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Summary 

Despite the significant progress made in recent years, the performance of unreinforced 

masonry structures under dynamic loading is relatively unexplored and hindered by a lack of 

knowledge. Predicting the seismic performance of masonry structures remains therefore 

challenging, yet highly desirable. 

Computer simulation models appear to be a feasible alternative to simulate large scale 

masonry structures, especially when the macro modelling approach is used. The masonry is 

then treated as a homogenous continuum without local interaction between the components. 

This thesis presents a validation study on the numerical performances of the nonlinear time 

history analysis performed in DIANA. The numerical simulations utilized the Engineering 

Masonry model, a novel smeared crack approach for masonry. The simulated specimen was 

constructed of unreinforced calcium silicate masonry walls and concrete slabs, representing a 

cut-out of a typical two storey terraced house. 

The validity of the numerical simulation is examined by comparing the numerical results with a 

shaking table test and an explicit LS-DYNA simulation. The comparison of computer 
simulations and shaking table experiments showed a satisfying agreement for the maximum 

base shear and stiffness curve. Furthermore, the LS-DYNA and DIANA simulations showed 

comparable time history results. However, the determination of failure was rather problematic 

as both numerical simulations failed to capture the observed crack pattern. The internal 
movement of the shear panels was clearly underestimated. lt is noted that the Engineering 

Masonry model was inadequate to predict the experimentally observed failure behaviour. 

Finally, a simplified model, consisting of discrete line interfaces, is proposed to capture peak 

responses of the shaking table test. The simplified model used the experience from 

experimental observations and should therefore be regarded as a descriptive, rather than a 
predictive model. 
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In an earthquake, I shouldn't run out of the house -

I should run into it. 

Tony Danza 
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1 lntroduction 

1.1 lntroduction 
This thesis is written as part of the graduation project in order to obtain a Master's degree in 

Structural Engineering. The research study is carried out at the Built Environment department 

of the University of Technology Eindhoven. 

This research study provides a numerical evaluation of a two-storey unreinforced masonry 

structure tested in a shaking table test facility of the National Technica! University of Athens. 

The shaking table test was part of the bigger ESECMaSE project [9]. The numerical 

simulations are performed with the aid of DIANA finite element software. 

1.2 The scope and objective 
Although numerical analysis becomes common practise in seismic engineering, a strong need 

for experimental validation of large scale structures remains. The validity of numerical models 

may only be assessed objectively when the output is carefully compared with real-life 

responses. Shaking table experiments play therefore a fundamental role in the validation of 

numerical simulations. 

This study aims to evaluate the numerical simulation of a two-storey unreinforced masonry 

structure subjected to seismic base motions. The study tends to address the capabilities and 
limitations of the numerical model when making use of a smeared cracking model. The analysis 

was performed within the DIANA environment. The Engineering Masonry material model was 

applied for describing the unreinforced masonry behaviour. The dynamic nonlinear method 

was employed for the seismic analysis. 

The main objective of this research is to develop and investigate numerical models that are 

able to simulate the seismic behaviour of a large scale masonry structure carried out in 

laboratory conditions. This is done by studying the coherence between the results of the 

numerical simulations and the real world observations. The approach is to identify the 

discrepancies through comparison of simulation results with experimental data. 

The primary objectives for this research study are: 

• Develop a numerical model that simulates the physical behaviour as observed during 
the shaking table test. 

• Determine to which degree the numerical simulation provides an accurate 
representation of the shaking table test. 

• Provide insight in the numerical modelling procedure of a dynamic nonlinear analysis 
for a two-storey unreinforced masonry structure. 

• Provide a comparison of numerical results with Bakeer's results [1]. 
• Develop a simplified numerical model that captures the critica! overall behaviour of the 

masonry structure in essential from. 

1 



1.3 Outline of research 
The thesis is organized in six chapters and appendices. The thesis is organized as tollows: 

• Chapter 1 presents an introduction to the subject of the thesis. Furthermore, the first 
chapter describes the purpose of the thesis and specifies the scope of the research 
study. 

• Chapter 2 investigates the material properties and failure mechanisms of masonry as 
a composite and its constituents. Additionally, the chapter provides a state of the art of 
the modelling strategies tor unreintorced masonry in a finite element environment. 

• Chapter 3 reports the experimental set-up, material properties and results of the 
shaking table test. The large scale test of the ESECMaSE project is used as a case 
study to explore the performance of the numerical models. 

• Chapter 4 introduces the finite element method as a numerical tool tor simulating the 
large scale structure. Different numerical assumptions and simulations are reported 
and discussed. An overview of the numerical set-up and results are provided. 

• Chapter 5 describes the obtained numerical results and compares it with the 
experimental observations. 

• Chapter 6 summarizes the major conclusions obtained during the research and 
proposals tor future work. 

2 



2 Masonry modelling 
2.1 Structural masonry 
Structural masonry is one of the first building materials known to mankind. Remarkably, the 

material is still widely used today. Structural masonry is durable, has an appealing aesthetic 

appearance and a straightforward building technique. Many existing ancient structures were 

primarily built in structural masonry and may be found across the world. Gothic cathedrals are 

a prime example of existing ancient masonry structures. The Amiens Cathedra! was built 

between 1220-1288 and located in France. Figure I depicts the western façade of the Amiens 

Cathedra 1. 

Fig 1- Western façade of the Amiens Cathedra! [8]. 

Nowadays structural masonry still farms an attractive building material for structures. The units 

are available in many types, sizes and colours. Most of the residential buildings in the 

Netherlands are made of structural masonry. Groningen, a province of the Netherlands, is 

prone to induced seismicity. Seismic action is a potential danger. Several residential buildings 

were already critically damaged by earthquakes as illustrated by figure ll. Large cracks in 

residential structures are observed after relative weak seismic actions. The damaged 

residential buildings demonstrate the poor performance of unreinforced masonry structures 

against earthquakes. 

Fig 11- Temporary bracings for residential building [22]. 
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2.2 Seismic assessment masonry 
A considerable amount of research on masonry modelling has been conducted during the past 

few decades. Lots of attention has been paid to the experimental and numerical modelling of 

structural components. Research studies tremendously improved the understanding of the 

complex structural behaviour of masonry. However the performance of large scale masonry 

structures remains controversial, especially when exposed to earthquakes. Experimental tests 

show either technica! or financial limitations in testing large scale structures. 

Numerical modelling could be an efficient alternative to examine the seismic performance of 

masonry structures. Nonetheless, elaborate models are required to capture the full behaviour 

of the structure. These elaborate models are burdened with difficulties in the modelling 

procedure. Especially for unreinforced masonry structures the modelling can be rather 

complicated. The complexity lies in the assumptions and approximations that have to be made 

beforehand. Furthermore, the interpretation of results remains ambiguous as well. The full 

behaviour of a masonry structure depends on individual parts with often different material 

characteristics. Certainly, no output of any numerical simulation is authoritative unless it is 

carefully understood and validated. 

In this research study the nonlinear time history analysis is employed for assessing the seismic 

behaviour of the masonry structure. Nonlinear time history analyses were conducted using 

implicit integration methods. Material and geometrical non-linearity were considered, which 

required a considerable amount of computational time. The nonlinear time history analysis 

provided a nonlinear evaluation of the dynamic structural response as depicted in figure 111. 
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Fig 111 - Nonlinear time history analysis 
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2.3 lnduced seismicity Groningen 
lnduced seismicity in Groningen is caused due to the extraction of natura! gas. The first seismic 

event was recorded in 1991. Consequently, the people in Groningen have been confronted 

with an increased intensity of seismic events and magnitudes. Ultimately induced earthquakes 

in Groningen started to be become a threat to the structural safety of residential buildings. A 

schematic relation between the gas production and seismicity is provided in figure IV. 

Reservoir compaction 

lnttial soil condition 

Surface IIUbsldence 

Gas production Raduction pon, pressure 

Proxy -- -------- ... 

Seiwcily 

Fig IV - Relation gas production and seismicity, redrawn after Thienen-Visser et al [37). 

The process of extracting natura! gas with respect to the cause of induced seismicity is 

visualized in figure V. 

-Natura! tectonic 
stress changes -
Fig V - Potential causes of induced seismicity [15). 

-Natura! tectonic 
stress changes -
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2.4 Characteristics of masonry 
Structural masonry is constructed of individual units and mortar. The mortar is used as the 

binding material. The common materials of individual units are clay bricks, calcium silicate 

units, and concrete bricks. Masonry units are therefore available in many sizes and shapes to 

meet the construction needs. Mortar is applied in between the units and holds the units 

together. The bonding at the interface is highly influenced by the absorption of water. The 

interaction between the masonry units and mortar is crucial for the overall behaviour. The 

thickness of the mortar joints is usually determined by the type of construction. Thin joint 

construction utilizes a 2-3 mm thick mortar joint and is generally applied for calcium silicate 

units. The quality of materials used, bonding pattern and workmanship influence the strength 

and durability of the masonry structure. 

Structural masonry may be viewed as a material composed of several distinct material 

elements with a disorganized internal order. Failure usually occurs at random zones near grain 

boundaries. Masonry structures are considered heterogeneous with a quasi-brittle material 

behaviour. The quasi-brittle behaviour is characterized by its strain-softening branch as is 

depicted in figure Vl. Strain-softening is caused by gradual damaging of weakest links in the 

heterogeneous material. The internal stresses decrease gradually to zero. Softening occurs in 

tension, compression and shear, although the level of strength differs. During the process of 

softening micro cracks develop to macro cracks or shear planes. 

(/) 
(/) 
(l) 
'..... 

(/) 

Brittle 

Strain-Hardening 

Elastic-Plastic 

Strain (E) 

Fig VI - Nonlinear stress strain behaviour of materials. 

Masonry structures intend to carry primarily compression loads. The tensile strength is just a 

small fraction compared to the compression strength and is usually neglected for design 
purposes. Structural masonry may be regarded as any other geo-material or rock material. 

The foregoing explains the typical material behaviour of quasi-brittle materials under tension 

and compression 
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2.5 Mechanica! behaviour of masonry 
A wide variety of experimental research was conducted on masonry during the past few 

decades. These studies enhanced the understanding of the mechanica! properties. However, 

the overall behaviour of masonry is largely influenced by the bonding pattern used and the 

interaction of unit and mortar. Especially the shear and tension properties are influenced by 

the interaction. In compression, the effect is rather limited. Figure VII illustrates a few bonding 

types used for masonry. 

STR8CHER BOND ENGUSHBOND STACKBOND 

MONK BOND R.EMISH BOND COMMONBOND 

Fig VII - Different topology of masonry [3]. 

Conducting experimental tests merely on separate components is not sufficient. lt remains 

rather difficult to find clear generalized relationships for the overall behaviour of masonry. A 

great freedom of choice to arrange masonry units, various types of unit and mortar, streng 

material nonlinearities, significant scattering in obtained results, time dependent behaviour 

(e.g. hardening), all the aforementioned contributes to restrictions during experimental 

research. 

For the sake of clarity the following paragraphs start with the mechanica! properties of the 

masonry components separately. The final paragraph treats the masonry as a composita and 

tends to develop a failure envelop for the overall masonry. 
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2.5.1 Quasi-brittle materials under tension 
Tensile failure of quasi-brittle materials result in localized propagation of micro cracks. 

Complex tests may be utilised to obtain the tensile strength of a masonry unit. For instance, 

uniaxial splitting, flexural bending tensile tests are quite common and frequently used. 

However to capture the full failure behaviour in tension including softening remains 

complicated. Since the material behaves brittle, failure happens suddenly and within a short 

time period. This makes it difficult to measure the deformations after the peak. 

There are several experimental methods to measure the fracture properties which allow some 

definitions. Failure behaviour in tension can be explained by two stages, namely pre-peak and 

the post-peak stage. An exemplary failure behaviour in tension for masonry is depicted in figure 

VIII. 

(A-C) Pre-peak stage: The first branch is characterized by an elasto-plastic stress relationship. 

The nonlinear behaviour is caused by small micro cracks that occur until reaching the peak 

load. 

(C-E) Post-peak stage: The softening behaviour initiates once the peak value is reached. The 

fracture zone is marked by an unstable cracking process. The micro cracks have developed 

into macro cracks. Note that the stress decreases gradually to zero, implying quasi-brittle 

behaviour. The fracture energy is given by the area under the softening diagram. 

a 
Á '5,,, , ö,,1,, C 

f, ...... --!. .. • J. 

"' "' !!? 
;;; 
.!!! ,;; 
C: 
Q) 
1-

Ao-,._,,_..,.__,,..,_.,,, 

(2) Microcracking process 
(1) Linear behavior \ 

~\...!. + 1 1 

~ Pre-Peak ,!, 
Elasto-Plastic 

(3) Macrocracking 
growth (4) Bridging 

- - ----

Post-Peak ---~-- ----
Softening 

Fig VIII - Quasi-brittle behaviour under tension (1). 

► 
ö 

(5) Tensi le failure 

The value of the fracture energy under tension is given by the area under the diagram. 

However it is not possible to determine the exact critica! crack opening at which the transferred 

stress becomes zero. A proper estimation is a linear decaying curve after 10-15% of the peak 

tensile stress. 
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2.5.2 Quasi-brittle materials under compression 
The compressive strength of masonry is higher than the tensile strength. The quality of 

masonry is often indicated in terms of the compressive strength. The compressive strength is 

obtained by performing compressive tests parallel and perpendicular to the masonry unit. The 

general behaviour of quasi-brittle materials under compression is represented by figure IX. The 

curve may be defined by 5 stages. 

(A-8) C/osure of micro cracks and pores: The first phase is characterized by an increasing 

nonlinear stress-strain curve. Existing micro cracks and pore spaces are being closed. More 

contact points arise resulting in a higher stiffness. 

(B-C) Linear elastic behaviour: Once the micro cracks are closed, the material shows a linear 

elastic behaviour up to 30-40% of the peak stress. 

(C-D) Crack initiation and stable crack growth: Micro cracks occur once more in the form of 

tensile cracks. T ensile cracks occur due to expanding in the direction perpendicular to the 

direction of compression. 

(D-E) Crack damage and unstable crack growth: Micro cracks occur once more in the form of 

tensile cracks. T ensile cracks occur due to the expanding in the direction perpendicular to the 

direction of compression. 

(E-F) Softening and macro cracks growth: The material gradually weakens due to the growth 

of macro cracks. Macro cracks arise as micro cracks link to each other. The steepness of 

inclination indicates the brittleness of the material. Compression crushing takes place at the 

final stage. The level of stress remains practically constant. 

~ 
ën 
C: 
0 ,;; 

(Y 

A 

Il) 

i!! 
C. 
E 
0 u 

Linear 
elaslic 

closure of 
microcracks 
and pores 

Pre-Peak 

0 ~,j., 0 
àJ!(rivo 0 
o~'lo'n 
do~o~ 
h,Qà'~o 

crack initiation 
and stable 
crack growth 

4 ----------

Elasto-Plastic 

crack damage 
and unstable 
crack growth 

(Y 
1 1 1 1 1 _,___.__,_, 

bridging of 
microcracks 

macrocracking 
_,-_,-growth 

Post-Peak 

Softening 

Fig IX - Quasi-brittle behaviour under uni-axial compression [1]. 

6 

The value of the fracture energy under compression is given by the area under the diagram. 

Note that it is not possible to determine the exact compressive fracture energy as the curve 

doesn't seem finite. 
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2.5.3 Failure of mortar and unit interface 
The weakest link in masonry is usually the unit mortar interface. Cracking usually concentrates 

at these joints. The deformation capacity of the masonry composite depends merely on the 

non-linear behaviour of the interface. The bond between unit and mortar has significant 

influence on the overall behaviour. 

Experimental tests show that two failure modes can be distinguished, namely tensile failure 

(mode 1) and shear failure (mode Il). Tension failure is related to the stresses acting normal to 

the joints. Tensile stresses tend to separate the interface. Shear failure is associated to sliding 

of the units. 

2.5.3.1 Tensile failure mortar 
Literature provides several methods to determine the tensile strength of the unit mortar 

interface. The experiments are performed by deformation controlled tests. The observed 

softening behaviour is presented in figure X. The area under the curve represents the fracture 

energy required to fully crack the joint. Results show an exponential decay of tension softening. 

Furthermore no clear relation is found between bond strength and the fracture energy. 

However, increasing the bond strength leads to increasing fracture energy. 

0.30 

"'E 0.20 E ...... 
~ 
0 

0.10 

0.00 
0.00 0.05 0.10 

Crack displacement - t:,. 4, [mm) 

Fig X - Experimental stress-crack displacement [7]. 

0.15 

Failure depends on the quality of mortar, bonding, the actual bonding area between unit and 

mortar. lt is worth noting that the actual bonding area is significantly smaller than the cross 

sectional area of the unit. Shrinkage of mortar and irregularities on the bed cause the reduced 

area. lt is believed that the differences in bonding area caused the scatter in the results 

presented in figure X. 
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2.5.3.2 Shear failure mortar 
Several types of shear tests were carried out to determine the shear failure of unit mortar 

interfaces. The softening curve under shear shows great similarities with that of tension as 

illustrated in figure XI. However the exponential softening does not resort to zero when normal 

stresses are applied. Notice that it is only the cohesion that undergoes softening. The stress 

becomes stable and equals the dry friction of two surfaces. 
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0.0 ~~-~-~-~-~~-~-~-~~ 
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Fig XI - Shear stress-displacements tor different normal stresses [7]. 

A typical shear behaviour of a unit mortar interface is depicted in figure XII. Notice that the area 

under the curve equates the fracture energy in shear. 
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Fig XII - Characteristics of shear behaviour of unit-mortar interface [1 ]. 
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2.5.4 Failure of masonry as a composite 
Scientific literature provides several theories to deterrnine the failure envelope of masonry as 

a composite material. Failure envelopes capture all possible failure modes of the masonry units 

and mortar. Masonry may not be regarded as a homogenous material due to the interaction of 

units and mortar. The interaction between the masonry components complicates the overall 

failure envelope. For all individual components failure may occur for various reasons 

depending on the relationship norrnal stress (a) and shear stress (T). 

The following considers the failure theory developed by Mann and Muller. The failure theory 

predicts at which stress couple of normal stress (a) and shear stress (T) failure occurs. The 

theory of Mann and Muller may be explained by considering a single element of a shear panel. 

The theory is based on the assumption that the vertical joints don't transfer shear stresses. 
The shear panel is subjected to a vertical and horizontal force. See figure XIII. Loads 

perpendicular to the wall are not expected to be present. 
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Fig XIII - Stress distribution of masonry panel according to the assumptions of the Mann-Muller theory [1]. 
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2.5.4.1 Assumptions 
A single unit is subjected to shear stress ('r), a greater normal stress (cr1 ) and a smaller normal 

stress (cr2). The theory of Mann and Muller however assumes no shear stress at vertical head 

joints. The line of thought is that no mortar is used for head joints, and the surface remains 

frictionless. The horizontal stress component is of negligible proportion. Equilibrium of the 

single unit is found by a couple of vertical forces. 

Failure of masonry depends on the relationship between normal stress and shear. In order to 

construct the failure envelope moment equilibrium is taken. 

Considering moment equilibrium around the centre of a unit results in the following: 

(
l l) h 

2 X 2 X b X !la X 4 - 2 X (r X b X l X 2) = 0 

Rearranging (2.02) leads to: 

!la 2 x h 
-=--XT 
2 l 

Where: 

Mean value of normal stress becomes: 

The partial normal stresses may be expressed in terms of mean normal stress by: 

!la 
a1 = a +T 

!la 
a2 = a-2 

(2.01) 

(2.02) 

(2.03) 

(2.04) 

(2.05) 

(2.06) 

(2.07) 

The following failure mechanisms are taken into account to develop the failure envelop as 
depicted in figure XIV. 

1. T ensile crack bed joint 
2. Shear failure bed joint 
3. Tensile crack of unit 
4. Compression failure masonry 
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2.5.4.2 Tensile crack bed joint 
For low compression stresses, the lower normal stress (cr1 ) becomes a tensile stress. When 

the tensile strength of the mortar and unit interface is reached, failure occurs. 

The following criteria may be drawn: 

U2 s; ft (2.08) 

Making use of the definitions of smaller normal stress (CT2) and the moment equilibrium leads 

to: 

2xh 
u2 = u---xr 

l 

The tensile criterion restricts the shear stress up to: 

l 
T s; z X h X Cft - u) 

2.5.4.3 Shear failure bed joint 

(2.09) 

(2.10) 

The area subjected to the lesser normal stress (CT2) is more likely to fail than the unit half 

subjected to higher normal stress (CT1). 

Coulombs law: 

T s; C + (µ X <,) (2.11) 

Making once again use of equation (2.10) leads to: 
C µ 

rs; 2xh+ 2xhxu 
1+µx--y- 1+µx--y-

(2.12) 

Notice that the assumption of the artificial normal stress distribution (CT1, CTz) leads to a 

reduced amount of cohesion and friction coefficient which depends on the h/ l ratio of the units. 

r s; c' + (µ' + u) 

C 
c'=-------,-2xh 

1+µx--y-

' µ 
µ = 

1 + 2xh 
µ x--y-

(2.13) 

(2.14) 

(2.15) 
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2.5.4.4 Tensile crack of unit 
For large values of compression stress (o") failure occurs in the brick. Friction failure of the bed 

joint is not decisive. Notice that shear is transferred through the units. The head joints don't 

contribute. The brick basically shears of vertically resulting in cracking. Elastic theory confirms 

that the present shear stress in the middle of the brick is approximately 2.3 times higher than 

at bed joints. 

The highest principle tensile stress according to Mohr's Coulombs circle is formulated. Note 

that (crx) is set to be zero as earlier illustrated in figure XIII. 

(2.16) 

(2.17) 

Cracking of the unit occurs when the tensile principle stress becomes equal or higher than the 

capacity. 

(2.18) 

Making use of both equations result in the criterion presented below. 

(2.19) 

2.5.4.5 Compression failure of masonry 
The masonry fails in compression only for large amount of compression stress. When the 

higher stress ( cr1 ) becomes larger than the compressive strength of the masonry failure occurs. 

By rearranging equation (2.19) results in the following criterion. 

l 
r 2:= 2 X h X (ik - er) 

(2.20) 

(2.21) 
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2.5.4.6 Shear failure envelop of masonry 
Masonry is a composite material consisting of units and mortar. Failure depends on the 

relationship of the present normal stress, shear stress, geometry of units (h/1 ratio), cohesion 

and friction coefficient. Like any geo-material, the shear capacity of masonry increases when 

compression stresses are enlarged. For low compression stresses failure is dominated by 

friction loss. 

Failure in tension is generally occurs at joints due to the relative low bond strength. The failure 

envelop confirms the general application of masonry. Masonry is merely used to withstand 

compressional torces. The failure envelop of masonry is depicted in figure XIV. lt may be 

concluded that a simple description of the general failure of masonry is not possible. lt is 

impossible to deduce a single cause that activates a single failure mechanism. The most critica! 

component to failure should be normative tor the failure envelop. 

(1) tensile cracking 
of the bed joints 

Cî_v 

Î tx (2) shear failure (3) cracking of the units 
of the bed joint 

Fig XIV- Failure envelope of masonry panel according to theory of Mann-Muller [1]. 

More complex and generalized approaches are presented in literature [1]. However, tor the 

sake of understanding they are not presented here. 
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2.6 Modelling strategies for masonry 
Masonry is a composita material consisting of mortar and units. The complexity to capture the 

overall behaviour arises due to the interaction of the individual parts. The overall behaviour is 

affected by the positioning and the mechanica! properties of the separate components. 

Two modelling techniques have been proposed in engineering literature to model structural 

masonry, namely micro-modelling and macro-modelling. The prefixes micro and macro refer 

to the scale of modelling. A macroscopie scale is at least 10-100 times larger than the 

microscopie scale. Both modelling techniques have their advantages and disadvantages. The 

proper modelling technique depends on the required accuracy and the size of the model. 

Figure XV illustrates the typical computational modelling strategies for masonry. 

Computional modelling 

Micro modelling 

Detailed micro model Simplified micro model 

1 
1 • 

1 
1 • 

Fig XV - Computational modelling strategies for masonry 

Macro modelling 

[ Macro~odel l 
' • 

D 
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2.6.1 Micro-modelling 
The micro-modelling treats masonry as a heterogeneous material with separate properties for 

the units, mortar and the bonding interface. Each component has its own characteristic 

behaviour. The micro-modelling strategy is usually used for the study of the local behaviour of 

masonry. 

Micro-modelling can be rather complex due to the great number of degrees of freedom, 

required input data and the elaborated form of the failure criterion for the unit-mortar 

interaction. The micro-modelling strategy requires lots of computational effort. A distinguishing 

can be made within the scope of micro modelling. lt is generally presumed that micro-modelling 

simulates reality better compared to macro-modelling. 

Detailed micro-modelling: Units and mortar are modelled by linear elastic continuums. A unit

mortar interface is usually modelled. The interface lumps the non-linearity as potential planes 

for cracking, slipping and crushing. An initial high dummy stiffness is given for the interface to 

minimize the elastic deformations of the interface. 

Simplified micro-modelling: Also referred as mesoscopic modelling, a single interface 

represents the mortar. The unit however is slightly expanded to maintain the overall geometry. 

Damage usually concentrates at the interface between the units and mortar in case of tension 

or shear. Consequently, the mechanica! behaviour of masonry is merely described by the 

interface-model. A widely used interface model for masonry originates from soil mechanics. 

The yield criterion illustrated in figure XVI is composed of three regions; tension cut-off, 

coulomb friction, compressive cap. 

Cap 
Mode 

Coulomb 

-,,,. .... ,,,. .... ,,, .... 
/ .... 

/ ........ 
/ .... 

I ', 
I ' 

Friction 
Mode 

1 Intermediate yield surface' ' 

/~ 
~ 

Initial yield surface Residual yield surface 

Fig XVI - Typical Coulomb friction model for interfaces [7]. 

lrl 
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2.6.2 Macro-modelling 
The macro-modelling technique considers masonry as a homogeneous material that assumes 

a collective structural behaviour of the units and mortar. Masonry is treated as an ideal 

homogeneous material. The properties of the components are smeared out and differ from the 

original. Masonry components are smeared with the use of homogenization techniques. 

Homogenisation techniques are valid since masonry is rather periodic in nature. The 

constitutive equations of the material model become rather complicated in order to capture all 

possible failure mechanisms. The required computational time and effort for macro-models is 

less compared to micro-models. Furthermore, macro models are relatively simple to use and 
require less input. 

Macro models are frequently used to study the genera! behaviour of masonry. A macro material 

model is aften used with continuum models. Therefore a macro-model is well suited for 

modelling full scale structures. A smeared crack approach may be used to capture local 

cracking and softening of the masonry. Note that continuum methods are only capable to 

simulate the behaviour prior to collapsing. The study of sequence of collapsing is not possible. 

lt is arguable whether modelling masonry structures as continuum is able to represent the real 

behaviour due to the great number of discontinuities. A continuum model provides merely a 

crude approximation of what happens at microscopie level. Nevertheless the interest to 

develop continuum models for masonry is strong due to improved computation efficiencies. At 

the moment the smeared approach seems to be the only rational approach for modelling large 
scale masonry structures. 
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2.6.2.1 Rankine Hill 
Masonry usually exhibits different directional properties due to the orientation of bed and head 

joints. Mortar joints act as weak planes where damage concentrates. The behaviour of 

masonry is therefore often orthotropic. The orthotropic behaviour of masonry may also be 

caused by holes in hollow masonry units. Orthotropic materials have complex failure envelopes 

as illustrated in figure XVII. The failure mechanism of the masonry depends on the angle 

between the principal stress directions and the local material axes. 

o2 [Nlmm 2} 

-±--+C!-0+-. -o+-. -o+-. --,t- 2·0J-
"!' ~ 't ~ "' o1 [Nlmm2
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Fig XVII- Experimental failure envelopes from Page (1981, 1983) [7]. 

Lourenco [7] proposed the Rankine-Hill plasticity model to describe the in plane behaviour of 

masonry. The anisotropic model makes use of the plasticity theory and consists of two 

surfaces. Plasticity is defined by permanent deformations and linear elastic unloading. A Hill

type criterion is used for compression. The Hill-type criterion is in essence a rotated, centred 

ellipsoid in the stress plane. The ellipsoid function enables to describe different compressive 

strengths along the material axis. A Rankine cut-off value is used for tension. Figure XVIII 

illustrates the Rakine Hili material model implemented in DIANA. Unfortunately, the Rankine

Hill model is strictly restricted to a 2D environment. Furthermore, it is experienced that the 

model finds it hard to converge properly. 

T3 > 7 2 > T] > T O = Ü 

Hili type 
y ield surfa.ce 

! t.y 

R ankine typ e 
y ield surf ace T 

Fig XVIII - Rankine-Hill failure envelope for the composite behaviour of masonry [21]. 
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2.6.3 Masonry modelling 
This section discusses the Engineering Masonry model that is employed to simulate the 

masonry walls. The Engineering Masonry model is briefly demonstrated by making use of a 

series of uniaxial tests. After that, the validation study on the material parameters is discussed. 

Lastly, the parameters that were used for the numerical simulations are presented. 

2.6.3.1 Engineering masonry model 
The Engineering masonry model is a total strain based continuum model. The material model 

is used for modelling failure of masonry and is applied to regular plane stress elements or 

curved shell elements. The material model is preferred to simulate transient dynamic nonlinear 

analysis. Damage and failure of the masonry is realized in a smeared manner. 

The anisotropic nature of masonry is included in the Engineering Masonry model. Distinct 

parameters for stiffness and strength in the direction of head and bed joint can be selected. 

Four predefined cracks describe the cracking pattern of an element plane. A horizontal, vertical 

and two diagonal directions may be activated. The cracks originate from the integration points. 

The horizontal crack represents cracking in the direction of the bed joint. The vertical crack 

simulates cracking parallel to the head joint. Diagonal cracks represent the diagonal stair step 

cracks at a user defined angle. See figure XIX. 

-.,,,....-.,,,.... '1., '1., r r 
-.,,,.... -.,,,.... '1., '1., r r 

Fig XIX - Potential crack directions of the Engineering Masonry model. 

The Engineering masonry model assumes that damage is concentrated at the joints. Therefore 

the failure mechanisms considered by the engineering masonry model are presented the 

following: 

1. Tensile cracking the bed and head joints 
2. Shear sliding of the bed and head joints. 
3. Cracking through units and joints. 
4. Diagonal cracking through units and joints. 
5. Compression crushing perpendicular to bed and head joints. 

Figure XX depicts a graphical representation of the failure mechanisms. 
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Fig XX - Potential failure modes of masonry. 

21 



2.6.3.2 Uniaxial numerical tests 
For the sake of clear understanding several uniaxial tests were performed on a single QS20H 

element (250x250 mm) with the Engineering Masonry mode. The 2D model was fixed in both 

directions at the bottom of the element. The upper edge was tied together and loaded by an 

imposed deformation. These tests were performed to clarify the failure envelopes of the 

material model. The three load configurations of the numerical tests are illustrated in figure 

XXI. 

tftfffft 

Fig XXI - Numerical set-up tor uni-axial tests on one square element. 

Compression 

Compression follows initially a parabolic stress-strain relationship. Once the peak value is 
reached, a linear softening trajectory follows. The unloading and reloading behaviour of 

compression follows either a secant or a linear path. The residual compression stress remains 

constant. Figure XXII depicts the material behaviour of the Engineering Masonry model in 

compression. 
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Fig XXII - Compression behaviour of Engineering Masonry model. 
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Tension 

For the case of tension, the reloading and unloading follows a secant path. A residual strength 

can be applied to avo id numerical complications. However, only the area of the triangular curve 

is attributed to the fracture energy. Figure XXIII depicts the material behaviour of the 

Engineering Masonry model in tension. 

Fig XXIII - T ension behaviour of Engineering Masonry model. 

Shear 

The shear behaviour depends greatly on the applied compression stresses. The shear stress 

is attributed by dry friction and cohesion. Cohesion softening follows a linear curve. Cohesion 

and friction is valid for both in plane directions. The unloading and reloading behaviour of 

compression follows a linear path. The residual shear capacity is obtained by dry friction when 

compression stresses are applied. When there is no compression, the shear capacity is lost. 

Figure XXIV depicts the material behaviour of the Engineering Masonry model in shear. 
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Fig XXIV - Shear behaviour of Engineering Masonry model. 
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3 Experimental set-up 

3.1 Project description 
Seven full scale shaking table tests were performed at the Laboratory of Earthquake 

Engineering at the National Technica! University of Athens, Greece. The experiments were 

part of the bigger European research project 'ESECMaSE - Enhanced Safety and Efficient 

Construction of Masonry Structures in Europe', Carydis et al. 2007 [9). The seismic 

performance of several masonry structures was carefully examined. 

3.1.1 Shaking table test 
The current study aims to evaluate a single shaking table test experiment within the scope of 

the ESECMaSE project. Merely specimen A 1 was considered for the validation and calibration 

of the numerical model. The shaking table test of Specimen A 1 was conducted on the 2nd of 

October 2006. The experimental set up of specimen A 1 is depicted in figure XXV. Note that 

the masonry walls made up a T-shaped part side at the left side of the structure. 

Specimen A 1 was selected as the structure was composed of calcium silicate units. 

Furthermore, the NTUA staff members of the shaking table facility agreed to provide a single 

digital dataset of A 1. lt was also known that specimen A 1 was earlier numerically simulated by 

Bakeer [1] soa numerical comparison could be made. 

Fig XXV - Specimen A 1, ESECMaSE shaking table test [9] . 
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3.1.2 Relevant properties 
Specimen A 1 was constructed of unreinforced calcium silicate masonry walls and concrete 

slabs. The calcium silicate masonry walls were made of KS-R P20-1.8 6 DF (248x175x248 

mm) units. The units were square 248x248 mm with a thickness of 175 mm. Figure XXVI 

depicts a single calcium KS-R unit. The head joints of the units remained unfilled and were 

simply juxtaposed. Tongues and grooves at both ends of the units provided the out of plane 

shear resistance. The bed joints had a 2 mm thick layer of mortar class M10 according to EN 

998-2. 

Fig XXVI - KS-R unit [10). 

The relevant material properties of only the units were tested at the Technica! University of 

München. The results are given in table 1. More details may be found in the corresponding 

report [9]. Note that the experiments were carried out only on the units. 

Tab 1 - Material properties of the calcium silicate units KS-R [10). 

Unit Density Compressive strength Compressive strength T ensile strength 

(perpendicular) (fb): (parallel) (fb,1): (ft): 

(kg/m3
) (N/mm2

) (N/mm2) (N/mm2
) 

l ,ss-R 1 1aoo J 26.54 22.74 1 2.24 

The mortar used is a thin layer mortar and is assigned to a mortar class of M10 according to 

the DIN EN 998-2. The mortar was not experimentally tested. 
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3.1.3 Reduced scale model 
The size and weight limitations of the shaking table have led to the use of a reduced-scale 

model. Specimen A 1 represents a cut-out of a typical two storey terraced house. The ground 

plan of the considered terraced house is depicted in figure XXVI 1. Notice that the span of the 

floor was reduced to comply with the capacity of the shaking table. The area of the cut out 

section is also depicted in figure XXVII. 

~· ::::===::: .... 
"' 3 
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1.50m 

9,50m 

Fig XXVII - Cut-out section for Specimen A 1 (25). 

Due to sealing, the thickness of the floors was also reduced to 120 mm. The height of the 

masonry panels remained unchanged. The effective width of the floor span was kept to 1.50 

m. The height of a single masonry panel was 2.50 m. The total height of the structure was 5.24 

m. See figure XXVIII. 

Fig XXVIII - Specimen A 1 

26 



3.1.4 Test procedure 
The accelerogram of the shaking table test was generated by a computer and imposed by 

hydraulic actuators on the base. The shaking at the base introduced inertial forces within the 

structure. The structural response under seismic vibrations was carefully recorded up until 

failure. Note that a destructive dynamic test is feasible as the earthquake motion is imposed 

on the table and not the structure itself. The instrumentation setup and signal acquisition are 

explained in detail in the following paragraphs. A schematic representation of the shaking table 

test procedure is presented in figure XXIX. No vertical accelerations were applied. 

Actuators 
/ Acceleroaram ·1,~·:.·:· ~: . 

' -
. . - . ' 

~. l : : . ; : . . .. . 

1/. 

Fig XXIX - Schematic representation of the test procedure of shaking table test [1 ]. 
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3.1.5 Shaking table facility 
The National Technica! University of Athens has a shaking table in the Laboratory for 

earthquake Engineering. The shaking table consists of a rigid platform with a ground plan 

dimension of 4x4m2• The vibration of the base was mechanically activated by the hydraulic 

actuators. The shaking table is suited fora maximum vertical weight of 100 kN and a maximum 

displacement field ± 100 mm. A graphical representation of the shaking table is depicted in 

figure XXX. 

Fig XXX - Shaking table facility of NTUA, Athens [18). 

lt is relevant to clarify the technica! limitations as the shaking table test was intended to 

simulate the complete earthquake signal. As aforementioned, the size and weight limitations 

of the tab Ie have led to the use of a reduced-scale model. 1 n order to comply with the modelling 

requirements large amounts of extra-mass was added to the specimen. Further technica! 

specifications and limitations of the shaking table are presented in table ll. 

Tab Il - ShakinS table seecifications [9]. 

Material Steel --
Dimension 4X4X6 m - ---

. Degrees Qf freeçj_om 6 DOF 

Max. weight 100 kN r ~ 

, Max. horizontal force JX, Y) 320 kN 
Max. vertical force (Z) 640 kN ' -- -- -
Max. displ!!!_ceme'!.!_ ±10 cm - -
Max. rotation 7 X 10-2 rad - -

î Max. acceleration (X, Y) 2.0 _g 
Max_:_ accef!!rat~on (?.) 4.0 .D 
Max. Velocity 1 

t 
m/s ' -

,.. Frequencies range 0.1- 50 Hz 

Electric Power 1200 kVA 
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3.1.6 Structural connections 
The seismic performance of Specimen A 1 was greatly influenced by its structural connections, 

as stated in the experimental report [9]. lt is therefore of great importance to identify the 

structural connections separately. The structural connections are listed below in a bottom-up 

fashion. 

Steel frame & Shaking table: The steel base was fixed rigidly on the shaking table through 36 

M30 bolts. 

Fig XXXI - Steel frame fixed to shaking table. 

Steel Frame & Mortar: An initial layer of mortar of 10 mm was applied on the steel frame. 

Fig XXXII - lnitial layer of mortar applied to the steel frame. 

29 



Shear Wal/ & Transversal Wal/: The shear wall was connected to the transversal walls through 

a continuous vertical mortar joint with metal strips inserted at each level of the bed joints. 

However, it was later concluded by the members of NTUA laboratory that the metal strips had 

minimal effect. Although steel connections were used, the interface separated completely. 

Fig XXXIII - Connection shear and transversal wall. 

Floor & Wal/: The prefabricated concrete slabs were placed on top of the walls with a thin 

layer mortar joint. 

Fig XXXIV - Completion of structural elements. 
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3.1.7 Additional masses 
Additional masses have been placed on both storeys to simulate live loads and compensate 

the reduced span. A total load of 3.50 tons was added to the first floor, 4.00 tons were placed 

on the second floor. The masses are achieved by stacking multiple steel plates. The steel 

plates were tightly connected with bolts to the floors to avoid potential displacements and 

vibrations. The arrangement of additional masses for both storeys is depicted in figure XXXV. 

Fig XXXV - Application of additional masses. 

lt is noticed that the mass applied on the second storey (4.00 tons) was highly concentrated at 

midspan. The weight of the second floor generated an eccentric loading with respect to the 

shear wall. Therefore most of the loading was carried at the edge of the shear wall. lt is noted 

that the load introduction of the second floor is significantly different compared to the load 

introduction of the first floor. At the first floor the loading is more uniformly applied, resulting in 

a more uniform load distribution for the shear panel. See figure XXXVI. 

Fig XXXVI -Distribution of masses on first and second floor. 
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3.1.8 Natural frequency and damping ratio 
The fundamental natural frequency and the damping ratio of specimen A1 were identified by 

applying a random signal along the in plane axis. The random acceleration signal was applied 

prior to the earthquake tests. The exciting frequency ranged from O Hz to 50 Hz. The maximum 

amplitude of the random vibration was kept small, up to 2%g. lt is stated in the experimental 

report [9] that the exciting signal didn't cause observable damage to the structure. 

Natural freguency 

The natural frequency was measured from the peak values of the transfer functions between 

the base acceleration and the response acceleration at the top level. The transfer function of 

specimen A1 is shown in figure XXXVII. 

Transfer Function - Specimen Al 
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Fig XXXVII - Transfer function of Specimen A 1 [9]. 
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Damping ratio 

The damping ratio was calculated by using the half power-bandwidth method. The half-power 

bandwidth method depends on the points related to the peak natura! frequency (wn)- The 

procedure is based on determining the bandwidth (w2 - w1 ) as depicted in figure XXXVIII. The 

damping ratio is determined by applying the relation of ( = (w2 - w1)/2Cwn)-

Amplitude 

A 

A 1 
,J2' - -- - ------ l __ "T __ _ 

1 

' bandwidth 

Fig XXXVIII - Half power-bandwidth method [12). 

The dynamic characteristics of specimen A1 are given in table 111. 

Tab 111- Dynamic characteristics of Specimen A1 [9]. 

Frequency 

Frequency Period Damping ratio 

(Hz) (s) (%) 

§p_ecimen ~ 1 j 3.71 l 0.27 J_~ 4.37 
--- -
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3.1.9 Measurements 
Several measurement instruments were used to measure the seismic response of specimen 

A 1. The instruments measured displacements and accelerations at different locations. The 

displacements were measured by Celesco transducers and the accelerations were measured 

by Kyowa accelerometers. 

lt is observed that most of the instruments were positioned near the shear wall. The shear wall 

was expected to be the critica! structural component in describing the seismic behaviour. 

Potential diagonal cracking and horizontal sliding were expected. The vertical measurements 

were applied to measure potential uplifting due to rocking of the specimen. A scaffolding 

structure was constructed to enable absolute displacements to be measured. Subsequently, 

the recorded data was processed by the computer and provided. 

The arrangement of the measurement instrumentations of specimen A 1 are depicted in figure 

XXXIX and XL. 

Front view 

The measurement instrumentations (D6,D7,D8) and (D11,D12,D13) measured the relative 

displacements of the shear panels. The vertical measurement instrumentations (D5,D10) 

measured potential uplifting of the floor due to rocking. The front view of the measurement 

instrumentation is depicted in figure XXXIX. 

Fig XXXIX - Front view of measurement instrumentations of Specimen A 1. 
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Side views 

The absolute displacements of the floor levels were measured at both corners of the floor 

levels (D1, D2, D3, D4) as there were concerns that the floers might rotate slightly during the 

test. These fears turned out not to be true. Vertical measurement instrumentation (D9) was 

placed to measure potential rocking. The accelerometers (A1X, A2X) were placed in the middle 

of each floor level. The measurement instruments placed at both sides are shown in figure XL. 

Fig XL - Side views of measurement instruments of Specimen A 1 

An overview of all measurements is listed in table IV. 

Tab IV - Overview of measurement instruments 

In plane accelerations 

Floor 1 

Floor 2 

Absolute dis lacements = } Ftoor1 _ 

T Floor 2 

Relative diagonal displacements 

Store 1 

A1X 

A2X 

D1, D2 

D3,D4 

Storey 2 ~-- ~~+ 

D6,D8 

D11, D13 

Relative horizontal displacements 

Storey 1 _ 

Storf!_y 2_ 

R_!!I ative vertical displacements _ 

1 Storey 1 _ 

§to~y_?_ 

D7 

D12 

-~5, D9 

D10 
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3.1.10 Time history 
The base of specimen A 1 has been excited in horizontal direction using an artificial 

accelerogram. The artificial time history was generated to match the Eurocode 8 elastic design 

spectrum tor ground type B. In order to adjust to the available displacement and frequency 

range capacity of the shaking table, the artificial accelerogram has been filtered using a high 

pass filter of 1 Hz. The simulated earthquakes started with an intensity of 2%g and were 

increased in steps of 2%g. The acceleration was increased up to the last cycle that was 

considered safe by the staff regarding the laboratory equipment. 

Figure XLI presents the generated acceleration time history used for the shaking table tests. 

The displacement excitation depicted in figure XLII is obtained by integrating the artificial 

accelerogram twice. 
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Fig XLI - Generated accelerogram. 
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A plot of the elastic response spectrum for the used time history is presented in figure XLIII. 

The design spectrum for ground type B is also provided. lt is noted that the fitting is more clear 

in the smaller period range. 

1,3 ~ -----------------------------~ 

1,2 

1, 1 

N- 0,9 
1.) - calculated data : 
Î 0,8 - - spectrum according to EC 8 
C 
0 
~ 0,7 
.! • ::l 0,6 
• : 8. 0,5 

~ 0,4 

0,3 

0,2 

0,1 

0 
0 0,4 0,8 1,2 1,6 2 

perlod [s.c] 

Fig XLIII - Elastic response spectrum (EC8, type 1) with generated spectrum trom accelerogram [9]. 
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3.1.11 Experimental test results 
A total of seven test intensities were applied to specimen A 1. The performed tests ranged from 

4%g to 16%9. The intensity increased with steps of 2%g. lt is reported that cracking occurred 

only after the application of higher ground accelerations. Up until 14%9 no significant cracking 

was observed. 

Cracking/Damage pattem 

During the test with base acceleration 14%9, diagonal cracks appeared at the transversal wall 

of the 2nd level. The cracks were enlarged and diagonal cracks emerged for the next test of 

16%9. Cracks also emerged on the transversal wall of the T-part at the 1st and 2nd levels. The 

slabs were opened and moved permanently, especially at the second level which was not 

tightly connected with the walls. The interface between the transversal and the shear wall of 

the T-shaped part was completely separated. Permanent out of plane displacement of 

transversal walls of both stories of the T-shape part occurred. Out of plane movement of 

transversal wall was also observed in the upper part of 2nd level. Figure XLIV illustrates the 

experimental observations. 

The failure of the transversal walls was caused by an uplift of the floor due to the shear wall 

displacement. This resulted in a lack of vertical load on the transverse walls. The transverse 

walls were consequently free cantilevers fiattering and colliding with the shear walls. 

Out of plane movement 
2nd transversal wall. 

Cracks transversal wall 
of T-shaped part. 

Slab opened and 

moved permanently. 

t ------ - - --' ---

Speratatlon of Interface 
T-shaped part. 

Significant discrete 
cracklng of shear wall 
2nd floor. 

Diagonal cracklng 
shear wall 1 st floor. 

Fig XLIV - Experimental observations of Specimen A 1 after applying 16%g intensity [9]. 
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4 Numerical set-up 

4.1 Modelling procedure 
This chapter discusses the numerical modelling procedure of the finite element model of 

Specimen A 1. The numerical model intends to replicate the initial state and structural response 

of the experimental shaking table test. The geometrical, material and analysis assumptions 

are highlighted in more detail in the following chapters. 

To provide a systematic comparison of numerical simulations to experimental data a workflow 

had been established. When the numerical simulations showed poor agreement, the 

configuration settings regarding the geometry (e.g. element modelling), material parameters 

or analysis settings were revised. The workflow adopted for the numerical modelling is defined 

by figure XLV. 

~ 
2D-3D Modelling : Complex, Realistic 

•····· Geometry 

1D Modelling: Discrete, Simplified 

1 
Macro Modelling: Smeared. Continuum 

•·-· ··· Material 

Micro Modelling: Discrete, Units 

Numerical lntegration: lmplicit, Explicit time steps 

Q~ • ···-·· Analysls 

Numerical lteration: Type, Convergence 

Poor Agreement 

Good Agreement 

Concluslon 

Fig XLV- Numerical modelling workflow. 
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4.2 Related work 
The experimental setup discussed in chapter 3 was earlier numerically simulated by Bakeer. 

In particular, chapter 7 of the doctoral dissertation of Bakeer [1] provided a concise comparison 

of the numerical and experimental results. 

In contrast with the presented thesis, Bakeer modelled the masonry walls with a simplified 

micro strategy within the LS-DYNA environment. The units and joints of the masonry structure 

were modelled separately where a smooth yield surface was proposed tor the interfaces. 

Furthermore the model made use of an explicit time integration scheme to integrate the 

equations of motion. An explicit approach is generally preferred when a simplified micro 

strategy is employed due to presence of many contact points. A comparison of the numerical 

results of DIANA with LS-DYNA is provided in chapter 5. Bakeer's numerical model is 

presented in figure XL VI. 

Fig XLVI - LS-DYNA model of Specimen A1 [1]. 
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4.3 Numerical geometry 
The geometry of Specimen A 1 as illustrated in figure XXXIX is translated into a numerical 

model. The geometry consisted of a single concrete slab and three masonry walls for each 

storey. Two masonry walls formed a T-shape. The second storey was a duplication of the first. 

Additional masses 

The contributions of external masses are applied by adjusting the mass density on both floors. 

The mass distribution of the first storey was assumed to be uniformly spread over the floor 

area. The mass distribution of the second storey was highly concentrated at midspan. 

Therefore the mass density was adjusted only fora discrete part of the floor. The contribution 

of additional masses are depicted in figure XL VII as filled surfaces. 

1 

\ 
J_ 

Fig XLVII- Contribution of additional masses. 
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Floor-walls connection 

The geometry of Specimen A 1 was modelled with shell elements. Dummy elements are usually 

used to consider the thickness of the floors as illustrated in figure XL VII 1. However, the 

influence of dummy elements were negligible on the overall behaviour and therefore removed 

from the model. 

Fig XLVIII - Dummy elements to simulate thickness of floor. 

Boundary conditions 

Hinged boundary conditions were assigned to the base of the numerical model. The moment 

capacity at the base is not considered. In order to obtain the shear force in a single node, 

additional tyings were applied at the base. The numerical model is depicted in figure XLIX. 

Fig XLIX - Numerical geometry of Specimen A 1. 
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4.4 Finite Element Discretization 
The geometry was subdivided into separate elements by finite element discretization. The 

discretization method suits masonry well as the elements were already present by nature in 

the form of units. A course mesh size of 250x250 mm was assigned to the model to reduce 

the computational time and optimize the localization of potential cracks. The mesh type and 

size was assigned to all structural elements comprising the masonry walls and concrete floors. 

Masonry elements 

Curved shell elements (21] were assigned to all structural elements as the thickness of the 

structural elements was relatively small compared to the in-plane dimensions. The Q20SH 

element is a four-node quadrilateral curved shell element as depicted in figure L. lt is based 

on linear interpolation and Gauss integration over the element area. To avoid shear locking, 

DIANA automatically modifies the transverse shear strain fields. 

From the displacement in the nodes, the strains and stresses can be calculated in the 

integration points. The integration points numerically integrate the stiffness of the elements. 

The evaluation of the material behaviour takes place at the integration points. The accuracy of 

the elements is determined by the amount of integration points. 

4 

3 

1 

2 
Fig L - Q20SH curved shell element. 

The Simpson rule (21] is applied with seven integrations points over the thickness. The 

Simpson method makes use of integration points at the upper and lower surface of the 

element. Four (2x2) integration points are used over the element area as depicted in figure Ll. 

In total, a single mesh element employs 28 (4x7) integration points. 

Fig LI - Smeared cracking at integration points. 
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4.5 Calibration of material parameters 
The same topology of masonry that was used for the shaking table experiment was earlier 

tested on a smaller scale at the University of Pavia. An in-plane cyclic test was carried out on 

a single shear panel. More detailed information regarding the experiment can be found in [1 0]. 

The experiment was afterwards simulated by the team of DIANA in order to validate the 

Engineering Masonry Material model. The findings of the comparison were presented in the 

masonry validation report of DIANA [34]. 

lt is noted that the Engineering Masonry model is a mesh-dependence model in simulating the 

softening behaviour. Therefore it is chosen to stick to the modelling parameters of the 

validation report of DIANA [34] as much as possible. In that way, material parameters may 

remain unchanged to the parameters recommended by the validation report. 

Validation material parameters 

The comparison of the experiment and the DIANA simulation for the test are briefly explained 

after which the material parameters are presented. The quasi-statie in-plane cyclic experiment 

was conducted on a single wall. The specimen was 1.25 m wide, 2.50 m high and had a 

thickness of 0.175 m. A vertical stress of 0.5 MPa was applied on top. The boundaries of the 

wall were fixed at both ends as depicted in Uli. An equivalent numerical model was made with 

a cyclic horizontal controlled displacement at the top. The imposed displacement was applied 

in small increments of 0.25 mm. The geometry of the masonry panel is depicted in figure LIi. 

k /250,,,. J 
Fig LIi - Geometry of masonry panel. 
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Cracking pattern 

The experimental test was characterized by the opening of the unfilled head joints. The 

opening of the unfilled head joints became evident at a top displacement of 10 mm. Diagonal 

stepped cracks occurred along the height of the wall. The cracks closed during unloading. 

Significant crack widths were reached until no further increase of shear was possible. Ata top 

displacement of 15 mm, cracks appeared at the centre of the wall resulting in large degradation 

in strength and collapse of the wall. Figure Uli depicts the crack pattem that occurred during 

the experiment. 

The DIANA simulation showed strong localized cracks at the top and bottom edge of the wall 

for the final load step. In contrast to the experimental observations, minor cracks were found 

in the field of the wall. lt may be concluded that a poor agreement is found for the crack pattern. 

Figure LIV depicts the crack pattern for the numerical simulation. 

Fig LIII - Experimental observation of 

cracks [34). 

L 

CS03_L 
Extreme maximum up to Lood-step 1289 
Total Stralns El 

Fig LIV - Maximum strains found in numerical 

simulation [34). 
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The force displacement diagram of the simulation is plotted over the results of the experiment 

in figure LV. The initial stiffness and maximum laad capacity in the analysis show a reasonable 

agreement with the experiment. However, the unloading stiffness and energy dissipation are 

clearly overestimated by the numerical model. The typical S-wave for rocking is less present 

and considerably flattened. The hysteresis curves do not pass the origin for later cycles. 

Furthermore, the sudden drop in capacity that appears in the last cycle is not captured as well. 

The sudden drop indicates that the masonry shear panel failed in a brittle way. At that moment 

the diagonal cracks appeared abruptly and initiated trom the unfilled head joints. This event is 

highlighted in blue in figure LV. 

-Experiment - Analysis 

60 

40 . 
..... 20 z ' 
~ ...... 
cu 0 
~ 
~ -20 

-40 

-60 . 

-20 -10 0 10 20 

Displacement [mm] 
Fig LV- Force displacement diagram trom DIANA simulation and the CS03 test [34). 
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Material parameters 

The numerical analyses make use of the parameters provided in table V. The material 

properties follow trom the DIANA calibration study on the in-plane cyclic test carried out at the 

University of Pavia. 

Tab V - Engineering Masonry model parameters [34). 

1 
Elasticity parameters 

f (Ex) 2.50 X 109 N/m2 

1 (Ey) 3.75 X 109 N/m2 

> - - - ---- - ------- -
(Gxy) 1.00 X 109 N/m2 

1 - -
(p) 1850 kg/m3 

- -- -- -

[Cracking parameters: 
1 

Head-joint failure type diagonal staircase crack 

Bed-joint tensile strength 2.00 X 105 N/m2 

Fracture energy in tension 15 N/m 

! Residual tensile strength 2.00 X 104 N/m2 

1 Angle stepped diagonal crack 0.944 rad 

- - --
Crushing parameters: 

j Compressive strength 2.40 X 107 N/m2 

1 F t . . rac ure energy in compress1on 5.00 X 105 N/m 

Factor to strain at compressive 4 -
1 strength -
! Unloading factor 1(= secant) -
1 

-- - - -- - - - - - -----
_ Shear failure parameters: 
1 

Friction angle 0.54 rad 
- -- -

1 Cohesion 6.00 X 105 N/m2 

---- ----t-- ---
Fracture energy in shear 20 N/m 

1 

ï -- -
Crack band width 

->----- -
Type crack/softening Rots 

' -- ---- - -- ----

1 Rayleigh Da--;,,ping 
--- -

r- - - - - - -- -
Damping parameter a 0.236 -

--- - - -- - - -
Damping parameter b 0.000398 -

- -- - - - -- - --
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4.6 Interface elements 
The interfaces between structural elements like walls and floors describe the behaviour in 

terms of relations between normal, shear tractions and relative displacements across the 

interface. Simulating discrete cracking is achieved by applying a no-tension element. 

L 16F interface elements were used between the edges of the curved shell elements as shown 

in figure LVI. The element is based on linear interpolation. A 2-point Newton-Cotes integration 

scheme in the longitudinal direction and 7 point Simpson scheme in the thickness direction is 

applied to interface element. 

Fig LVI - L 16F interface elements [21). 

Interfaces 

Structural connections such as floor-wall or wall-wall connections may play a critica! role in the 

numerical performance of the model. When no interfaces are employed the connections are 

generally assumed to be fully fixed. Note that fully fixed connections are not representative tor 

the experimental setup. 

The experimental tests reported that the transversal walls detormed out of plane permanently. 

Furthermore, it was stated that the slabs were not tightly connected with the floors, separation 

at the floor-wall connections became apparent even tor low test intensities. Gaping and slipping 

can only occur at places were interface elements are employed in the mesh. lt was theretore 

chosen to model the structural connections by interfaces. 

The interface elements describe the interface behaviour in terms of a relation between normal 

and shear tractions and the normal and shear relative displacements. Interface elements need 

to be predefined based on engineering judgement. In this case the assumptions were based 

on the insight of the occurring mechanisms during the experimental test. The locations of 

employed interfaces are depicted in figure LVII. The interfaces were grouped in accordance to 

their individual global orientation axis. 
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The red horizontal X-interfaces represent the connections between the shear walls and floors. 

The green Y-interfaces represent the connections between the transversal walls and floors. 

The vertical Z-interfaces are depicted in blue and represent the connections between the shear 

walls and transversal walls. 

Transversal wall 

~-
'\\ ,,, ' 

................ __ ......... ,,' 

Transversal wall 

Fig LVII -Applications of line interfaces in the numerical simulation. 

Stiffness interface 

The stiffness of the interface is normally arbitrarily chosen. For rigid connections, the interfaces 

are usually modelled as pre-defined cracks with an initial high dummy stiffness. However, as 

earlier mentioned, the connections may not be regarded as rigid due to the poor performance 

of connections as stated in the experimental report [9]. Therefore a stiffness value has to be 

found that corresponds with the response of the experimental setup. 

lt is prudent to examina which interfaces dominate the response of the model. Accordingly it is 

investigated to which extent the results differ from a model without interfaces. The dummy 

stiffnesses may be computed according to Equation (4.01) and (4.02). 

kn Linear normal stiffness in (N /m3) 

ks Linear shear stiffness in (N /m3
) 

1.. Dummy factor in (-) 

Em Young's modulus masonry in (N /m2
) 

Gm Shear modulus masonry in (N /m2
) 

Length mesh element in (m) 

(4.01) 

(4.02) 
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Eiqenvalue analysis 

The influence of the interfaces is examined by considering the effect on the first natura! 

frequencies. lt is assumed that the first natura! frequency dominates the response of the 

structure. The applied interfaces were grouped as previously discussed. During each analysis, 

a single group of interfaces changed in stiffness while other groups were kept fixed. Figure 

LVIII illustrates the influence of normal stiffness on the first natura! frequency. 
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Fig LVIII - lnfluence of normal stiffness to natural frequency. 
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Figure LIX shows the influence of shear stiffness on the first natura! frequency. Note that the 

scale of figure LIX was adjusted as the shear stiffness had a relative small influence on the 

natura! frequencies. 

Sensitivity Interfaces Shear Stiffness 
5,8 

4 ► · ····· · ··· · ···· · · .... ~ .... .. .... ... . 
• - ,-,~-,---- -i- ,--

5,6 
~~ 

N° ~ 
~ ...... --~~,.... 
[)' _ -:::, -;:;> 
ai 5. 4 .a, ;:::;;:c:f'.'.=H~K-l-1-1--1-W+l--l-l-l-l---l-l~-W--l+l-l----t--l----+--l+l+l-j 
::l 
0-
Q) 

Li: 
5,2 

5 

0,01 0,1 

Dummy Factor [ .<shear] 

Fig LIX - lnfluence of shear stiffness to natural frequency. 
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The natural frequency of the numerical model declines as the stiffness of the interfaces 

decreases. The declining of the natural frequency becomes more apparent for smaller values 

of the dummy variable. Furthermore it is noted that the influence of the normal stiffness is 

significantly stronger than that of the shear stiffness. This is explained by the translational form 

of the first mode shape. For high values of the dummy factor, the response equals that of a 

model without interfaces. 

Normal stiffness 

lt is noted from figure LVIII that normal stiffness of group Z interfaces don't influence the natural 

frequency. Group X interfaces are the most influencing. A poor wall-slab connection results in 

a rocking behaviour of the shear walls. Potential rocking influences the response significantly. 

Note that the in plane stiffness is primarily provided by the shear walls. lt may be concluded 

that the rocking behaviour is crucial for the response of the numerical model. These findings 

comply with experimental findings stated in the experimental report [9]. 

Shear stiffness 

Figure LIX shows that the shear stiffness of group Y has a limited effect on the response. The 

effect of sliding of the floors near the transversal walls is small. Furthermore the influence of 

shear stiffness of group X and Z are equally important. 

ldentification of stiffness interfaces 

The initial state of Specimen A 1 was identified by examining the fundamental natural frequency 

and damping ratio along the in plane axis. The measured natural frequency under laboratory 

conditions was 3,8 Hz. This is significantly lower than obtained from the numerical model 

without interfaces, namely 5, 7 Hz. This observation may indicates the poor performance of the 

connections or the composite masonry behaviour due to unfilled head joints. What is certain, 

the specimen behaved less stiff and rigid than the numerical model. lt is therefore chosen to 

employ interfaces in the models to simulate the presence of weak connections. 

The employed interfaces simulated a no-tension behaviour with a constant stiffness for 

compression. The normal and shear stiffness dropped to zero in case of tension. This 

simulated gaping and sliding of the connections. This is a simplified way to model the contact 

problems in the connections. The deformations are lumped into a single line interface. 

The elastic stiffness parameters of the interfaces are presented in table Vl. 

Tab VI - Elastic stiffness parameters of interfaces. 

First floor 

Second floor 

Normal Stiffness 

(N/ m3L 

1.35 X 109 

1.00 X 109 

Shear Stiffness 
_JJ!_jm3 

1.35 X 108 

1.00 X 108 
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lt is worth mentioning that obtaining a legitimate eigenvalue by means of a linear eigenvalue 

analysis remains rather troubling for structures with complex nonlinear materials like 

unreinforced masonry. lt is practically impossible to capture the behaviour of unreinforced 

masonry with merely elastic parameters. The eigenvalue analysis is troubled by uncertainties 

involved in the definition of the masonry material. The nonlinear behaviour of the masonry 

material was described in a smeared manner. In reality the head joints remained unfilled and 

were simply juxtaposed as illustrated in figure LX. These vertical joints acted as weak links 

within the material. This is hardly captured by the numerical model. Furthermore, a linear 

eigenvalue analysis is direction independent. The eigenvalue holds for compression and 

tension. In reality unreinforced masonry behaves significantly different for each independent 

direction. Lastly, the mode shapes and higher modes were not measured nor provided by the 

team of Athens. The distribution of displacements for higher modes over both floors remained 

uncertain. Likewise the higher frequencies couldn't be validated. 

1 

Fig LX - Juxtaposed units cause weak vertical links. 

4.7 Load configuration 
There are several approaches to simulate an earthquake loading to a structure. However, 

when simulating a shaking table test, the seismic loading should be applied at the base in real 

time. The inertial effects of the structure should be activated throughout the test. 

lt is decided to use a displacement controlled excitation over the accelerations. The 

displacement excitation is obtained by integrating the artificial accelerogram twice. Recall that 

during the experiment the floor displacements were measured with respect to a fixed point. By 

virtue of doing so, the comparison of displacement results was more convenient. The amplitude 

of the base was known at each time instant. 

Prior to the initiation of the earthquake motions, the calculation of the statie gravity load has to 

be carried out. The self-weight of the structure is subdivided in five load steps. lt is noted that 

an immediate application of the gravity load may cause unwanted vertical vibrations. The 

dynamic calculation of the structure was performed with a step size of 0.010 s (10 ms). The 

available signals were also recorded time increments of 0.010 s. 
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4.8 Analysis settings 

4.8.1 Solution strategies 
Explicit and implicit methods are used in numerical analysis to obtain approximated solutions 

of the equations of motion fora nonlinear analysis. lmplicit methods find a solution by solving 

the dynamic equilibrium of motion involving both the current state and the new state of the 

system. Explicit methods determine the solution of motion merely from the current time state. 

Explicit time integration is commonly used for highly nonlinear short duration responses. For 

instance impact and contact problems are ideally modelled with an explicit approach. lmplicit 

methods are usually used for statie problems or dynamic problems with a relative long duration 

response. These kinds of problems are not feasible for explicit methods. The memory storage 

requirements are much less when an explicit method is used. The explicit method doesn't 

require iterations. A significant drawback of the explicit approach is the conditional stability. 

The time step should be very small and can't exceed a critica! value. A large number of cycles 

are therefore needed that result in a relative long solution time. 

4.8.2 Diana FEA 
The NL TH calculations were performed in DIANA 10.1. The DIANA software was provided by 

DIANA FEA BV. The DIANA software makes use of an implicit time integration scheme. The 

dynamic equilibrium - sum of forces equal mass times acceleration - is determined by an 

iterative procedure. The system of equation solves the displacement field for each iteration. lt 

is not necessary to always meet the predefined convergence criterion. However for each time 

step, the convergence will check how well the equilibrium condition is met. Material and 

geometrie nonlinearity was included in the analysis. 

4.8.3 Time integration 
A widely used implicit integration scheme for transient structural response is the Newmark 

method. However, when displacement controlled loading is applied, the Newmark method can 

become unstable and the Euler Backward scheme may be more effective [21). Errors occur as 

the Newmark scheme tends to determine the displacements for the next time step based on 

the previous discrete accelerations. Recall that the displacements at the base were already 

predefined by the controlled displacement loading. These errors were also observed during 

the modelling of the structure. lt is therefore chosen to perform the time integration by the 

Euler Backward method. The Euler Backward is first order accurate and similar to the standard 

Euler method, but differs in that it is an implicit method. 
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4.8.4 lterative procedure 
The Linear Stiffness iteration method is employed for the solution of the incremental equations 

of equilibrium. This Linear Stiffness method uses only the linear elastic stiffness matrix to 

achieve convergence as shown in figure LXI. The stiffness matrix doesn't need to be inverted 

and is therefore taster but requires more iterations. A maximum of 30 iterations is set to the 

analysis. lt is worth mentioning that when the Linear Stiffness iteration method is used, the 

Rayleigh damping is not updated. 

f 

f 1nt . l 

t fc)( t ;-------.-TTlll,r-

Fig LXI - Linear stiffness iteration [21 ]. 

4.8.5 Convergence 
The iteration process stopped when the results were satisfactory according to the convergence 

norm. That implied that the errors were smaller than the predefined criterion. The iteration 

process was also stopped when the maximum number of iteration was reached or the when 

the iteration process led to divergence. For the nonlinear analysis an energy norm is employed 

to determine convergence. A displacement norm would be less useful as a prescribed 

displacement loading is used. An energy norm is composed of internal forces and relative 

displacements as illustrated in figure LXII. The energy convergence criterion was set to be 

0.0001. This strict criterion was advised in order to capture the described softening behaviour. 

f 

' fcxt 

D.u o óu 1 

Fig LXII - Energy convergence norm [21). 
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5 Numerical results 

5.1 lntroduction 
The seismic behaviour of the experimental set-up described in chapter 3 was simulated 

through a nonlinear time history analysis. The assumptions in material properties and 

modelling strategies were earlier discussed in chapter 4. The numerical results are compared 

with the experimental observations for all test intensities. However, for the sake of clarity, 

chapter 5 discusses only the last and strongest test intensity of 16%9. Severe structural 

damage occurred primarily at the final test intensity. 

The experimental observations and LS-DYNA simulations were perforrned and published by 

third parties. lnevitably, differences in conditioning and processing data couldn't be fully 

excluded. Nevertheless, there has been extensive contact with the NTUA and Bakeer to clear 

out the underlying assumptions as much as possible. lt was tried to secure as much uniforrnity 

as was fairly possible. 

Chapter 5 is subdivided into three sections. The first section of chapter 5 presents the 

numerical results obtained from simulations in the DIANA environment and compares it with 

the experimental observations. The second section makes use of the numerical results 

presented by Bakeer in his doctoral dissertation (1 ]. Bakeers simulation was performed in LS

DYNA environment and made use of the micro modelling strategy. The third section presents 

a tast and simple approach. The simplified model intends to explore whether an idealization 

approach shows an improved performance for the highest test intensity. 

55 



5.2 Signal processing 
lt is important to discuss the limitations of shaking table testing prior to presenting the numerical 

results. The results of any shaking table test are only relevant and useful on the condition that 

the data responses are well understood and reliably determined. 

Note that the experimental data were obtained by processing several measurements. 

Panayotis Carydis, a former member of the team of the University of Athens, wrote that, Mln 

order to adjust to the available displacement capacity of the shaking table, the artificial 

accelerogram was. filtered with a high pass filter of 1 Hz.• and that the MResponse acceleration 

and displacement signals were corrected in order to remove parts of the signals that are 

caused due to rocking of the specimen after cracking: (EsEcMase report, 29-34). Recorded 

signals usually become polluted with noise in an experimental setup. Potential noise introduces 

errors and may harm the reliability of the processed data. lt is therefore crucial to identify briefly 

the employed processing techniques. 

The shaking table displacements are determined from the acceleration time history by means 

of numerical integration. Numerical integration generally amplifies low and diminishes high 

frequencies, regardless of the integration scheme employed. Errors are introduced due to the 

numerical algorithm itself. Signal filtering is often used to remove unwanted frequencies from 

the measurements. lt is usually assumed that filtering removes mostly noise and not the 

important data from the signal. Some typical filters are depicted in figure LXII 1. The members 

of the laboratory employed a high pass filter of 1 Hz and a low pass filter of 1 OHz. lt should be 

noted that each step of the process introduces errors which may cause discrepancies in the 

comparison. 

b. Le il b_c 
Low-pass W High-pass w Band-pass w Band-stop w 

(Low-high-pass) 

b n • Ine b oe 
Low-band-pass w Band-high-pass w Low-band-high-pass w 

Fig LXIII - Typical signal pass filters [11). 
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5.3 Comparison 1: Shaking table test and DIANA simulation 

5.3.1 Total base input 
The base was excited with an artificial accelerogram that matched the Eurocode 8 design 

spectrum. Even though only the last test intensity is discussed, the numerical model calculated 

all test intensities to capture the impact of damage tor each completed test. Several test 

intensities were applied along the longitudinal direction of the specimen. The test intensities 

increased step-wise starting trom 4%g until 16%g with increments of 2%g. The calculation tor 

the model was theretore highly time consuming. The full simulation was employed on an 

external server and the time duration of the calculation took approximately 15 hours. 

The total time history of the accelerations at the shaking table base is depicted in figure LXIV. 
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Fig LXIV- Total acceleration time history of shaking table. 

The total time history of the displacement at the shaking table base is obtained by integrating 

the acceleration time history twice and is depicted in figure LXV. 
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Fig LXV - Total displacement time history of shaking table. 
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5.3.2 Base input 
The generated artificial accelerogram of the shaking table (16%g) is depicted in figure LXVI. 

The observed acceleration under laboratory conditions is presented in black. The numerical 

result is provided in red. The comparison between the acceleration histories of numerical 

simulation and shaking table show a satisfying agreement. 
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Fig LXVI -Acceleration time history comparison of shaking table. 
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The displacement time histories provided by figure LXVII show significant distortions at both 

ends. Nevertheless, the filtered table displacement time history captures the peak values 

reasonably well. Note that a permanent trend of underestimation at both ends of the time 

histories may be observed due to the signal processing. 
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5.3.3 Floor accelerations 
Figure LXVIII and Figure LXIX show the acceleration time histories in horizontal direction at 

both floor levels. The numerical acceleration time history of floor 1 shows a legitimate 

agreement with the experimental measurement. Some peak accelerations were not well 

captured, but an overall agreement is found. 
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Fig LXVIII -Acceleration time history comparison of first floor. 
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More discrepancies are found when the acceleration time histories of floor 2 are compared. lt 

is clearly noticed that the disparity becomes most apparent at 4-5 seconds. During that instant 

a severe diagonal crack appeared in the second shear wall. Unfortunately, this diagonal crack 

couldn't be captured by the numerical simulation. This large diagonal crack separated the 

second shear wall roughly in half. The second shear wall could move freely in tension which 

resulted in a rocking behaviour and affected the behaviour rather significantly. Furthermore, it 

follows from the comparison that the higher frequencies were activated during the shaking 

table test. The dark spikes in the accelerogram indicate the rigid behaviour of the masonry. 

The impact load was caused by the masonry parts hitting each other and thereby causing a 

sudden impact load when the crack closed. Section 5.4.5.1 provides more detail about the 

rocking behaviour of the second shear wall. 
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5.3.4 Floor displacements 
The displacement time histories of the first floor level are depicted in figure LXX. The result 

obtained from numerical simulation shows greater offset at bath ends of the time history. The 

recognition of the pattem in underestimation was earlier detected in the comparison of base 

input. Nevertheless, the peak values and overall trend are reasonably well predicted. 
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Figure LXXI provides the displacement times histories of the second floor. The displacement 

time histories show a large peak around 4-6 s. The peak occurs instantly and is characterized 

by a brittle, discrete crack. The numerical model fails to predict the peak displacement. The 

sudden peak confirms the rocking behaviour earlier mentioned in the comparison of floor 

accelerations. Overall, it may be concluded that the sudden diagonal crack influences the top 

displacements significantly. As for the remaining part, the deviations are better predicted. 
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5.3.5 Relative displacements 
Figure LXXII depicts the relative displacements between the first floor and base. The 

comparison between relative displacements of numerical simulation and shaking table test 

showed an overall poor agreement. The numerical simulation seems to underestimate the 

shaking table test throughout the entire time history. 
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Fig LXXII - Relative displacement time history comparison of first floor and base. 
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The inter-storey displacements are depicted in figure LXXIII. lt is clearly noted that the masonry 

model didn't allow for significant deformations during crack-openings. As a consequence, the 

simulation was unable to predict the peak displacements. The question then arises as to 

whether the masonry model was sufficient for the tested topology of masonry. The latter 

mentioned is later discussed in more detail. 
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Figure LXXIV depicts the relativa displacements between the second floor and base. The 

disparity becomes even greater for the second floor as most of the damage occurred during 

the experiment. The peak displacements are missed at instances of significant cracking. The 

numerical simulation underestimates the developed damage. Consequently, the discrepancies 

increase near the middle and at the end of the time histories. 
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-- F2 - DTX 

62 



5.3.6 Hysteresis loops 
The hysteresis loops are depicted in figure LXXV. The hysteresis loops show the relationship 

between the base shear force and the top relativa displacements (2nd floor) and are made of 

connecting discrete points. An enclosed area of the hysteresis curve is referred to as the 

energy dissipation per cycle. lt is noted that the estimated energy dissipation attained by 

numerical simulation is clearly underestimated compared to shaking table test. However, the 

base shear forces and stiffness are reasonably welf predicted. The simulated hysteresis 

envelope is mainly concentrated at the dense part of the experimental curves. Once again, it 

is recognized that the outliers are not welf defined by the numerical simulation. The deformation 

capacity remains limited. 
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The hysteresis loops provided in figure LXXV are somewhat unclear due to the clustering of 

many loops. For the sake of clarity, the outline of the hysteresis loops is illustrated in figure 

LXXVI. 
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Fig LXXVI - The outline of the hysteresis loops presented in figure LXXV. 
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5.4 Comparison 2: Shaking table, DIANA and LS-DYNA simulation 
The following comparison includes the numerical results retrieved from Bakeers doctoral 

dissertation [1]. Bakeers numerical simulations were performed in LS-DYNA environment and 

made use of the micro modelling strategy. lt is important to note that the received data is 

assumed to be truly representing the LS-DYNA simulations. The objective of the comparison 

was to examine whether the micro modelling strategy would comply with the experimental 

observations and measurements. Secondly, the comparison could identify the discrepancies 

between DIANA and LS-DYNA simulations. 

5.4.1 Base input 
Figure LXXVII depicts the accelerogram of the shaking table with 16%9 intensity. The 

numerical result obtained from LS-DYNA is presented in blue. The comparison between the 

acceleration histories of numerical simulations and shaking table show a satisfying agreement. 
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The displacement time histories are provided by figure LXXVIII. The displacement time 

histories obtained from numerical simulations match exactly. 
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5.4.2 Floor displacements 
The displacement time histories of the first floor level are depicted in figure LXXIX. lt is noted 

that the offset remains at both ends for both numerical time histories. The discrepancies 

between the two numerical simulations are minor. 
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The displacement time histories of the second floor are depicted in figure LXXX. Note that both 

numerical simulations fail to capture the sudden peak displacements around 4-5 s. This 

suggests that the large diagonal crack is also not captured by the LS-DYNA simulation. The 

comparison between the DIANA and LS-DYNA simulation shows a uniform agreement. 
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5.4.3 Relative displacements 
Figure LXXXI depicts the relative displacements between the first floor and base. Both 

numerical simulations seem to underestimate the shaking table test throughout the entire time 

history. The numerical result obtained from LS-DYNA shows a permanent drift near the end. 

An overall poor agreement is found for both numerical simulations. 
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Fig LXXXI - Relative displacement time history comparison of first floor and base. 

-- Fl - DTX 

------· NUM-F l -
NUM-DTX 

The inter-storey displacements are depicted in figure LXXXII. Both numerical models didn't 
allow for significant deformations during crack-openings. 

40 

E 20 

.s 
ë 
~ 0 
(1) 
u 
co 
ëi 
è5 -20 

-40 

0 

Relative Displacements: Floor 2 - Floor 1 

2 3 4 5 6 7 8 
Time [s] 

9 10 

--F2-F1 

------· NUM-F2 -
NUM-Fl 

- - - - BNUM-F2 -
BNUM-F l 

Fig LXXXII - Relative displacement time history comparison of second and first floor. 

67 



Figure LXXXIII depicts the relativa displacements between the second floor and base. The 

peak displacements remain not captured at instances of significant cracking. Both numerical 

simulations underestimate the developed damage. 
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5.4.4 Hysteresis loops 
The hysteresis loops are depicted in figure LXXXIV. Both numerical simulations underestimate 

the energy dissipation compared to the shaking table test. However, the base shear forces and 

stiffness remain reasonably well predicted. Both simulations concentrate near the dense part 

of the experimental curves. The deformation capacity remains limited for both numerical 

simulations. 
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Fig LXXXIV- Hysteresis loops comparison for base shear force and second floor relative displacements. 
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The hysteresis loops provided in figure LXXXIV are somewhat unclear due to the clustering of 

many loops. For the sake of clarity, the outline of the hysteresis loops is illustrated in figure 

LXXXV. 
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Fig LXXXV - The outline of the hysteresis loops presented in figure LXXXIV. 
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5.4.5 Experimental observations 
This section identifies two important visual observations during the strongest (16%g) and last 

test intensity of the shaking table test. The first observation provides an insight into the shear 

failure of the second shear wall. The second observation discusses the numerical 

performances of the overall crack pattem. 

5.4.5.1 Shear failure and rocking 
A large diagonal crack appeared in the second shear wall during the 16%g test intensity. The 

diagonal crack was initiated due to diagonal tension and dictated mainly the peak responses. 

As a result of the diagonal crack, the shear wall started to rotate at its edges. The diagonal 

crack separated the shear wall in two parts. In tension, the crack opened, which reduced the 

lateral stiffness significantly. In compression, the crack closed, causing the lateral stiffness to 

increase again and activate the higher frequencies. The discrete behaviour, illustrated in figure 

LXXXVI, was detected du ring the comparison of time histories and confirmed by video footage 

of the shaking table test. 
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lnstruments were employed to measure the in plane deformations of the shear panels. The 

measurement of the second shear panel are of most interest and are therefore highlighted in 

figure LXXXVII. Note that D11 and D13 measure the diagonal deformations, while D12 

measures the horizontal deformations of the shear panel. Section 3.1.9 describes the 

instrumentation setup in more detail. 

Fig LXXXVII - Measurement instruments placed on the second shear panel. 

Some important comments need to be made about the measuring instruments (D11, D12 and 

D13) before presenting the time histories. For example, it is noted that measuring instrument 

D11 experienced significant movement due to rotational effects. The purpose to measure only 

deformations became therefore less credible. D12 provided the horizontal deformations at half 

height. Clearly, the measurements of D12 underestimated the total horizontal movement at the 

top. Measurement instrument D13 measured diagonal deformations and are regarded to be 

most reliable. However, the results become somewhat underestimated since the rotational 

effect could not be captured. In figure LXXXVIII the aforementioned is shown. 

Fig LXXXVIII - Measurement instruments after diagonal cracking. 
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Figure LXXXIX depicts the measured diagonal deformations (D11) of the second shear wall. 

The observed deformations are clearly characterized by peaks when damage is inflicted to the 

structure. The largest peaks are found around 4-5 seconds. The upper right part of the shear 

wall swings back and forth. This explains the peak displacements in bath directions. 
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Figure XC depicts the measured horizontal deformations (D12) of the second shear wall at half 

height. The largest peaks are once again found around 4-5 seconds. lt is noted that peaks only 

occur during crack openings and that a permanent shift is observed. 
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The measured diagonal deformations of D13 are illustrated by figure XCI. The largest peak is 

found around 4-5 seconds. The ripples of the time history indicate that after cracking the shear 

wall became loose. Furthermore, it is noted that peak displacements only occur during crack 

openings. 
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5.4.5.2 Crack pattern 
Figure XCII displays schematically the crack pattern observed during the shaking table test 

and the numerical results obtained from DIANA and LS-DYNA simulations. The rocking 

diagonal crack is signified by thicker lines. The result obtained from DIANA simulation is 

depicted at the bottom left. The crack pattern depicted retrieved from Bakeer's work is 

presented at the lower right of the figure. Both numerical results are presented in an un

deformed mesh. lt is noted that neither of the simulations predict the diagonal crack in the 

shear wall at second floor level. The out of plane failing of the transversal walls was not 

detected as well. Nearly all of damage is predicted to concentrate at the first shear wall. One 

might have expected that beforehand through logical thinking, since the base shear is generally 

greater at the bottom than at the top. However, the calcium silicate units lost bonding between 

the units and quickly separated. This discrete cracking behaviour could not be captured. 

Overall, a poor agreement is found for the crack pattern. 
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5.5 Comparison 2: Shaking table and simplified DIANA simulation 
Both numerical simulations failed to capture the discrete diagonal crack that dictated a 

significant part of the peak responses. lt was therefore decided that efforts should be made to 

consider a simplified model that enables sufficient internal movement of the second shear wall. 

Whereas both descriptive and predictive purposes may be legitimate, the simplified model 

served primarily as a descriptive model. The numerical geometry of the simplified model was 

largely kept unchanged. However, the second shear wall was slightly adjusted to employ the 

line interfaces. The line interfaces simulated a no-tension behaviour. The normal and shear 

stiffness reduced to almost zero when the normal crack displacement reached a critica! value. 

Furthermore, the masonry material was kept linear elastic. Deformations were lumped into 

single lines so that the complete nonlinear material behaviour was described by the interfaces. 

The interfaces formed an X-bar as depicted in figure XCIII. 

Fig XCIII - Simplified numerical model. 
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5.5.1 Base input 
The generated artificial accelerogram (16%g) of the shaking table was kept unchanged tor the 

simplified DIANA model. The observed acceleration under laboratory conditions is presented 

in black. The numerical result is provided in green. The comparison between the acceleration 

histories of numerical simulation and shaking table is depicted in figure XCIV. The 

displacement time histories are provided by figure XCV. 
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Fig XCIV - Acceleration time history comparison of shaking table. 

40 

E 20 
.s 
ë 
~ 0 
al 
u 
ro 

~ -20 
ë5 

-40 

0 

Displacements Base 

2 3 4 5 6 7 

Time [s] 

Fig XCV - Displacement time history comparison of shaking table. 

8 9 

8 9 

10 

10 

--ATX 

············· SNUM-ATX 

--DTX 

············· SNUM-DTX 

77 



5.5.2 Floor accelerations 
The acceleration time histories in horizontal direction for the first floor level are depicted in 

figure XCVI. The accelerations of the first floor are reasonably well predicted by the simplified 

model. 
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Figure XCVII shows the acceleration time histories in horizontal direction for the second floor 

level. The simplified numerical simulation tends to overestimate the accelerations of the 

second floor once severe damage is inflicted. The overestimation becomes apparent during 3-

5 seconds. The diagonal interface opens prematurely causing the lateral stiffness to 

decreasing too quickly. However, more importantly, the overall trend is highly encouraging 

compared to the earlier simulations. 
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5.5.3 Floor displacements 
Figure XCVIII depicts the time histories of the first floor. The result obtained trom numerical 

simulation shows a satisfying agreement with the experimental observations. The peak 

displacement values are well captured. 
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Figure XCIX provides the displacement time histories of the second floor. The simplified 

numerical simulation shows an improved displacement time history and displays the 

importance of enabling the rocking behaviour of the second shear wall. lt is noted that the 

rocking behaviour explains, tor a significant part, the peak displacements. However, 

permanent sliding of the blocks is not considered. This may explain the remaining 

discrepancies. 
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5.5.4 Relative displacements 
Figure C depicts the relativa displacements between the first floor and base. The comparison 

between relativa displacements of numerical simulation and shaking table test showed 

generally a reasonable agreement. 
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The inter-storey displacements are depicted in figure Cl. Note that the simplified model did 

allow for sufficient deformations during crack-openings. The positive peak displacements are 

partially overestimated. However, the overall trend is well simulated. 
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Figure CII depicts the relative displacements between the second floor and base. The 

numerical simulation seems to slightly overestimate the shaking table test during 3-5 seconds. 

However, the peak displacements are well captured. 
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5.5.5 Hysteresis loops 
The hysteresis loops are depicted in figure CIII. The deformations obtained from numerical 

simulation are somewhat overestimated. However, the deformation capacity is clearly 

increased by employing the simplified model. The numerical hysteresis envelope showed a 

symmetrie behaviour and tends to overestimate the base shear forces. This may be explained 

by the fact that the simplified made use of an X-shaped interface geometry. The symmetrie 

behaviour was less present in the shaking table test. The performance of the numerical might 

have been improved by employing a single diagonal interface. 
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The hysteresis loops provided in figure CIII are somewhat unclear due to the clustering of many 

loops. For the sake of clarity, the outline of the hysteresis loops is illustrated in figure CIV. 
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Fig CIV - The outline of the hysteresis loops presented in figure CIII. 
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6 Conclusions & Recommendations 

In this study numerical models were developed and validated that simulated the ESECMaSE 

shaking table test. The numerical simulations were performed with DIANA and used the 

Engineering Masonry Model. Thereafter, the numerical simulations were compared with the 

shaking table test and LS-DYNA results. Finally, a simplified modelling approach has been 

introduced. The simulations had great difficulties to describe the failure of the second shear 

wall. 

6.1 Conclusions 
The results of the performed research led to concluding remarks on the following aspects. 

Determination of failure 

In contrast with the experimental test, the numerical simulations in DIANA could run for 

intensities greater than 16%g. This was physically not possible during the shaking table test 

since the structure failed at this intensity. The numerical simulations showed no clear instance 

that indicated that the construction would collapse. 

Loca/ization of cracks 

The DIANA and LS-DYNA simulations failed to capture diagonal cracking of the second shear 

wall. Both numerical simulations faced great difficulties in localizing and tracking the large 

concentrated cracks. 

Crack deformations 

The numerical analyses performed with the Engineering Masonry Model did not allow for 

adequate crack deformations once damage was inflicted. The experimentally tested calcium 

silicate walls showed a brittle shear failure behaviour. The shear failure was characterized by 

large crack openings that were not captured by the material model. The influence of crack 

openings dominated the peak responses and became evident in the comparison of the inter

storey drift capacity. 

Homogenization 

The relatively large calcium silicate units (248x248x175 mm) and the unfilled head joints 

complicated the homogenization procedure. The seismic behaviour of the specimen was 

characterized by contact problems at masonry joints. lt remains questionable whether the 
employed macro-modelling strategy was sufficient to describe the experimentally observed 

behaviour accurately. 
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Software limitations 

The DIANA finite element software presented limitations with respect to the intended modelling 

approaches throughout the research project. The two most important limitations are: 

■ The idealized modelling of a mass-spring system, with the free choice of a nonlinear 
stiffness curve, including energy dissipation, was not possible in a dynamic 
environment. 

• The discrete modelling of masonry units with interface elements presented severe 
convergence problems in a dynamic environment. 

Simplified model 

The simplified model required substantially less computational effort and time to run the 

nonlinear time history analysis compared to the macro modelling approach. The peak 

responses of the specimen were neatly captured as the model allowed for sufficient movement 

in the second shear wall. Note that the simplified model used the experience trom experimental 

observations. The presented simplified model should therefore be regarded as a descriptive, 

rather than a predictive model. 

LS-DYNA and DIANA simulations 

The comparison of inter-storey displacements showed that both numerical simulations (DIANA 
and LS-DYNA) clearly underestimate the internal deformations of the shear walls. As a 

consequence, the peak displacements were missed at instances of significant cracking. 

Uncertainties 

Defining and understanding uncertainties is crucial when computing comprehensive numerical 

simulations. lt is experienced that the nonlinear time history analysis requires many ambiguous 

modelling assumptions at an early stage of the modelling procedure. These assumptions are 

primarily related to the material properties (e.g. fracture energies, damping and 

homogenization of unfilled head joints) and its structural connections. The lack of 

experimentally validated parameters introduce significant uncertainties associated with the 

modelling procedure. Without certainty, the engineer is responsible for making reliable 

assumptions that allow the numerical simulation to proceed. The analyses presented in this 

report use the parameters that are defined by the masonry model verification report [34]. 
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6.1.1 Discussions 
Some critica! remarks regarding the validity of the material model and the data used in the 

modelling process can be made. 

Development stage 

The Engineering Masonry Model implemented in DIANA is still in development. The ongoing 

developments resulted in significant changes throughout the research project. Despite the 

improvements, it remains questionable whether homogenized techniques and macro 

approaches are able to describe the cracking behaviour as observed during the experiment. 

Data provisioning 

Experimental data are likely to include measurement uncertainties and errors. In comparing 

the numerical simulation results to experimental data, one should always identify the 

experimental uncertainties thoroughly. ldentifying potential uncertainties was rather laborious 

as the shaking table test and LS-DYNA results were not self-performed. Despite the 

appreciated efforts made, some critica! remarks (e.g. the signal processing procedures of the 

shaking table results, numerical settings in LS-DYNA) remain. 
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6.2 Recommendations 
lt remains crucial to continue the discussion on the validity of the numerical computations, 

especially those that are performed in a nonlinear dynamic environment. There is a strong 

need for advanced and controllable experiments to understand the performance of structures 

exposed to earthquakes. 

The proposed areas for further research are: 

Dynamic testing 

Many quasi-statie tests have been conducted on structural masonry structures over the past 

few decades. However, a quasi-statie test usually follows a prescribed loading trajectory and 

determines the capacity and ductility by constructing the hysteresis behaviour. Unfortunately, 

the dynamic characteristics of masonry remain ignored. Technica! and financial limitations 

impose restrictions on the dynamic testing of large scale masonry structures. The performance 

of unreinforced masonry structures under dynamic loading remains therefore relatively 

unexplored and is hindered by a lack of knowledge. Further investigations on the dynamic 

properties of masonry are highly desired. 

Nondeterministic modelling 

The existence of uncertainties within the masonry material could be examined by considering 

nondeterministic parameters. Note that a numerical model represents merely a representation 

of reality, not reality itself. 

Further simplifications 

The focus and tendency to model exhaustive numerical simulations should be moderated. A 

concise and efficient model improves the process of decision making and understanding 

tremendously. Note that the simplified model presented in chapter 5 was designed once the 

experimental behaviour was known. Further alterations of the simplified model can be 

proposed for future works. Furthermore, it would be recommended to investigate the predictive 

value of the simplified approach. 
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