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Summary 
 

For calculating the lateral resistance of a masonry wall Eurocode 6 provides two approaches: the 

flexural strength approach and the arching approach. The model present in the Eurocode 

considering arching is based on experiments performed in 1976. With nowadays measurement 

techniques more detailed results can be obtained during experimental research to get a better 

understanding of the behavior of masonry under lateral loading. Moreover a numerical model was 

created in order to get a better understanding in the behavior of the wall. In the literature review 

several models are presented to predict the behavior of laterally loaded walls including arching 

action. Looking at these models there are several parameters that might have an influence on the 

resistance of a wall. One of these parameters is the span of the wall, which is the parameter of 

which the influence is investigated in this report.  

During the experimental research the influence of the span on the behavior of calcium silicate walls 

under lateral load has been tested. Two series of each three walls have been exposed to a lateral 

load. The walls in series 1 have a span of 3 meters and the walls in series 2 have a span of 2 meters. 

The walls were put horizontally in the test frame and were loaded in the vertical direction. In the 

experimental research two points in the load curve are of interest: the ultimate force, which is the 

point at which the maximum load is reached, and the load at collapse, which is the load on the wall 

when it collapsed. From the experimental research can be concluded that the walls of series 1 have a 

lower ultimate load than the walls of series 2. The ultimate load of the walls in series 1 is almost half 

the ultimate load of the walls of series 2. On the other hand, the load at collapse is 15% bigger for 

the walls in series 1 than for the walls in series 2. All walls crack at 3 positions: at both supports and 

around mid-span. At the supports is a part at the bottom of the section always in compression, while 

the top part of the section is always cracked. At mid-span a part at the top of the section is always in 

compression, while a part at the bottom of the section is always cracked.  

To get a better understanding of the behavior of the wall, compression tests have been performed 

on four masonry wallettes. These wallettes have been rotated for 90 degrees, so they will be 

compressed parallel to the bed joints. By means of these tests it is possible to determine the 

material behavior in this direction. The Young’s modulus is found to be different for measurements 

over the joint and measurements over the unit. Moreover the Young’s modulus is found to be 

dependent on the load; when the stresses in the wall increase, the Young’s modulus decreases.  

The numerical model that was developed for this research makes it possible to describe the behavior 

of the wall in more detail. The simplified micro modelling strategy is used for this model. Within the 

model the calcium silicate is defined by means of the concrete damage plasticity model. This model 

makes it possible to describe both the behavior in tension and compression, which makes it possible 

for the material to crack and to crush. The joints are defined by means of a traction separation law.  

Looking at the results of the numerical model, the behavior found is comparable as found for the 

experimental research. The wall cracked both at mid-span and at the supports. At the supports a 

compressive zone can be found at the bottom of the section, while at mid-span the compressive 

zone is found at the top of the section. The initial model has to be adapted in order to get a better fit 

with the results from the experimental research.  
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When comparing the outcomes from the experimental research with some of the models from the 

literature review, the predictions by using the formula from the Eurocode are generally safe. The 

predictions made by the compressive strut method are safe, but also conservative. Comparing the 

numerical model with the experimental research, the numerical model predicts values for the 

ultimate load which are greater than the values measured.  

The results showed that the span had an effect on lateral resistance. These influences are relative to 

the squared span length. This seems to be a reasonable approach.  
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Samenvatting 
 

In Eurocode 6 worden voor het berekenen van een metselwerkwand belast door een laterale 

belasting twee methodes aangereikt: een methode die gebruik maakt van de buigtreksterkte en 

moment coëfficiënten van de wand en een methode die uitgaat van boogwerking in de wand. Het 

model met betrekking tot boogwerking in de Eurocode is gebaseerd op experiment uit 1976. Met de 

hedendaagse meettechnieken en apparatuur kunnen betere resultaten worden verkregen, om zo 

het gedrag van de metselwerk wand belast door een zijdelingse belasting beter te begrijpen. Om de 

experimenten te ondersteunen is een numeriek model ontwikkeld. In het literatuuronderzoek 

worden verschillende modellen gepresenteerd om het gedrag van een metselwerk wand onder een 

laterale belasting te voorspellen. Wanneer deze modellen vergeleken worden zijn er verschillende 

parameters die een invloed lijken te hebben op de weerstand van den wand. Een van deze 

parameters is de lengte van de wand. De invloed van deze parameter zal verder onderzocht worden 

in dit rapport.  

In het experimentele onderzoek wordt gekeken naar de invloed van de lengte van de overspanning 

van de wand op het gedrag van de wand, wanneer deze wordt belast door een laterale belasting. 

Daarvoor worden twee series van ieder drie kalkzandsteen wanden getest. De wanden in serie 1 

hebben een overspanning van 3 meter, en de wanden in serie 2 hebben een overspanning van 2 

meter. De wanden worden horizontaal in de proefopstelling geplaatst en vervolgens in de verticale 

richting belast. Uit het experimentele onderzoek volgt dat de wanden in serie 1 een lagere maximale 

belasting kunnen dragen dan de wanden in serie 2; deze is bijna de helft van de maximale belasting 

voor serie 2. De belasting waarop de wanden bezwijken is voor serie 1 15% hoger dan voor serie 2. 

Alle wanden scheuren op 3 plekken: bij beide ondersteuningen en rondom het midden van de 

overspanning. Bij de ondersteuningen staat het onderste deel van de doorsnede altijd onder druk en 

zal het bovenste deel altijd scheuren. In het midden van de overspanning is het bovenste deel van 

doorsnede altijd onder druk, en zal het onderste deel van de doorsnede scheuren.  

Om het gedrag van de wanden beter te begrijpen, zijn bovendien drukproeven gedaan op vier 

metselwerk proefstukken. Deze proefstukken worden 90 graden gedraaid voordat ze gedrukt 

worden, waardoor ze belast worden in de richting van de lintvoegen. Door middel van deze proeven 

is het mogelijk het materiaal gedrag van het metselwerk in deze richting te bepalen. De 

elasticiteitsmodulus blijkt verschillend te zijn voor metingen over de voeg en metingen over enkel de 

steen. Daarnaast is de elasticiteitsmodulus afhankelijk van de belasting; naarmate de spanning in de 

wand toeneemt, neemt de elasticiteitsmodulus af.  

Voor dit onderzoek is ook een numeriek model ontwikkeld, dat het gedrag van de wand in meer 

detail kan beschrijven. De kalkzandsteen elementen worden beschreven aan de hand van het 

“concrete damage plasticity model”, waardoor zowel het gedrag in trek en in druk wordt 

beschreven. De voegen worden beschreven door middel van een traction separation wet, waarbij 

enkel het gedrag in het oppervlak tussen de kalkzandsteen elementen wordt beschreven.  

Gezien de resultaten van het numerieke model kan worden geconcludeerd dat het gedrag van het 

model vergelijkbaar is met het gedrag gezien in het experimentele onderzoek. De wand scheurde 

zowel in het midden van de overspanning als bij beide ondersteuningen. Bij de ondersteuningen is er 
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een drukzone in het onderste deel van de doorsnede. In het midden van de overspanning is er een 

drukzone in het bovenste deel van de doorsnede. Het initiële model is aangepast om zo betere 

overeenkomst te krijgen tussen de resultaten van het numerieke model en het experimentele 

onderzoek. 

Wanneer de resultaten van het experimentele onderzoek worden vergeleken met een aantal van de 

modellen uit de literatuur, kan worden geconcludeerd dat de voorspellingen op basis van de 

vergelijkingen in de Eurocode over het algemeen veilig zijn. De voorspellingen op basis van de 

‘compressive strut’ methode zijn conservatief. Wanneer het numeriek model met het experimentele 

onderzoek wordt vergeleken kan worden geconcludeerd, dat het numerieke model hogere waarden 

voor de maximale belasting voorspeld dan gevonden zijn tijdens de experimenten.  

De overspanning heeft een invloed op de maximale zijdelingse belasting die een metselwerk wand 

kan dragen. In de vergelijking uit de Eurocode wordt deze invloed meegenomen door te delen door 

de overspanning in het kwadraat. Dit blijkt een redelijk goede benadering om deze invloed mee te 

nemen.  
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1  Introduction 
 

While calculating the strength of laterally loaded masonry walls there are two approaches presented 

in Eurocode 6: the flexural strength approach and the arching approach. (Roberts & Brooker, 2007 & 

Eurocode 6, 2011) By calculating the strength of a wall based on the flexural strength approach the 

bending moment coefficients following from a yield line analysis will be used. These bending 

moment coefficients depend on the four edge conditions of the wall, and are different for the 

bending moment parallel and perpendicular to the bed joints. By making use of these bending 

moment coefficients the bending moment per unit length of the wall can be calculated: 

 
𝑀𝐸𝑑1 = 𝛼1𝑊𝐸𝑑𝑙

2 = 𝜇 ∙ 𝛼2𝑊𝐸𝑑𝑙
2 

𝑀𝐸𝑑2 = 𝛼2𝑊𝐸𝑑𝑙
2 

[1]  

In which: 𝑀𝐸𝑑𝑖  = Bending moment per unit length 

 𝛼𝑖 = Bending moment coefficient (i=1 is parallel to the 
bed joints, i=2 is perpendicular to the bed joints) 

 𝑊𝐸𝑑 = Design wind load per unit area 

 𝑙 = Length of the panel between the supports 

 𝜇 = Orthogonal ratio 

 
Figure 1.1 - Sketch of the variable used in the flexural strength approach 

The lateral resistance can then be calculated by means of formula [2]. This formula includes the 

vertical loading, since this increases the lateral resistance of the wall in the direction parallel to the 

bed joints.  

 𝑀𝑅𝑑 = (
𝑓𝑥𝑘
𝛾𝑀

+ 𝜎𝑑) 𝑍 [2]  
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In which: 𝑀𝑅𝑑 = Design moment of resistance  

 𝑓𝑥𝑘 = Characteristic flexural strength of masonry 

 𝛾𝑀 = Partial factor for material 

 𝜎𝑑 = Design vertical load per unit area 

 𝑍 = Section modulus of the plan shape of the wall 

When the resistance of the wall is greater than the bending moment in the wall, the wall is 

sufficiently strong.  

Another method which can be applied is the arching approach. When the supports are sufficiently 

stiff, the wall may be assumed to act like a three-hinged arch. This leads to a bigger lateral resistance 

of the wall. Since the supports need to be sufficiently stiff to carry the thrust forces this approach 

cannot be used for every wall. The effect of arching in the wall however can be significant and a wall 

with smaller dimensions might be sufficient. Therefore it is worthwhile to calculate a wall by using 

the arching effect, when possible.  

The arching effect is accounted for in the Eurocode, with more detailed information given in chapter 

2. However, the model in Eurocode 6 is only based on some experiments performed by Hodgkinson, 

Haseltine & West in 1976. Their results are used to develop a model which is based on several 

assumptions. First of all it is assumed that the depth of the compression zone is 0.1 of the thickness 

of the wall. Secondly, the compressive strength of the masonry in bending was assumed to be 1.5 

times the compressive strength in axial compression. After 1976, the model has not been revised 

anymore, and it is unclear if these assumptions are valid for every situation.  

1.1 Scope of this study 

In this study the span of the wall will be varied in order to see whether this has an influence on the 

load bearing capacity of the wall. In this way it will be possible to determine the validity of the model 

which is presented in Eurocode 6 for this variable. If necessary, some changes to the model 

presented in Eurocode 6 can be proposed, or even a completely different model.   

The goal of this master’s thesis will be as follows: 

Find the influence of the span of the wall on the out-of-plane resistance of the wall, and see whether 

the model presented by Eurocode 6 is valid for this variable.  

With the following sub-goals: 

 Find the typical behavior of the wall by means of experiments 

 Create a numerical model that predicts the behavior of the wall correctly to get a better 

understanding of the behavior of the wall 

1.2 Research method 

In order to answer the research question the study is separated into four parts. First the existing 

theories about arching are investigated by means of a literature study. Based on this information the 

most important parameter is selected to vary during the experimental research. In the experimental 

research some walls will be tested and this will lead to values of the ultimate loading and the 
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corresponding deflection and horizontal length changes measured at mid-span and at the supports. 

The results of the experimental research are used as input for a finite element model. The model can 

be used to find more detailed information about the behavior of the wall and to obtain information 

that wasn’t obtained by the experimental research. Moreover, both the values from the 

experimental research and from the numerical analysis will be compared with the results following 

from calculations by using the models found in literature. In this way it is possible to determine 

whether the current model is safe, or whether there are better models available. A visual overview 

of the process is given in Figure 1.2.  

 

Figure 1.2 - Visual overview of the steps used in this thesis 

1.3 Thesis outline 

In this chapter the background of the calculation methods presented in Eurocode 6 to determine the 

lateral resistance of a wall are given. Furthermore some information is given about the arching effect 

itself. Moreover, the research question and the course of research are presented.  

In chapter 2 a literature review is presented. In this chapter different models will be discussed and 

the way they deal with the arching effect. The model of McDowell et al. (1956) is presented first and 

after that the pre- and post-cracking phases are discussed. Besides, some attention is given to the 

influence of the boundary conditions on the arching effect in the wall. Moreover, the rules given in 

the Eurocode are discussed in more detail. In the end some other models are given which are used 

to predict the strength of laterally loaded walls. The methods which will be discussed in this chapter 

are the yield line method, the failure line method, the compressive strut method and the spring strut 

method. 

In chapter 3 the experimental research is discussed. The chapter consists of a description of the test-

setup, the test-series, the test-results and a discussion of these results.  

In chapter 4 a numerical simulation of the problem will be given. The results of the experimental 

research are compared with the results from the numerical simulation to verify the model. The 

results of the numerical simulation will be used to get a better understanding of the behavior of the 

wall.   
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In chapter 5 the results from the experimental research, the numerical research and the analytical 

models given in the literature review are compared.  

In the final chapter, chapter 6, the conclusions and recommendations for future research are 

presented.  

At the end of the report are the appendices. These include calculations, drawings, a detailed 

overview of all the test results, and the scripts used for the numerical simulation.  
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2   Literature Review 
 

In this chapter the arching effect will be investigated, looking at several models found in different 

sources. First the model of McDowell et al. (1956) will be presented and after that the post-and pre-

cracking phases are discussed. In the end the rules given in Eurocode 6 will be discussed.  

2.1 Arching action 

2.1.1 The model 

The first model presented to describe arching is of McDowell et al. (1956) and is still used to describe 

this phenomenon. According to the theory a wall can withstand much larger lateral loads than 

calculated with a bending analysis, assuming that the supports are rigid in order to give sufficient 

support to the thrust forces. This additional resistance is due to the fact that masonry will crush at 

the supports and at mid span, which leads to additional forces in the wall.  In this section the theory 

of McDowell et al. will be further described in more detail.  

Within the model some specific assumptions are made about the material. First the material is 

assumed to be brittle. Secondly the masonry is not able to withstand any tensile stress.  

By keeping these assumptions in mind it is possible to represent the possible response of the wall as 

sketched in Figure 2.1 and Figure 2.2. The response of the wall can then be described as follows. 

Immediately after loading cracks occur in the tension sides both at mid-span and at the supports. 

These cracks develop to the centerline of the beam. The two parts of the wall are assumed to stay 

rigid. Under further deformation these rigid bodies will rotate around mid-span and the supports. 

The structure is assumed to behave like a three-hinged-arch. Crushing will occur at mid-span and at 

both of the supports.  Due to a force couple the wall will be able to resist an additional force. The 

rotation of the wall will continue until either the load is removed or the resisting force couple 

vanishes. Then the wall will collapse.  
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Figure 2.1 - Sketch of the structure in the deformed state (McDowell, McKee, & Sevin, 1956) 

 

Figure 2.2 - Geometry at the support (McDowell, McKee, & Sevin, 1956) 

Looking in more detail at the geometry of the wall, it is possible to describe some variables in both 

Figure 2.1 and Figure 2.2 by formulas. Because of the fact that it is possible to approach the problem 

in a geometric way these values can be defined.  For example a formula can be described for the 

center deflection (𝑤) in values of the span of the wall and the rotation, respectively described in 

values of 𝐿 and 𝜃. The formula will be as follows: 

 𝑤 = 2𝐿 (
1 − cos 𝜃

sin 𝜃
) [3]  

This deflection is related to the decrease in contact area between the wall and the support (𝑎). This 

is described in a comparable way: 
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 𝑎 = 0.5𝐿 (
1 − cos 𝜃

sin 𝜃
) [4]  

Which makes it possible to say: 

 𝑎 =
1

4
𝑤 [5]  

The factor 𝛼, which describes the part of the depth of the wall which is still in contract with the 

support, can be defined by making use of rules of geometry. Following the analysis of McDowell et al 

gives: 

 𝛼 =
1 + (

𝑤
2𝐿)

2

1 − (
𝑤
2𝐿)

2 (1 − (
𝑤

4𝑑
)) [6]  

In a comparable way it is possible to define a formula for the shortening of the material (𝛿), from 

which it is possible to define the average strain (𝑒𝑎𝑣𝑔). Since the variation of the strain is linear, from 

this value the value of the strain at the contact end can be defined as well. 

 𝛿 =
2
𝑤𝑑
2𝐿 (1 −

𝑦
𝑑
−
𝑤
4𝑑
)

1 − (
𝑤
2𝐿)

2  [7]  

 𝑒𝑎𝑣𝑔 =
𝛿

𝐿
 [8]  

 𝑒 = 2𝑒𝑎𝑣𝑔 = 2
𝛿

𝐿
 [9]  

Based on equation [9], it is possible to define the strain (𝑒) along the contact area in one formula. 

Given this formula it is possible to define a value for the strain associated with the crushing strength 

of the masonry by using a non-dimensional variable 𝑅.  

 𝑒 =
4
𝑤𝑑
2𝐿2

(1 −
𝑦
𝑑
−
𝑤
4𝑑
)

1 − (
𝑤
2𝐿)

2  [10]  

 𝑅 =
𝑒𝑐𝐿

2

4𝑑2
 [11]  

 
𝑅𝑒

𝑒𝑐
=
𝑤

2𝑑
(1 −

𝑦

𝑑
−
𝑤

4𝑑
) [12]  

The values for the strain can be used by determining the arching forces and moments in the 

structure. When the strain is smaller than the strain corresponding with the crushing strength 

(𝑒 < 𝑒𝑐), the response of the structure is elastic. This is the case for values of 𝑅 >
1

2
. Similarly for 
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values of 𝑅 = 0 the response of the structure is completely plastic.  

The moment resistance (𝑀), which is the bending moment that exists in the structure due to the 

arching forces, can be defined as force (𝑃) times the moment arm (𝑟). The moment arm can be 

written as given in [14], according to the rules of geometry. While neglecting the values of (
𝑤

2𝐿
)
2
, 

because they are negligible, this formula can be simplified as given in [15].  

 𝑀 = 𝑟 ∙ 𝑃 [13]  

 𝑟 = 2𝑑 (
1 + (

𝑤
2𝐿)

2

1 − (
𝑤
2𝐿)

2)

2

(1 −
�̅�

𝑑
−

𝑤
2𝑑

1 + (
𝑤
2𝐿)

2) [14]  

 𝑟 = 2𝑑 (1 −
�̅�

𝑑
−
𝑤

2𝑑
) [15]  

2.1.2 Pre-cracking phase 

During the loading of a wall, which is able to have arching action, two phases occur. The first phase is 

the pre-cracking phase, which will be discussed in this section, and the second phase is the post-

cracking phase, which will be discussed in the next section. Both Anderson (1984) and Galati et al. 

(2007) describe these phases. Both authors have made similar assumptions in order to describe the 

behavior of the wall in these phases. These assumptions need to be considered in both the pre-

cracking and the post-cracking phase and are as follows: 

a) “Moisture movements and temperature strains may be grouped together under the term 

휀𝑠.” (Anderson, 1984) 

b) The initial gaps between the ends of the walls and the abutments, not caused by factors 

mentioned in assumption a, are grouped together in the terms 𝑔1 and 𝑔2.  

c) The deformability of the abutments in the direction of the span of the wall is allowed by 

using their stiffnesses (load/unit deflection) 𝐾1 and 𝐾2 at the abutments. The axial 

stiffnesses are assessed from the properties of the beam/columns. (Galati, et al., 2007) 

d) The ‘elastic’ shortening strain of the wall due to the arching thrust is considered to be 

uniform along the lengths of the uncracked wall, even though the stresses will increase over 

a restricted thickness of the section at the abutments. The elastic shortening will be 

calculated on the basis of a modulus of elasticity that includes units and joints. (Anderson, 

1984) 

e) The eccentricity of the arching thrust acts is referred to as “𝑒” or “𝑘 ∙ 𝑡” related to the center 

of the section. This term has been shown to be a function of the rotation of the ends of the 

walls, the stress level, etc., and the value could be made dependent on such factors. 

(Anderson, 1984) 

Looking at the pre-cracking behavior now, the forces and deflections which occur in this stage are 

shown in Figure 2.3. 
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Figure 2.3 - Pre-cracking behavior (based on (Anderson, 1984) and (Galati, et al., 2007)) 
A) Deformed shape due to shrinkage and temperature 
B) Deformed shape due to the uniform load only 
C) Deformed shape due to the arch thrust P 

As shown in Figure 2.3 the deflection is split in three parts. The first type of deflection is the 

deformation due to shrinkage and temperature differences. In this situation both ends of the beam 

move. When there are already gaps, their size might increase or decrease. This effect is, as 

mentioned earlier in the assumptions, coupled in one term, namely 휀𝑠.This makes the gap size as 

annotated in Figure 2.3 A. This means that the gap size is respectively 𝑔1 + 휀𝑠
𝐿
2⁄  and 𝑔2 + 휀𝑠

𝐿
2⁄  

for the left and the right side. The second type of deflection is the deformation due to the uniform 

load which is applied to the wall. Due to this loading the wall will deflect as visualized in Figure 2.3 B. 

This deflection is equal to: 

 𝛿𝐴,𝑞 = 𝜃𝑞𝑒 =
𝑞𝐿3𝑒

24𝐸𝐼
 [16]  

In which: 𝛿𝐴,𝑞 = Deflection due to the uniform load 

 𝜃𝑞  = Rotation due to the uniform load 

 𝑞 = Uniform load 



10 

 

 𝐿 = Span 

 𝑒 = Eccentricity of the arching thrust 

 𝐸 = Young’s Modulus 

 𝐼 = Moment of inertia 

The third type of deflection is the deformation due to the thrust force P, which appears in the 

structure because of the arching action. This is shown in Figure 2.3 C. 

 𝛿𝐴,𝑃 = 𝜃𝑃𝑒 +
𝑃𝐿

2𝐴𝐸
=
𝑃𝐿

2𝐸
(
𝑒2

𝐼
+
1

𝐴
) [17]  

In which: 𝛿𝐴,𝑃 = Deflection due to the thrust force 

 𝜃𝑞  = Rotation due to the thrust force 

 𝑃 = Thrust force 

 𝐴 = Area 

Assuming that the stiffness of the wall is constant over the width of the wall, the movement of the 

wall due to the arching thrust P will be: 

 𝛿𝑎𝑏𝑢𝑡𝑚𝑒𝑛𝑡 =
𝑃

2
(
1

𝐾1
+
1

𝐾2
) [18]  

In which: 𝐾1, 𝐾2 = Abutment stiffnesses/unit height of the wall 

This means that the final movement of point A can be described as follows: 

 𝛿𝐴 =
𝑞𝐿3𝑒

24𝐸𝐼
−
𝑃𝐿

2𝐸
(
𝑒2

𝐼
+
1

𝐴
) =

𝑃

2
(
1

𝐾1
+
1

𝐾2
) +

𝑔
1
+ 𝑔

2

2
+
휀𝑠𝐿

2
 [19]  

It is possible to rewrite this formula in such a way that a formula for the thrust force P is obtained: 

 𝑃 =

𝑞𝐿3𝑒
12𝐸𝐼 − 𝑔1 − 𝑔2 − 휀𝑠𝐿

(
1
𝐾1

+
1
𝐾2
) +

𝐿
𝐸 (
𝑒2

𝐼 +
1
𝐴)

 [20]  

Now the problem can be approached in two ways. The first way is, similar as has been done by 

Anderson, to simplify the model in such a way to get some easier formulas in order to predict the 

maximum loading. This is possible when there is no shrinkage and when the supports are completely 

rigid (Anderson, 1984). Moreover the height is assumed to be a unit-height. Formula [20] becomes 

then: 

 𝑃 =
𝑞𝑙2𝑘

𝑡(12𝑘2 + 1)
 [21]  

Where 𝑘 = 𝑒/𝑡 
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The structure will crack when the tensile bending stress is reached in the point with the maximum 

bending moment (𝑀). For this structure the maximum bending moment is located at the center of 

the structure and therefore this is, while ignoring the deflection, equal to:  

 𝑀 =
𝑞𝐿2

8
− 𝑃𝑒 [22]  

This means that the tensile bending stress (𝜎𝑇) in this point can be written as: 

 𝜎𝑇 =
𝑀

𝑍
−
𝑃

𝐴
=
6

𝑡2
(
𝑞𝐿2

8
− 𝑃𝑒) −

𝑃

𝑡
 [23]  

Combining formula [23] with formula [21] gives a formula for the maximum applied loading. This 

formula can be simplified as well when there is no shrinkage, no gaps and rigid supports. This 

formula is then as follows: 

 𝑞𝑐𝑟𝑎𝑐𝑘 =
4𝜎𝑇

(
𝐿
𝑡)

2 (
12𝑘2 + 1

12𝑘2 − 4𝑘 + 3
) [24]  

Substituting equation [24] in equation [21] gives an equation for the ultimate thrust force P:  

 𝑃𝑐𝑟𝑎𝑐𝑘 =
4𝜎𝑇𝑘𝑡

12𝑘2 − 4𝑘 + 3
 [25]  

The central deflection (𝑧) of the wall will be described according to: 

 𝑧 =
3𝐿2

3𝐸𝑡3
5𝑤𝐿2

48
− 𝑃𝑒 [26]  

In this formula the terms which include P need to be ignored when the value of P is negative. 

(Anderson, 1984) 

A second way to approach the problem is the way in which Galati et al. (2007) did. They didn’t 

simplify the formula and therefore their approach is more general applicable. The maximum bending 

moment they define, is similar as given by Anderson in equation [22]. Since they did not assume the 

height of the wall as a unit-height, the formulation of equation [23] changed slightly to: 

 𝜎𝑇 =
𝑀

𝐼

𝑡

2
−
𝑃

𝐴
=
𝑡

2𝐼
(
𝑞𝐿2

8
− 𝑃𝑒) −

𝑃

𝐴
 [27]  

This formula will be used again to define the critical load which can be applied to the structure. This 

is given by the following formulas: 

 𝑞𝑐𝑟𝑎𝑐𝑘 =
𝜎𝑇 − (

𝑡𝑒
2𝐼 +

1
𝐴) 𝑆1

𝑡
2𝐼 (

𝐿2

8 − 𝑆2𝑒) −
1
𝐴 𝑆2

 [28]  
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𝑆1 =

휀𝑠ℎ + 𝑔1 + 𝑔2
ℎ
𝐸 (
𝑒2

𝐼 +
1
𝐴) +

1
𝐾1
+
1
𝐾2

 
[29]  

 𝑆2 =

ℎ3𝑒
12𝐸𝐼

ℎ
𝐸 (
𝑒2

𝐼 +
1
𝐴) +

1
𝐾1
+
1
𝐾2

 [30]  

The eccentricity is an important factor in both formulas and therefore needs some additional 

attention. Anderson (1984) states: “Variations in the eccentricity have a significant effect on the 

behavior of walls.” However, research has shown that the eccentricity is about 0.45𝑡, which means 

that factor 𝑘 can be assumed to be equal to 0.45. According to Anderson (1984), it is safe to assume 

this value as a constant.  

2.1.3 Post-cracking phase 

For the post-cracking phase some additional assumptions need to be made, both for the work of 

Galati and for the work of Anderson. These are as follows: 

a) “The ultimate load that can be carried by a cracked wall could depend on either the 

compressive load that can be carried across the three hinges or by a limiting stability governed 

by the deflection.” (Anderson, 1984) 

b) The arching thrust will induce a uniform stress over a depth of 2𝑡(0.5 − 𝑘). The eccentricity of 

the arching thrust will be the same for all three hinges.  

c) The thrust is carried by a compressive core. “The effective mean width of this compression core 

is calculated by taking the thrustline as a parabola: 𝑡′ = 0.61𝑡.” (Anderson, 1984) 

d) While looking at crushing of the masonry as a failure criterium, it is assumed that all the 

crushing will be in the hinges. The additional deformations will be accounted for by using an 

adapted modulus of elasticity in these joints. 

In Figure 2.4 the situation of the wall is shown after some cracks have occurred. In this stage the wall 

has developed itself to the three hinged arch, like assumed in the model.  

 

Figure 2.4 - Post cracking behavior (based on (Anderson, 1984) and (Galati, et al., 2007)) 



13 

 

These assumptions will lead to the development of a post-cracking theory for arching action. The 

length of AB is, making use of the equation of Pythagoras, given by: 

 𝐴𝐵2 = (
𝐿′

2
)

2

+ (2𝑒)2 = (
𝐿

2
+
𝑃

2
(
1

𝐾1
+
1

𝐾2
))

2

+ (2𝑒 − 𝑧)2 [31]  

While assuming 𝑒 = 𝑘𝑡 it is possible to rewrite this equation into: 

 𝑧 = 2𝑘𝑡 − √(2𝑘𝑡)2 − 𝑐 [32]  

By making use of equation [33], c can be expressed as shown in equation [34] 

 
𝐿′

2
=
𝐿

2
(1 −

𝑃

𝐸𝑡′
− 휀𝑠 −

𝑔1 + 𝑔2
𝐿

−
𝑃∑ 𝑙𝑗

𝐸𝑗𝐿𝑡(1 − 2𝑘)
) [33]  

 
𝑐 = (

𝐿

2
+
𝑃

2
(
1

𝐾1
+
1

𝐾2
))

2

 

         − (
𝐿

2
(1 −

𝑃

𝐸𝑡′
− 휀𝑠 −

𝑔1 + 𝑔2
𝐿

−
𝑃∑ 𝑙𝑗

𝐸𝑗𝐿𝑡(1 − 2𝑘)
))

2

 

[34]  

By considering equilibrium around point B, the thrust force can be related to the applied load. This 

leads to the following equation: 

 𝑞 =
8𝑃

𝐿2
(2𝑒 − 𝑧) =

8𝑃

𝐿2
√(2𝑘𝑡)2 − 𝑐 [35]  

By differentiating this equation with respect to P, it is possible to get the value for the thrust force 

for the maximum lateral loading. It is possible that the maximum value of the lateral loading is 

reached before the structure fails due to crushing. According to Anderson (1984) instability failure 

occurs for structures with a high slenderness, while crushing failure occurs for structures with a low 

slenderness. (Figure 2.5) 

 

Figure 2.5 - Crushing and instability failures (Anderson, 1984) 
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For unreinforced masonry the value of P in equation [35] can be calculated by 𝑃 = (1 − 2𝑘)𝑡 ∙ 0.85 ∙

𝑓′𝑚. In that case a value of k=0.1  can be applied as a conservative approach. (Galati, et al., 2007) 

2.1.4 Boundary conditions 

To get arching action specific attention should be given to the boundary conditions of the wall. Some 

research has been done on the influence of the boundary conditions on the arching action effect 

that occurs in the wall. ( (Dafins, Kolsch, & Reimerdes, 2002) & (Hodgkinson, Haseltine, & West, 1976)) 

The research performed by Hogkinson, Haseltine & West (1976) focusses on the degree of arching. 

To investigate this, they created three different supporting conditions; in the first case the wall was 

clamped and the abutments were immovable, in the third case there are simply supports and the 

second case is somewhat in between.  In this research all walls were laterally loaded. All the walls 

which were fully supported, so case one, failed in a three-hinged arch mode. Moreover there is local 

crushing at the pivot point noticed. The walls which were simply supported failed immediately after 

the first crack in the wall occurred; therefore this load is immediately the ultimate load and no 

arching occurred. Looking at the walls with support conditions which were between these two, the 

ultimate load was somewhat higher than the load needed to initiate the first crack. Therefore there 

was some amount of arching in the structure.  However, the initial cracking loads were the same for 

case two and case three, which are both build in a similar frame. This means that the reaction of the 

frame only became effective after the wall has been cracked. For the wall of case one, which is built 

in a different kind of frame, the initial cracking load was higher, because the frame is contributing to 

the resistance of the wall before it is cracked.  

The research performed by Dafnis, Kolsch & Reimerdes (2002) focusses on the joints between the 

wall and the surrounding structure. Therefore they have considered four different situations: an 

ideal joint which is completely filled with mortar, a partially filled joint, a joint with a horizontal gap 

over the whole length of the joint due to set and shrinkage processes in fresh masonry and a wall 

without a joint. These situations are shown in Figure 2.6.  

 

Figure 2.6 - Sketch of the different kinds of joints investigated (Dafins, Kolsch, & Reimerdes, 2002) 

Within their research the walls are laterally loaded by an earthquake action. The most important 

conclusion resulting from this research is, that when there is a connection between the wall and the 

surrounding structure some arching action will occur in the structure. This counts for walls with a 

complete joint, but also for walls with a partially filled joint and walls with a joint with a limited 
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horizontal gap. When this gap becomes too large, or when there even isn’t a joint the wall is able to 

tilt before arching action can take place.  

Considering both researches, the supporting conditions are important to assure that arching action 

will take place and that the higher loading can be reached. In the design of these kinds of walls 

special attention is required for the surrounding structure and especially the connection from this 

structure to the wall.  

2.2 Building codes 

In this paragraph building codes and the way they include arching action will be discussed. Therefore 

the Eurocode and the British Standard are regarded.  

All rules about arching in the Eurocode (Eurocode 6, 2011) are similar to the rules for arching in the 

British Standard (BS 5628, 1992), since the rules of the British standard are almost exactly copied. 

Therefore, while regarding the Eurocode, simultaneously the British Standard is regarded. For the 

remainder of this paragraph the information given by both sources will be the basis. When there is 

some information which is explicitly mentioned in only the British Standard or the Eurocode it will be 

denoted.   

According to the Eurocode the lateral resistance of a wall can be regarded using arching thrust, 

when the supports are able to resist the arch thrust. When these supports are capable to resist the 

thrust forces, an arch will develop within the thickness of the wall. To perform calculations the 

system can be schematized as a three-hinged arch, of which both the supports and the hinge at mid 

span are at 0.1 times the thickness of the wall. This is shown in Figure 2.7.  

 

Figure 2.7- Schematization of the arching action (Eurocode 6, 2011) 

The thrust force needs to be determined based on the applied lateral load, the compression strength 

of the masonry, the effectiveness of the junction between the wall and the support and the 

shortening of the wall, since a small change in length of the wall can reduce the arching resistance of 

the wall substantially. (BS 5628, 1992) 

The arch rise (𝑟) is accordingly given by: 

 𝑟 = 0.9𝑡 − 𝑑𝑎 [36]  
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In this formula 𝑑𝑎 is the deflection of the arch, caused by the lateral load, and 𝑡 is the thickness of 

the wall. However, this value may be assumed to be equal to zero when the value L/t is equal to or 

smaller than 25.  

When assuming that the junction is fully filled with mortar the maximum arch thrust is given by: 

 𝑁𝑎𝑑 = 1.5𝑓𝑑
𝑡

10
 [37]  

In which: 𝑓𝑑  = Design compressive strength of masonry 

When assuming that the deflection is small, and therefore can be neglected, the design value of the 

lateral load can be determined by: 

 𝑞𝑙𝑎𝑡,𝑑 = 𝑓𝑑 (
𝑡

𝐿
)
2

 [38]  

Some additional requirements to apply these formulas are (Eurocode 6, 2011): 

 Watertight layers, or other layers with low friction, should be able to transfer horizontal 

forces. 

 The design value of the stress due to vertical loading is minimal 0.1 N/mm². 

 The slenderness ratio in the considered direction does not exceed 20  

Similar information is given in practical design guides and books about how to calculate with the 

arching effect in practice. (Curtin, Shaw, Beck, & Easterbrook, 2006) & (Roberts & Brooker, 2007) 

2.3 Other models found in literature 

In this section several other methods will be discussed in order to predict the ultimate out-of-plane 

strength of a masonry wall. The methods that will be discussed are the yielding line method, the 

failure line method, the compressive strut method and the spring strut method. After that these 

models will be applied to determine the ultimate load of walls with the same properties as the ones 

tested during the experimental research.  

2.3.1 Yielding line method 
The first method that will be discussed is the yielding line method. This method is used to calculate 

the ultimate load on for example concrete slabs, but can also be used to predict the strength of a 

masonry wall subjected to out-of-plane loadings. Even though this method is theoretically not 

recommended for brittle materials such as masonry (Varela-Rivera, Navarrete-Macias, Fernandez-

Baqueiro, & Moreno, 2011), several researches (Drysdale & Essawy, 1988; Middleton & Drysdale, 

1995; Valera-Rivera et al, 2011, 2012) have shown that this method predicts the maximum load 

relatively well.  

Drysdale and Essawy performed tests on 21 concrete block walls subjected to a uniform out-of-plane 

load. These 21 walls can be classified in six series, differing in aspect ratio and support conditions. 

From these series the typical crack pattern and the ultimate load have been obtained by tests. These 

results have been compared with the results from a yield line analysis. Their conclusion is that the 

yield line analysis provides “quite a good prediction of failure pressure” (Drysdale & Essawy, 1988).  
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Middleton and Drysdale perform a similar investigation in which six concrete block walls have been 

investigated, researching the effect of openings and reinforcement. From this research they 

concluded the yield line analysis gave conservative predictions of the capacities of the wall. 

However, approaching the wall with the yield line analysis is no “rational representation of actual 

behavior” (Middleton & Drysdale, 1995) and therefore research need to be continued to find such a 

method.  

Valera-Rivera et al. (2011&2012) investigate several confined masonry walls. The walls that have 

been tested vary in support conditions (Varela-Rivera, Navarrete-Macias, Fernandez-Baqueiro, & 

Moreno, 2011) and in aspect ratios, slenderness ratios and in-plane stiffness of confining elements 

(Varela-Rivera, Moreno-Herrera, Lopez-Gutierrez, & Fernandez-Baqueiro, 2012). In both researches 

it is concluded that the yield line method can predict the maximum pressure on the wall, but in 

some cases the yield line method might underestimate this.  

Within the yield line analysis a plate will be divided in different rigid regions. Yield lines are the 

boundaries of these regions. These regions rotate about the yield lines and moreover these regions 

rotate about axes of rotation, which are usually at the lines of support. Elastic deformation is ignored 

and all deformation is concentrated in the yield lines. (Kennedy & Goodchild, 2003) 

Yield lines will be formed in the most highly stressed areas and develop into plastic hinges. These 

plastic hinges form the yield line pattern. Yield lines are straight, must end at the plate boundary and 

yield lines between adjacent rigid regions must pass through the point of intersection of the axes of 

rotation of those regions. (Kennedy & Goodchild, 2003) There might be several possible valid yield 

line patterns, but there is only one yield line pattern that gives the lowest failure load. Some typical 

yield line patterns are given in Figure 2.8.  

 

Figure 2.8 - Typical yield line patterns 

The work dissipated by the hinges in the yield lines rotating is equal to the work expended by loads 

on the rigid regions moving.  This can be expressed by the following equation (Kennedy & Goodchild, 

2003):  
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 ∑(𝑁 ∗ 𝛿) =∑(𝑚 ∗ 𝑙 ∗ 𝜃) [39]  

In which:  

𝑁 = Load  
𝛿 = Vertical displacement of load N 
𝑚 = Moment in/of resistance of the plate per meter run 
𝑙 = Length of yield line or its projected length onto the axis of rotation for that region 
𝜃 = Rotation of the region about its axis of rotation 

2.3.2 Failure line method 
Where in the yield line method continuity and full moment capacity along the yield lines is assumed, 

in the failure line method this is not the case. However the failure line method is similar to the 

yielding line method, it is assumed that, since the wall is already cracked prior to failure, the yield 

moments are destroyed. (Drysdale & Essawy, 1988) This means that the contribution of these cracks 

to the internal work should not be included. (Moreno-Herrera, Varela-Rivera, & Fernandez-Baqueiro, 

2014) This usually leads to a lower strength.  

In their research, Drysdale and Essawy (1988) predicted the strength of the 21 concrete block walls 

not only with the yielding line method, but also with the failure line method. Their conclusion is that 

the failure line method is somewhat conservative, but can be used to predict the out-of-plane 

strength of the wall.  

Varela-Rivera et. Al (2011&2012) investigated several confined masonry walls and compared the 

predictions of the failure line method with the measured values of the strength of the wall. In their 

research they found a typical crack pattern of these walls, which is also shown in Figure 2.9. By 

predicting the strength of the walls using the failure line method, the two horizontal cracks were not 

taken into account for the calculation of the internal work. (Varela-Rivera, Navarrete-Macias, 

Fernandez-Baqueiro, & Moreno, 2011; Varela-Rivera, Moreno-Herrera, Lopez-Gutierrez, & 

Fernandez-Baqueiro, 2012) The conclusion of these investigations is that the failure line method 

underestimates the capacity of the wall.  

 

Figure 2.9 - Idealized crack pattern used for predicting the strength of the wall (Varela-Rivera, Navarrete-Macias, 
Fernandez-Baqueiro, & Moreno, 2011) 

2.3.3 Compressive strut method 
Another method to predict the out-of-plane strength of a wall is the compressive strut method. This 

method is based on one way arching action and developed by Abrams et al. (1996). Although two-

way arching is more convenient with the crack pattern during their tests, a one-way arching model 

has been developed in order to simplify and to give a lower bound in the strength. (Abrams, Angel, & 
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Uzarski, 1996) Within this model panels are assumed to crack at mid-span and develop internal 

thrusts to resist the uniformly applied loading. This leads to the model as shown in Figure 2.10. 

 

Figure 2.10 - Model used for the compressive strut method (Abrams, Angel, & Uzarski, 1996) 

According to equilibrium of forces, applies (Abrams, Angel, & Uzarski, 1996):  

 
𝑤ℎ

2
= 2𝑇𝑠𝑖𝑛(𝛾) [40]  

In which: 

𝑤 = Uniform applied load  
ℎ = Height of the wall 
𝑇 = Thrust force 
𝛾 = Angle between the thrust force and the vertical axis 
 
The thrust force can be described as (Abrams, Angel, & Uzarski, 1996):  

 𝑇 = 𝑘1𝑏𝑓𝑏
cos (𝛾)

cos (𝜃)
 [41]  

In which: 

𝑘1 = Ratio between the average and maximum compressive stress   
𝑏 = Width of the compressive zone 
𝑓𝑏 = Compressive stress 
𝜃 = Angle of rotation of the segment 
 
The angles and the width of the compressive zone have been derived by Angel et al. (1994) and are 

as follows:  
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𝑏

𝑡
= 0,25(1 + √1 − 2𝑐 (

ℎ

𝑡
)
2

) [42]  

 
tan(𝜃) =

𝑐ℎ

𝑏
 

[43]  

 

tan(𝛽) =
2(1 − 2𝑘2 (

𝑏
𝑡))

(
ℎ
𝑡)

 

[44]  

 
𝑐 =

1

4
휀𝑚𝑎𝑥  

[45]  

In which: 

𝑘2𝑏 = The distance from the edge to the centroid of the compressive stress distribution   
휀𝑚𝑎𝑥 = Edge compressive strain 
β = Sum of 𝛾 and 𝜃  

 

In order to make sure that an arching mechanism can take place in the wall, the slenderness of the 

panel should be limited. When a panel is too slender, the compression strut cannot be developed 

and the panel will rotate beyond its capacities and will snap through. “If the panel slenderness is low 

enough, the maximum edge stress, 휀𝑚𝑎𝑥 , will reach the ultimate compressive strain, 휀𝑐𝑢 , and 

crushing will occur.” (Abrams, Angel, & Uzarski, 1996) The limit to the slenderness can be given by 

the following formula: 

 (
ℎ

𝑡
)
𝑚𝑎𝑥

=
0.981

√2𝑐
= 0.981√

2

휀𝑚𝑎𝑥
 [46]  

Furthermore it is important to take into account that the out-of-plane strength of the wall might be 

reduced by other factors. Two factors are taken into account in this model: the effect of damage 

from in-plane loading and the effect of the frame flexibility. For both effects a reduction factor is 

introduced (Abrams, Angel, & Uzarski, 1996): 

 

𝑅1 = (1.08 − 0.015 (
ℎ

𝑡
) − 0.00049 (

ℎ

𝑡
)
2

+ 0.000013 (
ℎ

𝑡
)
3

)

∆
2∆𝑐𝑟𝑎𝑐𝑘𝑒𝑑

 

[47]  
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 𝑅2 = 1.0 For:  

𝐸𝐼 > 9.0 ∗ 10−6𝑘𝑖𝑝 − 𝑖𝑛² 

[48]  

 𝑅2 = 0.357 + 7.14

∗ 10−8𝐸𝐼 

For: 

2.0 ∗ 106 < 𝐸𝐼

< 9.0 ∗ 106 𝑘𝑖𝑝

− 𝑖𝑛² 

 

In which: 

∆ = In-plane maximum horizontal displacement prior to out-of-plane loading   
∆𝑐𝑟𝑎𝑐𝑘𝑒𝑑 = In-plane displacement when the first crack is expected to occur 
EI = Stiffness of the frame member  

 
Combining equation 40 and 41 gives an equation for 𝑤, which can be further simplified by assuming 

a value of 0.5 for 𝑘1 for a triangular distribution of the compressive stress and small angles. This 

leads to (Abrams, Angel, & Uzarski, 1996):  

 𝑤 = 2𝑓𝑏

𝑏
𝑡
ℎ
𝑡

sin (𝛾) [49]  

 

sin(𝛾) = (
2 −

4
3
𝑏
𝑡

ℎ
𝑡

) − (
𝑐
ℎ
𝑡
𝑏
𝑡

) 

[50]  

The maximum compressive stress is related to the maximum compressive strain. The maximum 

compressive strain varies with the h/t ratio. The following equation holds (Abrams, Angel, & Uzarski, 

1996): 

 휀𝑚𝑎𝑥 = 휀𝑐𝑢 (0.73 − 0.016
ℎ

𝑡
) [51]  

Since 𝑓𝑏/𝑓′𝑚, 𝑏/𝑡 and sin (𝛾) are all functions of ℎ/𝑡 a factor 𝜆 is introduced (Abrams, Angel, & 

Uzarski, 1996): 

 𝜆 = ((
𝑓𝑏
𝑓′𝑚

) (
𝑏

𝑡
) sin (𝛾)) [52]  

This leads to a simplified expression for the out-of-plane strength of the wall (Abrams, Angel, & 

Uzarski, 1996):  

 𝑤 =
2𝑓′𝑚𝜆

ℎ/𝑡
𝑅1𝑅2 [53]  
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In order to get a lower bound estimation of the out-of-plane strength of the wall the values of 𝑅1 

and 𝑅2 can be assumed to be respectively 0.60 and 0.61. (Abrams, Angel, & Uzarski, 1996) When 

substituting these values into equation 15, this leads to: 

 𝑤 =
0.7𝑓′𝑚𝜆

ℎ/𝑡
 [54]  

In the same paper Abrams et al. (1996) compare this analytical model with experiments they have 

performed on 8 walls. They conclude that the estimated strength was “conservative for all cases 

where the panel strength was developed” (Abrams, Angel, & Uzarski, 1996) and in the appropriate 

range for cases where the panel strengths could not be developed. They also gave the estimated 

lower bound of the strength, and the measured strength is in all cases above these values.   

Varela Rivera et al. (2011&2012) compared in their researches the measured maximum pressure 

also with the maximum pressure calculated by the compressive strut method. As they conclude, the 

compressive strut method over estimates the out-of-plane strength of the wall. (Varela-Rivera, 

Moreno-Herrera, Lopez-Gutierrez, & Fernandez-Baqueiro, 2012) They modified the compressive 

strut method to take the actual stiffness of the frame and the snap through mechanism into 

account. (Varela-Rivera, Navarrete-Macias, Fernandez-Baqueiro, & Moreno, 2011) This method will 

be discussed in the next section.  

2.3.4 Modified compressive strut method or Spring strut method 
As mentioned above Varela Rivera et al. (2011&2012) modified the compressive strut method in 

order to take the actual stiffness of the frame and the snap through mechanism into account. The 

stiffness of the frame was included by using a spring on top of the wall, of which the spring stiffness 

was calculated by modeling the confining elements as a frame. The average stiffness of the frame, 𝐾, 

was calculated using the total vertical displacements in different points along the top confining 

element. The individual stiffnesses are in fact calculated by dividing the load by the vertical 

displacement. “The snap through failure mechanism was included by assuming different wall 

horizontal out-of-plane displacements and calculating actual axial compressive stresses. “ (Varela-

Rivera, Navarrete-Macias, Fernandez-Baqueiro, & Moreno, 2011) 
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Figure 2.11 - Model used by Varela Rivera et al. (2011 & 2012). (Varela-Rivera, Moreno-Herrera, Lopez-Gutierrez, & 
Fernandez-Baqueiro, 2012) 

 

Figure 2.12 - Model used for the modified compressive strut method (Varela-Rivera, Moreno-Herrera, Lopez-Gutierrez, & 
Fernandez-Baqueiro, 2012) 

 

Figure 2.13 - Confining elements modeled as a frame. (Varela-Rivera, Navarrete-Macias, Fernandez-Baqueiro, & Moreno, 
2011) 

The procedure to calculate the strength is as follows (Varela-Rivera et al, 2011&2012): 

1. Assume a horizontal displacement ∆ℎ of the wall 

2. Calculate the corresponding vertical displacement ∆𝑣, assuming rigid body rotation 

3. Calculate the spring force 
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 𝐹𝑠 = ∆𝑣 ∗ 𝐾 [55]  

4. Calculate the axial deformation ∆𝑣𝑑 𝑖   of each segment assuming a linear relationship 

between the stress and axial deformation up to crushing. 

 
∆𝑣𝑑 𝑖=

√
2 ∗ 𝐹𝑠 ∗ 𝑐𝑜𝑠 (

∆ℎ
ℎ𝑖
) ∗ ∆ℎ ∗ ∆𝑐 𝑖

𝑓𝑚 ∗ ℎ𝑖
 

[56]  

5. Calculate the contact width between wall segments  

 𝑏𝑖 =
ℎ𝑖
∆ℎ
∆𝑣𝑑 𝑖 [57]  

6. Calculate the acting axial compressive stress 

 𝑓𝑒 𝑖 =
∆𝑣𝑑 𝑖
∆𝑐 𝑖

𝑓𝑚 [58]  

 ∆𝑐 𝑖=
휀𝑚𝑎𝑥 ∗ ℎ𝑖

2
 [59]  

 

7. Recalculate the vertical displacement and the corresponding spring force, including the axial 

deformation of the wall segments. Iterate until two successive spring forces are similar 

8. Calculate the compressive strut forces and strength 

 𝐶𝑖 =
𝐹𝑠

cos (𝛾𝑖)
 [60]  

 𝛼𝑖 = sin−1 (
∆ℎ

ℎ𝑖
) [61]  

 

9. Calculate the maximum pressure (W). Repeat for other horizontal displacements until the 

maximum value of the strength is found.  

 𝑊 =
𝐶1 ∗ sin(𝛾1) + 𝐶3 ∗ sin (𝛾3)

ℎ1
2 + ℎ2 +

ℎ3
2

 [62]  

 

This procedure is also visualized in a flow-chart diagram, as shown in Figure 2.14. 
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Figure 2.14 - Flowchart of the iterative procedure of the spring-strut method. (Varela-Rivera, Moreno-Herrera, Lopez-
Gutierrez, & Fernandez-Baqueiro, 2012) 

By using the above procedure Varela-Rivera et al. (2011) calculated the strength for the walls they 

have been tested. Comparing these results they conclude that the spring-strut method predicts the 

out-of-plane strength well. Although the yield line method was found to be predicting the strength 

good as well, the modified compressive strut method was preferred by the authors, since this is 

“consistent with the compressive strut mechanism observed from tests” (Varela-Rivera, Navarrete-

Macias, Fernandez-Baqueiro, & Moreno, 2011). Furthermore the spring-strut method can be used to 

predict the failure type; for the 6 walls tested by Varela-Rivera et al. (2012) the failure type was 

predicted correctly. (Varela-Rivera, Navarrete-Macias, Fernandez-Baqueiro, & Moreno, 2011) 
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2.4 Conclusion 

According to the literature review there are some parameters which have an influence on the lateral 

resistance of the wall considering arching. These parameters include the span, the thickness of the 

wall, the type of unit, the type of mortar and the boundary conditions. Since it is not possible to 

investigate all these parameters, due to the limited time span of this project, only one parameter 

has been chosen to manipulate during the experimental research: the span of the wall.  

In the next chapter follows the experimental research, in which the span of the wall will be varied by 

creating two different test series. Besides that a numerical model will be made in order to get a 

better understanding about the influence of the span on the lateral resistance of the wall.   

Some of the models described in this literature review can be used to predict the lateral strength of 

the wall. Since for this research the wall is considered to be supported on two edges, the yielding 

line method and the failure line method are not applicable. The predictions of the model described 

in Eurocode 6 and the compressive strut model can be found in chapter 5.  
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3  Experimental Research 
 

In this chapter the experimental research of this thesis will be discussed. This contains the discussion 

of the different test series, the test setup, the material tests and the results.  

3.1 Test series 

Two series of walls were subjected to a lateral loading. Each of the series consists of three walls. In 

the first series the span of the walls is 3 meters, while in the second series the span is 2 meters. The 

other factors are kept the same. The properties of the walls in each of the series are given in Table 

3.1. 

Table 3.1 - Properties of the walls in each of the test series 
  Code L 

[mm] 
S 

[mm] 
W 

[mm] 
T 

[mm] 
Material Mortar Wall cracked 

before testing? 

Series 1 Wall 1 CW02 3240 3000 600 120 CS12 thin layer yes 

Wall 2 CW03 3240 3000 600 120 CS12 thin layer no 

Wall 3 CW04 3240 3000 600 120 CS12 thin layer yes 

Series 2 Wall 4 CW05 2240 2000 600 120 CS12 thin layer no 

Wall 5 CW06 2240 2000 600 120 CS12 thin layer no 

Wall 6 CW07 2240 2000 600 120 CS12 thin layer yes 

 

 
Figure 3.1 - Sketch of the wall and its dimensions 

3.2 Test walls 

The walls in both series are made of calcium silicate blocks. The dimensions of the blocks are 297 

mm x 198 mm x 120 mm. This is a dimension which is regularly used to build walls. The normalized 

compressive strength of the calcium silicate units is 12 N/mm² (CS12). The walls are u-shaped and 

are built like a regular wall (Figure 3.2). The height of the wall for both series is three units, which is 

approximately 600 mm. The length of the wall is for series 1 11 units and for series 2 7 ⅓ units, which 

leads respectively to a span of approximately 3000 mm and 2000 mm. On both ends of the wall 

there is a part built in the perpendicular direction with the length of 1.5 units, which is 

approximately 450 mm. To construct the wall a thin layer mortar has been applied.  
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Figure 3.2 - The way the walls are built 

The walls were constructed by a professional mason. The walls are built in the same laboratory as 

where the tests have been conducted. After curing, the walls still needed to be transported to the 

location of the test setup, and moreover the wall needed to be rotated. During this process of 

transporting and rotating two of the walls of series 1 and one of the walls of series 2 already 

cracked, as given in Table 3.1. These walls are repaired and still used for testing.  

 
Figure 3.3 - Transportation of the walls from the location where they were built to the location of the test setup 

3.3 Examination of material properties 

Besides the testing of the walls in the two test series, some tests have been performed in order to 

determine the strength of the masonry. Therefore compression tests on four masonry wallettes 

have been performed and the mortar has been tested according to standard testing procedures. 

These wallettes are built on the same day with the same mortar and units as the test walls.  

3.3.1 Test setup 

For the compression tests on the masonry wallettes the 2500 kN compression machine has been 

used. These wallets are built of the same calcium silicate units and the same thin layer mortar as the 

wall for the test series. Because of the arching action in the wall, the strength perpendicular to the 

bed joints is wanted. Therefore the masonry wallettes have been rotated 90 degrees such that the 

bed joints become head joints and the other way around. The long side of the unit is positioned 

vertically, while this side is normally positioned horizontally. This is also shown in Figure 3.4. 

Before putting the walls in the machine they all have been numbered and the positions of the LVDT’s 

(Linear Variable Differential Transformers) have been measured out. After this, the wall is positioned 

in the machine upon a plate of soft board, and a similar plate of soft board is positioned on top of 

the wall. These layers of soft board need to be compressed first, to make sure there is pressure at 

the whole surface of the wall and not only at some local spots which might occur due to 
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imperfections. While putting the walls in the machine it is very important to make sure that the wall 

is positioned at the center of the bottom plate. After that, the LVDT’s are mounted on the wall at the 

right positions. There are six LVDT’s which are measuring the displacement between two points at a 

distance of 20 cm. Since there are three units from left to right the LVDT’s are located at the center 

of each unit and both 10 cm above and below the center of the height. The same measurements are 

performed at the front and the back of the wall. This results in four LVDT’s which are measuring over 

the joint, and two which are measuring over just one unit. The exact locations of the LVDT’s are 

given in Figure 3.4.  

 
Figure 3.4 - Locations of the LVDT’s 

When all the LVDT’s are mounted and set in the right position, the compression test can start. To 

press at the wall, the bottom plate of the machine will move upwards due to hydraulic forces. In the 

first stage of the experiment the movement of the plate is 0.5 mm/min. In the second part of the 

experiment this is lowered to 0.25 mm/min. When the wall totally cracked the experiment was 

ended and the pressure on the wall is lowered by moving the bottom plate down. A picture of the 

whole test setup is given in Figure 3.5.  

 
Figure 3.5 - Picture of the test setup of the compression test 
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For testing the mortar bars other equipment is used and standard measurement procedures have 

been followed according to determine both the flexural and compressive strength of the mortar. 

According to this procedure six mortar bars need to be tested in pure bending. After failure the 

twelve resulting pieces need to be tested in compression. More details about these tests can be 

found in Appendix D. 

3.3.2 Results 

The LVDT’s on the masonry wallettes are mounted in such a way that for each wall four LVDT’s are 

measuring over the joint and two are measuring over the unit. These values are averaged out for 

every wallette separately, which leads to three different figures. In the first figure the values 

measured over the unit are averaged, in the second the values measured over the joint are averaged 

and in the last all values are averaged. Since four tests have been performed, each graph consists of 

four different lines. These lines have been averaged as well, which gives the average strength of the 

masonry. Details about these measurements can be found in Appendix D. 

 
Figure 3.6 -  Stress-strain diagram of average values measured over the unit 
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Figure 3.7 - Stress-strain diagram of the average values measured over the joint 

The stress-strain diagram for the average values measured over the unit is given in Figure 3.6. For all 

masonry wallettes the behavior starts linear elastic but it ends to be nonlinear behavior. The stress-

strain diagram for the average values measured over the joints is given in Figure 3.7. For these 

measurements the behavior seems to be nonlinear from the start. Comparing Figure 3.6 and Figure 

3.7 shows that the strain measured over the joints is bigger than the strain measured over the unit 

under the same stress. For both graphs some mean values have been calculated, which are 

visualized by the dotted marks in the graphs. By polynomial regression a second order function has 

been derived through these points. This function can later be used to determine the Young’s 

modulus of the masonry.  
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Figure 3.8 - Stress-strain diagram of the average values of all the measurement locations 

In Figure 3.8 the stress-strain diagram for the average of all measured values is given for each of the 

wallettes. Also for this graph some mean values have been calculated and a polynomial regression 

has been applied in order to find a second order function to describe the behavior of the masonry.  

Now there are three different second order functions to describe the stress-strain relation of the 

masonry. Since the Young’s modulus is equal to the slope of the stress-strain curve, the derivative of 

the functions found can be used to calculate this. These functions and their derivatives are given in 

Table 3.2. Within these functions the y is the stress and the x is the strain.  

Table 3.2 - Functions describing the stress-strain behavior of the masonry following from polynomial 
regression  

 Function Derivative 

Average over the joint 𝑦 = −0.5942𝑥2 + 5.3696𝑥 𝑑𝑦

𝑑𝑥
= −1.1884𝑥 + 5.3696 

Average over the unit 𝑦 = −1.3624𝑥2 + 8.3312𝑥 𝑑𝑦

𝑑𝑥
= −2.72484𝑥 + 8.3312 

Average total 𝑦 = −0.7593𝑥2 + 6.0971𝑥 𝑑𝑦

𝑑𝑥
= −1.5186𝑥 + 6.0971 

Because the material behavior is nonlinear the Young’s modulus is not a constant value. Therefore 

the Young’s modulus has been calculated for different strains. These values are given in Table 3.3. 
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Table 3.3 - Values of the Young’s modulus for different strains 

Strain 
[mm/m] 

E modulus [N/mm²] 

average over joint average over unit average total 

0 5370 8331 6097 

0,5 4775 6969 5338 

1 4181 5606 4579 

1,5 3587 4244 3819 

2 2992 2882 3060 

2,5 2398 1519 2301 

3 1804 157 1541 

The Young’s modulus can also be determined according to the formulas in Eurocode 6.  

 𝑓𝑘 = 𝐾 ∗ 𝑓𝑏
𝛼 ∗ 𝑓𝑚

𝛽
 [63]  

For thin layer mortar 𝛽 is equal to zero. The value of 𝛼 is equal to 0.85 and the value of K is equal to 

0.8 for calcium silicate according to Eurocode 6. Putting these values in equation 83, leads to 

characteristic compressive strength of 6.61 N/mm². The Young’s modulus is described as: 

 𝐸 = 𝐾𝐸𝑓𝑘 [64]  

In which: 𝐾𝐸 = 700 

When using the value of 𝑓𝑘 of 6,61 N/mm² this leads to a value of the Young’s modulus of 

4630 N/mm².  

Another way to define the Young’s modulus is according to the EN 1052-1.  

 𝐸 =
𝐹𝑖𝑚𝑎𝑥
3휀𝑖𝐴𝑖

 [65]  

Within this equation the strain (휀) is taken at the point when the stress is 0,33 times the ultimate 

stress. Putting the values of each wall in equation 65 leads to a Young’s modulus of 6338 N/mm².   

The results of the tests on the mortar bars are given in Table 3.4. Detailed results can be found in 

Appendix D.  

Table 3.4 - Results of the tests on the mortar bars 

Density 1649.85 kg/m³ 

Compressive strength 24.96 N/mm² 

Flexural strength 6.41 N/mm² 
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3.4 Test setup 

For each of the series a different test setup has been used due to the different dimensions of the 

walls. The basic principles for these setups are the same. The setup consists of a rigid frame made of 

steel profiles. Two rigid frames are connected in order to get a depth of 600 mm, which is equal to 

the dimensions of the walls in that direction. On each end of the wall a separate measurement 

frame allows for mounting the Mitutoyo’s. A picture of the test setup of series 1 is given in Figure 3.9 

and of series 2 in Figure 3.10. Drawings of the setup are given in Appendix A.  

 
Figure 3.9 - Picture of the test setup of series 1 

 
Figure 3.10 - Picture of the test setup of series 2 
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3.4.1 Load application 
The load is applied by one vertical load jack. This load jack is attached to the top bar of the test 

frame. The most realistic load would be an equally divided load over the whole surface of the wall. 

This situation is however simplified to four equal line loads over the depth of the wall. Since the load 

is only applied by one load jack a system of equators is used in order to divide the forces equally. 

First the load is divided in two, and these are both split as well. This means in the end there are four 

equal line loads. For series 1 these line loads are 75 cm apart and for series 2 they are 50 cm apart, 

measuring from heart to heart of the beams. The system is shown in Figure 3.11.  

 
Figure 3.11 - Picture of the system of equators 

Due to the equators the forces are able to follow the rotation of the wall, which is a consequence of 

the deflection. This makes sure that the forces keep applied in the same way on the wall. 

Underneath the four lower bars a plate of soft board, of the same size as the steel profile, is used to 

make sure the load is equally spread over the surface.  

Besides the load applied by the jack, there is always the load due to the own weight of the wall 

which will cause some deflection. The measurements have been started prior to applying the vertical 

load in order to see the effects of the own weight of the wall.  

3.4.2 Boundary conditions 
To get arching action in the wall, it needs to be made sure that the supports of the wall are rigid. To 

realize this, the wall is put in a rigid frame, which is able to withstand the thrust forces of the wall 

due to arching action. It is not possible to make the frame exactly fit around the wall, and in masonry 

there will always be imperfections. Therefore, prior to putting the wall in the frame, a layer of 

mortar is put underneath the wall and between the wall and the frame at both sides. This layer 

makes sure that peak stresses are prevented and that the connection is as rigid as possible.  
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Figure 3.12 - The gap between the frame and the wall was filled with mortar  

3.4.3 Measurement equipment  
The results of the tests were measured over 17 channels. The usage of the channels differs for the 

test performed on series 1 and series 2. An overview of the different channels is given in Table 3.5 

for series 1 and in Table 3.6 for series 2. As an example for all situations, the locations of the 

different measurement devices are given in Figure 3.13 for series 1 and in Figure 3.14 for series 2.  

Table 3.5 - Measurement devices test series 1   

Series 1    

  Quantity Direction Measurement device 

ADC-00 Force Vertical Load cell 

ADC-01 Displacement Vertical Draw-wire displacement sensor 

ADC-02 Displacement Vertical Draw-wire displacement sensor 

ADC-03 Displacement Vertical Draw-wire displacement sensor 

ADC-04 Displacement Vertical Draw-wire displacement sensor 

ADC-05 Displacement Horizontal LVDT 

ADC-06 Displacement Horizontal LVDT 

ADC-07 Displacement Horizontal LVDT 

ADC-08 Displacement Horizontal LVDT 

ADC-09* Displacement Vertical Draw-wire displacement sensor 

ADC-10* Displacement Vertical Draw-wire displacement sensor 

Mitu-0 Displacement Horizontal Mitutoyo  

Mitu-1 Displacement Horizontal Mitutoyo 

Mitu-2 Displacement Horizontal Mitutoyo 

Mitu-3 Displacement Horizontal Mitutoyo  

Mitu-4 Displacement Horizontal Mitutoyo  

Mitu-5 Displacement Horizontal Mitutoyo  

* ADC-09 and ADC-10 are only used for CW04 in this series. 
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Figure 3.13 - Drawing of the test setup of series 1 including instrumentation 

Table 3.6 - Measurement devices test series 2 

Series 2    

  Quantity Direction Measurement device 

ADC-00 Force Vertical Load Cell 

ADC-01 Displacement Vertical LVDT 

ADC-02 Displacement Vertical Draw-wire displacement sensor 

ADC-03 Displacement Vertical Draw-wire displacement sensor 

ADC-04 Displacement Vertical Draw-wire displacement sensor 

ADC-05 Displacement Vertical Draw-wire displacement sensor 

ADC-06 Displacement Vertical LVDT 

ADC-07 Displacement Horizontal LVDT 

ADC-08 Displacement Horizontal LVDT 

ADC-09 Displacement Horizontal LVDT 

ADC-10 Displacement Horizontal LVDT 

Mitu-0 Displacement Horizontal Mitutoyo 

Mitu-1 Displacement Horizontal Mitutoyo 

Mitu-2 Displacement Horizontal Mitutoyo 

Mitu-3 Displacement Horizontal Mitutoyo 

Mitu-4 Displacement Horizontal Mitutoyo 

Mitu-5 Displacement Horizontal Mitutoyo 
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Figure 3.14 - Drawing of the test setup of series 2 including instrumentation 

The force is measured by a load cell with a capacity of 80 kN. This load cell is mounted directly 

underneath the hydraulic jack.  

The deflection of the wall is measured by draw-wire displacement sensors. For the first two walls of 

series 1 only four of these were used, but since more information about the shape of the deflection 

was needed two measurement locations were added for the third wall of series 1. In series 2 are 

always 6 measurement devices used. However, for the ones on the outer left and right positions 

now LVDT’s (Linear Variable Differential Transformers) are used. These LVDT’s have been removed 

at the final stage of the experiment to avoid demolition of the measurement equipment.  

The horizontal displacement of the wall at mid-span is measured by four LVDT’s. They measure over 

a distance of 200 mm. One of these is mounted on top of the wall, two on the side of the wall and 

one underneath the wall. (Figure 3.15) 
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Figure 3.15 - LVDT’s at mid-span 

Moreover the horizontal displacement of the wall at both supports is measured. Therefore two of 

the three Mitutoyo’s are mounted on a freestanding column for each of the supports. For spatial 

reasons one of the Mitutoyo’s is mounted on the test frame. For this Mitutoyo the values need to be 

corrected. These will measure the displacement of the wall at the top and at the bottom and the 

displacement of the steel frame. (Figure 3.16) 

 
Figure 3.16 - Mitutoyo’s at a support, mounted on a freestanding column 

3.4.4 Pre-tests series 1 
Besides the real tests, for series 1 a slightly different test setup is used to determine the initial 

deflection of the wall. This is shown in Figure 3.17 for CW04. The locations of the measurement 

devices have been changed for the three walls. Detailed information and drawings can be found in 

Appendix A.   



40 

 

 
Figure 3.17 - Picture of the test setup for the pre-tests of wall CW04 

The wall is already placed within the test frame and even the joint between the wall and the frame is 

filled with mortar. During these actions the wall is still supported by a steel profile, so it cannot 

deflect. Before this profile was removed another steel bar is put on top of the wall on roller 

supports. On this bar four Mitutoyo’s are installed to measure the deflection. 

3.5 Results 

In this paragraph the results of the tests will be presented. First the results for series 1 and then the 

results for series 2 are discussed. More extended results can be found in Appendix B for series 1 and 

in Appendix C for series 2.  

3.5.1 Series 1 
Within series 1 three walls have been tested as mentioned before. From these walls two were 

already cracked during the transportation and rotation; only wall CW03 was not cracked. The 

damaged walls were repaired and still be used for testing.  

 Initial deflection 

For these walls the initial deflection has been measured. Since the positions of the measurements of 

the initial deflection are not the same as the positions of the measurements of the actual test, the 

data needs to be manipulated in order to combine both data. Because the initial deflection occurs 

under the own weight of the wall, which is a constant line load, the deflection can be captured by an 

equation of the fourth order by means of polynomial regression. In Figure 3.18 this is shown for wall 

CW04.  
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Figure 3.18 - Polynomial of the initial deflection of CW04 obtained by a regression analysis 

The ultimate initial deflection for the three walls is around mid-span. For the three walls the location 

of the maximum initial deflection has been determined. These values are given in Table 3.7.  

Table 3.7 - Maximum deflection calculated on the basis of polynomial functions of the initial deflection 

 

Value of x where the deflection 

is at a maximum value  

[mm] 

Deflection 

 [mm] 

CW02 5,00 3,4 

CW03 98,92 1,4 

CW04 24,99 1,5 

Strength of the wall 

Besides the load due to the own weight of the wall, an additional load is applied. The sum of these 

two loads is the total load on the wall. After the maximum load was reached still some load was 

applied to the wall until the wall failed. A graph with the load-deflection curve of wall CW02 is given 

in Figure 3.19, which represents this typical behavior of this series. The deflection has been 

measured at locations at the same distance to the left and to the right with respect to mid-span. For 

CW02 it can be concluded that the wall acts very symmetrical looking at the deflection. The same 

counts for CW04, where the deflection is even measured at six locations instead of four. Wall CW03 

acts differently than the other two. This wall did not crack at mid-span, but one unit more towards 

the right support. This leads to a deflection which is not symmetrical anymore after reaching the 

ultimate load; after that moment the right part of the wall starts to deflect faster than the left side 

of the wall.  
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Figure 3.19 - Load-deflection diagram for wall CW02 

As visible in the graph, some capacity left in the wall after reaching the ultimate load. After reaching 

the ultimate load the wall is able to withstand some load, but the deflection increases even when 

the load is smaller than the maximum load.  

The ultimate load and the load at collapse of the three walls of series 1 are given in Table 3.8. Even 

the deflections at the ultimate load and at the load at the collapse of the wall are given in this table. 

For comparison the deflection of CW02 is given at 1200 mm and 1800 mm, while from the other two 

walls it is given at 1125 mm and 1875 mm. These locations are not exactly the same, but because of 

the fact that the measurement positions for CW02 differ from the other walls in this series this is the 

best comparison possible.  

Table 3.8 - Ultimate load and the load at collapse of the wall with the corresponding deflection of the walls 
of series 1 

   CW02 CW03 CW04 Average CV 

𝑭𝒖𝒍𝒕 [kN]  20.55 24.69 25.78 23.67 0.12 

∆𝑭;𝒖𝒍𝒕 [mm] 
1200/1125 mm 22.71 24.75 17.11 21.52 0.18 

1800/1875 mm 22.60 27.70 17.32 22.54 0.23 

𝑭𝒄𝒐𝒍 [kN]  10.04 10.09 12.50 10.88 0.13 

∆𝑭;𝒄𝒐𝒍 [mm] 
1200/1125 mm 75.72 58.09 42.30 58.70 0.29 

1800/1875 mm 74.26 83,38 41.50 66.38 0.33 
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From Table 3.8 can be concluded that the spread in the results of both the ultimate load and the 

failure load is almost equal; the coefficient of variance is 0.12 and 0.13 respectively. For the 

deflection of the walls at the ultimate load the coefficient of variance is about 0.2, while for the 

deflection of the walls at the failure load the coefficient of variance is about 0.3. This means the 

spread in the results is bigger for the deflection of the walls at the failure load.  

Crack development and stresses in the wall 

During loading of the walls cracks develop in the walls. These cracks developed at mid-span and at 

both supports; only for wall CW03 the crack did not develop at mid-span, but one unit more out of 

center towards the right support. This is also visualized in Figure 3.20.  

 
Figure 3.20 - Locations of the cracks in the walls of series 1 

Both at the supports and at mid-span the horizontal change of length of the wall is measured. When 

this change of length is measured over the location of a crack, the development of this change of 

length can help understand the development of the crack width. Since these values have been 

measured at different positions within the section, namely four positions at mid-span and two 

positions at each of the supports, they give an idea of the distribution of the strains, and therefore 

the stresses over the height.  

Looking at the stresses at mid-span the results of walls CW02 and CW04 differ from the results of 

wall CW03. These results are visualized in Figure 3.21 for wall CW04 and in Figure 3.22 for wall 

CW03. Since some of the measurements were performed outside the height of the section, the 

section of the wall is marked in grey. As shown in Figure 3.21 the change of length increases with 

increasing time. For wall CW03 this is not the case, since the ultimate horizontal displacement is 

found at t=1110 seconds. After this moment the change of length decreases with increasing time. 

This moment is very close to the time at which the ultimate load is reached, namely t=1116 seconds. 

After the ultimate load is reached the structure starts to deflect significantly more. The effects of this 

deflection are noticeable in the crack width, but since wall CW03 did not crack at mid-span this 

effect couldn’t be measured. For wall CW04 the increment in the length change at collapse of the 

wall is clearly visible. For wall CW03 collapse leads to a decrease of the length change, since the 

arching action of the wall is vanished.   

Comparing both Figure 3.21 and Figure 3.22 there are some similarities as well. As shown in both 

figures the top half of the section is in compression, because there is a negative length change 
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measured, while the top of the section is cracked which corresponds to a positive change of length. 

For both parts the values measured at a specific time are equal for the top and for the bottom half of 

the section.  

 
Figure 3.21 - Length change at different times of wall CW04, measured at mid-span 

 
Figure 3.22 - Length change at different times of wall CW03, measured at mid-span 

Looking at the cracks at the supports, all three walls act similar. As an example the figures relating to 

the length change measured at wall CW04 is given in Figure 3.23. At the supports the change of 

length is only measured at the top and at the bottom. This means there are only two points available 

to base the figures on. Looking at Figure 3.23 it can be concluded that the majority of the section is 

cracked, which corresponds with a positive length change. At the bottom of the section there is a 
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small part which is in compression. For all three walls the length change increases with time. The 

largest change of length is found at collapse.  

 
Figure 3.23 - Length change at different times of wall CW04 at the supports; left support (left), right support (right) 

3.5.2 Series 2 

For series 2 again 3 walls have been tested. Only one of the walls in this series was already cracked 

before testing; this is wall CW07.  

Initial deflection 

Different as for series 1 the initial deflection has not been measured separately, but has been 

measured directly prior to the actual testing. From series 1 was learned that the wall has deflected 

the most in the first hour after removing the supports. After that, the deflection increases barely and 

can be assumed to remain constant. Because of the smaller span of the walls in this series the initial 

deflection is smaller than the initial deflection of series 1. The initial deflection is such small that it 

couldn’t be measured by all the LVDT’s; only the ones closest to mid-span give reliable results. The 

largest deflection that is measured is for wall CW07 and is equal to 0.17 mm. This value is large 

compared to the other values measured; the second largest value is measured for wall CW07 as well 

and is 0.12 mm. Because of the fact that this initial deflection has a very little influence on the final 

deflection of the wall after the application of the load, which is in the order of magnitude of 55 mm, 

the initial deflection will be considered to be zero.  

Strength of the wall 

Similar as for series 1 an additional load is applied after the load due to the own weight of the wall 

was applied. The sum of these loads is the total load applied on the wall. The behavior of the walls of 

series 2 is comparable to the behavior of the walls in series 1. After reaching the maximum load the 

walls are still capable to withstand some force, although the deflection increases fast and with the 
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increment of the deflection the maximum load that could be withstand decreases. A load-deflection 

diagram is given in Figure 3.24 for wall CW06. Different from series 1 the walls in series 2 do not act 

symmetric with respect to the deflection, although they all crack at mid-span. For CW02, the left and 

the right side seem to act symmetrical till the ultimate load is reached.  After that the right side 

deflects more than the left side. For walls CW05 and CW07 the left and the right side act already 

different before the maximum load was reached. After the ultimate load was reached this difference 

only becomes bigger.  

 
Figure 3.24 - Load-deflection diagram for wall CW06 

The ultimate load and the load at collapse of the three walls of series 2 are given in Table 3.9. In this 

table also the deflection at 750 mm and 1250 mm, which are the LVDT’s located nearest at mid-

span, one at the left and one at the right.  

Table 3.9 - Ultimate load and the load at collapse of the wall with the corresponding deflection of the walls 
of series 2 

  CW05 CW06 CW07 Average CV 

𝑭𝒖𝒍𝒕 [kN]  47.58 38.02 47.88 44.49 0.13 

∆𝑭;𝒖𝒍𝒕 [mm] 
750 mm 26.41 27.73 28.55 27.56 0.04 

1250 mm 30.69 26.56 19.69 25.65 0.22 

𝑭𝒄𝒐𝒍 [kN]  9.39 9.33 9.71 9.48 0.02 

∆𝑭;𝒄𝒐𝒍 [mm] 
750 mm 52.86 60.20 66.60 59.89 0.12 

1250 mm 66.19 51.90 44.11 54.07 0.21 
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From Table 3.9 can be concluded that the least spread is in the results of the load at collapse of the 

walls in this series. Moreover the coefficient of variance of the deflection at 750 mm at the ultimate 

load is very little. Since the coefficient of variance of the deflection at 750 mm and 1250 mm 

theoretically should be the same, this low spread in the results of the deflection should be 

considered as a coincidence. Comparing the deflection at the ultimate load and the deflection at 

collapse it can be concluded that the spread in the results is about the same.  

Crack development and stresses in the wall 

For series 2 the development of the cracks was somewhat different than for series 1. All three walls 

did crack in a similar way as series 1 at the supports, but none of them cracked exactly at mid-span 

as what happened for walls CW02 and CW04 in series 1. The reason for this is that there is no joint 

at mid-span. To crack a calcium silicate unit takes often more effort than cracking at a joint. The 

location of the cracks for the walls in series 2 is given in Figure 3.25. 

  

Figure 3.25 - Locations of the cracks in the walls of series 2 

Similar as for series 1, the change of length is measured both at mid-span and at the supports. At the 

supports the change of length is measured at the top and at the bottom of the section and at mid-

span it is measured at four positions over the height of the section. The length change can be related 

to the stress and therefore these measurements tell something about the stress distribution.  

Looking at the length change measured at mid-span there is only one wall which cracked within the 

range of the measurements, wall CW06. The results for this wall are given in Figure 3.26. The other 

two walls cracked outside the range of the measurements. The results of CW07 are given in Figure 

3.27. Looking at Figure 3.26 the length change increases with the increasing time. The ultimate 

change of length is found at collapse. For wall CW07 the ultimate horizontal displacement is found at 

t=1795 seconds. The ultimate load of the wall is found at t=1626 seconds. After that, the load 

decreased and eventually the load increased again a little bit and at t= 1790 seconds the wall failed 

again. After this the change of length decreased. Comparing both Figure 3.26 and Figure 3.27, the 

top of the section is in compression and the bottom is cracked. The part that is cracked is bigger than 

the part in compression. For wall CW06 these values of the length change measured over the part 

which is cracked are much bigger than the values in compression. For the other two walls these 

values are almost equal.   
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Figure 3.26 - Length change at different times of wall CW06, measured at mid-span 

 
Figure 3.27 - Length change at different times of wall CW07, measured at mid-span 

Looking at the length change at the supports of wall CW05 and wall CW06, these supports act 

comparable. The development of the length change is given in Figure 3.28 for wall CW05. For these 

walls the top part of the section is cracked, while the bottom part of the section is in compression. 

The part which is cracked is bigger than the part in compression. Moreover the length change 

increases with the time. The change of length is found at collapse. For wall CW07 the behavior looks 

somewhat different. This is visualized in Figure 3.29. As shown in this figure at the left support the 

length change is almost equal at the top and at the bottom. For the right support the largest part of 

the section is in compression. There is only a small part at the top of the section which is cracked. 

This is a totally different behavior than found for the other supports. 
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Figure 3.28 - Length change at different times of wall CW05 at the supports; left support (left), right support (right) 

 
Figure 3.29 - Length change at different times of wall CW07 at the supports; left support (left), right support (right) 

3.5.3 Discussion 

In this section the test results will be discussed. First some general remarks regarding the testing 

procedure and the results are made. After that the results of series 1 and series 2 are compared. 

3.5.3.1 General Remarks 

Damage prior to testing 

Prior to testing some of the walls already cracked during the transportation and rotation of the wall. 

The walls were built in the lower part of the laboratory, while the test setup was located at the 

higher part. Therefore the walls couldn’t be moved using the cranes in the laboratory. Because of 
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that the walls were moved using a forklift truck. For the rotation of the wall, straps were made 

around the wall, which was stiffened by aluminum or timber beams, and by making use of the cranes 

the wall was rotated and placed in the test setup. For half of the walls this procedure went well. Wall 

CW02 was the first wall which has been tested and this for this wall another method was used which 

failed. Wall CW07 cracked as well during the transportation, but this crack is different than the 

others because this crack was caused by the bad filling of the joints. When the wall was cracked the 

cracks were repaired with mortar. Over all the method of transportation and rotation of the wall is 

risky, since a little mistake can make the wall crack. When the walls were built closer to the test 

setup the risks of transportation can be minimalized.  

Loosening the bolts in the equator 

In the test setup the equator is tightened by bolts. By unscrewing these bolts the beams in the 

equator have the ability to follow the shape of the deflection of the wall. During the experiments 

there were some moments that these bolts were not unscrewed enough, which makes the system 

get stuck. After these bolts were loosened, a peak in the load curve could be visible.  

3.5.3.2     Comparison Series 1 and series 2 

Looking at the results of series 1 and series 2 two important differences can be found. The first 

difference that is found is the ultimate load which is found. For series 1 an average ultimate load of 

23.67 kN is found, while for series 2 this 44.49 kN. This is almost twice as big. This could be expected, 

looking at the models to predict the ultimate load on the wall. Take for example the Eurocode. In its 

model the influence of the span is 1 divided by the span squared. Since the span of series 1 is 1.5 

times bigger than the span of series 2 the ultimate load of series 1 should be 0.44 times the ultimate 

load of series 2 according to this model. Looking at the formulas presented by Anderson (1984) and 

Galati et al. (2007) the same span squared is found in the denominator of these formulas. For both 

walls the deflection is measured at the ultimate load. Since the deflections are measured at the 

same position taking the difference in span into account, they can be compared. 

A second difference is the difference in the load at collapse. The load at collapse of series 1 is 

measured to be 10.88 kN, while this is 9.48 kN for series 2. This load is therefore higher for series 1 

than for series 2, but the difference between these loads is not as big as for the ultimate load. 

Looking at the deflection at collapse, the deflection of series 1 is also bigger than the deflection of 

series 2.  

Looking at the difference between the deflection at the ultimate load and the deflection at collapse 

for series 1 compared to series 2, the deflection of the walls in series 1 increases much more in this 

last stadium than the deflection of the walls in series 2. This means that after reaching the ultimate 

load the walls of series 2 are stiffer than the walls of series 1. A summary of all the results of series 1 

and series 2 is given in Table 3.10. 
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Table 3.10 - Average results of series 1 and series 2 compared 

 Series 1  Series 2 Series 1 / Series 2 

Span [mm] 3000 2000 1.5 

𝑭𝒖𝒍𝒕,𝒂𝒗𝒈 [kN] 23.67 44.49 0.53 

∆𝑭;𝒖𝒍𝒕,𝒂𝒗𝒈 [mm]* 22.03 26.61 0.83 

𝑭𝒄𝒐𝒍,𝒂𝒗𝒈 [kN] 10.88 9.48 1.15 

∆𝑭;𝒄𝒐𝒍,𝒂𝒗𝒈 [mm] 62.54 56.98 1.09 

 

Some similarities can be found as well. First of all, most of the walls of series 1 and series 2 show the 

same behavior at the supports. In both cases the major part of the section is in tension, which is 

always the top of the section, and there is a small part in the lower half of the section which is in 

compression. Moreover all the walls cracked at or near mid-span. As mentioned earlier the walls at 

series 2 didn’t crack at mid-span, because the joints are not located at mid-span as for series 1. Since 

a crack takes the way of the lowest resistance the wall cracked through the joints close to mid-span.  

Secondly the behavior of the walls is similar. Under the increasing loading the ultimate load is 

reached. After this the structure starts to deform till the failure load was reached. Both for series 1 

and series 2 there is still some capacity left, although the displacement increases very much and the 

maximum load decreases.  

3.6 Conclusion 

The following can be concluded according to the experimental research: 

 The walls of series 1 have a lower ultimate load than the walls of series 2. 

 The load at collapse of the walls of series 1 is slightly greater  than the failure load of the 

walls of series 2, namely only 15%.  

 The walls of series 1 deform significantly more after reaching the ultimate load than the 

walls of series 2.  

 The walls crack at three positions: at the left support, at the right support and at mid-span 

 At the supports a part at the bottom of the section is always in compression; the biggest part 

of the section is cracked. 

 At mid-span a part at the top is in compression, and a part at the bottom is cracked.  
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4  Numerical modeling 
 

In this chapter a numerical model will be developed according to the walls tested in the 

experimental research. First the background of the model will be explained and later the results of 

the model will be compared to the experimental results in order to verify the model.  

4.1 Theoretical background 

While modeling masonry three different approaches can be distinguished, all with a different order 

of complexity. In ascending order of complexity these are macro-modelling, simplified micro-

modelling and detailed micro-modelling. These approaches are also shown in Figure 4.1.  

 
Figure 4.1 - Different approaches for modelling masonry.  a) Masonry sample, b) detailed micro-modelling, c) simplified 
micro-modelling, d) macro-modelling. (Lourenco, Rots, & Blaauwendraad, 1995) 

The most complex approach is detailed micro-modelling. Within this approach the unit and the 

mortar are both represented by continuum elements. The interface between the unit and the 

mortar is represented by discontinuous elements. The mechanical properties, like the Young’s 

modulus, Poisson’s ratio and optionally inelastic properties, of both units and mortar are taken into 

account. This approach leads to the most detailed and accurate representation of reality, but 

because the large amount of information and elements this requires a large memory and a long 

computing time.  

To avoid these large computing times it is possible to use simplified micro-modelling. Within this 

approach the units are represented by continuum elements and the interface between the units is 

represented by discontinuous elements. The mortar and the two interfaces between the mortar and 

the unit are represented in this interface. The interface is the place where slip or cracks can occur. 
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To keep the geometry unchanged the units are expanded. Since the Poisson’s ratio of the mortar is 

not taken into account in this approach the accuracy is less than for detailed micro-modelling.  

When the interaction between mortar and units is neglected, the macro modelling approach can be 

used. Within this approach the properties of the units and the mortar are combined in one 

orthotropic material.  

Beforehand it is not possible to prefer one of the modelling strategies above another. The purpose 

of the modelling and the size of the sample are for example factors that might influence the decision 

for the use of a certain modelling strategy. Micro modelling is used to give more insight in the local 

behavior of masonry structures. Macro modelling is used when a structure of solid walls is 

sufficiently large in order to assume that the stresses are essentially uniform.  

4.1.1 Failure mechanisms 

Five failure mechanisms can be distinguished for masonry. (Lourenco, Rots, & Blaauwendraad, 1995) 

These mechanisms are visualized in Figure 4.2.  

 

Figure 4.2 - Failure mechanisms of masonry (Lourenco, Rots, & Blaauwendraad, 1995) 
a) joint tension cracking; b) joint slipping; c) unit direct tension cracking; d) unit diagonal tension cracking; e) masonry 
crushing 

In mechanism a failure is caused by a tension force acting perpendicular to the bed joint, which 

causes a crack parallel to the bed joint. The crack surface separates in a direction normal to the 

plane of the crack. This failure mechanism is also called mode I failure. In mechanism b failure is by 
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shear stresses acting parallel to the bed joint. This failure mechanism is also called mode II failure. In 

failure mechanism c units crack due to direct tension parallel to the bed joint. In failure mechanism 

d, failure is caused by a normal stress that is sufficiently large to develop friction in the joints. This 

friction will cause diagonal cracking. In failure mechanism e failure is caused by a normal stress of 

such an amount that the units split in tension as a result of mortar dilatancy. In that case crushing of 

the masonry occurs. Considering these five failure mechanisms, mechanism a and b are joint 

mechanisms, mechanism c is a unit mechanism and mechanisms d and e are combined mechanisms.  

4.2 Model description 

To model the behavior of a wall loaded with an out-of-plane load, a 2D model was created, using 

simplified micro modelling. The details about this model are presented further on in this section. The 

finite element analysis will be performed in Abaqus. The python script of the model can be found in 

appendix E.    

4.2.1 Description of the different parts 

The model exists of three parts: the masonry wall, the left support and the right support. In the 

following parts each of these parts will be discussed in more detail.  

4.2.1.1 Masonry wall 

As mentioned before the wall will be modelled using simplified micro modelling. This means that the 

units are expanded and in the interfaces cracks and slip can occur.  

Geometry 

When modelling the geometry of the wall some variables are defined on which the dimensions of 

the wall are based. These are the unit height, the thickness, the number wall of units and the 

thickness of the joint. Based on these variables the length of the different lines between the points 

given in Figure 4.3 can be described. By taking point J as the origin in a two dimensional space, the 

coordinates of the other points can be described making use of these lines. By creating lines 

between these points the geometry as sketched in Figure 4.3 can be modelled. Moreover the 

spacing between the units can be described by a formula. All formulas and variables used to define 

the geometry of the part are given in Table 4.1.  

 
Figure 4.3 - Sketch of the geometry of the wall and the coordinate system used to model it 
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Table 4.1 - Definition of the variables to describe the geometry of the wall 

Unit height [mm] 297 

Joint thickness [mm] 3 

Wall thickness [mm] 120 

Number of units n 10 

Span = BC n*(unit height+joint thickness) 

AB wall thickness + 0,5 * joint thickness 

AJ unit height + joint thickness + 0,5 * unit height 

HI AJ - wall thickness 

AD AB *2 + BC 

Spacing unit height + joint thickness 

To create a cohesive surface a thin layer has been created with a thickness of 0,001 mm. This 

thickness will be further on referred to as the cohesive thickness.  

Materials 

For the part of the wall two materials have been defined: one for the mortar and one for the units.  

Mortar 

The joints are the locations at which cracks will occur. Therefore to describe the constitutive 

behavior of the cohesive a traction separation material model is used. The typical traction separation 

diagram is given in Figure 4.4. The diagram in Figure 4.4 shows there is an initial phase in which the 

material behaves linear elastic till the effective displacement at the initiation of damage (𝛿𝑚
0 ) is 

reached. After that point the damage evolution takes place until the effective displacement at 

complete failure (𝛿𝑚
𝑓

) is reached.  

 
Figure 4.4 - Traction separation diagram with an exponential damage evolution (Abaqus, Abaqus Analysis user's manual, 
version 6.12, 2012)  

The initial elastic behavior of a cohesive element can be described by the stress vector 𝑡, the strain 

vector 휀 and the stiffness vector 𝐸. Within these vectors two directions have been denoted; the n 

denotes the values in the normal direction and the s denotes the values in the shear direction. 

(Abaqus, Abaqus Analysis user's manual, version 6.12, 2012) The behavior is given in:  
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 𝑡 = {
𝑡𝑛
𝑡𝑠
} = [

𝐸𝑛𝑚
𝐸𝑠𝑠

] {
휀𝑛
휀𝑠
} = 𝐸휀 [66]  

The nominal strains are defined as (Abaqus, Abaqus Analysis user's manual, version 6.12, 2012): 

 휀𝑛 =
𝛿𝑛
𝑇0

 [67]  

 휀𝑠 =
𝛿𝑠
𝑇0

  

In which 𝛿 is the separation and 𝑇0 the original thickness of the cohesive element. Since Abaqus 

automatically uses a thickness of 1, independent of the real thickness of the element the strain is 

actually equal to the separation. (휀 = 𝛿) 

The behavior of the cohesive element should be the same as the behavior of the mortar. Therefore 

the following equation holds: 

 𝑡 = 𝛿
𝐸𝑚𝑜𝑟𝑡𝑎𝑟
𝑡𝑚𝑜𝑟𝑡𝑎𝑟

= 𝛿
𝐸𝑐𝑜ℎ𝑒𝑠𝑖𝑣𝑒
𝑡𝑐𝑜ℎ𝑒𝑠𝑖𝑣𝑒

 [68]  

Rewriting this equation, the Young’s modulus of the cohesive can be defined as:  

 𝐸𝑐𝑜ℎ𝑒𝑠𝑖𝑣𝑒 = 𝐸𝑚𝑜𝑟𝑡𝑎𝑟
𝑡𝑐𝑜ℎ𝑒𝑠𝑖𝑣𝑒
𝑡𝑚𝑜𝑟𝑡𝑎𝑟

 [69]  

Since in this research no experiments have been performed to investigate the tensional behavior of 

the masonry, these values have been taken from research performed by Van der Pluijm (1999). In 

this research masonry units have been tested in combination with thin layer mortar. These units 

have not the same dimensions as the units in this thesis, since van der Pluim’s dimensions are 

439x100x198 mm. Because the information obtained from Van der Pluijm’s research is about the 

joint, which is the same for both test series, it can be assumed that the information is a good 

approximation of the real values. In this research the average value of the bond strength is found to 

be 0,5 N/mm². The average value of the secant stiffness of the mortar is found to be 1193 N/mm².  

Putting these values in equation 66 gives the stiffness of the cohesive element:  

 𝐸𝑐𝑜ℎ𝑒𝑠𝑖𝑣𝑒 = 1193 ∗
1

3
= 398 𝑁/𝑚𝑚 [70]  

The damage evolution can be linear or exponential. Abaqus uses different softening laws depending 

on the type of damage evolution that is chosen. (Abaqus, Abaqus Analysis user's manual, version 

6.12, 2012) For a linear softening law the following equation holds:  

 𝐷 = 
𝛿𝑚
𝑓 (𝛿𝑚

𝑚𝑎𝑥 − 𝛿𝑚
0 )

𝛿𝑚
𝑚𝑎𝑥(𝛿𝑚

𝑓
− 𝛿𝑚

0 )
 [71]  

Moreover, for an exponential softening law the following the following relation holds: 
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 𝐷 = 1 − (
𝛿𝑚
0

𝛿𝑚
𝑚𝑎𝑥)

(

 
 
1 −

1 − exp (−𝛼 (
𝛿𝑚
𝑚𝑎𝑥 − 𝛿𝑚

0

𝛿𝑚
𝑓 − 𝛿𝑚

0 )

1 − exp (−𝛼)

)

 
 

 [72]  

The descending branch of masonry under tension can be described, with respect to the crack width 

(𝑤), the bond strength (𝑓𝑡) and the fracture energy (𝐺𝑓𝐼), as given by Lourenço (1996): 

 
𝜎

𝑓𝑡
= 𝑒

−
𝑓𝑡
𝐺𝑓𝐼

𝑤
 [73]  

This equation can be rearranged to get a formula for the crack width: 

 𝑤 = −(
𝐺𝑓𝐼

𝑓𝑡
) ln (

𝜎

𝑓𝑡
) [74]  

To determine the values of the fracture energy and the bond strength the research performed by 

van der Pluijm (1999) has been used, as mentioned earlier. The average value of the fracture energy 

in the research by van der Pluijm is 10,1 N/m and the average value of the bond strength is, as 

mentioned before, 0,5 N/mm². Putting these values in equation 74 gives the relationship between 

the crack width and the stress. This relationship is given in equation 75.  

 𝑤 = −(
10,1

0,5
) ln (

𝜎

0,5
) = −20,2 ln (

𝜎

0,5
) [75]  

With the help of this relationship the whole traction separation response of the masonry can be 

determined. This is shown in Figure 4.5.  

 
Figure 4.5 - Stress-displacement diagram for the cohesive element 

In Abaqus the exponential softening behavior needs to be described by two variables. The first 

variable is the effective displacement at complete failure relative to the effective displacement at 
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damage initiation (𝛿𝑚
𝑓
− 𝛿𝑚

0 ). By means of the above described formula the value of  𝛿𝑚
𝑓
− 𝛿𝑚

0  was 

taken as 0,12 mm. A second value that is needed is the parameter to define the rate of damage 

evolution (𝛼). This parameter can be determined with the help of the system of equations shown in 

equation 76, since the stresses and the corresponding displacements are known. For this situation 𝛼  

is equal to 6,2.  

 

{
 
 

 
 𝑑 = 1 −

𝜎

𝑓𝑡

𝑑 =

1 − exp (−𝛼 (
𝛿𝑚
𝑚𝑎𝑥 − 𝛿𝑚

0

𝛿𝑚
𝑓 − 𝛿𝑚

0 )

1 − exp (−𝛼)

 [76]  

Besides the values needed to describe the cohesive behavior some other variables need to be 

defined as well. The density of the mortar has been calculated based on the measured values and is 

equal to 1650 kg/m³ (1,65e-6 kg/mm³). The stiffness, is as mentioned earlier, assumed to be 398 

N/mm.  

Calcium silicate 

For the description of the behavior of the calcium silicate units three different approaches have been 

considered: fully linearly elastic, elastic-plastic or by means of a concrete damage plasticity model. 

Looking at the failure mechanism during the experiments, it could be observed that cracking occurs 

in the joints at the areas which are under tension. In the areas which are under compression 

crushing occurs in both the units and the joints. Modelling the calcium silicate as a fully elastic 

material does not make it possible for the units to crush. Elastic-plastic material behavior makes it 

possible that the material deforms after reaching a certain stress, while the strength does not 

decrease. During crushing the deformations in the material are getting larger, so this seems a 

reasonable approach. Nevertheless, the strength decreases during crushing. The concrete damage 

plasticity model (CDPM) is able to describe both crushing and cracking of calcium silicate and suits 

therefore best for this numerical model.  

The concrete damage plasticity model is a material model in Abaqus intended to simulate the 

behavior of concrete. The model is also suitable for the analysis of other materials, like mortar, rock 

and ceramics. Under low pressure materials like concrete behave in a brittle manner. The main 

failure mechanisms are crushing in compression and cracking in tension. When the material is under 

a certain amount of confining pressure, the cracks are not able to propagate and therefore the 

brittle behavior disappears. In these circumstances the failure is driven by the consolidation and the 

collapse of the microstructure of the material.  

Within the model the material behavior under compression and under tension need to be defined. 

The material response under uniaxial tension and compression is given in Figure 4.6.  
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Figure 4.6 - Material response under tension (a) and compression (b) in the concrete damage plasticity model 

Under uniaxial tension the material follows a linear elastic stress-strain curve until the value of the 

failure stress, 𝜎𝑡0, is reached. Once this failure stress is reached, micro-cracks start to form in the 

material. Due to this, after the failure stress is reached, there is a softening stress-strain response. 

Under uniaxial compression the material response is linear elastic until the value of initial yield, 𝜎𝑐𝑢, 

is reached. In the plastic behavior that follows, the behavior is characterized by stress hardening 

followed by strain softening beyond the ultimate stress, 𝜎𝑐𝑢. When the material is unloaded from 

any point on the strain softening branch the unloading response is weakened; the elastic stiffness of 

the material is damaged. This damage is characterized by two damage variables: 𝑑𝑡 and 𝑑𝑐. These 

damage variables can take values from one to zero. When the value is zero the material is 

undamaged, and when the value is one no strength is left.  The stress strain relations under tension 

and compression are then: 

 𝜎𝑡 = (1 − 𝑑𝑡)𝐸0(휀𝑡 − 휀�̃�
𝑝𝑙) [77]  

 𝜎𝑐 = (1 − 𝑑𝑐)𝐸0(휀𝑐 − 휀�̃�
𝑝𝑙)  

In which 𝐸0 is the initial Young’s modulus and 휀�̃�
𝑝𝑙 and 휀�̃�

𝑝𝑙 are the equivalent plastic strains in 

tension and compression respectively. The effective tensile and compressive stresses will be 

defined as:  

 𝜎𝑡 =
𝜎𝑡

1 − 𝑑𝑡
= 𝐸0(휀𝑡 − 휀�̃�

𝑝𝑙) [78]  

 𝜎𝑐 =
𝜎𝑐

1 − 𝑑𝑐
= 𝐸0(휀𝑐 − 휀�̃�

𝑝𝑙)  

To define the tensile behavior of calcium silicate the research performed by Rots (1997) is used. In 

his work he defines the stress-strain diagram of calcium silicate under tension by means of 

experiments. The stress-strain curve that was found is given in Figure 4.7.  
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Figure 4.7 - Stress-strain diagram for calcium silicate (Rots, 1997) 

According to this research the average tensile strength is equal to 2,34 N/mm². It is however not just 

the ultimate value of the stress that is important, but also the shape of the descending curve. The 

shape of this curve can be described by:  

 
𝜎

𝑓𝑡𝑢
= {1 + (𝑐1

𝑤

𝑤𝑐
)
3

} ∙ 𝑒
−𝑐2

𝑤
𝑤𝑐 −

𝑤

𝑤𝑐
∙ (1 + 𝑐1

3) ∙ 𝑒−𝑐2  [79]  

In this formula are two constants; 𝑐1= 3 and 𝑐2=6,93. The variable 𝑤 is the crack width and 𝑤𝑐 is the 

crack width at which no stress is transferred anymore. This can be calculated by: 

 𝑤𝑐 = 5,14
𝐺𝑓

𝑓𝑡𝑢
 [80]  

The value of the fracture energy is found to be 67 J/m, which is equal to 0,067 N/mm. Putting this in 

equation 77 gives a value for 𝑤𝑐 of 0,147 mm. This value can be used in equation 76, such that the 

descending branch can be defined. Looking at Figure 4.7 the values of the stress do not approach 

zero, but a value somewhat higher. Therefore is assumed for this model that the value of the stress 

found at a strain of 2,0 ‰ remains constant. The value of Young’s modulus to define the first branch 

of the tensile behavior is taken from the material tests performed. Since the strains are very limited 

in tension, the Young’s modulus is taken at a strain of 0,5 mm/m, which is 6970 N/mm². Calculating 

the strain at a stress of 2,34 N/mm², gives a strain of 0,34 ‰. Comparing this value with the value in 

Figure 4.7 this value of the Young’s modulus seems to be reasonable. The graph which has been 

used as the input for the model is given in Figure 4.8.  
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Figure 4.8 - Stress-strain diagram for calcium silicate in tension used as input in Abaqus 

As an input in Abaqus, it does not ask for the strain, but for the cracking strain (Wahalathantri, 

Thambiratnam, Chan, & Fawzia, 2011). This cracking strain can be determined by:  

 휀�̃�
𝑐𝑘 = 휀𝑡 − 휀0𝑡

𝑒𝑙 = 휀𝑡 −
𝜎𝑡
𝐸0

 [81]  

To determine the behavior of calcium silicate under compression the output from the compression 

tests will be used. Within these tests the compressive strength of the masonry, so the units and the 

joints, has been determined. Moreover, some measurements have been performed with a 

measuring length over the unit only. Specifically these measurements can be used.  

In order to describe the compressive behavior a formula given by Naraine and Sinha (1992) is used. 

The formula is as follows: 

 𝑓 = (𝛽𝑓𝑚)
𝑒

(𝛼𝑒𝑚)
exp (1 −

𝑒

𝛼𝑒𝑚
) [82]  

In equation 79 is 𝑓 the absolute value of the stress, 𝑒 the absolute value of the strain, 𝑓𝑚 the failure 

stress, 𝑒𝑚 the strain at this stress and 𝛼 and 𝛽 are parameters to select the right curve. For this 

application the values of 𝛼 and 𝛽 are both equal to one. The failure stress is taken from the 

experimental research and is equal to 12,7 N/mm², with a corresponding strain of 3,06 mm. Putting 

these values in equation 82 gives the following equation: 

 𝑓 = 4,17 𝑒 ∙ exp (1 −
𝑒

3,06
) [83]  

Following this equation the input for the compressive behavior of the calcium silicate can be 

calculated. This behavior is shown in Figure 4.9. Comparing the behavior described with this formula 

and the results from the compression tests there is a good agreement between these results.  
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Figure 4.9 - Stress-strain diagram for calcium silicate in compression used as input in Abaqus 

As input Abaqus does, similar as for the tensioning branch, not ask for the strain but for the inelastic 

strain. This can be calculated according to: 

 휀�̃�
𝑖𝑛 = 휀𝑐 − 휀0𝑐

𝑒𝑙 = 휀𝑐 −
𝜎𝑐
𝐸0

 [84]  

Furthermore some other variables need to be specified for the concrete damage plasticity model. 

The values for the dilation angle have been taken from van der Pluijm (1999). Based on the values 

found there, the dilation angle is assumed to be 30 degrees. For the other parameter the default 

values will be used. For the eccentricity this is 0,1. For the parameter K this is 0,67. The ratio of the 

initial equibiaxial compressive yield stress to the initial uniaxial compressive yield stress is 1,16. At 

last, the viscosity parameter is chosen to be 0,0001. 

Besides the values for the concrete damage plasticity model some general material properties need 

to be defined. The density of the masonry is calculated based on the dimensions and the weight of 

one unit and is equal to 2,12e-6 kg/mm³. The Young’s modulus is assumed to be 6970 N/mm², as 

mentioned before. The Poisson’s ratio is assumed to be equal to 0,15.      

4.2.1.2  Part support left and right 

Within the model separate parts have been created for the supports of the wall. Since the model is 

symmetric the parts of the left and the right support have the same properties, but only their 

geometry is mirrored.  

Geometry 

For modelling the geometry some variables have been defined.  For the supports these are the plate 

thickness and the additional length of the plate. Moreover the variables defined for the wall define 

the dimensions of the plate. The dimensions of the plate are visualized in Figure 4.10. The supports 

are hatched in this drawing.  
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Figure 4.10 - Sketch of the geometry of the supports and their relationship to the geometry of the wall 

To make sure the wall does not slip off the support an additional length of 100 mm is added for each 

of the plates. The plate thickness should be sufficiently, such that the supports act rigid. Therefore a 

thickness of 40 mm is assumed.  

Material 

To make sure the supports act rigid, and do not deform due to the forces in the wall, there has been 

chosen for an infinitely stiff linear elastic material. The material properties are based on the values 

used for steel; however for the Young’s modulus a higher value has been taken in order to make the 

material behave stiffer. Since the own weight of the supports is not important the density is set to a 

very small value approaching zero.  The material properties are summarized in Table 4.2. 

Table 4.2 - Material properties infinitely stiff material 

Density 1e-35 kg/mm³ 

Young’s modulus 9e9 N/mm² 

Poisson’s ratio 0,3  

4.2.2 Boundary Conditions 

Both supports are clamped over the whole surface. This means that the displacements in both 

vertical and horizontal direction and the rotation are zero. By doing so, the supports act as a rigid 

support and will not move. The boundary conditions are shown in Figure 4.11.  
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Figure 4.11 - Visualization of the boundary conditions 

4.2.3 Load application 

Within the model there are two steps of load application, like in the experiments. In the first step 

gravity is put on the wall, which makes the wall deflect due to the own weight of the masonry. 

During the experiments this is similar to the measurements of the initial deflection, after the 

supports under the wall are removed.  

In the second step of load application during the experiments four point loads are applied to the wall 

by means of an equator. When putting forces on the numerical model it is only possible to visualize 

the behavior of the wall till the ultimate loading is reached. Since the behavior after this ultimate 

force is interesting as well it is better to use displacement control instead of force control in the 

numerical simulations. Wall CW02 is the only wall in series 1 where the deflection is not measured at 

the same position as where the load is applied. Therefore the average values of the measurements 

of wall CW03 and CW04 will be used as input for the deflection. This means the ultimate deflection 

step-wise applied at the two outer locations is 18 mm, and the deflection applied at the two inner 

locations is 56 mm.  

4.3 Results and model verification 

4.3.1 Results initial model 
Looking at the result of the initial model the most interesting parameters to check are the stresses in 

the wall and the deflection of the wall. Looking at the deflection of the wall, this is visualized in 

Figure 4.12 till Figure 4.14.  

 

Figure 4.12 - Deflection of the wall at t=1, only the gravity load has been applied 
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Figure 4.13 - Deflection of the wall at t=1,3, the displacement applied at that moment is 16.89 mm at the inner load 
points  and 5.42 mm at the outer load points 

 

Figure 4.14 - Deflection of the wall at t=2, the displacement applied at that moment is 56 mm for the inner load points 
and 18 mm for the outer load points 

The vertical displacement over time is given in a graph in Figure 4.15. At t=1 the wall has deflected 

due to the own weight of the wall. From t=1 till t=2 the deflection of 18 and 56 mm will be applied 

stepwise.  

 
Figure 4.15 - Vertical displacement over time 

Looking at the vertical displacement at t=1, the calculated deflection is 0.38 mm at mid-span. During 

the experimental research a displacement of 1.5 mm was found. This means there is a relatively 

large difference between these deflections. The deflection increases with increasing imposed 
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vertical displacement. Finally, at t=2, a vertical displacement of respectively 18 and 56 mm is 

imposed on the outer and inner load points. The deflection at mid-span is then 74 mm.  

The horizontal stresses are given in Figure 4.16 till 4.18.  

  

    

Figure 4.16 - Horizontal stresses in the wall at t=1, only the gravity load has been applied 

  

    

Figure 4.17 - Horizontal stresses in the wall at t=1.3, the displacement applied at that moment is 16.89 mm for the inner 
load points and 5.42 mm for the outer load points 
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Figure 4.18 - Horizontal stresses in the wall at t=2, the displacement applied at that moment is 56 mm for the inner load 
points and 18 mm for the outer load points 

Looking at the horizontal stresses at t=1, when only the gravity load has been applied, there are 

already concentrations of stresses. At the supports compression stresses are already visible in the 

bottom of the section, while the top of the section shows there is a little tension stress. At mid-span 

there is a tension stress measured at the bottom of the wall. However the structure did not crack 

yet. At t=1.3 the wall has cracked. As shown in Figure 4.17 at the supports a compression zone 

developed at the bottom of the section. At the top of the section it is visible that the wall is cracked. 

When looking at mid-span the tensile stresses in the bottom of the wall cause the wall to crack as 

well. At the top of the section compressive stresses are found. Finally at t=2, when the full vertical 

displacement is imposed on the wall, the cracks have grown. The same type of compressive zones 

can be found at both supports and at mid-span.  

Looking at equilibrium of forces of the wall at t=1.3 the situation is as sketched in Figure 4.19.  

 

Figure 4.19 - Sketch of the left half of the wall with the forces and stresses on the wall  

At this time the values of forces and stresses are given in Table 4.3. 
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Table 4.3 - Values of forces and stresses at t=1.3 

 Left Right 

F1 [kN] 5.25 4.57 

F2 [kN] 10.76 12.11 

FEG [kN] 2.93 2.93 

RFV [kN] 19.36 19.61 

S1avg [N/mm²] 4.47 4.46 

S2avg [N/mm²] 4.48 4.48 

Checking equilibrium of forces in the vertical direction shows that there is no equilibrium for both 

the left and the right half of the wall. At the left side the reaction force is 0.42 kN bigger than the 

sum of the two point loads and the force due to the own weight of the wall. At the right side the 

reaction force is 0.43 kN smaller than the sum of the two point loads and the own weight of the wall. 

This means overall the system is in equilibrium. The compressive stresses are in equilibrium, since 

these values are almost exactly the same.  

When comparing the results of the numerical model with the results of the experimental research, 

the wall shows similar behavior. Looking at the load-deflection curve of wall CW03 compared to the 

load-deflection curve of the numerical model, the shape of the curves are comparable. The ultimate 

load for the modelled wall is higher. Moreover the wall in the numerical model is able to carry a 

larger load for each deflection. After reaching the ultimate load the results of the experimental 

research show a drop in the curve. For the modelled wall this drop comes later and is not as steep as 

seen for wall CW03.  
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Figure 4.20 - Comparison between the results of the initial model and the measurements from the experimental 
research 

4.3.2 Improvement of the model 
Since the results of the initial model do not match with the results from the experimental research, 

the model could be improved to find a better fit. To improve the model first of all the mesh will be 

changed to get more information about the stresses over the height of the section and moreover the 

forces that result from the applied displacements have been investigated to check whether these are 

equal.  

4.3.2.1 Improvement of the mesh 

The mesh applied in the first model had only three elements over the height. Since the information 

about the stresses over the height of the section is can give more insight in the behavior of the wall, 

the mesh of the initial model needs to be adapted in order to include more elements over the height 

of the section. Due to the fact that the number of elements is limited in the student edition, this 

causes that there are less elements over the width of the wall.  

The results of the model with the improved mesh are given below. In Figure 4.21 till 4.23 the results 

concerning the vertical deformation are shown.  

 

-5

0

5

10

15

20

25

30

35

40

45

0 10 20 30 40 50 60 70 80 90

Fo
rc

e
 [

kN
] 

Deflection [mm] 

Numerical model left

Numerical model mid-left

Numerical model mid-right

Numerical model right

CW03 left

CW03 mid-left

CW03 mid-right

CW03 right



71 

 

 

Figure 4.21 - Deflection of the wall with an improved mesh at t=1, only the gravity load has been applied 

 

Figure 4.22 - Deflection of the wall with an improved mesh at t=1.3, the displacement applied at that moment is 19.77 
mm at the inner load points  and 6.57 mm at the outer load points 

 

Figure 4.23 - Deflection of the wall with an improved mesh at t=2, the displacement applied at that moment is 60 mm 
for the inner load points and 40 mm for the outer load points 

Looking at the vertical deformation of the wall over time the behavior is comparable with the 

behavior of the initial model.  At t=1 the displacement at mid-span is 0.38 mm, which is similar as 

found for the initial model. At t=1.3 the displacement at mid-span is 25 mm. At t=2, the final 

situation, the displacement at mid-span is 79 mm. This is the same as the displacement found for the 

initial model.  

The horizontal stresses are given in Figure 4.24 till 4.26. 
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Figure 4.24 - Horizontal stresses in the wall with an improved mesh at t=1, only the gravity load has been applied 

 

 

    

Figure 4.25 - Horizontal stresses in the wall with an improved mesh at t=1.32, the displacement applied at that moment 
is 19.77 mm at the inner load points  and 6.57 mm at the outer load points 
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Figure 4.26 - Horizontal stresses in the wall with an improved mesh at t=2, the displacement applied at that moment is 
60 mm for the inner load points and 40 mm for the outer load points 

With the renewed mesh the stress differentiation in the wall over the height of the section is more 

clear. At t=1 the global stress pattern is similar to the one seen for the initial model. At the supports 

about half of the section is in tension, and the other half is in compression. The highest stress values 

for both compression and tension are found at respectively the bottom and the top of the section. 

At mid-span the biggest part of the section is in compression, while there is a small part of the 

section at the bottom which is in compression. Cracks are not visible at this time. At t=1.3 the wall 

has already cracked, as visible in Figure 4.25. At the supports the bottom is still in compression, of 

which the value of the stress has increased. At the top of the section there are still some tensile 

stresses but the value of these stresses did not increase. At the top is also the crack visible. At mid-

span the wall has cracked at the bottom of the section.  At the top of the section is a compressive 

zone, but the values of the stress measured in this zone are not as big as at the supports. At t=2 the 

size of the cracks increased. Both at the supports and at mid-span is a compressive zone visible. At 

this time these show to have similar values of the stress.  

Considering equilibrium for this model using the same sketch of the wall as given in Figure 4.19, 

leads to the values given in Table 4.4. Due to the stress pattern at mid-span it is hard to determine 

the height of the compressive zone and the corresponding stress. The compressive zone at the 

supports has a height that is smaller than 40 mm, but bigger than 20 mm. Due to the coarse mesh it 

is not possible to get more detailed results. Since the calculated stresses in the model are smaller at 

mid-span than at the height of the compressive zone would be bigger at mid-span.   
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Table 4.4 - Values of forces and stresses at t=1.3 for the model with an improved mesh 

 Left Right 

F1 [kN] 8.05 8.28 

F2 [kN] 12.27 12.17 

FEG [kN] 2.93 2.93 

RFV [kN] 23.23 23.38 

For the left side of the wall the sum of the vertical forces and the own weight is 23.25 kN, while the 

reaction force is found to be 23.23 kN. This means the wall is in equilibrium. For the right half of the 

wall these values are both 23.38 kN.  

In Figure 4.27 the load-deflection diagram for the model with the improved mesh is shown.  

 

Figure 4.27 - Comparison between the results of the model with an improved mesh and the measurements from the 
experimental research 

4.3.2.2 Change the applied deflection based on the reaction forces in the wall 

When the wall is loaded by means of an applied deflection, these deflections lead to forces in the 

wall. During the experimental research the wall was loaded by means of an equator, such that the 

forces are equal at each position. Since the displacements in the numerical model are applied 

manually this should be checked.  
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Within the original model the applied displacement is 18 mm at the outer positions of the point 

loads and is 56 mm at the inner positions of the point loads. With these displacements the forces at 

these nodes are not equal.  

By trying different values for the displacement is tried to find a better fit between these forces. 

These results can be found in appendix F. 

Considering all the moments that have been reviewed the best fit has been found for the inner 

displacement of 60 mm and the outer displacement of 16 mm. For this combination the reaction 

forces are all in the same direction at each time and the differences between them are among the 

lowest found. For this combination of displacements the force-deflection curve is given in Figure 

4.28.  

 
Figure 4.28 - Load deflection diagram for the applied inner displacement of 50 mm and outer displacement of 16 mm 

4.3.2.3 Addition of an equator 

Since it is hard to find the displacements at which the forces are equal at each position an equator 

could be introduced to overcome this problem. For this project it is tried to implement an equator in 

the existing model. However, these attempts were not successful so far. More information about the 

attempts that have been made can be found in Appendix G.  
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5  Comparison 
 

The information found in the experimental research, the numerical research and the literature study 

can be compared in order to draw some conclusions about the behavior of a laterally loaded wall 

with stiff supports.  

5.1 Comparison experimental research and models found in literature 

Several models have been found in literature in order to estimate the resistance of the wall. For this 

research the most important model is the model found in the Eurocode. The formula for predicting 

the lateral resistance according to Eurocode 6 is as given in equation 85. This equation can also be 

found as equation 38 in chapter 2.  

 𝑞𝑙𝑎𝑡,𝑑 = 𝑓𝑑 (
𝑡

𝐿
)
2

 [85]  

In this study the length of the wall is 3000 mm and the thickness of the wall is 120 mm. The design 

value of the compressive strength could be obtained in two ways. First it could be calculated by 

means of a formula. The characteristic compressive strength could be calculated by: 

 𝑓𝑘 = 𝐾 ∗ 𝑓𝑏
𝛼 ∗ 𝑓𝑚

𝛽
 [86]  

For thin layer mortar 𝛽 is equal to zero. The value of 𝛼 is equal to 0.85 and the value of K is equal to 

0.8 for calcium silicate according to Eurocode 6. Putting these values in equation 83, leads to 

characteristic compressive strength of 6.61 N/mm². The design compressive strength is then equal to 

the characteristic compressive strength divided by the material factor. This leads to a value of 3.89 

N/mm². 

A second way to obtain the compressive strength is by means of experimental research. Since for 

this research compressive tests on the masonry prisms have been performed the compressive 

strength found in these experiments can be used. The mean compressive strength is found to be 12 

N/mm². This is bigger than the value found by the calculations. The value of 12 N/mm2 will therefore 

be used as input for the models.  

 𝑞𝑙𝑎𝑡,𝑑 =
12

1.7
(
120

3000
)
2

= 11.29 kN/m²  

A similar analysis has been performed for the walls with a length of 2000 mm. Inserting this value in 

equation 85 leads to a lateral resistance of 15.08 kN/m². 

Another model that can be considered is the compressive strut model. A lower bound estimation of 

the lateral resistance can be made by means of equation 87, which is the same equation as equation 

54 in chapter 2.  
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 𝑤 =
0.7𝑓′𝑚𝜆

ℎ/𝑡
 [87]  

In this equation the length of the wall (ℎ) is 3000 mm and the thickness of the wall (𝑡) is 120 mm. 

This means that the slenderness of the wall (ℎ/𝑡) is equal to 25. The value of 𝜆 is taken from Table 

5.1, which is taken from Abrams et al. (1996). According to this table the value of 𝜆 is equal to 0.013. 

The value of 𝑓′𝑚 is assumed to be equal to 12 N/mm², and is taken from the compression 

tests performed in the experimental research.  

Table 5.1 - Values of λ for different slendernesses (Abrams, Angel, & Uzarski, 1996) 

 

Putting these values in equation 87 gives: 

 𝑤 =
0.7 ∗ 12 ∗ 0.013

25
= 4.37 𝑘𝑁/𝑚²  

Since the area to which this load is applied is equal to 3*0.6=1.8 m², this is equal to a load of 7.87 kN. 

A similar calculation has been made for the wall of series 2. For this wall the length is 2000 mm, 

which gives a slenderness of 16.7. By interpolating between the values in Table 5.1 the value of 𝜆 is 

found to be equal to 0.030. This leads to a value for w of 15.08 kN/m², which is equal to a load of 

18.1 kN.  

A summary of the results is given in Table 5.2. This table shows that the Eurocode formula predicts 

the load quite well for both the walls in series 1 and in series 2. Except for wall CW06, the model 

predicts a lateral resistance which is lower than the lateral resistance measured. This is a safe 

approach. The estimated lateral resistance differs approximately 79% to 99% of the lateral load that 

has been measured. For wall CW06 the estimated lateral resistance is bigger than the lateral 

resistance measured in the experimental research. When the measured resistance is always lower 

than the estimated resistance the formula in Eurocode 6 wouldn’t be safe. Now it only counts for 

one wall, and it is not sure if the lower strength during the experimental research is caused by, for 

example, internal cracks or the quality of the masonry. Looking at the compressive strut method the 

lower bound lateral resistance predicts always a value which is lower than the value measured in the 
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experimental research. This is a safe way to predict the lateral resistance of the wall. However, the 

difference between the measured lateral resistance and the one calculated by this method is 

relatively large. Therefore it is not economical to use this formula, when there are better 

alternatives available.  

Table 5.2 - Summary of the results of the comparison of the models and the experimental research 

Test 

wall 

Lateral resistance 

experimental 

research [kN/m²] 

Lateral 

resistance 

estimated 

EC6 [kN/m²] 

Lateral resistance 

estimated 

compressive strut 

method [kN/m²] 

𝒒𝒍𝒂𝒕,𝑬𝑪𝟔
𝒒𝒍𝒂𝒕,𝒆𝒙𝒑

 
𝒒𝒍𝒂𝒕,𝒄𝒔𝒎
𝒒𝒍𝒂𝒕,𝒆𝒙𝒑

 

CW02 11.41 11.29 4.37 0.99 0.38 

CW03 13.72 11.29 4.37 0.82 0.32 

CW04 14.32 11.29 4.37 0.79 0.31 

CW05 26.43 25.41 15.08 0.96 0.57 

CW06 21.12 25.41 15.08 1.20 0.71 

CW07 26.6 25.41 15.08 0.96 0.57 

5.2 Comparison experimental research and numerical research 
When comparing the output of the numerical research with the output of the experimental 

research, some comparison has already been done in chapter 4. Referring to chapter 4, the ultimate 

load found in the numerical research is always bigger than the ultimate load found in the 

experiments. Furthermore the load which the wall is able to carry is bigger for the wall in the 

numerical research. A reason for this might be the stiffness of the supports, which has been 

idealized to be infinitely stiff. In reality this would never be the case in experimental research. 

Furthermore during the experimental research there was a gap between the wall and the steel 

frame, which needed to be filled with mortar. This mortar joint could have made the support 

conditions less stiff. At last the walls in the experimental research were not perfectly built and half of 

them already cracked before testing. Although these cracks have been repaired this could have 

lowered the quality of the masonry.  

Both the numerical model and the experimental research show similar behavior, while looking at the 

stresses in the wall. Although the stresses cannot be distracted from the values measured in the 

experimental research the horizontal length change which has been measured can tell something 

about the division of the stresses in the wall. This means it is not possible to compare the hard data 

of both researches, but the main lines could be compared. Summarizing the behavior of the wall, the 

wall is always cracked around mid-span and at both supports. At mid-span the crack opening is 

always at the bottom of the section, while at the supports it is always at the top of the section. At 

mid-span there is a compressive zone at the top of the section, while at the supports this is at the 

bottom of the section.  
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5.3 Conclusions  

The following can be concluded when looking at the above comparison: 

 The compressive strut method is conservative in estimating the lateral resistance of the wall.  
 Eurocode 6 generally gives a safe prediction of the lateral resistance of a masonry wall. Only 

for one of the walls in series 2 the predicted value was greater than the measured value.  
 The numerical model predicts a value of the ultimate load which is greater than the values 

measured in the experimental research 
 Both in the numerical and in the experimental research the wall showed similar behavior: 

the wall cracked at mid-span at the bottom and at both supports on the top of the section.   
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6 Conclusion and recommendations 
In the final chapter of this thesis a conclusion will be given. Before doing that the research goal of 

the introduction will be repeated. After that some recommendations will be given for further 

research on this topic.  

6.1 Conclusion 

In chapter 1 the following research goal has been formulated:  

Find the influence of the span of the wall on the out-of-plane resistance of the wall, and see whether 

the model presented by Eurocode 6 is valid for this variable.  

With the following sub-goals: 

 Find the typical behavior of the wall by means of experiments 

 Create a numerical model that predicts the behavior of the wall correctly to get a better 

understanding of the behavior of the wall 

Within this thesis both numerical and experimental research has been performed to get a better 

understanding of the behavior of the wall. From both analyses can be concluded that the 

assumption that the wall is acting like a three hinged arch with two rigid bodies is a valid 

assumption. Both in the experiments and in the numerical research this behavior is observed. 

Moreover at the supports the wall always cracks at the top of the section, while at the bottom there 

are compressive stresses. At mid-span there is a compressive zone at the top of the section, while 

the bottom of the section cracks. In the numerical model the wall always cracks exactly at mid-span, 

but in the experimental research this was not always the case, probably due to imperfections, like 

the position of the wall in the frame, the fullness of the mortar joints or imperfections in the units.  

Looking at the model found in Eurocode 6 it has been shown that the prediction of this model is 

generally safe. Only for one wall in the experimental research the predicted lateral resistance was 

greater than the measure lateral resistance. The other model considered in this research, the 

compressive strut method, showed to be more conservative.  

The influence of the span on the lateral resistance of the wall has only been investigated by 

experimental research. It can be concluded that the span of the wall has an influence on the 

resistance of the wall. The span of the walls of series 2 is 0.66 times the span of the walls in series 1. 

The ultimate load found for series 2 is found to be twice as big as the ultimate load for series 1. 

Comparing this with the formula in Eurocode 6 the (
1

𝑙
)
2

 in the formula seems to be a good way of 

introducing the influence of the span, since (
1

0.66
)
2
= 2.25.  
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6.2 Recommendations 

Within this section some recommendations are given for future research on this topic. First some 

general recommendations are given, then some recommendations for the experimental research 

and at last some recommendations for the numerical modelling. 

6.2.1 General recommendations 
 For future research other parameters might be considered. In this research only the span of 

the wall is considered as a variable parameter. Other parameters that might be considered 

are the kind of unit, the kind of mortar, the strength of the material, the thickness of the 

wall or the boundary conditions.  

 In many situations walls do not only have to resist the lateral loading, but are also carrying 

the vertical loads of floors or roofs. The influence of this vertical loading on the lateral 

resistance in combination with a probable arching action of the wall could be investigated.  

 Since the lateral resistance is also important for seismic loading, other types of loading can 

be concerned in future research.  Other types of loading that can be thought of are dynamic, 

cycling and blast loading.  

6.2.2 Recommendations concerning experimental research 
 During the experimental research the initial deflection of the walls has been measured. In 

the first tests these measurements were not performed on the same location as the 

measurements during the rest of the experimental program. It is recommended to perform 

these measurements on the same location to avoid approaching to the value of the initial 

deflection.  

 It is recommended to install a load cell between the wall and the support so that the thrust 

force in the wall can be measured. In the current experimental setup this force is not 

measured at all, but information about this force could give a better understanding of the 

behavior of the wall.  

 The walls for these series have been built at some distance from the test setup. During the 

movement of the walls to the test setup 50% of them already cracked. It is recommended to 

support the walls during transportation and rotation with sufficiently strong beams, so they 

won’t crack during transportation.  

 During the experiments the displacement of the frame is measured on each side. It would be 

better to measure the distance between the two columns of the frame to find values that 

are more reliable. The values that will be found are probably bigger and therefore the results 

of the measurements are more reliable.   

 The four point loads in this research are a simplification of a uniformly applied load. For 

future research can be considered to apply the load in another way, for example by means 

of air cushions.  

6.2.3 Recommendations concerning numerical modelling 
 Due to the fact that the student version of Abaqus has been used for this research the 

number of nodes for the numerical model is limited to 1000. The mesh of the model has 

been designed as good as possible with this limited number of nodes, but a finer mesh could 

give better results.  
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 The supports in the current model are modeled as infinitely stiff. To get a model that gives 

more realistic values, these supports could be modelled by using a spring, considering the 

stiffness of the frame, since the frame used in the experimental research, but also in 

practice, will never be infinitely stiff.  

 For this research the numerical model has only been developed for the wall with a span of 3 

meters. It would be interesting to create a similar model for the wall of 2 meters to see what 

the differences are in prediction of the experiments. 

 It would be interesting to compare the stresses found in the numerical model with the 

strains found in the experiments. By doing this the validity of the numerical model can be 

checked in another way.  

 In this research the forces on the wall are not equal when the displacements are applied to 

the wall. To overcome this, attempts have been made to apply equal forces to the wall and 

solve this by means of the arc length method or to add an equator to the model. For both 

cases the model did not work as expected or even gave no results. Therefore in future 

research in this topic it would be interesting to investigate the options of modelling this and 

get a good working model.  
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A.  Drawings 

On the next pages the following drawings will be presented: 

 Test setup initial measurements CW02 

 Test setup CW02 

 Test setup initial measurements CW03 

 Test setup CW03 

 Test setup initial measurements CW04 

 Test setup CW04 

 Test setup CW05-CW07 
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B.  Results Test series 1 

 

In this appendix the results of the tests of series 1 are given in more detail. These results will be 

presented for each of the walls separately. The order in which the walls are presented is the same as 

the order in which they have been tested. More detailed information about the test setup can be 

found in Appendix XXX and in the report.  

CW02 

The first wall which has been tested is CW02. During the rotation of the wall the wall has been 

broken. This made it necessary to repair the wall. This should be taken into account when deviating 

results are found.  

Additional calculations 

The data it is manipulated to make it possible to combine the results. Since the devices to measure 

the initial deflection under the own weight and the deflection under the applied loading are not at 

the same position some calculations are needed. A sketch of the different measurement locations is 

given below in Figure B.1.  

 

Figure B.1 - Sketch of the different measurement locations 

To get a proper estimation of the initial deflection, a regression analysis has been performed. This 

leads to a formula for the deflection. To know the formula is in agreement with the theory of 

mechanics the wall is analyzed as if it is a beam which is clamped at both supports and the own 

weight of the wall is added as a uniform load. The shear diagram and the moment diagram have 
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drawn for this situation, and a diagram for the rotation and deflection. These are shown in Figure 

B.2.  

 

Figure B.2 - The shear-, moment-, rotation and deflection diagram for a beam clamped at both supports 
(http://wiki.bk.tudelft.nl/mw_bk-wiki/images/8/83/Krachtswerking_deel_5_vervormingen.pdf) 

In mechanics there is a connection between these diagrams, since the derivative of the next diagram 

is given in the previous one. These relationships can be described as following: 

𝑞 =
𝑑𝑉

𝑑𝑥
 

𝑉 =
𝑑𝑀

𝑑𝑥
 

𝑀 =
𝑑𝜑

𝑑𝑥
 

𝜑 =
𝑑𝑤

𝑑𝑥
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Since q is a constant, because it is a uniform load, the expression to describe V should be linear. This 

means that the expression to describe M should be quadratic, the expression of 𝜑 should be cubic 

and the expression for w should be of the fourth degree.  

Therefore the final values of the initial deflection have been plotted in a graph with the position at 

which they are measured. Mid-span is assumed to be as x=0, as visible in Figure B.3.  

 

Figure B.3 - Polynomial of the initial deflection obtained by a regression analysis 

The function that is found to describe the initial deflection is as following: 

𝑦 = −4 ∗ 10−13 ∗ 𝑥4 − 1 ∗ 10−11 ∗ 𝑥3 + 3 ∗ 10−6 ∗ 𝑥2 + 3 ∗ 10−5 ∗ 𝑥 − 3,443 

Inserting the right values of x in this function gives the values of the initial deflection for the 

measurement positions considered in the real experiment. These values are given in Table B.1Table 

B.3 -.  

Location Value of x [mm] Deflection [mm] 

ADC01 -900 -1,295 

ADC02 -300 -3,185 

ADC03 300 -3,168 

ADC04 900 -1,256 

Table B.1 - Values of the initial deflection at the measurement positions for the final deflection 

The initial deflection is added to the deflection measured in the real experiment, since all the 

measurement devices are set to zero at the start of the experiment. By adding up both deflections 

you get the real deflection.  

By two of the measuring clocks, one on each side, the movement of the steel frame is measured. 

When the steel frame moves this influences the measurements of the horizontal displacement. 

Therefore the movement of the steel is subtracted from these measurements of the horizontal 

displacement to correct for this.  

y = -4E-13x4 - 1E-11x3 + 3E-06x2 + 3E-05x - 3.443 
R² = 1 
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Since q is a constant, because it is a uniform load, the expression to describe V should be linear. This 

means that the expression to describe M should be quadratic, the expression of 𝜑 should be cubic 

and the expression for w should be of the fourth degree.  

Therefore the final values of the initial deflection have been plotted in a graph with the position at 

which they are measured. Mid-span is assumed to be as x=0, as visible in Figure B.3.  
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measurement positions considered in the real experiment. These values are given in Table B.1Table 
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ADC04 900 -1,256 

Table B.1 - Values of the initial deflection at the measurement positions for the final deflection 

The initial deflection is added to the deflection measured in the real experiment, since all the 

measurement devices are set to zero at the start of the experiment. By adding up both deflections 

you get the real deflection.  

By two of the measuring clocks, one on each side, the movement of the steel frame is measured. 

When the steel frame moves this influences the measurements of the horizontal displacement. 

Therefore the movement of the steel is subtracted from these measurements of the horizontal 

displacement to correct for this.  
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At last the real loading of the wall need to be corrected by the loading due to its own weight. 

Normally the wall will be built in such a way that the own weight can be transferred directly to the 

foundation and the loading will be applied horizontally. In this case the own weight of the wall is 

however actually an additional loading and needs to be added to the value of the load to get the 

correct values.  

Initial deflection under own weight 

The initial deflection of the wall is measured prior to the real test. The support under the wall has 

been removed and for almost 100 hours the deflection has been measured. The results of these 

measurements are given in Figure B.4.  

 
Figure B.4 - Initial deflection of CW02 under its own weight 

The figure shows that the initial deflection increases immediately after removing the support to a 

value of -1,4 mm for Mitu_0 and Mitu_3 and a value of -2,8 mm for Mitu_1 and Mitu_2. After this 

the deflection increases only slightly; in 100 hours the deflection for Mitu_0 and Mitu_3 increases 

with about only 0,2 mm, while the deflection for Mitu_1 and Mitu_2 increases with about 0,4 mm. 

The deflection measured at the left side of the wall is equal to the deflection measured at the right 

side of the wall.  

Load-deflection 

The load-deflection diagram is presented in Figure B.5. The ultimate load is 20,5467 kN. The load 

deflection curves for both the right and the left side, are overlapping. This means they act similar.  
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Figure B.5 - Load-deflection diagram for CW02 

Load-length change 

The crack width is not measured directly. Instead a horizontal length change is measured at some 

distance from the wall. However, this horizontal length change represents the development of the 

crack width. In the remainder will not be talked about the crack width, but about the length change.  

The total overview of all the measurements is given in Figure B.6. The measurements at mid-span 
are given in Figure B.7. The measurements at the supports are given in Figure B.8.  
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Figure B.6 - Load- horizontal length change diagram for CW02, total overview of all measurements 

The largest length change is measured at mid-span at the bottom. All the other horizontal length 

changes are in the same range, except for the length change measured at mid-span at the top part 

of the side.  
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Figure B.7 - Load - horizontal length change diagram for CW02, measurements at mid-span 

Figure B.7 shows that the horizontal length changes measured at the bottom at mid-span are bigger 

than the horizontal length change measured at the top. The values measured at the bottom are 

almost twice as big as the values measured at the top.  
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Figure B.8 - Load-horizontal length change diagram for CW02, measurements at the supports 

As shown in Figure B.8 the left and the right support act similar. The shapes of the curves are similar 

for each of the sides at the top and at the bottom. The length changes measured at the top are 

bigger than the ones measured at the bottom.  

Behavior in section 

The measurements of the length change can be used to get some idea of the development of the 

stresses during the experiment.  The length change will be regarded at different times during the 

experiment. 

The diagram related to mid-span is given in Figure B.9.  
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Figure B.9 - Diagram CW02, measured at mid-span. 

As visible in Figure B.9 the top part of the section is cracked while the bottom part is in compression. 

The neutral line is in the top half of the section. The magnitude of the measured horizontal length 

change on both ends of the section is comparable. The part of the section which is in compression is 

therefore bigger than the part which is cracked.  

The diagram related to the left support is given in Figure B.10 and in Figure B.11 for the right 
support.  
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Figure B.10 - Diagram CW02, measured at left support. 

 

Figure B.11 - Diagram CW02, measured at right support. 

Comparing these two figures the left and the right support act similar. For both of the supports the 

top part is cracked while the bottom part is in compression. At the left support the values measured 

at the top of the section are bigger than the values measured at the right support. At the right 
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support the values measured in compression are bigger than the values measured at the left 

support. For both the left and the right support the neutral line is in the bottom half of the section. 

Moreover the part in compression is smaller than the part which is cracked.  

Pictures 

 
Figure B.12 - Test-setup to measure the initial deflection of wall CW02 

 
Figure B.13 - Test-setup for wall CW02 
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Figure B.14 - Test-setup and the deflection of the wall at failure 

 
Figure B.15 - Crack at mid-span at failure 
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Figure B.16 - Cracks at both of the supports at failure 

CW03 

Wall CW03 is the second wall that has been tested. The transportation and rotation of this wall went 

well, and no visible cracks can be found prior to testing. After all three tests in this series had been 

performed, this wall turned out to be the only one without damage prior to testing. The wall did not 

crack at mid-span, which was expected. Instead it cracked 30 cm from mid-span to the right support.  

Additional calculations 

Also for this wall the measurement positions are different for the measurements of the initial 

deflection and the final deflection. This is shown in Figure B.24. This makes it necessary to 

manipulate the data in order to combine these deflections.  
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Figure B.17 - Sketch of the different measurement locations 

In order to get a good estimation of the initial deflection a regression analysis had been performed. 

Therefore the final values of the initial deflection have been plotted in a graph with the position at 

which they are measured. Mid-span is assumed to be as x=0, as visible in Figure B.18. As mentioned 

for wall CW02, the curve of the deflection should be a polynomial of the fourth degree. 

 

Figure B.18 - Polynomial of the initial deflection obtained by a regression analysis 

The function that is found to describe the initial deflection is as following: 

𝑦 = −2 ∗ 10−13 ∗ 𝑥4 + 1 ∗ 10−10 ∗ 𝑥3 + 1 ∗ 10−6 ∗ 𝑥2 − 0,0002 ∗ 𝑥 − 1,3779 

y = -2E-13x4 + 1E-10x3 + 1E-06x2 - 0.0002x - 1.3779 
R² = 0.9872 
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Inserting the right values of x in this function gives the values of the initial deflection for the 

measurement positions considered in the real experiment. These values are given in Table B.2Table 

B.3 -.  

Location Value of x [mm] Deflection [mm] 

ADC01 -1125 -0,350 

ADC02 -375 -1,172 

ADC03 375 -1,311 

ADC04 1125 -0,515 

Table B.2 - Values of the initial deflection at the measurement positions for the final deflection 

The initial deflection is added to the deflection measured in the real experiment, since all the 

measurement devices are set to zero at the start of the experiment. By adding up both deflections 

you get the real deflection.  

By two of the measuring clocks, one on each side, the movement of the steel frame is measured. 

When the steel frame moves a lot this might influence the measurements of the crack width. 

Therefore the movement of the steel is subtracted from the crack width to correct for this.  

At last the real loading of the wall need to be corrected by the loading due to its own weight. 

Normally the wall will be built in such a way that the own weight can be transferred directly to the 

foundation and the loading will be applied horizontally. In this case the own weight of the wall is 

however actually an additional loading and needs to be added to the value of the load to get the 

correct image.  

Initial deflection under own weight 

The initial deflection of CW03 is measured prior to the real test. When the supporting steel beam 

was removed the deflection has been measured for somewhat more than 2 hours. The graph is given 

in Figure B.19. 
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Figure B.19 - Initial deflection of CW03 under its own weight 

The figure shows that the initial deflection is not equal for the left and the right half of the wall. The 

left half is deflecting less than the right half. The largest deflection is measured by Mitu_2 which is 

the measurement device right from mid-span. The initial deflection increases immediately after 

removing the support. For Mitu_0 it drops to -0,5 mm, for Mitu_1 to -1,0 mm, for Mitu_2 to almost -

1,3 mm and for Mitu_3 to almost -0,7 mm. For all locations the deflection increases slightly over 

time. For Mitu_0 and Mitu_3 this is only 0,05 mm, while for Mitu_1 and Mitu_2 this is about 0,15 

mm.  

Load-deflection 

The load-deflection diagram is presented in Figure B.20. The ultimate load for this wall is 24,6926 kN. 

Until reaching the ultimate load of the wall the measurement devices at the same position to the left 

and to the right with respect to mid-span act similar. After that the deflection measured on the right 

is bigger than the deflection measured on the left.  
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Figure B.20 - Load-deflection diagram for CW03 

Load-length change 

During the experiment the crack width is not measured directly. Instead, the horizontal length 

change is measured at four positions at mid-span and at two positions at each of the supports. 

Because the wall did not crack at mid-span the values of mid-span do not say something about the 

crack width. The values at the supports give some information about the development of the crack 

width.  

The total overview of all the measurements is given in Figure B.21. The measurements at mid-span 

are given in Figure B.22. The measurements at the supports are given in Figure B.23.  
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Figure B.21 - Load-length change diagram for CW03, total overview of all measurements. 

Figure B.21 shows that the horizontal length change measured at the supports is much bigger than 

the horizontal length change measured at mid-span. The biggest horizontal length change is 

measured at the top of the right support, followed by the top of the left support.  
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Figure B.22 - Load-length change diagram for CW03, measurements at mid-span. 

Figure B.22 shows the horizontal length change measured at mid-span. Since there is no crack, for 

this wall the values will be lower than for the other walls. The biggest changes are measured at the 

top and the bottom when the wall is maximally loaded. These changes are in the same order of 

magnitude. When the load decreases the length change decreases as well, but it does not go back to 

zero.  
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Figure B.23 - Load-length change diagram for CW03, measurements at the supports. 

Figure B.23 shows the both supports act similar till the maximum load is reached. After that the 

values measured at the right support are bigger than the values measured at the left support. This is 

for both the length change measured on top and at the bottom. The length change measured on top 

is bigger than the one measured at the bottom for both supports. 

Behavior in section 

The development of the magnitude of the horizontal length change over time gives an idea of the 

development of the stress during the experiment. These measurements have been performed at 

mid-span and at each of the supports. For each of them a separate figure is given. 

The diagram related to mid-span is given in Figure B.24. 
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Figure B.24 - Diagram CW03, measured at mid-span. 

Since the wall is not cracked at mid-span during failure, the values in this figure are not the values 

measured over the crack.  Nevertheless these values still say something about the stress 

development in the section. Looking at Figure B.24 the neutral line is in the middle of the height of 

the section at the first stage of the experiment. In this stage the values measured in compression 

and in tension are similar. Closer to failure the neutral line drops to the lower half of the section and 

the part in compression increases, while the part in tension decreases. The values of the horizontal 

length change are at failure not equal to the maximum values measured.  

The diagram related to the left support is given in Figure B.25, and the diagram related to the right 

support is given in Figure B.26 
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Figure B.25 - Diagram CW03, measured at left support. 

 

Figure B.26 - Diagram CW03, measured at right support. 

Comparing the two figures, it can be concluded that both for the right support and for the left 

support the bottom part is in compression and the top part is cracked, where the part which is 

cracked is bigger than the part in compression. For both supports the neutral line is in the bottom 
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half of the section. In the first stage of the experiment the values of the horizontal length change are 

comparable. Just prior to failure the values of the right support are bigger than the values of the left 

support.  

Pictures 

 

Figure B.27 - Test-setup to measure the initial deflection of wall CW03 

 

Figure B.28 - Test-setup for wall CW03 
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Figure B.29 - Test-setup and the deflection of the wall at failure 

 

Figure B.30 - Crack to the right of mid-span at failure 
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Figure B.31 - Crack at both of the supports 

CW04 

The third and even last wall of this series is CW04. During rotation of the wall into the test-setup, the 

wall cracked and therefore the wall needed to be repaired.  

Additional calculations 

For this wall some of the measurement locations of the initial deflection are also used in the final 

measurements. This is also shown in Figure B.32. In this figure can be seen that for the final 

measurements are two additional measurement locations. For these two locations it is important to 

get a good estimation of the initial deflection; for the other locations the initial deflection can 

directly be taken from the measurements. 
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Figure B.32 - Sketch of the different measurement locations 

In order to get a proper estimation of the initial deflection a regression analysis had been 

performed. Therefore the final values of the initial deflection have been plotted in a graph with the 

position at which they are measured. Mid-span is assumed to be as x=0, as visible in Figure B.33. As 

mentioned before the curve of the deflection should be a polynomial of the fourth degree. 

 

Figure B.33 - Polynomial of the initial deflection obtained by a regression analysis 

The function that is found to describe the initial deflection is as following: 

𝑦 = −2 ∗ 10−13 ∗ 𝑥4 + 2 ∗ 10−11 ∗ 𝑥3 + 1 ∗ 10−6 ∗ 𝑥2 − 5 ∗ 10−5 ∗ 𝑥 − 1,5277 

Inserting the right values of x in this function gives the values of the initial deflection for the 

measurement positions considered in the real experiment. These values are given in Table B.3Table 

B.3 -.  

y = -2E-13x4 + 2E-11x3 + 1E-06x2 - 5E-05x - 1.5277 
R² = 0.9999 
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Location Value of x [mm] Deflection [mm] 

ADC01 -1125 0,387 

ADC02 -375 1,347 

ADC03 375 1,394 

ADC04 1125 0,425 

ADC09 -750 0,999 

ADC10 750 1,058 

Table B.3 - Values of the initial deflection at the measurement positions for the final deflection 

The initial deflection is added to the deflection measured in the real experiment, since all the 

measurement devices are set to zero at the start of the experiment. By adding up both deflections 

you get the real deflection.  

By two of the measuring clocks, one on each side, the movement of the steel frame is measured. 

When the steel frame moves a lot this might influence the measurements of the crack width. 

Therefore the movement of the steel is subtracted from the crack width to correct for this.  

At last the real loading of the wall need to be corrected by the loading due to its own weight. 

Normally the wall will be built in such a way that the own weight can be transferred directly to the 

foundation and the loading will be applied horizontally. In this case the own weight of the wall is 

however actually an additional loading and needs to be added to the value of the load to get the 

correct image.  

Since something went wrong with the calibration factor of ADC10 the values needed to be corrected 

by using the right calibration factor. 

Initial deflection under own weight 

The initial deflection has been measured prior to the real test. After the supporting steel bar has 

been removed, the deflection was measured for about 70 hours. The results of these measurements 

are given in Figure B.34. 
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Figure B.34 - Initial deflection of CW04 under its own weight 

The figure shows that immediately after removing the support the wall starts to deflect. The values 

measured for Mitu_0 and Mitu_3 and Mitu_1 and Mitu_2 are comparable. For Mitu_0 and Mitu_3 

the deflection is about 0,4 mm in the end. For Mitu_1 and Mitu_2 the deflection is about -1,35 mm. 

Furthermore the deflection of Mitu_0 and Mitu_3 increases less over time than the deflection 

measured by Mitu_1 and Mitu_2.  

Load-deflection 

The load-deflection curve is given in Figure B.35. The ultimate load is equal to 25,7785 kN. 
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Figure B.35 - Load-deflection diagram for CW04 

Figure B.35 shows that the deflection measured at the similar positions to the left and to the right of 

mid-span have similar load-deflection curves. The curve of Left(375 mm) is similar to the curve of 

Right (2625 mm) for example. This means that the wall acts very symetrical with respect to the 

deflection. 

Load-length change 

Similar as mentioned for CW02 and CW03 the crack width is not measured directly. Because of that 

in the following parts will not be talked about the crack width, but about the length change.  

The total overview of all the measurements is given in Figure B.36. The measurements at mid-span 

are given in Figure B.37. The measurements at the supports are given in Figure B.38.  
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Figure B.36 - Load-length change diagram for CW04, total overview of all measurements. 

The biggest horizontal length change is measured at mid-span at the top and at mid-span at the 

bottom. At both positions the horizontal length change is in the same order of magnitude. The 

horizontal length change measured at both of the supports at the top are in the same order of 

magnitude as well. All other length changes are in the same order of magnitude as well.  
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Figure B.37 - Load-length change diagram for CW04, measurements at mid-span. 

Figure B.37 shows as well that the horizontal length change measured at the top and at the bottom 

of mid-span are comparable. The same counts for the values measured at the side of the wall, at the 

top and at the bottom. The length change measured at the bottom side is for both slightly bigger 

than the one measured at the top.  
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Figure B.38 - Load-length change diagram for CW04, measurements at the supports. 

Looking at Figure B.38 the length change measured at the top of the supports is bigger than the 

length change measured at the bottom. For the left support the length change measured at the top 

is bigger than for the right support, but at the bottom it is the other way around.  

Behavior in section 

The measurements of the length change can be used to get some idea of the development of the 

stresses during the experiment. These measurements have been performed at mid-span and at each 

of the supports. For each of them a separate figure is given. 

The diagram related to mid-span is given in Figure B.39. 
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Figure B.39 - Diagram CW04, measured at mid-span. 

Looking at Figure B.39 the top part of the section is in compression, while the bottom part is 

cracked. The neutral line is at about half of the height of the section, only slightly to the top half of 

the section. This means that the part which is cracked is slightly bigger than the part that is in 

compression.  
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Figure B.40 - Diagram CW04, measured at left support. 

 

Figure B.41 - Diagram CW04, measured at right support. 

Comparing Figure B.40 and Figure B.41, both supports act quite similar. For both supports the top is 

cracked, while the bottom is in compression. The neutral line of the section is in the bottom half of 
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the section, but for the left support this line lies lower than for the right support. This means that for 

both supports there is a bigger part of the section which is cracked than which is in compression.  

Pictures 

 
Figure B.42 - Test-setup to measure the initial deflection of wall CW04 

 

Figure B.43 - Test-setup for wall CW04 
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Figure B.44 - Test-setup and the deflection of the wall at failure 

 

Figure B.45 - Crack and crushing at mid-span at failure 
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Figure B.46 - Cracks at both of the supports at failure 
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C.  Results Test series 2 

 

In this appendix the results of test series 2 are given in detail. The results of this series are treated 

similar to the results of series 1. The biggest difference is the absence of measurements to take the 

initial deflection into account. For the walls in this series the initial deflection has been measured in 

the same way as the deflection is measured during the test. However this deflection seems to be 

negligible and therefore it will not be taken into account. The movement of the steel frame is taken 

into account in the same way as for series 1. Moreover in each of the series the real loading of the 

wall needs to be calculated by adding the own weight of the wall. In case of the CW05 some 

elements of the balance needs to be added too, since they were added later.  

CW05 

CW05 is the first wall which has been tested for this series. The wall has been tested two times, 

because the first time the test setup failed, prior to failure of the wall at what seems to be later half 

the ultimate loading of the wall. After this the structure was immediately unloaded, and the test 

setup has been adapted. The second test for this wall has been performed one day after the first. It 

has to be taken into account that the first test might have influenced the results of the second test.  

Load-deflection 

The load-deflection diagram is presented in Figure C.1. This represents the load-deflection for both 

the first test and the second test for this wall. After unloading the wall, some deflection remains in 

the wall. The maximum force is equal to 47,5772 kN.  
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Figure C.1 - Load-deflection diagram for CW05. 

Load-length change 

However the crack width is not measured directly the development of the length change will 

represent the development of the crack width. In the remainder will not be talked about the crack 

width, but about the measured horizontal length change.  

The total overview of all the measurements is given in Figure C.2. To get a clearer view the 

measurements at the supports and at mid-span are split in two separate figures. The measurements 

at mid-span are given in Figure C.3. The measurements at the supports are given in Figure C.4. Both 

the measurements of the first and the second test for this wall are given in the same figure. 
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Figure C.2 - Load-length change diagram for CW05, total overview of all measurements. 

The maximum horizontal length change has been measured at the right support at the top, followed 

by the left support at the top. The length change measured at mid-span is much smaller than the 

one measured at the supports.  
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Figure C.3 - Load-length change diagram for CW05, measurements at mid-span 

The horizontal length change caused by the first test of this wall can be seen in this figure. After 

unloading, the horizontal length change remains in the structure. This means that there are some 

deformations when the second test started.  
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Figure C.4 - Load-length change diagram for CW05, measurements at the supports 

Figure C.4 shows the horizontal length change measured at the both supports to be developed in the 
same kind of shape, where the length change measured at the right is somewhat larger than the 
length change measured at the left for both the measurements on top as at the bottom of the wall.  

Behavior in section 

The measurements of the horizontal length change can be used to get some idea of the 
development of the stresses during the experiment.   
The horizontal length change will be regarded at different times during the experiment. In this case 
the results of the first test of this wall and the second test of this wall are given in separate diagrams.  
The diagram related to mid-span is given in Figure C.5 for the first test and in Figure C.6 for the 
second test.  
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Figure C.5 - Diagram first test, measured at mid-span. 

 
Figure C.6 - Diagram second test, measured at mid-span. 

Comparing these diagrams, the wall in the first test seems to react linear elastic. In the second test 
the first measured value seems to act comparable, but after that the diagram gets a kink. In both 
diagrams the top part of the structure is in compression and the bottom part is cracked.  
The diagram related to the left support is given in Figure C.7 for the first test and in Figure C.8 for the 
second test.  
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Figure C.7 - Diagram first test, measured at left support. 

 

 
Figure C.8 - Diagram second test, measured at left support. 

The diagram related to the right support is given in Figure C.9 for the first test and in Figure C.10 for 
the second test.  
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Figure C.9 - Diagram first test, measured at right support. 

 

 
Figure C.10 - Diagram second test, measured at right support. 

Looking at these figures it can be concluded that at both supports a similar reaction has been 

measured. Since there are only two measurement points, one on top of the wall and one below the 

wall, it is not possible to say something about the shape of the diagram between these points. 

However, when connecting these points with just a straight line, the top part is cracked and the 

bottom part in compression. The neutral line is below half the height of the wall. 
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Pictures 

 
Figure C.11 - First test-setup for wall CW05 

 
Figure C.12 - Failure of the first test-setup for wall CW05 
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Figure C.13 - The test setup for wall CW05 after it has been adapted 

 
Figure C.14 - Test setup and the deflection of the wall at failure 
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Figure C.15 - Crack at failure of the wall at mid-span 

  
Figure C.16 - Crack at failure of the wall at both of the supports 

CW06 

This is the second wall which has been tested. During the preparation of the test everything went 

well.  

Load-deflection 

The load-deflection diagram is presented in Figure C.17. The ultimate load for this wall is 38,0248 kN. 

The measurements show a similar curve for the couples of measurement device located at the same 

distance related to mid-span. 
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Figure C.17 - Load-deflection diagram for CW06. 

Load-length change 

Similar as mentioned for CW05 the crack width is not measured directly. Therefore in the following 

parts will not be talked about the crack width, but about the length change.  

The total overview of all the measurements is given in Figure C.18. To get a clearer view the 
measurements at the supports and at mid-span are split in two separate figures. The measurements 
at mid-span are given in Figure C.19. The measurements at the supports are given in Figure C.20.  
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Figure C.18 - Load-length change diagram for CW06, total overview of all measurements. 

The largest horizontal length change is measured at the bottom at mid-span. This length change is 

out of range of all other horizontal length changes, both at the supports and at mid span, which are 

all in the same order of magnitude. Only the values measured at mid-span by ADC-08 are much 

smaller.  
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Figure C.19 - Load-length change diagram for CW06, measurements at mid-span  

Figure C.19 shows the same measured values for ADC-08. The values seem to vary a little bit at the 

start of the experiment, but later on it keeps constant. The other LVDT’s do measure a variating 

length change. That ADC-08 does not is strange, and therefore some additional attention must be 

given to these values, to check whether they might be correct. The positive length changes at mid 

span are larger than the negative ones, and since three of the LVDT’s measure a positive length 

change displacement it seems that the part of the section which is cracked is bigger than the part 

which is in compression.  
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Figure C.20 - Load-length change diagram for CW06, measurements at the supports 

Figure C.20 shows that both supports act in a similar way. Although the shape of the curves is not 

exactly the same the magnitude and the course of the curve is comparable. The positive horizontal 

length change is in both cases bigger than the negative horizontal length change. 

Behavior in section 

The measurements of the horizontal length change can be used to get some idea of the 

development of the stresses during the experiment. These measurements have been performed at 

mid-span and at each of the supports. For each of them a separate figure is given. 

The diagram related to mid-span is given in Figure C.21. 
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Figure C.21 - Diagram CW06, measured at mid-span. 

Looking at Figure C.21, the top part of the structure is in compression, while the bottom part of the 

structure is cracked. The values measured by ADC-08, which seemed to be strange, actually seem to 

fit in the curve. It might be possible that the LVDT was measuring the right value, but that it was 

located very close to the neutral line, as can be seen in the figure. The neutral line is in the above 

half of the section.  

The diagram related to the left support is given in Figure C.22 and in Figure C.23 for the right 
support.  
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Figure C.22 - Diagram CW06, measured at left support. 

 

Figure C.23 - Diagram CW06, measured at right support. 

Looking at these figures, it can be concluded that the supports do not act the same. For the left 

support the top is cracked, while the bottom is in compression. The part which is cracked is bigger 

than the part which is in compression. The neutral line is located in the bottom half of the section. 
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For the right support the top is cracked and the bottom is in compression, as well. However, these 

parts are about the same size and the neutral line is located around half the height of the section.  

Pictures 

 
Figure C.24 - Test-setup for wall CW06 

 
Figure C.25 - Test setup and the deflection of the wall at failure 

 



LXVII 
 

 
Figure C.26 - Crack at mid-span at failure 

   
Figure C.27 Cracks at both of the supports at failure 

CW07 

This wall is the third, and last, wall in this series. During transportation of the wall from the place in 

the lab where it was built to the test setup, the wall already cracked at mid-span. This happened 

during hoisting the wall and not during tilting, as what happened to the walls in series 1.  

Load-deflection 

The load-deflection diagram is presented in Figure C.28. The ultimate load for this wall is 47,8836 kN. 

The graph shows a difference between the left and the right side of the wall. The values of ADC-01, 

ADC-02 and ADC-03, which are all at the left side of the wall, are higher than the values for the right 

side. 
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Figure C.28 - Load-deflection diagram for CW07. 

Load-length change 

Similar as mentioned for CW05 and CW06 the crack width is not measured directly. Therefore in the 

following parts will not be talked about the crack width, but about the horizontal length change.  

The total overview of all the measurements is given in Figure C.29. To get a clearer view the 

measurements at the supports and at mid-span are split in two separate figures. The measurements 

at mid-span are given in Figure C.30. The measurements at the supports are given in Figure C.31.  
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Figure C.29 - Load-length change diagram for CW07, total overview of all measurements. 

Figure C.29 shows the largest horizontal length changes are at the supports. These values are much 

bigger than the horizontal length changes measured at mid-span. Only one of the length changes, 

namely the one measured on top of the right support is in the same range as the length change 

measured at mid-span.  
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Figure C.30 - Load-length change diagram for CW07, measurements at mid-span. 

According to Figure C.30, the biggest length change at mid-span is measured at the bottom, which is 

a positive length change. The biggest negative length change is measured at the top, but this length 

change is smaller than the one measured at the bottom.  
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Figure C.31 - Load-length change diagram for CW07, measurements at the supports. 

Figure C.31 shows that the horizontal length change measured at the left support is bigger than the 

one at the right support. For the left support the positive length change is about as big as the 

negative one. For the right support the negative length change is bigger than the positive length 

change.  

Behavior in section 

The measurements of the horizontal length change can be used to get some idea of the 

development of the stresses during the experiment. These measurements have been performed at 

mid-span and at each of the supports. For each of them a separate figure is given. 

The diagram related to mid-span is given in Figure C.32. 
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Figure C.32 - Diagram CW07, measured at mid-span. 

As already shown in Figure C.30 the length change becomes less after reaching the ultimate load. 

This is also visible in Figure C.32. After reaching the ultimate load the length change decreases and 

with that the shape of the diagram changes and the neutral line shifts. Although this shift, the top 

part of the structure is in compression and the bottom part is cracked regardless the time of 

measurement. At failure the neutral line is in the bottom half of the section.   

The diagram related to the left support is given in Figure C.33 and in Figure C.34 for the right 
support.  
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Figure C.33 - Diagram CW07, measured at left support. 

 

Figure C.34 - Diagram CW07, measured at right support. 

Looking at these two figures, it can be concluded that the left and the right support act differently. 

Looking at the left support the positive and negative horizontal length change measured have about 

the same value. This means the neutral line is around half the height of the section. The top part is 

-100

-80

-60

-40

-20

0

20

40

60

80

100

-10 -8 -6 -4 -2 0 2 4 6 8

H
ei

gh
t 

[m
m

] 

Length change [mm] 

t=2152 sec

t=2020 sec

t=1795 sec

t=1570 sec

t=1345 sec

t=1120 sec

t=895 sec

t=670 sec

t=445 sec

t=220 sec

-100

-80

-60

-40

-20

0

20

40

60

80

100

-4 -3 -2 -1 0 1

H
ei

gh
t 

[m
m

] 

Length change [mm] 

t=2152 sec

t=2020 sec

t=1795 sec

t=1570 sec

t=1345 sec

t=1120 sec

t=895 sec

t=670 sec

t=445 sec

t=220 sec



LXXIV 
 

cracked and the bottom in compression. For the right support the negative horizontal length change 

is way bigger than the positive horizontal length change. There is a small part of the section which is 

cracked. At failure the whole section is in compression. The neutral line is in the top half of the 

section for the right support.  

Pictures 

 
Figure C.35 - Test-setup for wall CW07 

 
Figure C.36 - Test-setup and the deflection of the wall at failure 
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Figure C.37 - Crack at mid-span at failure 

  
Figure C.38 - Cracks at both of the supports at failure 
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D.  Results material tests  
 

In this appendix the results of the material tests are given in more detail. First the results will be 

presented for each of the four wallettes which have been tested. After that the results of the mortar 

tests will be given. 

D.1 Compression tests on wallettes 

D.1.1 CF01 

D.1.1.1 Before testing 

 

 
Figure D.1 - Wallette CF01 prior to testing (front and back) 
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D.1.1.2 After testing 

 

  
Figure D.2 - Cracks in wallette CF01 after failure 
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D.1.1.3 Results 

 
Figure D.3 - Force-displacement diagram for wallette CF01 

 
Figure D.4 - Stress-strain diagram for wallette CF01 
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Figure D.5 -  Average values of the stress-strain curves combined with a linear regression analysis 

 
Figure D.6 - Average values of the stress-strain curves combined with a polynomial regression analysis 
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D.1.2 CF02 

D.1.2.1 Before testing 

 

 
Figure D.7 - Wallette CF02 prior to testing (front and back) 



LXXXII 
 

D.1.2.2 After testing 

  

   
Figure D.8 - Cracks in wallette CF02 after failure 
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D.1.2.3 Results 

 
Figure D.9 - Force-displacement diagram for wallette CF02 

 
Figure D.10 - Stress-strain diagram for wallette CF02 
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Figure D.11 - Average values of the stress-strain curves combined with a linear regression analysis 

 
Figure D.12 - Average values of the stress-strain curves combined with a polynomial regression analysis 
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D.1.3 CF03 

D.1.3.1 Before testing 

 

 
Figure D.13 - Wallette CF03 prior to testing (front and back) 



LXXXVI 
 

D.1.3.2 After testing 

   

   
Figure D.14 - Cracks in wallette CF03 after failure 



LXXXVII 
 

D.1.3.3 Results 

 
Figure D.15 - Force-displacement diagram for wallette CF03 

 
Figure D.16 - Stress-strain diagram for wallette CF03 
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Figure D.17 - Average values of the stress-strain curves combined with a linear regression analysis 

 
Figure D.18 - Average values of the stress-strain curves combined with a polynomial regression analysis 
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D.1.4 CF04 

D.1.4.1 Before testing 

 

 
Figure D.19 - Wallette CF04 prior to testing (front and back) 
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D.1.4.2 After testing 

   

   
Figure D.20 - Cracks in wallette CF04 after failure 
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D.1.4.3 Results 

 
Figure D.21 - Force-displacement diagram for wallette CF04 

 
Figure D.22 - Stress-strain diagram for wallette CF04 
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Figure D.23 - Average values of the stress-strain curves combined with a linear regression analysis 

 
Figure D.24 - Average values of the stress-strain curves combined with a polynomial regression analysis 
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D.1.5 Average values 

In order to determine the Young’s modulus, the average stress-strain values have been calculated 

for some points, and through these points a polynomial regression line will be calculated. This line 

should describe the behavior of the masonry. Since the results measured over the joint differ from 

the results measured over the joint, these results have been split in two separate figures next to the 

overall average values.  

D.1.5.1 Results 

 
Figure D.25 - Stress-strain diagram for the four wallettes measured over the stone, and the mean value 
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Figure D.26 - Stress-strain diagram for the four wallettes measured over the joint, and the mean value 

 
Figure D.27 - Stress-strain diagram for the four wallettes and the mean value 
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D.1.5.2 Young’s Modulus 

Based on the graphs presented in the results above the Young’s modulus is calculated. Therefore the 

formulas retrieved by polynomial regression of the mean values are used. For the determination of 

the slope of the curve is calculated by taking the derivative of this function. The modulus of elasticity 

will vary, because of the polynomial shape of the curve. These functions are given in Table D.1. 

Table D.1 - Functions obtained by polynomial regression to describe the behavior and the Young’s modulus of the 
masonry 

 Function Derivative 

Average over the joint 𝑦 = −0,5942𝑥2 + 5,3696𝑥 𝑑𝑦

𝑑𝑥
= −1,1884𝑥 + 5,3696 

Average over the stone 𝑦 = −1,3624𝑥2 + 8,3312𝑥 𝑑𝑦

𝑑𝑥
= −2,72484𝑥 + 8,3312 

Average total 𝑦 = −0,7593𝑥2 + 6,0971𝑥 𝑑𝑦

𝑑𝑥
= −1,5186𝑥 + 6,0971 

By using the functions given in Table D.1 the Young’s modulus can be calculated for different values 

of strain. This has been done for several strains, and these results are given in Table D.2. 

Table D.2 - Different values of the Young’s modulus for several values of strain  

Strain 
[mm/m] 

Young’s modulus [N/mm²] 

average over joint average over stone average total 

0 5369,6 8331,2 6097,1 

0,5 4775,3 6968,8 5337,8 

1 4181 5606,4 4578,5 

1,5 3586,7 4244 3819,2 

2 2992,4 2881,6 3059,9 

2,5 2398,1 1519,2 2300,6 

3 1803,8 156,8 1541,3 

D.2 Material tests on mortar bars 

For testing the mortar bars other equipment is used and standard measurement procedures have 

been followed according to determine both the flexural and compressive strength of the mortar. 

According to this procedure six bars need to be tested in pure bending. These bars have a dimension 

of about 40x40x160 mm. These bars are positioned in such a way that the distance between the 

supports is 100 mm. The force will be applied in the center of the beam.  A schematic figure of this 

bending test is given in Figure D.28. The loading speed used for these tests is 50 N/s. The values can 

be read from the screen. These values can be used to calculate the flexural strength of the mortar. A 

picture of the test setup is given in Figure D.29. 
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Figure D.28 - Schematic drawing of the mechanical scheme of the bending test 
Figure D.29 - Picture of a mortar bar in the bending test 

Once all the bending tests have been performed, the two pieces that result from each of these tests 

can be used for the compression tests. Therefore these parts are compressed by a surface of 40x40 

mm on which these parts need to be centered. The loading speed for this test is 500 N/s. Once the 

maximum is reached the machine automatically stops and the maximum value can be written down. 

These values can be used to calculate the compressive strength of the mortar. A picture of the test 

setup is given in Figure D.30.  

 
Figure D.30 - Picture of a piece of mortar in the compression test 
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1-CW series 1 

   

   

   
Figure D.31 - Pictures of mortar bar 1-CW Series 1 
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2-CW series 1 

   

   

   
Figure D.32 - Pictures of mortar bar 2-CW Series 1 
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3-CW series 1 

   

   

   
Figure D.33 - Pictures of mortar bar 3-CW Series 1 
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4-CW series 1 

   

   

   
Figure D.34 - Pictures of mortar bar 4-CW Series 1 
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5-CW series 1 

   

   

   
Figure D.35 - Pictures of mortar bar 5-CW Series 1 
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6-CW series 1 

   

   

   
Figure D.36 - Pictures of mortar bar 6-CW Series 1 

 

  



CIII 
 

D.2.1.1 Overview of the results 
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E.   Python Script 
 

# -*- coding: mbcs -*- 

from part import * 

from material import * 

from section import * 

from assembly import * 

from step import * 

from interaction import * 

from load import * 

from mesh import * 

from optimization import * 

from job import * 

from sketch import * 

from visualization import * 

from connectorBehavior import * 

 

###Parameters### 

#Wall 

unitheight = 297 

jointheight = 3 

wallthickness = 120 

n = 10 

 

span = BC = n*(unitheight+jointheight) 

AB = wallthickness+0.5*jointheight 

AJ = unitheight+jointheight+0.5*unitheight 
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HI = AJ-wallthickness 

AD = AB*2+BC 

 

#Supports 

platethickness = 40 

additionalspace = 100 

 

cohesivethickness=0.001 

 

#####GEOMETRY##### 

###PART WALL### 

#Teken lijn AJ 

mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=200.0) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.0, 0.0), point2=( 

    0.0, AJ)) 

mdb.models['Model-1'].sketches['__profile__'].VerticalConstraint(addUndoState= 

    False, entity=mdb.models['Model-1'].sketches['__profile__'].geometry[2]) 

#Teken lijn AD 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.0, AJ), point2= 

    (AD, AJ)) 

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint( 

    addUndoState=False, entity= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[3])  

mdb.models['Model-1'].sketches['__profile__'].PerpendicularConstraint( 

    addUndoState=False, entity1= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[2], entity2= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[3]) 
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#Teken lijn DE 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(AD, AJ),  

    point2=(AD, 0.0)) 

mdb.models['Model-1'].sketches['__profile__'].VerticalConstraint(addUndoState= 

    False, entity=mdb.models['Model-1'].sketches['__profile__'].geometry[4]) 

mdb.models['Model-1'].sketches['__profile__'].PerpendicularConstraint( 

    addUndoState=False, entity1= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[3], entity2= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[4]) 

#Teken lijn EF 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(AD, 0.0),  

    point2=(AD-AB, 0.0)) 

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint( 

    addUndoState=False, entity= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[5]) 

mdb.models['Model-1'].sketches['__profile__'].PerpendicularConstraint( 

    addUndoState=False, entity1= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[4], entity2= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[5]) 

#Teken lijn FG 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(AD-AB, 0.0),  

    point2=(AD-AB, HI)) 

mdb.models['Model-1'].sketches['__profile__'].VerticalConstraint(addUndoState= 

    False, entity=mdb.models['Model-1'].sketches['__profile__'].geometry[6]) 

mdb.models['Model-1'].sketches['__profile__'].PerpendicularConstraint( 

    addUndoState=False, entity1= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[5], entity2= 
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    mdb.models['Model-1'].sketches['__profile__'].geometry[6]) 

#Teken lijn GH 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(AD-AB, HI),  

    point2=(AB, HI)) 

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint( 

    addUndoState=False, entity= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[7]) 

mdb.models['Model-1'].sketches['__profile__'].PerpendicularConstraint( 

    addUndoState=False, entity1= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[6], entity2= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[7]) 

#Teken lijn HI 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(AB, HI),  

    point2=(AB, 0.0)) 

mdb.models['Model-1'].sketches['__profile__'].VerticalConstraint(addUndoState= 

    False, entity=mdb.models['Model-1'].sketches['__profile__'].geometry[8]) 

mdb.models['Model-1'].sketches['__profile__'].PerpendicularConstraint( 

    addUndoState=False, entity1= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[7], entity2= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[8]) 

#Teken lijn IJ 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(AB, 0.0), point2= 

    (0.0, 0.0)) 

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint( 

    addUndoState=False, entity= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[9]) 

mdb.models['Model-1'].sketches['__profile__'].PerpendicularConstraint( 



CIX 
 

    addUndoState=False, entity1= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[8], entity2= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[9]) 

mdb.models['Model-1'].Part(dimensionality=TWO_D_PLANAR, name='Wall', type= 

    DEFORMABLE_BODY) 

mdb.models['Model-1'].parts['Wall'].BaseShell(sketch= 

    mdb.models['Model-1'].sketches['__profile__']) 

del mdb.models['Model-1'].sketches['__profile__'] 

 

#partition - creating units 

mdb.models['Model-1'].ConstrainedSketch(gridSpacing=163.69, name='__profile__',  

    sheetSize=6547.73, transform= 

    mdb.models['Model-1'].parts['Wall'].MakeSketchTransform( 

    sketchPlane=mdb.models['Model-1'].parts['Wall'].faces[0],  

    sketchPlaneSide=SIDE1, sketchOrientation=RIGHT, origin=(0, 0,  

    0.0))) 

mdb.models['Model-1'].parts['Wall'].projectReferencesOntoSketch(filter= 

    COPLANAR_EDGES, sketch=mdb.models['Model-1'].sketches['__profile__']) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(AB, HI) 

    , point2=(AB, AJ)) 

mdb.models['Model-1'].sketches['__profile__'].VerticalConstraint(addUndoState= 

    False, entity=mdb.models['Model-1'].sketches['__profile__'].geometry[10]) 

mdb.models['Model-1'].sketches['__profile__'].ParallelConstraint(addUndoState= 

    False, entity1=mdb.models['Model-1'].sketches['__profile__'].geometry[3],  

    entity2=mdb.models['Model-1'].sketches['__profile__'].geometry[10]) 

mdb.models['Model-1'].sketches['__profile__'].CoincidentConstraint( 

    addUndoState=False, entity1= 
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    mdb.models['Model-1'].sketches['__profile__'].vertices[8], entity2= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[8]) 

mdb.models['Model-1'].sketches['__profile__'].linearPattern(angle1=0.0, angle2= 

    90.0, geomList=(mdb.models['Model-1'].sketches['__profile__'].geometry[10],  

    ), number1=n+1, number2=1, spacing1=unitheight+jointheight, spacing2=654.773, vertexList=()) 

mdb.models['Model-1'].parts['Wall'].PartitionFaceBySketch(faces= 

    mdb.models['Model-1'].parts['Wall'].faces.getSequenceFromMask(('[#1 ]',  

    ), ), sketch=mdb.models['Model-1'].sketches['__profile__']) 

del mdb.models['Model-1'].sketches['__profile__'] 

mdb.models['Model-1'].ConstrainedSketch(name='__edit__', objectToCopy= 

    mdb.models['Model-1'].parts['Wall'].features['Partition face-1'].sketch) 

mdb.models['Model-1'].parts['Wall'].projectReferencesOntoSketch(filter= 

    COPLANAR_EDGES, sketch=mdb.models['Model-1'].sketches['__edit__'],  

    upToFeature= 

    mdb.models['Model-1'].parts['Wall'].features['Partition face-1']) 

mdb.models['Model-1'].sketches['__edit__'].Line(point1=(AB+cohesivethickness,  

    HI), point2=(AB+cohesivethickness, AJ)) 

mdb.models['Model-1'].sketches['__edit__'].VerticalConstraint(addUndoState= 

    False, entity=mdb.models['Model-1'].sketches['__edit__'].geometry[27]) 

mdb.models['Model-1'].sketches['__edit__'].PerpendicularConstraint( 

    addUndoState=False, entity1= 

    mdb.models['Model-1'].sketches['__edit__'].geometry[4], entity2= 

    mdb.models['Model-1'].sketches['__edit__'].geometry[27]) 

mdb.models['Model-1'].sketches['__edit__'].CoincidentConstraint(addUndoState= 

    False, entity1=mdb.models['Model-1'].sketches['__edit__'].vertices[32],  

    entity2=mdb.models['Model-1'].sketches['__edit__'].geometry[4]) 

mdb.models['Model-1'].sketches['__edit__'].CoincidentConstraint(addUndoState= 
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    False, entity1=mdb.models['Model-1'].sketches['__edit__'].vertices[33],  

    entity2=mdb.models['Model-1'].sketches['__edit__'].geometry[8]) 

mdb.models['Model-1'].sketches['__edit__'].linearPattern(angle1=0.0, angle2= 

    90.0, geomList=(mdb.models['Model-1'].sketches['__edit__'].geometry[27], ),  

    number1=n, number2=1, spacing1=unitheight+jointheight, spacing2=654.773, vertexList=()) 

mdb.models['Model-1'].parts['Wall'].features['Partition face-1'].setValues( 

    sketch=mdb.models['Model-1'].sketches['__edit__']) 

 

mdb.models['Model-1'].ConstrainedSketch(name='__edit__', objectToCopy= 

    mdb.models['Model-1'].parts['Wall'].features['Partition face-1'].sketch) 

mdb.models['Model-1'].parts['Wall'].projectReferencesOntoSketch(filter= 

    COPLANAR_EDGES, sketch=mdb.models['Model-1'].sketches['__edit__'],  

    upToFeature= 

    mdb.models['Model-1'].parts['Wall'].features['Partition face-1']) 

mdb.models['Model-1'].sketches['__edit__'].Line(point1=(AD-AB-cohesivethickness,  

    HI), point2=(AD-AB-cohesivethickness, AJ)) 

mdb.models['Model-1'].sketches['__edit__'].VerticalConstraint(addUndoState= 

    False, entity=mdb.models['Model-1'].sketches['__edit__'].geometry[43]) 

mdb.models['Model-1'].sketches['__edit__'].PerpendicularConstraint( 

    addUndoState=False, entity1= 

    mdb.models['Model-1'].sketches['__edit__'].geometry[4], entity2= 

    mdb.models['Model-1'].sketches['__edit__'].geometry[43]) 

mdb.models['Model-1'].sketches['__edit__'].CoincidentConstraint(addUndoState= 

    False, entity1=mdb.models['Model-1'].sketches['__edit__'].vertices[54],  

    entity2=mdb.models['Model-1'].sketches['__edit__'].geometry[4]) 

mdb.models['Model-1'].sketches['__edit__'].CoincidentConstraint(addUndoState= 

    False, entity1=mdb.models['Model-1'].sketches['__edit__'].vertices[55],  
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    entity2=mdb.models['Model-1'].sketches['__edit__'].geometry[8]) 

mdb.models['Model-1'].parts['Wall'].features['Partition face-1'].setValues( 

    sketch=mdb.models['Model-1'].sketches['__edit__'])   

del mdb.models['Model-1'].sketches['__edit__'] 

mdb.models['Model-1'].parts['Wall'].regenerate() 

 

mdb.models['Model-1'].parts['Wall'].DatumPlaneByPrincipalPlane(offset=AB+(BC/8),  

    principalPlane=YZPLANE) 

mdb.models['Model-1'].parts['Wall'].DatumPlaneByPrincipalPlane(offset=AB+(3*BC/8),  

    principalPlane=YZPLANE) 

mdb.models['Model-1'].parts['Wall'].DatumPlaneByPrincipalPlane(offset=AB+(5*BC/8),  

    principalPlane=YZPLANE) 

mdb.models['Model-1'].parts['Wall'].DatumPlaneByPrincipalPlane(offset=AB+(7*BC/8),  

    principalPlane=YZPLANE) 

mdb.models['Model-1'].parts['Wall'].PartitionEdgeByDatumPlane(datumPlane= 

    mdb.models['Model-1'].parts['Wall'].datums[3], edges= 

    mdb.models['Model-1'].parts['Wall'].edges.findAt(((646.50025, 328.5, 0.0),  

    ), ((496.50075, 448.5, 0.0), ), )) 

mdb.models['Model-1'].parts['Wall'].PartitionEdgeByDatumPlane(datumPlane= 

    mdb.models['Model-1'].parts['Wall'].datums[4], edges= 

    mdb.models['Model-1'].parts['Wall'].edges.findAt(((1246.50025, 328.5, 0.0),  

    ), ((1096.50075, 448.5, 0.0), ), )) 

mdb.models['Model-1'].parts['Wall'].PartitionEdgeByDatumPlane(datumPlane= 

    mdb.models['Model-1'].parts['Wall'].datums[5], edges= 

    mdb.models['Model-1'].parts['Wall'].edges.findAt(((1996.50075, 448.5, 0.0),  

    ), ((2146.50025, 328.5, 0.0), ), )) 

mdb.models['Model-1'].parts['Wall'].PartitionEdgeByDatumPlane(datumPlane= 
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    mdb.models['Model-1'].parts['Wall'].datums[6], edges= 

    mdb.models['Model-1'].parts['Wall'].edges.findAt(((2596.50075, 448.5, 0.0),  

    ), ((2746.50025, 328.5, 0.0), ), )) 

 

###PART SUPPORT LEFT### 

mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=200.0) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.0, 0.0), point2=( 

    0.0, AJ+additionalspace)) 

mdb.models['Model-1'].sketches['__profile__'].VerticalConstraint(addUndoState= 

    False, entity=mdb.models['Model-1'].sketches['__profile__'].geometry[2]) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.0, AJ+additionalspace), point2= 

    (-platethickness, AJ+additionalspace)) 

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint( 

    addUndoState=False, entity= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[3]) 

mdb.models['Model-1'].sketches['__profile__'].PerpendicularConstraint( 

    addUndoState=False, entity1= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[2], entity2= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[3]) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(-platethickness, AJ+additionalspace),  

    point2=(-platethickness, -platethickness)) 

mdb.models['Model-1'].sketches['__profile__'].VerticalConstraint(addUndoState= 

    False, entity=mdb.models['Model-1'].sketches['__profile__'].geometry[4]) 

mdb.models['Model-1'].sketches['__profile__'].PerpendicularConstraint( 

    addUndoState=False, entity1= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[3], entity2= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[4]) 
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mdb.models['Model-1'].sketches['__profile__'].Line(point1=(-platethickness, -platethickness),  

    point2=(AB+additionalspace, -platethickness)) 

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint( 

    addUndoState=False, entity= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[5]) 

mdb.models['Model-1'].sketches['__profile__'].PerpendicularConstraint( 

    addUndoState=False, entity1= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[4], entity2= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[5]) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(AB+additionalspace, -platethickness),  

    point2=(AB+additionalspace, 0.0)) 

mdb.models['Model-1'].sketches['__profile__'].VerticalConstraint(addUndoState= 

    False, entity=mdb.models['Model-1'].sketches['__profile__'].geometry[6]) 

mdb.models['Model-1'].sketches['__profile__'].PerpendicularConstraint( 

    addUndoState=False, entity1= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[5], entity2= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[6]) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(AB+additionalspace, 0.0), point2= 

    (0.0, 0.0)) 

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint( 

    addUndoState=False, entity= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[7]) 

mdb.models['Model-1'].sketches['__profile__'].PerpendicularConstraint( 

    addUndoState=False, entity1= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[6], entity2= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[7]) 

mdb.models['Model-1'].Part(dimensionality=TWO_D_PLANAR, name='Left support',  
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    type=DEFORMABLE_BODY) 

mdb.models['Model-1'].parts['Left support'].BaseShell(sketch= 

    mdb.models['Model-1'].sketches['__profile__']) 

del mdb.models['Model-1'].sketches['__profile__'] 

 

###PART SUPPORT RIGHT### 

mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=200.0) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.0, 0.0), point2=( 

    0.0, AJ+additionalspace)) 

mdb.models['Model-1'].sketches['__profile__'].VerticalConstraint(addUndoState= 

    False, entity=mdb.models['Model-1'].sketches['__profile__'].geometry[2]) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.0, AJ+additionalspace), point2= 

    (platethickness, AJ+additionalspace)) 

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint( 

    addUndoState=False, entity= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[3]) 

mdb.models['Model-1'].sketches['__profile__'].PerpendicularConstraint( 

    addUndoState=False, entity1= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[2], entity2= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[3]) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(platethickness, AJ+additionalspace),  

    point2=(platethickness, -platethickness)) 

mdb.models['Model-1'].sketches['__profile__'].VerticalConstraint(addUndoState= 

    False, entity=mdb.models['Model-1'].sketches['__profile__'].geometry[4]) 

mdb.models['Model-1'].sketches['__profile__'].PerpendicularConstraint( 

    addUndoState=False, entity1= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[3], entity2= 
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    mdb.models['Model-1'].sketches['__profile__'].geometry[4]) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(platethickness, -platethickness),  

    point2=(-(AB+additionalspace), -platethickness)) 

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint( 

    addUndoState=False, entity= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[5]) 

mdb.models['Model-1'].sketches['__profile__'].PerpendicularConstraint( 

    addUndoState=False, entity1= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[4], entity2= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[5]) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(-(AB+additionalspace), -platethickness),  

    point2=(-(AB+additionalspace), 0.0)) 

mdb.models['Model-1'].sketches['__profile__'].VerticalConstraint(addUndoState= 

    False, entity=mdb.models['Model-1'].sketches['__profile__'].geometry[6]) 

mdb.models['Model-1'].sketches['__profile__'].PerpendicularConstraint( 

    addUndoState=False, entity1= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[5], entity2= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[6]) 

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(-(AB+additionalspace), 0.0),  

    point2=(0.0, 0.0)) 

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint( 

    addUndoState=False, entity= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[7]) 

mdb.models['Model-1'].sketches['__profile__'].PerpendicularConstraint( 

    addUndoState=False, entity1= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[6], entity2= 

    mdb.models['Model-1'].sketches['__profile__'].geometry[7]) 
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mdb.models['Model-1'].Part(dimensionality=TWO_D_PLANAR, name='Right support',  

    type=DEFORMABLE_BODY) 

mdb.models['Model-1'].parts['Right support'].BaseShell(sketch= 

    mdb.models['Model-1'].sketches['__profile__']) 

del mdb.models['Model-1'].sketches['__profile__'] 

 

 

#####MATERIALS##### 

 

###Calcium Silicate### 

mdb.models['Model-1'].Material(name='Calcium Silicate') 

mdb.models['Model-1'].materials['Calcium Silicate'].Density(table=((2.12e-06,  

    ), )) 

mdb.models['Model-1'].materials['Calcium Silicate'].Elastic(table=((6970.0,  

    0.15), )) 

mdb.models['Model-1'].materials['Calcium Silicate'].ConcreteDamagedPlasticity(table=( 

    (30.0, 0.1, 1.16, 0.67, 0.0001), )) 

mdb.models['Model-1'].materials['Calcium 

Silicate'].concreteDamagedPlasticity.ConcreteCompressionHardening( 

    table=((6.972430199, -0.200348666), (7.591625664, -0.189185891), ( 

    8.163762531, -0.171271525), (8.691227861, -0.146948043), (9.176303827,  

    -0.116542873), (9.621171994, -0.080369009), (10.02791743, -0.0387256), ( 

    10.39853266, 0.008101483), (10.73492146, 0.059839101), (11.03890251,  

    0.116226326), (11.31221287, 0.177013935), (11.55651141, 0.241963929), ( 

    11.77338199, 0.31084907), (11.96433656, 0.38345243), (12.13081823,  

    0.459566969), (12.27420402, 0.538995119), (12.39580773, 0.621548389), ( 

    12.49688248, 0.70704699), (12.57862334, 0.795319463), (12.64216972,  

    0.886202336), (12.68860772, 0.979539781), (12.71897241, 1.075183298), ( 
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    12.73424994, 1.1729914), (12.73537966, 1.272829317), (12.72325608,  

    1.374568711), (12.69873083, 1.4780874), (12.66261441, 1.583269095), ( 

    12.61567805, 1.69000315), (12.55865532, 1.798184315), (12.49224382,  

    1.907712508), (12.41710668, 2.018492586), (12.33387408, 2.130434135), ( 

    12.24314469, 2.243451264), (12.14548704, 2.357462404), (12.04144084,  

    2.472390124), (11.93151823, 2.588160943), (11.81620501, 2.704705163), ( 

    11.69596183, 2.821956696), (11.57122525, 2.939852905), (11.44240885,  

    3.058334454), (11.30990426, 3.177345156), (11.17408213, 3.296831833), ( 

    11.03529305, 3.416744182), (10.89386854, 3.537034643), (10.75012181,  

    3.657658277), (10.60434867, 3.778572644), (10.45682829, 3.899737691), ( 

    10.30782398, 4.021115641), (10.15758392, 4.142670887), (10.00634184,  

    4.264369894), (9.854317722, 4.386181102), (9.701718435, 4.50807483), ( 

    9.548738338, 4.630023194), (9.395559882, 4.752000017), (9.242354172,  

    4.87398075), (9.08928151, 4.995942395), (8.93649191, 5.117863428), ( 

    8.784125597, 5.239723731), (8.63231348, 5.361504522), (8.481177607,  

    5.483188292), (8.330831598, 5.604758738), (8.181381063, 5.726200708), ( 

    8.032923999, 5.847500144), (7.885551171, 5.968644021), (7.739346475,  

    6.089620305), (7.594387287, 6.210417893), (7.450744795, 6.331026572), ( 

    7.308484316, 6.45143697), (7.167665603, 6.571640516), (7.028343134,  

    6.691629393), (6.890566388, 6.811396501), (6.754380112, 6.930935422), ( 

    6.619824574, 7.050240377), (6.486935806, 7.169306197), (6.355745832,  

    7.288128288), (6.22628289, 7.406702598), (6.098571644, 7.525025589), ( 

    5.972633383, 7.643094206), (5.848486213, 7.760905852), (5.72614524,  

    7.878458359), (5.605622744, 7.995749965), (5.486928344, 8.112779291), ( 

    5.370069161, 8.229545314), (5.255049963, 8.346047351), (5.141873312,  

    8.462285034), (5.030539701, 8.578258292), (4.921047686, 8.693967333), ( 

    4.813394005, 8.809412625), (4.707573702, 8.924594878), (4.603580236,  
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    9.039515031), (4.501405589, 9.154174234), (4.401040371, 9.268573835), ( 

    4.302473909, 9.382715365), (4.205694347, 9.496600524), (4.110688729,  

    9.610231172), (4.017443084, 9.723609314), (3.925942503, 9.836737087), ( 

    3.836171215, 9.949616755), (3.748112657, 10.06225069), (3.661749543,  

    10.17464139), (3.577063925, 10.2867914), (3.494037256, 10.39870341), ( 

    3.412650446, 10.51038014), (3.332883916, 10.6218244), (3.254717649,  

    10.73303907), (3.17813124, 10.84402708), (3.10310394, 10.9547914), ( 

    3.0296147, 11.06533505), (2.957642211, 11.17566109), (2.887164944,  

    11.2857726), (2.818161185, 11.39567271), (2.75060907, 11.50536455), ( 

    2.684486615, 11.61485127), (2.61977175, 11.72413605), (2.556442345,  

    11.83322205), (2.494476237, 11.94211245), (2.433851253, 12.05081044), ( 

    2.374545237, 12.15931919), (2.316536073, 12.26764188), (2.259801699,  

    12.37578168), (2.204320132, 12.48374173), (2.150069484, 12.59152518), ( 

    2.097027979, 12.69913515), (2.045173967, 12.80657475), (1.994485939,  

    12.91384707), (1.944942544, 13.02095516), (1.896522595, 13.12790207), ( 

    1.849205085, 13.23469081), (1.802969195, 13.34132436), (1.757794304,  

    13.4478057), (1.71366, 13.55413773), (1.670546086, 13.66032337), ( 

    1.628432585, 13.76636548), (1.587299753, 13.87226689), (1.547128078,  

    13.9780304), (1.50789829, 14.08365878), (1.469591363, 14.18915475), ( 

    1.432188521, 14.29452102), (1.395671241, 14.39976022), (1.360021256,  

    14.504875), (1.325220558, 14.60986793), (1.291251399, 14.71474155), ( 

    1.258096294, 14.81949838), (1.225738025, 14.92414089), (1.194159636,  

    15.0286715), (1.163344438, 15.13309262), (1.13327601, 15.2374066), ( 

    1.103938196, 15.34161575), (1.075315109, 15.44572237), (1.047391125,  

    15.54972868), (1.020150888, 15.65363689), (0.993579304, 15.75744917), ( 

    0.967661545, 15.86116764), (0.942383044, 15.9647944), (0.917729495,  

    16.06833149), (0.893686849, 16.17178094), (0.870241316, 16.27514472), ( 
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    0.847379361, 16.37842477), (0.825087701, 16.481623), (0.803353304,  

    16.58474128), (0.782163386, 16.68778144), (0.761505409, 16.79074528), ( 

    0.741367079, 16.89363457), (0.721736341, 16.99645103), (0.702601379,  

    17.09919636), (0.683950611, 17.20187222), (0.665772687, 17.30448025), ( 

    0.648056487, 17.40702202), (0.630791117, 17.50949912), (0.613965906,  

    17.61191307), (0.597570402, 17.71426537), (0.581594371, 17.81655748), ( 

    0.566027793, 17.91879085), (0.550860858, 18.02096688), (0.536083962,  

    18.12308695), (0.521687708, 18.22515241), (0.507662898, 18.32716458), ( 

    0.494000533, 18.42912474), (0.480691808, 18.53103417), (0.46772811,  

    18.6328941), (0.455101012, 18.73470574), (0.442802275, 18.83647026), ( 

    0.430823841, 18.93818883), (0.419157829, 19.03986258), (0.407796535,  

    19.14149261), (0.396732427, 19.24308), (0.385958142, 19.3446258), ( 

    0.375466485, 19.44613106), (0.36525042, 19.54759678), (0.355303075,  

    19.64902395), (0.345617734, 19.75041352), (0.336187833, 19.85176645), ( 

    0.327006962, 19.95308365), (0.318068857, 20.05436602), (0.3093674,  

    20.15561443), (0.300896616, 20.25682975), (0.292650669, 20.35801282), ( 

    0.284623859, 20.45916444), (0.27681062, 20.56028542), (0.26920552,  

    20.66137654), (0.261803253, 20.76243856), (0.254598639, 20.86347222), ( 

    0.247586621, 20.96447825), (0.240762266, 21.06545735), (0.234120754,  

    21.16641022), (0.227657386, 21.26733753))) 

mdb.models['Model-1'].materials['Calcium 

Silicate'].concreteDamagedPlasticity.ConcreteTensionStiffening( 

    table=((2.34, 0.0), (2.232204618, 3.61411e-05), (2.129469253, 6.72807e-05),  

    (2.031654753, 9.77144e-05), (1.938614756, 0.000127463), (1.850197297,  

    0.000156548), (1.766246238, 0.000184993), (1.686602546, 0.00021282), ( 

    1.611105423, 0.000240051), (1.539593305, 0.000266711), (1.471904747,  

    0.000292823), (1.40787919, 0.000318409), (1.347357632, 0.000343492), ( 

    1.290183217, 0.000368095), (1.236201731, 0.00039224), (1.185262029,  



CXXI 
 

    0.000415948), (1.137216396, 0.000439241), (1.091920847, 0.00046214), ( 

    1.049235376, 0.000484664), (1.009024145, 0.000506833), (0.971155647,  

    0.000528666), (0.935502815, 0.000550182), (0.9019431, 0.000571396), ( 

    0.870358525, 0.000592328), (0.840635704, 0.000612992), (0.812665838,  

    0.000633405), (0.786344691, 0.000653582), (0.76157255, 0.000673536), ( 

    0.738254164, 0.000693281), (0.716298673, 0.000712831), (0.695619521,  

    0.000732198), (0.676134366, 0.000751394), (0.657764973, 0.000770429), ( 

    0.640437106, 0.000789315), (0.624080411, 0.000808062), (0.608628299,  

    0.000826679), (0.594017821, 0.000845175), (0.580189543, 0.000863559), ( 

    0.567087417, 0.000881839), (0.554658656, 0.000900022), (0.542853605,  

    0.000918116), (0.53162561, 0.000936127), (0.520930899, 0.000954061), ( 

    0.51072845, 0.000971925), (0.500979871, 0.000989723), (0.491649278,  

    0.001007462), (0.482703178, 0.001025146), (0.474110349, 0.001042778), ( 

    0.465841733, 0.001060365), (0.457870323, 0.001077908), (0.450171055,  

    0.001095413), (0.442720706, 0.001112882), (0.435497796, 0.001130318), ( 

    0.428482488, 0.001147725), (0.421656498, 0.001165104), (0.415003004,  

    0.001182459), (0.408506558, 0.001199791), (0.402153009, 0.001217102), ( 

    0.395929418, 0.001234395), (0.389823984, 0.001251671), (0.383825974,  

    0.001268932), (0.377925651, 0.001286178), (0.372114208, 0.001303412), ( 

    0.366383707, 0.001320634), (0.360727019, 0.001337846), (0.355137765,  

    0.001355048), (0.349610264, 0.001372241), (0.344139483, 0.001389426), ( 

    0.338720983, 0.001406603), (0.333350882, 0.001423773), (0.328025804,  

    0.001440937), (0.322742841, 0.001458095), (0.317499515, 0.001475248), ( 

    0.312293742, 0.001492395), (0.307123796, 0.001509536), (0.301988277,  

    0.001526673), (0.296886085, 0.001543805), (0.291816386, 0.001560933), ( 

    0.286778589, 0.001578055), (0.28177232, 0.001595174), (0.276797402,  

    0.001612287), (0.271853828, 0.001629397), (0.266941746, 0.001646501), ( 
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    0.262061438, 0.001663602), (0.257213304, 0.001680697), (0.252397844,  

    0.001697788), (0.247615644, 0.001714874), (0.242867366, 0.001731955), ( 

    0.23815373, 0.001749032), (0.233475503, 0.001766103), (0.228833495,  

    0.001783169), (0.22422854, 0.001800229), (0.219661493, 0.001817285), ( 

    0.215133222, 0.001834334), (0.210644597, 0.001851378), (0.206196486,  

    0.001868417), (0.201789751, 0.001885449), (0.197425236, 0.001902475), ( 

    0.193103772, 0.001919495), (0.188826161, 0.001936509), (0.184593185,  

    0.001973516), (0.184593185, 0.003973516))) 

 

###Mortar### 

mdb.models['Model-1'].Material(name='Mortar') 

mdb.models['Model-1'].materials['Mortar'].Density(table=((1.65e-06, ), )) 

mdb.models['Model-1'].materials['Mortar'].Elastic(table=((398, 1000.0, 1000),  

    ), type=TRACTION) 

mdb.models['Model-1'].materials['Mortar'].MaxsDamageInitiation(table=((0.5,  

    1000.0, 1000.0), )) 

mdb.models['Model-1'].materials['Mortar'].maxsDamageInitiation.DamageStabilizationCohesive( 

    cohesiveCoeff=0.0001) 

mdb.models['Model-1'].materials['Mortar'].maxsDamageInitiation.DamageEvolution( 

    softening=EXPONENTIAL, table=((0.12, 6.2), ), type=DISPLACEMENT) 

 

###infinitely stiff### 

mdb.models['Model-1'].Material(name='Infinitely stiff') 

mdb.models['Model-1'].materials['Infinitely stiff'].Elastic(table=(( 

    9000000000.0, 0.3), )) 

mdb.models['Model-1'].materials['Infinitely stiff'].Density(table=((1e-35, ),  

    )) 
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#####SECTIONS##### 

mdb.models['Model-1'].CohesiveSection(material='Mortar', name='Section joints',  

    outOfPlaneThickness=None, response=TRACTION_SEPARATION) 

mdb.models['Model-1'].HomogeneousSolidSection(material='Calcium Silicate',  

    name='Section blocks', thickness=None) 

mdb.models['Model-1'].HomogeneousSolidSection(material='Infinitely stiff',  

    name='Section supports', thickness=None) 

  

#####SET##### 

 

###Set units### 

mdb.models['Model-1'].parts['Wall'].Set(faces= 

    mdb.models['Model-1'].parts['Wall'].faces.getSequenceFromMask(( 

    '[#335555 ]', ), ), name='Set units') 

###Set joints###  

mdb.models['Model-1'].parts['Wall'].Set(faces= 

    mdb.models['Model-1'].parts['Wall'].faces.getSequenceFromMask(( 

    '[#4caaaa ]', ), ), name='Set joints') 

 

#####SECTION ASSIGNMENT##### 

mdb.models['Model-1'].parts['Wall'].SectionAssignment(offset=0.0, offsetField= 

    '', offsetType=MIDDLE_SURFACE, region= 

    mdb.models['Model-1'].parts['Wall'].sets['Set joints'], sectionName= 

    'Section joints', thicknessAssignment=FROM_SECTION) 

mdb.models['Model-1'].parts['Wall'].SectionAssignment(offset=0.0, offsetField= 

    '', offsetType=MIDDLE_SURFACE, region= 
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    mdb.models['Model-1'].parts['Wall'].sets['Set units'], sectionName= 

    'Section blocks', thicknessAssignment=FROM_SECTION) 

mdb.models['Model-1'].parts['Right support'].SectionAssignment(offset=0.0,  

    offsetField='', offsetType=MIDDLE_SURFACE, region=Region( 

    faces=mdb.models['Model-1'].parts['Right support'].faces.getSequenceFromMask( 

    mask=('[#1 ]', ), )), sectionName='Section supports', thicknessAssignment= 

    FROM_SECTION) 

mdb.models['Model-1'].parts['Left support'].SectionAssignment(offset=0.0,  

    offsetField='', offsetType=MIDDLE_SURFACE, region=Region( 

    faces=mdb.models['Model-1'].parts['Left support'].faces.getSequenceFromMask( 

    mask=('[#1 ]', ), )), sectionName='Section supports', thicknessAssignment= 

    FROM_SECTION) 

  

#####ASSEMBLY##### 

mdb.models['Model-1'].rootAssembly.DatumCsysByDefault(CARTESIAN) 

mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='Left support-1' 

    , part=mdb.models['Model-1'].parts['Left support']) 

mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name= 

    'Right support-1', part=mdb.models['Model-1'].parts['Right support']) 

mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='Wall-1', part= 

    mdb.models['Model-1'].parts['Wall']) 

mdb.models['Model-1'].rootAssembly.translate(instanceList=('Right support-1', ) 

    , vector=(AD, 0.0, 0.0)) 

  

#####INTERACTION PROPERTIES##### 

###Frictionless### 

mdb.models['Model-1'].ContactProperty('Frictionless') 
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mdb.models['Model-1'].interactionProperties['Frictionless'].TangentialBehavior( 

    formulation=FRICTIONLESS) 

mdb.models['Model-1'].interactionProperties['Frictionless'].NormalBehavior( 

    allowSeparation=ON, constraintEnforcementMethod=DEFAULT,  

    pressureOverclosure=HARD) 

  

#####INTERACTION##### 

mdb.models['Model-1'].ContactStd(createStepName='Initial', name='Int-1') 

mdb.models['Model-1'].interactions['Int-1'].includedPairs.setValuesInStep( 

    stepName='Initial', useAllstar=ON) 

mdb.models['Model-1'].interactions['Int-1'].contactPropertyAssignments.appendInStep( 

    assignments=((GLOBAL, SELF, 'Frictionless'), ), stepName='Initial') 

  

#####CREATE TIE##### 

mdb.models['Model-1'].Tie(adjust=ON, master=Region( 

    side1Edges=mdb.models['Model-1'].rootAssembly.instances['Left support-

1'].edges.getSequenceFromMask( 

    mask=('[#3 ]', ), )), name='Constraint-1', positionToleranceMethod=COMPUTED 

    , slave=Region( 

    side1Edges=mdb.models['Model-1'].rootAssembly.instances['Wall-

1'].edges.getSequenceFromMask( 

    mask=('[#c ]', ), )), thickness=ON, tieRotations=ON) 

mdb.models['Model-1'].Tie(adjust=ON, master=Region( 

    side1Edges=mdb.models['Model-1'].rootAssembly.instances['Right support-

1'].edges.getSequenceFromMask( 

    mask=('[#21 ]', ), )), name='Constraint-2', positionToleranceMethod= 

    COMPUTED, slave=Region( 

    side1Edges=mdb.models['Model-1'].rootAssembly.instances['Wall-

1'].edges.getSequenceFromMask( 
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    mask=('[#0 #1800000 ]', ), )), thickness=ON, tieRotations=ON) 

  

#####MESH##### 

###Mesh Left support### 

mdb.models['Model-1'].parts['Left support'].seedEdgeBySize(constraint=FINER,  

    deviationFactor=0.1, edges= 

    mdb.models['Model-1'].parts['Left support'].edges.getSequenceFromMask(( 

    '[#3f ]', ), ), size=40.0) 

mdb.models['Model-1'].parts['Left support'].generateMesh() 

mdb.models['Model-1'].parts['Left support'].setElementType(elemTypes=(ElemType( 

    elemCode=CPS4, elemLibrary=STANDARD), ElemType(elemCode=CPS3,  

    elemLibrary=STANDARD, secondOrderAccuracy=OFF, distortionControl=DEFAULT)),  

    regions=( 

    mdb.models['Model-1'].parts['Left support'].faces.getSequenceFromMask(( 

    '[#1 ]', ), ), )) 

 

###Mesh Right support### 

mdb.models['Model-1'].parts['Right support'].seedPart(deviationFactor=0.1,  

    minSizeFactor=0.1, size=40.0) 

mdb.models['Model-1'].parts['Right support'].generateMesh() 

mdb.models['Model-1'].parts['Right support'].setElementType(elemTypes=( 

    ElemType(elemCode=CPS4, elemLibrary=STANDARD), ElemType(elemCode=CPS3,  

    elemLibrary=STANDARD)), regions=( 

    mdb.models['Model-1'].parts['Right support'].faces.getSequenceFromMask(( 

    '[#1 ]', ), ), )) 

 

###Mesh Wall### 
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mdb.models['Model-1'].parts['Wall'].seedEdgeByNumber(constraint=FINER, edges= 

    mdb.models['Model-1'].parts['Wall'].edges.findAt(((0.0, 112.125, 0.0), ), ( 

    (3243.0, 336.375, 0.0), ), ), number=8) 

mdb.models['Model-1'].parts['Wall'].seedEdgeByNumber(constraint=FINER, edges= 

    mdb.models['Model-1'].parts['Wall'].edges.findAt(((121.5, 246.375, 0.0), ),  

    ((3121.5, 82.125, 0.0), ), ), number=6) 

mdb.models['Model-1'].parts['Wall'].seedEdgeByNumber(constraint=FINER, edges= 

    mdb.models['Model-1'].parts['Wall'].edges.findAt(((30.375, 448.5, 0.0), ),  

    ((91.125, 0.0, 0.0), ), ((3212.625, 0.0, 0.0), ), ((3151.875, 448.5, 0.0),  

    ), ), number=3) 

mdb.models['Model-1'].parts['Wall'].seedEdgeBySize(constraint=FINER,  

    deviationFactor=0.1, edges= 

    mdb.models['Model-1'].parts['Wall'].edges.findAt(((1396.50075, 448.5, 0.0),  

    ), ((1546.50025, 328.5, 0.0), ), ((1846.50025, 328.5, 0.0), ), (( 

    1696.50075, 448.5, 0.0), ), ), size=15) 

mdb.models['Model-1'].parts['Wall'].seedEdgeBySize(constraint=FINER,  

    deviationFactor=0.1, edges= 

    mdb.models['Model-1'].parts['Wall'].edges.findAt(((196.50075, 448.5, 0.0),  

    ), ((346.50025, 328.5, 0.0), ), ((3046.4995, 328.5, 0.0), ), ((2896.5005,  

    448.5, 0.0), ), ), size=15.0) 

mdb.models['Model-1'].parts['Wall'].seedEdgeBySize(constraint=FINER,  

    deviationFactor=0.1, edges= 

    mdb.models['Model-1'].parts['Wall'].edges.findAt(((477.75025, 328.5, 0.0),  

    ), ((665.25, 328.5, 0.0), ), ((552.75, 448.5, 0.0), ), ((440.25075, 448.5,  

    0.0), ), ((796.50075, 448.5, 0.0), ), ((946.50025, 328.5, 0.0), ), (( 

    1190.25025, 328.5, 0.0), ), ((1302.75, 328.5, 0.0), ), ((1265.25, 448.5,  

    0.0), ), ((1077.75075, 448.5, 0.0), ), ((2052.75, 448.5, 0.0), ), (( 
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    1940.25075, 448.5, 0.0), ), ((1977.75025, 328.5, 0.0), ), ((2165.25, 328.5,  

    0.0), ), ((2446.50025, 328.5, 0.0), ), ((2296.50075, 448.5, 0.0), ), (( 

    2765.25, 448.5, 0.0), ), ((2577.75075, 448.5, 0.0), ), ((2690.25025, 328.5,  

    0.0), ), ((2802.75, 328.5, 0.0), ), ), size=50.0) 

mdb.models['Model-1'].parts['Wall'].seedEdgeBySize(constraint=FINER,  

    deviationFactor=0.1, edges= 

    mdb.models['Model-1'].parts['Wall'].edges.findAt(((121.501, 358.5, 0.0), ),  

    ((421.501, 358.5, 0.0), ), ((721.501, 358.5, 0.0), ), ((1021.501, 358.5,  

    0.0), ), ((1321.5, 358.5, 0.0), ), ((1321.501, 358.5, 0.0), ), ((1621.5,  

    358.5, 0.0), ), ((1621.501, 358.5, 0.0), ), ((1921.501, 358.5, 0.0), ), (( 

    2221.501, 358.5, 0.0), ), ((2521.501, 358.5, 0.0), ), ((3121.499, 358.5,  

    0.0), ), ((2821.501, 358.5, 0.0), ), ), size=40.0) 

mdb.models['Model-1'].parts['Wall'].setMeshControls(elemShape=QUAD, regions= 

    mdb.models['Model-1'].parts['Wall'].faces.findAt(((81.0, 408.5, 0.0), ), (( 

    121.500333, 368.5, 0.0), ), ((321.500333, 408.5, 0.0), ), ((421.500671,  

    408.5, 0.0), ), ((521.500671, 368.5, 0.0), ), ((721.500326, 368.5, 0.0), ),  

    ((921.500326, 408.5, 0.0), ), ((1021.500651, 408.5, 0.0), ), ((1121.500651,  

    368.5, 0.0), ), ((1321.500326, 368.5, 0.0), ), ((1521.500326, 408.5, 0.0),  

    ), ((1621.500651, 408.5, 0.0), ), ((1721.500651, 368.5, 0.0), ), (( 

    1921.500326, 368.5, 0.0), ), ((2121.500326, 408.5, 0.0), ), ((2221.500651,  

    408.5, 0.0), ), ((2321.500651, 368.5, 0.0), ), ((3162.0, 408.5, 0.0), ), (( 

    2521.500326, 368.5, 0.0), ), ((3121.499674, 408.5, 0.0), ), ((2721.500326,  

    408.5, 0.0), ), ((2921.500326, 368.5, 0.0), ), ((2821.500651, 408.5, 0.0),  

    ), )) 

mdb.models['Model-1'].parts['Wall'].setElementType(elemTypes=(ElemType( 

    elemCode=COH2D4, elemLibrary=STANDARD, viscosity=0.0001), ElemType( 

    elemCode=UNKNOWN_TRI, elemLibrary=STANDARD)), regions=( 
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    mdb.models['Model-1'].parts['Wall'].faces.findAt(((121.500333, 368.5, 0.0),  

    ), ((421.500671, 408.5, 0.0), ), ((721.500326, 368.5, 0.0), ), (( 

    1021.500651, 408.5, 0.0), ), ((1321.500326, 368.5, 0.0), ), ((1621.500651,  

    408.5, 0.0), ), ((1921.500326, 368.5, 0.0), ), ((2221.500651, 408.5, 0.0),  

    ), ((2521.500326, 368.5, 0.0), ), ((3121.499674, 408.5, 0.0), ), (( 

    2821.500651, 408.5, 0.0), ), ), )) 

mdb.models['Model-1'].parts['Wall'].setElementType(elemTypes=(ElemType( 

    elemCode=CPS4, elemLibrary=STANDARD), ElemType(elemCode=CPS3,  

    elemLibrary=STANDARD)), regions=( 

    mdb.models['Model-1'].parts['Wall'].faces.findAt(((81.0, 408.5, 0.0), ), (( 

    321.500333, 408.5, 0.0), ), ((521.500671, 368.5, 0.0), ), ((921.500326,  

    408.5, 0.0), ), ((1121.500651, 368.5, 0.0), ), ((1521.500326, 408.5, 0.0),  

    ), ((1721.500651, 368.5, 0.0), ), ((2121.500326, 408.5, 0.0), ), (( 

    2321.500651, 368.5, 0.0), ), ((3162.0, 408.5, 0.0), ), ((2721.500326,  

    408.5, 0.0), ), ((2921.500326, 368.5, 0.0), ), ), )) 

mdb.models['Model-1'].parts['Wall'].generateMesh() 

mdb.models['Model-1'].parts['Wall'].deleteMesh() 

mdb.models['Model-1'].parts['Wall'].seedPart(deviationFactor=0.1,  

    minSizeFactor=0.1, size=22.0) 

mdb.models['Model-1'].parts['Wall'].generateMesh() 

  

#####CREATE STEPS##### 

mdb.models['Model-1'].rootAssembly.regenerate() 

mdb.models['Model-1'].StaticStep(maxNumInc=5000, name='Step-1', nlgeom=ON,  

    previous='Initial') 

mdb.models['Model-1'].StaticStep(maxNumInc=5000, name='Step-2', previous= 

    'Step-1') 
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#####BOUNDARY CONDITIONS##### 

###Initial### 

mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Initial',  

    distributionType=UNIFORM, fieldName='', localCsys=None, name='BC-1',  

    region=Region( 

    edges=mdb.models['Model-1'].rootAssembly.instances['Left support-

1'].edges.getSequenceFromMask( 

    mask=('[#18 ]', ), )+\ 

    mdb.models['Model-1'].rootAssembly.instances['Right support-1'].edges.getSequenceFromMask( 

    mask=('[#c ]', ), )), u1=SET, u2=SET, ur3=SET) 

 

###Step 1### 

mdb.models['Model-1'].Gravity(comp2=-9.81, createStepName='Step-1',  

    distributionType=UNIFORM, field='', name='Load-3', region= 

    mdb.models['Model-1'].rootAssembly.instances['Wall-1'].sets['Set joints']) 

mdb.models['Model-1'].Gravity(comp2=-9.81, createStepName='Step-1',  

    distributionType=UNIFORM, field='', name='Load-4', region= 

    mdb.models['Model-1'].rootAssembly.instances['Wall-1'].sets['Set units']) 

 

###Step 2### 

mdb.models['Model-1'].rootAssembly.regenerate() 

mdb.models['Model-1'].rootAssembly.Set(name='Pointloads', vertices= 

    mdb.models['Model-1'].rootAssembly.instances['Wall-1'].vertices.findAt((( 

    496.5, 448.5, 0.0), ), ((1246.5, 448.5, 0.0), ), ((1996.5, 448.5, 0.0), ),  

    ((2746.5, 448.5, 0.0), ), )) 

mdb.models['Model-1'].rootAssembly.Set(name='Bottom wall under pointloads', vertices= 

    mdb.models['Model-1'].rootAssembly.instances['Wall-1'].vertices.getSequenceFromMask( 
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    ('[#200800 #800040 ]', ), )) 

mdb.models['Model-1'].rootAssembly.Set(name='Outer point loads', vertices= 

    mdb.models['Model-1'].rootAssembly.instances['Wall-1'].vertices.getSequenceFromMask( 

    ('[#4000 #400000 ]', ), )) 

mdb.models['Model-1'].rootAssembly.Set(name='Inner point loads', vertices= 

    mdb.models['Model-1'].rootAssembly.instances['Wall-1'].vertices.getSequenceFromMask( 

    ('[#1000000 #20 ]', ), )) 

mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Step-2',  

    distributionType=UNIFORM, fieldName='', fixed=OFF, localCsys=None, name= 

    'BC-2', region=mdb.models['Model-1'].rootAssembly.sets['Inner point loads'] 

    , u1=UNSET, u2=-60.0, ur3=UNSET) 

mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Step-2',  

    distributionType=UNIFORM, fieldName='', fixed=OFF, localCsys=None, name= 

    'BC-3', region=mdb.models['Model-1'].rootAssembly.sets['Outer point loads'] 

    , u1=UNSET, u2=-20.0, ur3=UNSET) 

 

#####JOB##### 

mdb.Job(atTime=None, contactPrint=OFF, description='', echoPrint=OFF,  

    explicitPrecision=SINGLE, getMemoryFromAnalysis=True, historyPrint=OFF,  

    memory=90, memoryUnits=PERCENTAGE, model='Model-1', modelPrint=OFF, name= 

    'Job-1', nodalOutputPrecision=SINGLE, queue=None, scratch='', type=ANALYSIS 

    , userSubroutine='', waitHours=0, waitMinutes=0) 
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F.   Forces related to the applied 

displacements 
t=2,0 

Outer 
displacement 

[mm] 

Inner 
displacement 

[mm] 
Force left 

[kN] 
Force mid-left 

[kN] 
Force mid-right 

[kN] 
Force right 

[kN] 

-15 -50 21.63 -9.63 -9.48 19.95 

-15 -55 13.4 -6.27 -7.28 14.74 

-15 -60 7.27 -2.96 -4.82 10.4 

-15 -65 6.41 -2.98 -2.71 8.84 

-15 -70 9.2 -2.08 -2.62 9.72 

-15 -75 6.61 -0.09 -1.87 8.44 

-15 -80 10.92 -15.59 15.4 2.29 

-16 -50 -0.38 -2.67 -3.14 -0.24 

-16 -55 16.77 -7.3 -8.7 18.77 

-16 -60 11.52 -4.51 -5.84 13.39 

-16 -65 8.37 -2.6 -4.44 11.53 

-16 -70 8.29 -1.46 -3.71 10.59 

-16 -75 9.64 -1.6 -1.75 9.57 

-16 -80 0.86 14.99 -14.97 13 

-17 -50 -44.42 11.2 10.79 -44.09 

-17 -55 14.6 -6.9 -7.15 13.93 

-17 -60 17.04 -6.91 -7.17 17.5 

-17 -65 11.73 -3.82 -5.32 13.99 

-17 -70 8.85 -2.35 -3.54 11.47 

-17 -75 8.98 -0.64 -2.94 10.83 

-17 -80 9.52 -1.11 -1.18 10.02 

-17 -85 5.03 1.13 -0.34 8.7 

-17 -90 7.11 -8.18 11.58 2.2 

-18 -50 -71.07 19.51 21.63 -74.95 

-18 -55 -13.31 2.4 1.89 -13.08 

-18 -56 0.63 -2.38 -3.2 0.95 

-18 -60 19.35 -7.44 -7.89 19.19 

-18 -65 16.74 -5.75 -6.17 16.48 

-18 -70 11.22 -3.02 -5.11 14.41 

-18 -75 9.87 -1.62 -2.79 11.78 

-18 -80 9.73 -0.25 -2.36 11.07 

-18 -85 8.55 1.03 -1.09 7.63 

-18 -90 3.89 2.71 0.29 6.45 

-18 -95 3.8 1.36 2.7 4.33 
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t=1,7 

Outer 
displacement 

[mm] 

Inner 
displacement 

[mm] 
Force left 

[kN] 
Force mid-left 

[kN] 
Force mid-
right [kN] 

Force right 
[kN] 

-15 -50 20.11 -13.1 -13.47 19.57 

-15 -55 23.36 -12.42 -12.51 22.95 

-15 -60 12.51 -8.77 -10.13 14.56 

-15 -65 5.03 -6.11 -5.34 7.57 

-15 -70 2.04 -3.82 -6.1 6.79 

-15 -75 1.14 -1.42 -6.63 5.93 

-15 -80 7.66 -17.56 10.26 0.79 

-16 -50 -4.81 -5.07 -5.6 -4.63 

-16 -55 26.4 -14.28 -13.77 24.52 

-16 -60 20.3 -11.26 -11.55 20.33 

-16 -65 11.37 -8.41 -9.83 13.59 

-16 -70 4.03 -3.67 -7.79 8.22 

-16 -75 2.9 -2.89 -4.12 6.28 

-16 -80 1.79 12.33 -20.09 11.32 

            

-17 -50 32.63  2.11 1.50 -32.28 

-17 -55  11.98 -9.08 -9.40 11.79 

-17 -60  27.58 -13.26 -12.51 25.79 

-17 -65 16.09  -9.18 -10.29  17.48 

-17 -70 6.90  -5.72 -7.29 9.71 

-17 -75 2.71 -2.07 -6.91 7.27 

-17 -80 3.33 -2.35 -4.21 6.30 

-17 -85 5.01  -1.32 -4.60 7.90 

-17 -90 8.68  -14.90 9.52 1.99 

            

-18 -50 -64.61 13.92 13.29 -64.17 

-18 -55 -16.79 0.05 -0.45 -16.56 

-18 -56 -2.7 -10.01 -12.48 -1.71 

-18 -60 23.54 -12.9 -10.4 21.39 

-18 -65  22.74 -11.15 -11.30 22.20 

-18 -70  10.52 -6.23 -7.69 12.91 

-18 -75 5.84 -4.02 -6.17 9.13 

-18 -80 2.68  -0.93  -6.31 7.81 

-18 -85 6.8 -1.96 -4.43 9.18 

-18 -90 6.6 -1.53 -4.73 9.05 

-18 -95 9.07 -2.97 -3.6 9.69 
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t=1,3 

Outer 
displacement 

[mm] 

Inner 
displacement 

[mm] 
Force left 

[kN] 
Force mid-left 

[kN] 
Force mid-
right [kN] 

Force right 
[kN] 

-15 -50 10.18 -14.75 -16.24 10.68 

-15 -55 22.45 -19.62 -20.42 21.94 

-15 -60 27.86 -21.26 -21.41 26.94 

-15 -65 28.8 -23.19 -22.15 27.07 

-15 -70 21.12 -20.19 -18.89 21.02 

-15 -75 18.52 -23.21 -14.36 16.7 

-15 -80 17.1 -22.84 -14.29 15.34 

            

-16 -50 -1.74 -11.85 -13.41 -0.96 

-16 -55 14.99 -16.4 -17.66 15.24 

-16 -60 26.96 -20.51 -20.78 25.52 

-16 -65 28.14 -21.13 -20.55 26.57 

-16 -70 27.32 -24 -18.43 24.73 

-16 -75 21.9 -20.57 -18.34 20.5 

-16 -80 15.87 -13.71 -24.18 19.53 

            

-17 -50 -14.05  -8.39 -9.95 -13.09 

-17 -55 4.96  -12.93 -14.29 5.63 

-17 -60 23.32  -20.07 -20.77 23.12 

-17 -65  26.52 -20.63 -20.90 25.14 

-17 -70  27.46 -20.02 -22.70 26.87 

-17 -75 24.81 -23.66 -15.53 22.41 

-17 -80 20.18 -18.45 -18.53 19.67 

-17 -85  17.57 -23.04 -12.81 16.22 

-17 -90 15.22  -21.31 -13.52 14.52 

            

-18 -50 -27.86 -4.24 -5.82 -26.87 

-18 -55 -6.97 -10.21 -11.71 -6.2 

-18 -56 -4.02 -10.31 -11.83 -3.24 

-18 -60 13.78 -17.32 -17.61 13.75 

-18 -65 23.27  -18.48 -18.91 22.52 

-18 -70  29.10 -21.03 .21.32 28.25 

-18 -75 29.54  -24.57 -18.41 26.22 

-18 -80 25.03 -23.64 -16.49 22.79 

-18 -85 20.44 -23.08 -13.81 18.01 

-18 -90 16.87 -22.86 -11.32 14.82 

-18 -95 12.49 -16.76 -12.91 12.59 
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t=1,1 

Outer 
displacement 

[mm] 

Inner 
displacement 

[mm] 
Force left 

[kN] 
Force mid-left 

[kN] 
Force mid-
right [kN] 

Force right 
[kN] 

-15 -50 3.21 -8.58 -9.4 3.6 

-15 -55 9 -10.55 -11.34 9.14 

-15 -60 11.95 -12.86 -13.58 11.65 

-15 -65 14.78 -14.34 -15.14 14.37 

-15 -70 17.46 -15.79 -16.76 16.67 

-15 -75 19.99 -17.34 -18.25 18.93 

-15 -80 22.4 -19.19 -19.88 21.74 

            

-16 -50 -1.89 -7.17 -7.95 -1.51 

-16 -55 6 -10.35 -11.3 6.44 

-16 -60 11.39 -12.52 -13.4 11.53 

-16 -65 12.96 -13.78 -14.59 12.67 

-16 -70 15.86 -15.36 -16.38 15.5 

-16 -75 18.58 -16.78 -17.93 18.05 

-16 -80 20.86 -18.35 -19.14 19.63 

            

-17 -50 -7.74  -6.08 -6.85 -7.34 

-17 -55 0.74  -9.73 -10.73 1.22 

-17 -60 7.57  -11.40 -12.31 7.80 

-17 -65 12.72  -13.87 -14.63 12.27 

-17 -70 14.62  -14.57 -15.47 14.31 

-17 -75 16.87 -16.21 -17.40 16.52 

-17 -80 19.57  -17.62 -18.78 18.90 

-17 -85 21.03  -19.06 -20.15 20.28 

-17 -90  23.07 -20.37 -20.95 22.52 

            

-18 -50 -12.26 -4.18 -4.86 -11.89 

-18 -55 -3.7 -6.58 -0.733 -3.32 

-18 -56 -2.93 -8.45 -9.38 -2.47 

-18 -60 4.27 -11.46 -12.96 4.79 

-18 -65 10.55  -13.74 -14.91 10.85 

-18 -70 12.66  -14.30 -15.20 12.37 

-18 -75 15.00  -15.60 -16.85 14.80 

-18 -80 25.03 -23.64 -16.49 22.79 

-18 -85 20.52 -18.54 -19.53 19.48 

-18 -90 21.21 -19.47 -20.55 20.6 

-18 -95 22.69 -20.53 -21.41 22.47 
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G. Attempts to model equal loads 
 

Since the forces are not equal when the displacements are applied to the wall, an equator could be 

added to the model to fix this problem. Another option is to solving the model by Riks approach.  A 

summary of these attempts that have been made to solve the problem with the unequal forces is 

given in this appendix.  

Attempt 1: add an equator by means of shell elements of the same dimension as the equator 

during the experiments. 

The first attempt in modelling an equator was by modelling the different parts of the equator with 

the same dimensions as in the experimental setup. Some little changes have been made to the 

shape of these parts, since they should be able to rotate. The different parts of the equator are 

connected by means of a pinned multi point constraint, which keeps the displacement of the 

connected points the same but leaves the rotations free. The parts in the lowest row are connected 

to the wall by means of a tie. A displacement is applied to the top beam at mid-span. This leads to 

the model as shown in Figure G.1. 

 

Figure G.1 - Picture of the model of the wall with an equator of shell elements and similar dimensions as in the 
experimental setup 

The major problem with this model is that the equator is too stiff and the stiffness of the equator is 

added to the stiffness of the wall. This makes that the wall deflects less under its own weight than 

without the equator.  

Attempt 2: add an equator by means of beam elements 

To overcome the problem with the stiff equator another approach has been tried. In this approach 

the equator is designed as a system of beam elements which are all connected by means of hinges, 

such there is only a normal force in the beams. A load plate with a dimension of 150x20 mm is added 

to connect this system of beam elements to the wall and to distribute the load. A displacement is 

applied on the top beam at mid-span. The model is shown in Figure G.2. 
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Figure G.2 - Picture of the wall and the equator as a system of beam elements 

The problem with this model is that the system of beams to create the equator is not in equilibrium. 

To overcome this problem, three additional horizontal supports have been added to the horizontal 

beams. Even with these supports the model does not work.  

Attempt 3: add an equator by means of shell elements shaped like the beam elements 

To exclude the option that the model doesn’t work because it is not possible to combine beam 

elements and shell elements in Abaqus the same model has been made, but now the beam elements 

have been replaced by shell elements with a height of 20 mm. The other conditions have been kept 

exactly the same. This model is shown in Figure G.3.  

 

Figure G.3 - Picture of the wall and the equator made of shell elements 

The results of this attempt are the same as seen for attempt 2. Therefore it can be concluded that it 

does not make any difference if beam elements or shell elements are used.  

Attempt 4: Try other methods to join the beam elements 

Since the model with the beam elements is not in equilibrium other methods have been tried to 

connect the different elements. Since it is whished that the equator does not give an additional 

stiffness to the wall, the connections should only transfer the vertical displacement. This has been 

tried by applying a coupling constraint between these points. Within this constraint it is possible to 

constrain only direction 2, which is the vertical direction (y-direction).   

Another option is to connect the beams by an equation constraint, which describes the relationship 

between two points. By describing this relationship in such a way that these points act the same in 

vertical direction, it might be possible to transfer the applied displacement to the wall.  

A last option is to connect the beams by means of a connector.  For this specific situation a 

connector section has been created of which the translational type is the slot and the rotational type 
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is rotation. This means the displacements in direction 2 and 3 (y and z) are constrained and the 

displacements in direction 1 and all the rotations are left free.  

Trying all these different methods to connect the elements does not lead to a working model. There 

is still no equilibrium in the model.  

Attempt 5: add four equal forces to the wall and solve this with static Riks 

Instead of applying a displacement to the model, another way to approach the descending branch of 

the load-deflection curve is by solving the model by means of a static Riks step, which uses the arc 

length method in order to solve the problem. This load has been applied by making use of reference 

points.  In the first situation the load is applied as a point load, and in the second situation the load is 

applied distributed over a surface with the length of the load plate.  

 

Figure G.4 - Model using reference points to apply a load to a surface and solve it with static Riks 

Both models give a solution, but this is not a solution that is expected and it is not a solution which is 

comparable with what is seen in the experimental research. Moreover it is not managed to get the 

descending branch with these models.  

 


