved Roof)= 38 N/mm
Line load acting on Sub-structure masonry walls (Roof 2)= 67 N/mm
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ANNEX C: EIGEN VALUE

ANALYSIS-RESULTS

This chapter includes the detailed eigen-frequencies of all the modelling variations

FINITE ELEMENT MODEL-1
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Figure C.1: Eigen Frequencies of Model-1
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FINITE ELEMENT MODEL-2
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Figure C.2: Eigen Frequencies of Model-2
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FINITE ELEMENT MODEL-3
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Figure C.3: Eigen Frequencies of Model-3
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FINITE ELEMENT MODEL-4
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Figure C.4: Eigen Frequencies of Model-4
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FINITE ELEMENT MODEL-5
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Figure C.5: Eigen Frequencies of Model-5
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FINITE ELEMENT MODEL-6
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Figure C.6: Eigen Frequencies of Model-6
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FINITE ELEMENT MODEL-7
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Figure C.7: Eigen Frequencies of Model-7
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FINITE ELEMENT MODEL-8
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Figure C.8: Eigen Frequencies of Model-8
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FINITE ELEMENT MODEL-9
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Figure C.9: Eigen Frequencies of Model-9
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FINITE ELEMENT MODEL-10
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Figure C.10: Eigen Frequencies of Model-10
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