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ABSTRACT 

In recent years, attention for earthquake-resistant structural design has increased in the Netherlands, 

as a result of increasingly common earthquakes in the Dutch province of Groningen. The occurrence 

of these earthquakes are a result of years of gas mining. Due to ground motion caused by earthquakes, 

lateral inertia loads are introduced in buildings. Up to recently, the only lateral loads that were 

considered in the structural design were wind loads. The lateral loads caused by earthquakes may be 

higher than these calculated wind load. This poses a serious threat to the structural safety of the mostly 

unreinforced masonry buildings that constitute the building stock in Groningen.  

 

This research focuses on the out-of-plane behavior of clay brick masonry walls. The goal of the research 

was to get insight in the influence of the type of reinforcement, the magnitude of the axial load, and 

the location of the pivot point at the top and the bottom of the wall, on the out-of-plane behavior of 

masonry walls. Both experimental research as well as numerical research was conducted. 

 

The experimental research program was set up to investigate the influence of the reinforcement type 

on the out-of-plane behavior. Three series of two walls were tested under cyclic out-of-plane loading. 

The walls were 450 mm wide, 1250 mm high, and had a thickness of 100 mm. One series consisted of 

unreinforced walls (URM). The other two series (POLY, CEM) were reinforced by a carbon strip 

embedded in a groove over the height of the wall. In addition to this, a finishing layer was applied to 

one side of these walls. The CEM-walls were finished with a cement based strengthening layer with a 

carbon reinforcement net. The POLY-walls were finished with a polymer based strengthening layer. In 

the tests, an axial load of 20 kN/m was applied at the top of the wall. A horizontal displacement was 

imposed on a clamp that was applied over the width of the wall at the middle layer.  

 
Walls of the same test series showed largely similar behavior. For the POLY-series, a significant 

deviation was found in maximum loads between the two tests. This was caused by the difference in 

thickness of the strengthening layer and the location of the carbon strip. For the URM-test, for 

relatively small deformations, a behavior was observed that was not consistent with the out-of-plane 

behavior for URM-walls was found in the literature. This was presumably a result of a pre-existing crack 

in the wall, an explanation that was later supported by a finite element analysis on a model with 

imperfections. 

 

Nevertheless, some generalizations could have been made. Both series of reinforced walls were able 

to reach a significantly higher load during the tests, both in its strong direction, as well as in its weaker 

direction. The reinforced walls also showed to have much better energy dissipation capacity and better 

ductility. 

 

A two-dimensional, simplified micro model of the unreinforced masonry walls was created in the finite 

element software Abaqus. The masonry wall model consisted of expanded brick units with linear 

elastic material properties, and near-zero thickness cohesive interface elements with a traction-
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separation material behavior. The model was verified with the results of the experimental research. 

 

In the sensitivity analysis, the influence of the level of axial load and the location of the pivot point was 

investigated by performing several finite element analyses. It was found that an increase in vertical 

load leads to a higher maximum lateral load capacity, while it has no influence on the displacement 

capacity and crack pattern. When subjected to lateral loading, the maximum load and displacement 

capacity is higher when the pivot point is located more towards the tension side of the wall. The 

location of the pivot point has no influence on the crack pattern, as long as the relative distance 

between the top and the bottom pivot point remains limited. For relatively large horizontal distances 

between the pivot points, the crack pattern does change.  
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1. INTRODUCTION  

1.1 SEISMICITY IN GRONINGEN 

Near Slochteren, in the Dutch province of Groningen, one of the largest natural gas fields in the world 

is located. The field was discovered in 1959. In 1963, gas production started, which is operated by the 

Nederlandse Aardolie Maatschappij (NAM). Ninety-eight percent of the Dutch households makes use 

of the gas mined from the Slochteren gas field. It is expected to produce gas to 2080. Because of the 

receding production capacity, the production will rapidly decrease from 2020 on. 

Figure 1.1: Location of the Groningen gas field (Stratfor, 2014) 

Since 1986 (first induced earthquake observed), earthquakes were perceptible in this region. Research 

has established the undisputed causal relationship between the mining of gas and the occurrence of 

earthquakes. These induced earthquakes – earthquakes caused by human action – are different from 

tectonic earthquakes, which are caused by the sliding of tectonic plates relative to each other. 

 

In Groningen, the gas is locked up in a porous layer of sandstone, at a depth of approximately three 

kilometers. Above this layer of sandstone, a thick, impermeable layer of salt is situated. Due to the 

mining of gas, the pressure in the layer of sandstone decreases. The heavy layer of salt presses on the 

layer of sandstone. This leads to compaction of the sandstone layer. Due to the compaction of the 

sandstone layer, the stresses in the subsoil increase. At a certain moment, this stress (elastic energy) 

releases. This process of energy release can be jolty. This happens when the bedrock shift along natural 

faults, and this causes the earthquakes. 
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A major difference between tectonic earthquakes and induced earthquakes is the depth at which the 

hypocenter is located. For tectonic earthquakes, the hypocenter can be located at a depth of 15 to 60 

kilometers. For the induced earthquakes in Groningen, the hypocenter is located at a depth of circa 3 

kilometers. It’s because of this low depth that for earthquakes with a modest magnitude, the effects 

on ground level may be significant. 

 

The number of earthquakes and the magnitude of these earthquakes is expected to increase in the 

future (ARUP, 2014). The ground motion of the soil on which a structure is founded, caused by the 

earthquake, imposes inertial lateral loads on the structure. Up until recently the only type of lateral 

load that has been considered in the design of structures was the wind load. In a lot of cases in 

Groningen the lateral load due to induced earthquakes may be higher than the lateral wind load. This 

poses a serious threat to the structural safety in the region, since the structures have not been checked 

for these earthquake loads. This has led to the composition of the NPR 9998, a national code of practice 

to assess the structural safety of buildings that are situated in the region in which induced earthquakes 

occur. Since the beginning of 2016, all newly build structures must satisfy the requirements of this 

code of practice. 

1.2 VULNERABILITY OF UNREINFORCED MASONRY BUILDINGS IN 
GRONINGEN 

A seismic risk study has been performed by ARUP to investigate the risk to buildings and the life safety 

of building occupants associated with induced seismicity in the Groningen region of the Netherlands 

(Arup, 2013b). This required an inventory of all the buildings in the area. It was found that unreinforced 

masonry buildings are most common. They constitute for 75% to 85% of the building stock in the 

Groningen region. Most of the unreinforced masonry buildings comprise concrete floors, cavity walls 

and a pile foundation.  

 

The risk analysis indicated that not only the older unreinforced masonry  buildings, but also the newer 

unreinforced masonry buildings contribute to most of the risk. Masonry walls offer high in-plane 

resistance in the direction of the ground motion, but low out-of-plane resistance in the direction 

perpendicular to the direction of the ground motion. This means existing buildings may be prone to 

exhibit out-of-plane wall collapse in direction perpendicular to earthquake direction, especially the 

outer leaf of cavity walls. 

 

Worldwide a lot of research has been performed on seismic retrofitting techniques. The situation in 

Groningen, however, is so unique that already established techniques will not be sufficient as 

retrofitting measures. This has to do with the unique type of masonry, the slenderness of the masonry 

structures, the specific soil conditions and the nature of induced earthquakes. For this specific 

situation, the firms Oosterhof Holman and Sealteq have joined forces and developed QuakeShield, a 

new technique for improving the in-plane resistance and the out-of-plane resistance of masonry walls. 

 

The strengthening process starts by milling vertical grooves in the masonry. Then, carbon strips are 

placed in these grooves and embedded in a special developed ductile adhesive. By varying the groove 

depth, the carbon strips can be placed deep and shallow in the masonry. This way, from only one side 
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of the wall, both sides of the wall can be reinforced. Finally, the side is finished with a strengthening 

layer. This can either be a cement based layer or a polymer based layer. A schematic representation of 

the QuakeShield technique is shown in figure 1.2 below. 

Figure 1.2: Milled grooves with FRP reinforcement and an extra FRP reinforcement net (Türkmen & 
Vermeltfoort, 2016) 

1.3 SCOPE OF THIS STUDY 

This Master’s thesis focusses on out-of-plane loaded walls. Consideration will be given to the out-of-

plane capacity of both unreinforced masonry walls, as well as QuakeShield reinforced masonry walls. 

Already considerable research has been performed by QuakeShield to examine the strength of 

retrofitted walls in comparison to unreinforced walls. This consisted, among other, of the performance 

of in-plane and out-of-plane experiments. For the out-of-plane tests, three point bending tests were 

performed, in which the test specimen were placed lying in the test set-up. In these tests no 

compressive pre-stress was present in the specimen. In reality an axial load is always present in 

masonry walls due to its self-weight and due to the loads from upper stories. In this research the out-

of-plane behavior will be investigated for walls in which an axial load was present.  

 

The main research question of the thesis is: 

“What is the influence of the reinforcement type, the magnitude of the axial load, and the 

boundary conditions on the out-of-plane behavior of masonry walls?” 

 

The research question can be divided into three parts: 

 

It can be divided into three series of sub questions: 

1. Influence of the type of reinforcement: 

 “What is the influence of the type of reinforcement on the maximum load capacity of 
masonry walls?” 

 “What is the influence of the type of reinforcement on the deformation capacity of 
masonry walls?” 

 “What is the influence of the type of reinforcement on the stiffness of masonry walls?” 

 “What is the influence of the type of reinforcement on the energy dissipation capacity 
of masonry walls?” 
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2. Influence of the magnitude of the axial load: 

 “What is the influence of the magnitude of the axial load on the maximum load 
capacity of masonry walls?” 

  “What is the influence of the magnitude of the axial load on the deformation capacity 
of masonry walls?” 

3. Influence of the boundary conditions: 

 “What is the influence of the location of the pivot point on the maximum load capacity 
of masonry walls?” 

 “What is the influence of the location of the pivot point on the deformation capacity 
of masonry walls?” 

1.4 RESEARCH APPROACH 

To answer the research question, both experimental and numerical research was performed. An 

overview of the research approach is given in figure 1.3. 

 

Experimental research 

Tests were performed on unreinforced and reinforced masonry walls. The test results were compared 

to each other. The results from the tests on unreinforced masonry were also used as a reference for 

the numerical research.  

 

Numerical research 

A two dimensional finite element model was made with the finite element software Abaqus. The 

numerical model served two purposes. On the one hand it was used in support of the experimental 

research. The numerical model was of help in understanding the results from the experimental 

research. On the other hand, the numerical model was used for the sensitivity analysis. In the 

sensitivity analysis, the influence of the magnitude of the axial load and the location of the pivot point 

was investigated. 

 

Since the research question consists of three parts, the approach will be discussed for these three parts 

separately. 

1.4.1 Research to investigate the influence of the type of reinforcement (experimental 
research) 

To investigate the influence of the type of reinforcement, experimental research was performed. The 

experimental research consisted of cyclic out-of-plane tests on three series of two test walls. One 

series consisted of unreinforced walls (URM-series). The two other series were reinforced with two 

different types of QuakeShield reinforcement (CEM-series and POLY-series). The results of the three 

test series were compared to each other. 

1.4.2 Research to investigate the influence of the magnitude of the axial load (numerical 
research) 

The influence of the magnitude of the axial load was investigated through numerical research. It was 

only investigated for unreinforced masonry. 
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A total of ten values for the axial load were adopted in the sensitivity analysis. The values of the vertical 

load follow from weight calculations and a glimpse at the Dutch national annex NPR 9998.  

 

Two weight calculation were made for a terraced house with two stories, an attic and a pitched roof. 

These weigh calculations are given in Appendix A. In the first calculation, a house with concrete floors 

was considered (more heavy variant), while in the second calculation a house with wooden floors was 

considered (more lightweight variant). The vertical load on the loadbearing walls ranged from 6.53 

kN/m (lowest value) to 45.46 kN/m (highest value). 

 

In addition to that, a glance is cast at the Dutch national code of practice (NPR 9998). The NPR 9998 

provides values for the lateral load capacity dependent on the utilization factor, α. The utilization factor 

is the ratio between the axial load and the theoretical capacity of the wall in pure compression, i.e. α 

= NEd / ( l × t × fd ), where NEd is the axial load, l is the length of the wall, t is the thickness of the wall 

and fd is the characteristic value of the compressive strength of the masonry. From compression tests 

on masonry prisms, the compressive strength was obtained: fd = 7.0 N/mm2 (Türkmen & Vermeltfoort, 

2016) The thickness of the walls in this research is 100 mm. The NPR 9998 provides lateral load 

capacities for end walls for values of α ranging from 0.02 to 0.15. With this, the axial load, NEd, 

corresponding to these utilization factors, can be calculated. 

0.02 1000 100 7 14000 14Ed EdN l t f N m kN m            

0.15 1000 100 7 105000 105Ed EdN l t f N m kN m           

 

The weight calculations showed values of the axial load on walls with a thickness of 100 mm ranging 

from 6.53 kN/m to 45.46 kN/m. The NPR 9998 provides values for the lateral load capacity for 

utilization factors ranging from 0.02 to 0.15, which equates to axial loads ranging from 14 kN/m to 105 

kN/m. It’s clear that the value of 105 kN/m is relatively high and this vertical load will most likely not 

be present in reality. For completeness, this value is nonetheless considered in the sensitivity analysis. 

There has been chosen to perform the sensitivity analysis for ten values of the vertical load, ranging 

from 10 kN/m to 100 kN/m. 

1.4.3 Research to investigate the influence of the boundary conditions (numerical 
research) 

The influence of boundary conditions was investigated through numerical research. It was only 

investigated for unreinforced masonry. 

 

The influence of the pivot point on the out-of-plane behavior of unreinforced walls was investigated. 

Two cases were considered. 

 

In the first case, the pivot point was located at the top and the bottom at the same distance x from the 

centerline of the wall. The distances x ranged from +50 mm to -20 mm, with steps of 10 mm, making 

it a total of 8 analyses.  

 

In the second case, the pivot point at the top was located at a distance x from the centerline of the 

wall, while the pivot point at the bottom was located at a distance of +50 mm from the centerline. The 
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adopted values for x ranged from +50 mm to -30 mm, with steps of 10 mm, making it a total of 9 

analyses. 
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Figure 1.3: Overview of the research approach 

1.5 THESIS OUTLINE 

In this chapter, the history of induced earthquakes in Groningen, the research objective and the 

research approach are discussed.  

 

Chapter 2 consists of the literature review. The literature review serves the purpose to provide the 

tools for performing experiments and numerical simulations. In the literature review, the 

characteristics of structures subjected to (induced) seismic action is discussed, as well as previous 

research to the true behavior of out-of-plane loaded masonry walls. In addition, an overview is given 

of the seismic assessment procedures for out-of-plane loaded masonry walls for four different building 

codes: the European building code (Eurocode 8) the Dutch national code of practice (NPR 9998), the 

New Zealand building code (NZSEE), and the American building code (ASCE 41-13). Finally, several 

approaches for the numerical modeling of masonry structures will be discussed. 

 

The experimental research will be discussed in chapter 3. It consists of an overview of the test walls of 

the three test series, a description of the test setup, an overview of the test results and a discussion of 

these test results.  

 

1 

2 

3 
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In chapter 4, the description of the two dimensional finite element model is discussed. In this chapter, 

the results of the experimental research have been compared to the results of the finite element 

analysis. With the help of the experimental research, the numerical model was verified.  

 

Chapter 5 consists of the sensitivity analysis. The influence of the vertical load and the location of the 

pivot points on the out-of-plane behavior was analyzed. 

 

The conclusions of this research and recommendations for further research are presented in chapter 

6. 

 

The appendix is given at the end of the report. It contains several calculations, extended results from 

the experimental research, and python scripts for the Abaqus model. 
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2. LITERATURE REVIEW 

2.1 INTRODUCTION 

The literature review serves the purpose to provide the tools for performing experiments and 

numerical simulations. It consists of a total of four paragraphs. In the first paragraph, the 

characteristics of (induced) earthquake loading is discussed. Then, the fundamentals of the out-of-

plane behavior of masonry walls is discussed. In the third paragraph the assessment procedures of the 

out-of-plane capacity of masonry walls for several national building codes are investigated. The last 

paragraph is about the numerical modeling of masonry structures. 

2.2 LOAD CHARACTERISTICS 

This paragraph investigates the behavior of structures subjected to earthquake loads. Over the years 

a considerable amount of literature has been published on this topic. For the writing of this paragraph, 

use has been made of the books of Biggs (1964), Chopra (1995), FEMA (2006), Murty et al. (2012), and 

Paulay & Priestley (1985). 

2.2.1 Introduction 

Before earthquakes started to play a role in the Netherlands, the structural safety of buildings was 

established by means of static analysis. Static loads are not dependent on time. They are gradually 

applied and remain in place for a longer duration of time. Live loads on a structure are assumed to be 

static. While this is not theoretically the case, since the load must be applied in some manner and this 

involves a time variation of force, if the magnitude of force varies slowly enough the inertia forces can 

be ignored and no dynamic effects will occur. Dynamic loads, on the other hand, are time-dependent. 

They either act for a small interval of time or quickly change in magnitude or direction. Examples of 

situations in which dynamic loading must be considered are structures which support moving loads 

such as bridges, structures subjected to suddenly applied blast loads and structures where the 

supports of the structure move, which is the case during an earthquake.  

 

Earthquakes create seismic waves that travel through the body and along the surface of the earth. 

These waves create shaking of the ground on which the building is founded. The ground motion sets 

the structure in motion, which causes inertial forces within the building. 

2.2.2 Ground characteristics 

If set in motion by an earthquake, the ground tends to vibrate at its natural period. The natural period 

is dependent on the nature of the ground. Hard ground usually has a low natural period, whereas soft 

ground usually has a larger natural period. The ground motion can be measured by recording the 

acceleration, velocity, or displacement. Usually, the ground motion is recorded by measuring the 
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occurring accelerations over the time by an accelerograph. The accelerations will be measured in three 

directions, namely the horizontal acceleration in x- and y-direction and the vertical acceleration. The 

accelerogram is consisting of a basket of harmonic vibrations with different frequencies. Although 

every earthquake is different, there are dominant frequencies in a collection of earthquakes for certain 

regions. An important value that can be read of from an accelerogram is the peak ground acceleration, 

which is the maximum acceleration that appears in the accelerogram. A typical accelerogram is shown 

in figure 2.1. 

Figure 2.1: Typical accelerogram 

2.2.3 Building characteristics 

The most important dynamic characteristics of a building are its natural period and its amount of 

damping. 

 

All buildings have a natural period, which is the time required for the structure to go through one cycle 

of free vibration. Frequency is the inverse of the natural period: the number of cycles that will occur 

in a time period. The natural period of a building is affected by numerous factors, such as the building’s 

structural system, its construction materials, and its geometric proportions. The height of the building 

is one of the factors that has the biggest impact on the natural period of the building. 

 

If a structure is made to vibrate, the amplitude of the vibration will decay over time and will eventually 

cease due to internal friction and absorbed energy. The nature of the structure and its connections 

affect the damping. The amount of damping is expressed as a reference to the critical damping. The 

critical damping value is the amount of damping that will allow the structure to return to its original 

position without any continued vibration. For most structures, the amount of damping in the system 

will vary between 3 % and 10 % of the critical damping. 

2.2.4 Building response 

To illustrate the response of a building to an earthquake, the system shown in figure 2.2 below is 

considered. The building is schematized to a simple damped, one-degree of freedom system with a 

mass m, a stiffness k, and a damping factor c. The imposed loading to the system is the earthquake 

motion x0(t). 
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Figure 2.2: Damped single-degree-of-freedom system with imposed deformation (Wijte, 2015) 

The differential equation of this system is as follows: 
2

.0
02

m m
m

d x dx dx
m c k x c k x

dt dt dt
            (2.1) 

 

Which is equal to: 

 
2

2 0
02

0m m
m

d x dx dx
m c k x x

dt dt dt

 
     

 
      (2.2) 

 

If it is stated that 
0mz x x  , it follows that: 

2

2
0md x dz

m c k z
dt dt

           (2.3) 

 

The natural period of this system is: 

2
m

T
k

    (2.4) 

 

The system is subjected to an imposed displacement as a function of time. The variation of acceleration 

over time, corresponding to the displacement function is shown in the accelerogram of figure 2.3. The 

peak ground acceleration (PGA) of this displacement function is 0.50 g (= 4.91 m/s2).  

Figure 2.3: Imposed acceleration 

By numerical integration, for instance using Newmarks theory, the displacements and velocities can 

be derived from the known accelerations. Then, the response acceleration of the mass can be found 

by solving the differential equation. 
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For a system with a natural vibration period T = 0.1 s and a damping ratio c = 5 %, the response 

acceleration of the mass has been determined. This is shown in figure 2.4 below. The red line shows 

the imposed acceleration a0, and the blue line shows the response acceleration am.  

Figure 2.4: Response of the SDOF system 

In seismic structural design it is accustomed to determine the maximum force that is introduced in the 

structure as a result of the earthquake. Then an assessment is made whether the structure can resist 

this force. The force on a given point in time can be defined as F m a  , where m is the seismic mass, 

assumed to be equal to the weight of the building at ground level, and a is the response acceleration 

of the structure, caused by the imposed acceleration.  

 

So, the maximum force induced in the structure depends on the mass of the structure and the response 

acceleration. This response acceleration on its turn depends on the natural vibration period T and its 

damping ratio c. This can be seen in the graph of figure 2.5, where the absolute maximum response 

acceleration is displayed for different fundamental periods. It can be seen that, in general, a more 

flexible building with a longer natural period may be expected to experience a proportionately smaller 

response acceleration than a stiffer building. 

Figure 2.5: Acceleration response spectrum 
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For design purposes, the design codes give site response spectra. Such a Design Response Spectrum is 

a smoothened envelope of all Acceleration Response Spectra of the ground motions in the region for 

which the building is expected to be designed. In this site response spectrum, the dynamic 

amplification factor DAF is introduced. The dynamic amplification factor is the ratio between the 

extreme response acceleration of the structure am and the extreme imposed acceleration a0, i.e. DAF 

= am / a0. An example of a site response spectrum is shown in figure 2.6. 

Figure 2.6: Example of a site response spectrum 

The dynamic amplification factor accounts for the different expected peak ground accelerations in 

Groningen. The highest peak ground accelerations are to be expected in Loppersum, which is located 

in the center of the gas field. The further away from Loppersum, the lower the expected peak ground 

accelerations are. This is shown in the contour plot of figure 2.7, which is given in the national code of 

practice NPR 9998. When the location of the structure is known, the corresponding peak ground 

acceleration can be found. Multiplying this by the dynamic amplification factor, found in the site 

response spectrum, gives the maximum response acceleration for the structure.  

Figure 2.7: Contour plot for expected PGA in Groningen (NPR 9998, 2015) 
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2.2.5 Ductility 

In the foregoing, the building response has been determined for an elastic structure. The response is 

more favorable if a structure is able to deformations beyond the elastic range, as is shown in figure 

2.8.  One way to quantify the deformation capacity is by the ratio μ. This is defined as: 

u

e







            (2.5) 

With: 

u    ultimate displacement 

e    displacement at yielding 

Figure 2.8: Ductile behavior of a structure 

Another way to quantify the ductility of a structure is by the behavior factor q. To determine this 

behavior factor, the bi-linear diagram must be converted to an equivalent linear-elastic diagram, as is 

shown in figure 2.8. The behavior factor is defined as: 

,e e

p

R
q

R
             (2.6) 

 With: 

 ,e eR    maximum equivalent elastic resistance 

 pR   maximum plastic resistance. 

 

The conversion of the bi-linear diagram to the linear diagram is based on the principles of equal energy. 

This means that the area under the bi-linear curve is the same as the area under the linear curve. With 

this the behavior factor can also be described as a function of the ductility factor μ. This relation is: 

2 1q              (2.7) 

 

The ability to dissipate energy has a favorable effect on the building response. It decreases the dynamic 

amplification factor. The extent of this decrease is generally assumed to be linear to q. This means the 

peak ground acceleration can be divided by q. This is shown graphically in figure 2.9.  
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Figure 2.9: Example of a site response spectrum for various behavior factors 

2.2.6 Load path 

To determine the forces in the individual members in a structures, it is relevant to describe the load 

path that the seismic input energy follows within a URM structure. This load path has been described 

in detail by Paulay & Priestley (1992). The seismic energy of the earthquake is transmitted through the 

foundation to  the stiffest elements in the building. These are the in-plane walls, parallel to the 

direction of the earthquake. These walls respond to the earthquake, dependent on the height, 

stiffness, and contributory masses of the floors and face loaded walls. The response accelerations of 

the in-plane walls at a given height act in its turn as input acceleration for the floor diaphragms. Floor 

diaphragm response follows. This excites the out-of-plane walls through the wall-to-floor connection. 

Acceleration of the earthquake has been filtered by the dynamic characteristics of the in-plane walls 

as well as the floor diaphragm, before it acts as input acceleration for the out-of-plane walls. This 

interaction is shown schematically in figure 2.10. Because of this interaction, the input acceleration at 

the top of the face loaded walls need not necessarily be in phase or of the same magnitude as the 

input acceleration as the bottom. 

Figure 2.10: Seismic response of an unreinforced masonry building (Paulay & Priestley, 1992) 
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2.3 BEHAVIOR OF OUT-OF-PLANE LOADED MASONRY 

2.3.1 Introduction 

In this paragraph, the studied literature about the out-of-plane behavior of unreinforced masonry will 

be discussed. 

2.3.2 Out-of-plane capacity of URM walls 

Unreinforced masonry has long been considered a brittle form of construction. This makes it , what 

makes it particularly sensitive to peak ground accelerations (Doherty, 2000). Research has shown, 

however, that out-of-plane loaded masonry walls may sustain earthquakes way beyond their elastic 

capabilities. This comes from the fact that the behavior of out-of-plane loaded masonry walls is highly 

non-linear. The failure is governed by instability phenomena, rather than by material failure. 

 

Most analytical models focus on a two-dimensional, vertically spanning wall, simply supported at the 

top and the bottom. The boundary conditions in the depth direction are not considered. This type of 

wall corresponds to loadbearing or non-loadbearing partition walls or very long walls where the 

boundary conditions at the end do not significantly influence the behavior. In this case, under out-of-

plane loading, one-way bending develops. 

2.3.2.1 Paulay & Priestley 

In 1985, Priestley developed an analytical model to capture the behavior of single-spanning masonry 

walls, subjected to seismic loads (Priestley, 1985). This method was later corrected and published in a 

final publication in 1992 (Paulay & Priestley, 1992). In the model, it is assumed that a crack occurs at 

mid-height.  This leaves two equally sized free bodies which can hinge around this crack. Failure of the 

wall takes place when the resultant compression force from the superimposed load on top of the wall 

and the self-weight of the wall is moved outside the line of action of the applied gravity loads at the 

top and bottom of the wall. To develop the equations for wall failure, a few assumptions have been 

made for the model. The first assumption concerns the response acceleration am, which is taken 

constant up the floor height hw. 

 
Hence, the lateral inertia force per unit area will be: 

mq m a              (2.1) 

 

Another assumption concerns the degree of fixity at the top and bottom of the wall. It is assumed that 

the wall is simply supported. This means that no end moments are applied. The analytical model is 

shown in figure 2.11. 
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Figure 2.11: Out-of-plane behavior of an unreinforced masonry wall (adapted from Paulay & 

Priestley, 1992) 

Several loads are acting on the wall. As a result of an earthquake, a uniformly distributed load q acts 

over the height of the wall. Also, a superimposed load P is applied at the center of the top of the wall. 

The self-weight of the wall is divided over the two equal parts of the wall. This self-weight is allocated 

in the center of the wall parts.  

 

The force R acting on the upper half of the lower wall part is: 

0.5R P W            (2.2) 

 

By taking the moment around the base, the horizontal reaction force can be determined: 

2 w

W
H

h


           (2.3) 

 

Moment equilibrium at the center of the wall at mid height requires that: 
2

8 2 2 2 2

w w

w

qh hW W
Rx P

h

 
            (2.4) 

 
This can be rewritten to: 

2

8 2

wq h W
Rx P

 
    

 
         (2.5) 
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With equation (2.2), this can be rewritten to: 

2

8 ( )

w

R x
q

h

 
          (2.6) 

 

Using equation (2.1) and equation (2.6), the relation between the response acceleration am and the 

displacement Δ can be established: 

2

8 ( )
/m

w

R x
a q m

m h

 
          (2.7) 

  

The maximum possible value of the distance x follows from the situation with a rectangular stress block 

at the end of the wall. Then, the width of the block is: 

max 2 2x t a  , where /0.85 m

R
a

f t
         (2.8) 

Load-deflection relationship 

To assess the load-deflection relationship of the wall, it is assumed that the wall has a limited 

compression strength and zero tension strength. Prior to cracking, the response is linear elastic. The 

post-crack behavior is determined in relation to the condition at cracking. 

 

Condition at cracking 

The condition at cracking is shown in figure 2.12.a The internal moment is: 

6
cr

Rt
M             (2.9) 

Where: 

2
cr

R
f

t
            (2.10) 

 

The external moment is: 

21

8
cr cr wM q h           (2.11) 

 

Solving for qcr results in 

2

8 cr
cr

w

M
q

h
            (2.12) 

The behavior is linear elastic until cracking. Shear deformations are neglected. The displacement at 

cracking can be simply determined with: 
4

5

384

cr w
cr

q h

EI
            (2.13) 

 

The curvature is: 

cr
cr

f

Et
             (2.14) 
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(a) At cracking 
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Figure 2.12: Moments and curvatures at center of face-loaded wall (adapted from Paulay & Priestley, 

1992)  

Cracked condition 

The crack develops and gets wider. The equation for the remaining non-cracked thickness is 

rest t             (2.15) 

 

The residual resisting moment is: 

M R x             (2.16) 

With: 

1 1
0.5 0.5

3 3
resx t t t

 
    

 
       (2.17) 

 

The compression stress at the edge of the section is: 

2
c

R
f

x
            (2.18) 

Now, the factor   is introduced. This is defined as follows: 

c

cr

f

f
             (2.19) 

The curvature can be determined with: 

cr

cr

f

Et


             (2.20) 
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Here, the factor γ is introduced. This is defined as follows: 

cr





            (2.21) 

  

A conservative assumption is that the displacement Δ increases in proportion with the central 

curvature. The displacement can be calculated as follows. 

cr               (2.22) 

 

A more accurate estimate for Δ can be obtained by integration the curvature distribution. The errors 

are typically not large until very large displacements are obtained.  

 

With Δ and x known, equation (2.6) allows for an acceleration-displacement plot to be drawn. An 

example of such a graph is shown in figure 2.13. 

Figure 2.13: Acceleration-displacement relationship for a simply-supported unreinforced masonry 
wall (adapted from Paulay & Priestley, 1992) 

It can be seen that initially the wall deflects as a linear elastic slab. When the moment in the wall 

creates enough tension in the wall to exceed the compressive pre-stress a crack will occur. The wall 

then continues to resist load, however losing stiffness. This is due to the fact that the internal lever 

arm x increases, while the displacement Δ remains relatively small. Eventually it reaches the point 

where the lateral is load is at its maximum. Beyond this point, since the displacement Δ becomes 

relatively large, a counteracting moment is caused by the top load P, causing the internal moment to 

decrease and therefore decreasing the lateral load resistance. When the vertical resultant force above 

the mid-height crack moves outside of the wall thickness, the resistance to overturning is reduced to 

zero.  

 

It is suggested that an estimate of the equivalent linear elastic response acceleration ae,e can be found 

by the equal-energy approach. In this approach, the area under the true non-linear line is converted 

to a linear line with the same area under the graph and the same initial stiffness. If A1 is the area under 
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the true curve, then the area under the equivalent linear curve can be determined with the following 

equation: 
2

,

2 1
2

e ea
A A

k
            (2.23) 

 

Now, the equivalent, ultimate elastic acceleration can be calculated: 

, 12e ea k A           (2.24) 

 

In seismically loaded masonry walls, not only a horizontal action is acting on the wall. Also a vertical 

action needs to be taken into account. Due to this vertical action, the real instability displacement will 

be lower than the theoretical instability displacement. This also reduces the equivalent elastic peak 

ground acceleration to induce failure. It is usually conservatively assumed that two-thirds of the peak 

ground acceleration should be adopted. 

 

For single spanning walls with different boundary conditions and different load types the same 

procedure can be followed to construct a load-displacement diagram. However, in that case, the 

horizontal reaction forces at the top and the bottom change (equation (2.3)), as well as the equation 

for equilibrium around the center of the wall at mid height (equation (2.6)). These equations are 

rewritten for four different boundary conditions and load types and can be found in Appendix B. 

 

Bilinear model 

The non-linear behavior was later simplified by Priestley (Priestley, 2007) to a bi-linear model. This 

simplification assumed two free rigid bodies. The two rigid bodies have an infinite compressive 

strength and an infinite material stiffness. The lateral load is initially resisted by the gravity restoring 

moments due to the self-weight and the superimposed load. The lateral load at cracking is called Re(1). 

After cracking, the gravity restoring moments reduce when the lateral displacement increases, 

resulting in a lower resisting lateral load q. When the mid-height reaction load moves outside the 

thickness of the wall, static instability occurs. This point is called Δinstability. The ultimate lateral load 

Re(1) and the instability displacement Δinstability are related to the wall geometry, overburden load and 

the wall boundary conditions. For the model of figure 2.14, these points are calculated below. The bi-

linear load – displacement relationship is shown in figure 2.15. 

Figure 2.14: Rigid body model Figure 2.15: Bi-linear relationship 
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The lateral load can be determined with the equation below: 

2

8

2

w

w

tR
q

h

 
   

 
          (2.25) 

 

The maximum resistance occurs when Δ = 0: 

2

4
Re(1) w

w

R t
q

h
           (2.26) 

  

With the rigid body assumption, static instability occurs at the mid height displacement which causes 

the mid height reaction to move outside the thickness of the wall. At this point q = 0. 

2

8
0

2

w
instability

w

tR

h

 
   

 
        (2.27) 

 

Substituting equation (2.26) in (2.27) gives: 
2

2

4 1

8 2

w w
instability w

w

R h t
t

R h
           (2.28) 

2.3.2.2 Doherty 

Doherty simplified the curvilinear model to a tri-linear model. The tri-linear model consists of an initial 

linear elastic behavior, a plateau and finally a descending branch. The bi-linear model was used as a 

basis for development of the tri-linear model. The first two parts of the tri-linear model are based on 

the test results of an extensive experimental program that was conducted. 

  

In total, 14 one-way spanning URM wall panels were constructed for an out-of-plane shake table test. 

The response to harmonic, transient and pulse excitations was examined, with  the wall thickness and 

the level of overburden stress as variating parameters. To complement the shaking table tests, also 

static push tests and free vibration tests were conducted. Where possible, multiple static and dynamic 

tests were performed on each specimen.  

 

The height of the test specimen was limited to 1.5 m. Two series of specimen, with two different wall 

thicknesses, were made. One series had a thickness of 110 mm, giving a wall slenderness ratio of 13.6. 

For more realistic slenderness ratio to be examined, also 50 mm thick walls were constructed, giving a 

slenderness ratio of 30. Hollow clay bricks, with three holes with a diameter of 45 mm were used for 

the specimen. The mortar joints had a thickness of 10 mm, both in the horizontal as in the vertical 

direction. 

 

The test setup is shown in figure 2.16. The tests were performed on walls supported by a steel frame. 

The braced frame was rigidly attached to the shake table. The wall specimen was simply supported at 

the top and the bottom.  
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Figure 2.16: Out-of-plane wall test set-up (Doherty, 2000) 

To apply the overburden load at the top of the wall, an overburden rig was designed. This rig relied on 

six large springs to apply the required level of overburden stress. With this test rig it was possible to 

easily change the overburden load. Two steel angels and 10 mm square, stiff rubber spacers attached 

to the steel frame prevent the wall from significant horizontal displacements, while allowing for 

rotations and vertical displacements.  

 

Measurements are recorded using acceleration and displacement instruments. These are placed at the 

specific points, shown in figure 2.16. Five of the instruments measure the displacements and four the 

displacements relative to the steel frame or the rigid surrounding. 

  
A tri-linear model that reasonably matched the experimentally obtained curvilinear behavior was 

established. This was based on the rigid bi-linear relationship. It consists of an initial stiffness, a plateau 

and a final negative stiffness. The negative stiffness is the same as in the previously described rigid bi-

linear relationship. The initial stiffness and the plateau are defined by the displacement ratios 

Δ1/Δinstability and Δ2/Δinstability, as is shown in figure 2.17. These ratios are based on the test results and 

are related to the state of degradation of the mortar and the cracked joint. Three states are 

distinguished, namely no damage, moderate damage and severe damage. The values for the 

displacement ratios are given in table 2.1 below.  

Table 2.1: Defining displacement of the tri-linear load – displacement approximation (Doherty, 2000) 

State of rotation joint degradation Δ1/Δinstability  Δ2/Δinstability 

New 6% 28% 

Moderate 13% 40% 

Severe 20% 50% 
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Figure 2.17: Tri-linear force-displacement relationship for various wall degradation (Adapted from 
Doherty, 2000) 

2.4 BUILDING CODES 

2.4.1 Introduction 

This paragraph gives an overview of the strength assessment of seismically out-of-plane loaded 

masonry walls for four different building codes. The building codes that will be considered are the 

Eurocode (Eurocode 8), the Dutch national code of practice (NPR 9998), the New Zealand code (NZSEE 

2006), and the American code (ASCE 41-13). For every building code, a brief summary will be given of 

the assessment procedure and the background of this procedure. 

 

All procedures give an assessment procedure for the out-of-plane capacity in the near collapse limit 

state. In this limit state, the structure is heavily damaged, with low residual strength and low residual 

stiffness. The structure is still able to withstand the gravity loads, however, a new earthquake will likely 

lead to complete collapse of the structure. In the ASCE 41-13 this limit state is called the Collapse 

Prevention Structural Performane Level.  

2.4.2 Eurocode 8 

The Eurocode is a  series of standards for the construction industry. These codes provide an approach 

for the structural design of structures in the European Union. It consists of a total of ten standards. 

Part 8 of the Eurocode deals with the design of structures for earthquake resistance. In chapter 9 of 

this code, the specific rules for masonry buildings are given. As for masonry walls, the code gives 

geometric requirements. Minimum values for the effective thickness, as well as maximum values for 

the ratio between the effective height and the effective thickness are given. These geometric 

requirements have no relation to the magnitude of the seismic load. The requirements are shown in 

table 2.2. 
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Table 2.2: Recommended geometric requirements for shear walls (NEN-EN 1998-1) 

Masonry type tef,min (mm) (hef/tef)max (l/h)min 

Unreinforced, with natural stone units 350 9 0.5 

Unreinforced, with any other type of units 240 12 0.4 

Unreinforced, with any other type of units, in 

cases of low seismicity 
170 15 0.35 

Confined masonry 240 15 0.3 

Reinforced masonry 240 15 No restriction 

 

In Dutch practice, the thickness of walls arises from acoustic requirements, rather than from structural 

requirements. Loadbearing walls usually have a thickness of 100 mm or 120 mm. These wall 

thicknesses are much lower than the requirements for the minimum thickness of table 2.2. With an 

effective height 2.6 m, the height-to-thickness ratio of the wall would be 2600 / 100 = 26. This means 

the requirements concerning the height-to-thickness ratio will not be met also. From the foregoing it 

is apparent that commonly used wall dimensions in the Netherlands will not meet the requirements 

of the Eurocode.  

2.4.3 NPR 9998 

Since it has long been assumed that structures in the Netherlands did not need to be assessed for 

earthquake loading, Eurocode 8 has not yet been prescribed. Therefore, no National Annex – in which 

parameters and additional guidelines are given – is available. Composing this National Annex requires 

a thorough study, which is assumed to take three years to complete. Because there is an immediate 

need for any guidance in assessing the structural capacity of new and existing buildings, a national 

code of practice is set up. This is the NPR 9998. 

 

In chapter 9 of the NPR, guidelines are given for out-of-plane loaded masonry walls. These guidelines 

are based on calculations made by consultancy firm Hageman (Hageman, 2015), commissioned by the 

NEN. In those calculations, three different types of walls are considered: 

   

1. Partition wall: wall that supports a continuous floor, or wall that supports a floor on both sides.  

2. End wall 

2.1.  End wall: wall – not connected to an outer leaf by means of wall ties – that supports a floor 

on one side. 

2.2. Loadbearing inner leaf of a cavity wall: wall – connected to an outer leaf by means of wall ties 

– that supports a floor on one side. 

 

In the calculations, a partition wall is schematized as a single, one-way spanning wall with a normal 

force acting on top of it. It is assumed to be clamped at the top and the bottom. The boundary 

conditions for end walls and loadbearing inner leafs of cavity walls are less clear than for partition 

walls. End walls, and especially end walls with a relatively low normal force acting on top, are because 

of the interaction between wall and floor slab usually loaded with relatively high moments. These 

moments lead to the development of cracks and/or gaps at the connection between floor and wall. 

Therefore, it cannot be assumed that they are fixed at the top. End walls are therefore schematized as 

one-way spanning walls, fixed at the bottom and hinged at the top. 
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For the assessment of the structural behavior of a laterally loaded wall due to seismic excitation, first 

a non-linear push-over calculation was made for the three different wall types for various values of the 

normal force, assuming non-linear material behavior for the masonry. From this push-over analysis, 

the distribution of the lateral load over the height of the wall and a load – displacement relationship 

for the lateral load and the lateral displacement was obtained. From the load – displacement 

relationship the values for the natural period T and the behavior factor q were deducted. With the 

Eurocode for masonry structures (Eurocode 6, 2004) the out-of-plane strength of the wall was 

determined. From a relation between the strength of the wall and the magnitude of the load, the 

ultimate earthquake load was found. This ultimate load could have been, dependent on T and q, 

converted to an ultimate peak ground acceleration. 

 

The outcome of the calculations is included in table 9.3 of the NPR. With this table, for various wall 

types, slenderness ratios and utilization rates α (the design value of the normal force divided by the 

ultimate compression strength of the wall), the ultimate peak ground acceleration ag,ref can be found. 

An excerpt of this table is given in table 2.3. 

Table 2.3: Values for DAF (SRd) and PGA (ag,ref) for various wall types and wall dimension (NPR, 2015) 

wall type t (mm) α T (s) q (-) SRd (g) ag,ref (g) 

partition walls 

100 

0,02 0,080 5,39 0,196 0,28 

0,03 0,074 4,69 0,295 0,48 

0,04 0,068 4,35 0,393 * 

120 

0,01 0,081 6,46 0,165 0,24 

0,02 0,066 5,53 0,295 0,50 

0,05 0,055 4,10 0,595 * 

150 0,02 0,053 5,47 0,491 * 

end walls 

100 

0,02 0,171 2,66 0,118 0,07 

0,05 0,152 2,21 0,189 0,11 

0,10 0,129 2,05 0,153 0,07 

0,15 0,113 2,00 0,000 0,00 

120 

0,02 0,145 2,62 0,227 0,18 

0,05 0,127 2,03 0,453 0,39 

0,07 0,119 2,00 0,553 0,62 

0,10 0,110 2,06 0,651 * 

150 

0,01 0,121 2,49 0,201 0,14 

0,02 0,116 2,71 0,384 0,47 

0,05 0,100 2,23 0,845 * 

175 0,02 0,104 2,79 0,536 * 
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2.4.4 NZSEE 2006 

The New Zealand building code NZSEE (NZSEE, 2006) gives an assessment procedure for seismically 

loaded existing structures. In this assessment, the resistance of a structural element is expressed as a 

percentage of the resistance required by the new building standard, %NBS. It has been estimated that 

buildings that have a seismic resistance less than one third of the new building standard (%NBS < 33) 

will subject occupiers to a risk in the order of twenty times greater than for a building fully complying 

with the current earthquake standards (%NBS > 100). Buildings with a %NBS below 33% are labeled as 

earthquake prone and should be either demolished or strengthened. Occupiers of buildings meeting 

67%NBS will be exposed to 5 – 10 times the risk. Buildings with a %NBS greater than 33% but lower 

than 67% are labeled moderate hazard. Buildings with a %NBS greater than 67% are labeled low risk 

(figure 2.18). 

 

%NBS      0% 33% 67% 100%  
      

Rating  Unacceptable Moderate Hazard Low Hazard Complies with NBS 

Figure 2.18: Assessment of out-of-plane walls according to the NZSEE guideline. 

The standard provides evaluations of both one-way spanning walls and two-way spanning walls. In this 

paragraph, only the assessment for one-way spanning walls is discussed, since this is within the scope 

of this study.  

  

The assessment procedure is based on stability concepts instead of strength concepts. This means that 

a wall may still be accepted, even it is predicted to crack, as long as it will remain stable during an 

earthquake. In the assessment, the wall is assumed to be laterally restrained at the top and the bottom. 

At these supports, the wall is assumed to be able to pivot. At mid-height, where the crack is assumed 

to form, a third pivot point is assumed to form. The two parts of the wall are then able to hinge around 

these three points. The procedure is based on the principles of virtual work. A critical value for the 

displacement is determined, which is compared to the displacement demand. 

 

The capacity of the wall is determined by calculating the instability deflection Δm. This is assumed to 

be 60% of the theoretical instability deflection Δi.  

 

After calculating the instability displacement, the displacement demand Dph has to be calculated. In 

calculating this displacement demand, first the natural period Tp needs to be determined. The natural 

period is calculated as four times the duration for the wall to return from a displaced position – 

measured by Δm (= 0.6 Δin) – to the vertical position. For this natural period, the seismic coefficient 

Cp(Tp) is determined, by using the NZS 1170.5:2004 (NZS, 2004). Then the displacement response 

demand Dph can be calculated, by multiplying the seismic coefficient by a pseudo-displacement, a part 

risk factor Rp, and a participation factor γ.  

 

When both the instability displacement and the displacement demand are known, %NBS can be 

calculated. This is done by dividing the theoretical instability deflection by the displacement demand 

and multiplying this by 100% and a factor 1.2. The factor 1.2 is a compensation for the conservatism in 

the calculation of the natural period and other calculations. 



28 

  

In the complete procedure of the NZSEE, also the support reactions are calculated. These are necessary 

in calculating the strength of the wall-to-floor connections. 

2.4.5 ASCE 41-13 

The American Code does not give any guidance for the assessment of the capacity of out-of-plane 

loaded walls. Instead it gives, similar to Eurocode 8, permissible height-to-thickness ratios for different 

types of walls. In contrast to the Eurocode however, the height-to-thickness ratios of ASCE 41-13 have 

a relation to the magnitude of the seismic load. In calculating the effective thickness of cavity walls, 

the outer leaf must be ignored. The requirements are given in table 2.4. 

Table 2.4: Permissible h/t ratios for URM subject to out-of-plane actions (ASCE 41-13) 

Wall types Sx1 ≤ 0.24 g 0.24 g < Sx1 ≤ 0.37 g Sx1 > 0.37 g 

Walls of one-story buildings  20 16 13 

First-story wall of multistory building 20 18 15 

Walls in top story of multistory building 14 14 9 

All other walls 20 16 13 

2.5 NUMERICAL MODELING OF MASONRY STRUCTURES 

To be able to numerically model unreinforced masonry, it is important to obtain a good understanding 

of the real material behavior. Masonry is a composite material that consists of units and mortar joints 

and the interface between the unit and the mortar. Due to the fact that it is a composite, the behavior 

of unreinforced masonry is very complex. The behavior is strongly dependent on the properties of its 

constituents and the interaction between the constituents.  

2.5.1 Modeling approaches 

Three approaches for the modeling of masonry structures can be distinguished (Lourenço, Rots, & 

Blaauwendraad, 1995)(Figure 2.19): 

(a) Detailed micro-model approach 

(b) Simplified micro-model approach (meso model approach) 

(c) Macro-model approach 

(a) (b) (c) 

Figure 2.19: Modeling strategies for masonry structures (Lourenço, Rots & Blaauwendraad, 1995) 

In the detailed micro-model approach, both the brick units and the mortar material are modeled by 

continuum elements. The Young’s modulus, the Poisson’s ratio and optionally inelastic properties of 
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both unit and mortar are taken into account. The unit-mortar interface is modelled by interface 

elements.  

 

In the simplified micro-model approach, the brick units are modeled by continuum elements, whereas 

the interfaces between the units are modelled by interface elements. The dimensions of the brick units 

are expanded to keep the geometry unchanged. The expanded brick unit contains the homogenized 

properties of the masonry and the mortar.  

 

The macro-model does not distinguish between individual units and joints. Instead, the material is 

regarded as an isotropic continuum. All the components are smeared out over the continuum. In this 

approach, the tensile strength is usually assumed to be very low, to capture the unit-mortar interface 

behavior. 

 

The choice for one of those techniques depends on the preferred level of accuracy and computational 

effort. The most insight can be obtained by the detailed micro-modeling, but this approach will also 

need great computational effort. The macro-model approach is the most valuable approach when a 

compromise between accuracy and efficiency is needed. 

2.5.2 Masonry failure modes 

Five basic types of failure modes that characterize masonry can be distinguished (figure 2.20) 

(Lourenço, Rots & Blaauwendraad, 1995). The failure mechanisms can be divided into joint 

mechanisms (1, 2), unit mechanism (3), and a combined mechanisms involving units and joints (4, 5).  

 

Figure 2.20: Masonry failure modes (Lourenço, Rots & Blaauwendraad, 1995) 

In mechanism 1, failure is caused by a tension stress acting perpendicular to the bed joint. The crack 

surface separates in a direction normal to the plane of the crack. In facture mechanics, this is 

considered a mode I failure. In mechanism 2, failure is caused by a shear stress acting in the direction 

parallel to the bed joint. The brick unit slides along the mortar joint. This type of failure is considered 

(1) (2) (3) 

(4) (5) 
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a mode II failure in fracture mechanics. Failure mechanism 3 concerns cracking of the units in direct 

tension. Failure mechanism 4 concerns the diagonal tension crack of the units, which is caused when 

the value of the normal stress is sufficient to develop friction in the joints. The fifth failure mechanism 

is masonry crushing, where the units split in tension as a result of mortar dilatancy at high values of 

normal stress. 

  

For the micro-modeling of masonry in numerical programs that take non-linear behavior into account, 

a complete description of the behavior of masonry components has to be available. This means that, 

apart from the initial stiffness and the strength, also the post-peak behavior in the stress-strain-

diagram needs to be described. The only relevant failure mechanisms in out-of-plane loaded 

unreinforced masonry are joint failure mechanism. Therefore, only these two failure modes will be 

explored further. 

2.5.2.1 Joint tension cracking (mode I) 

To get more insight the behavior of masonry under tension a series of tests have been carried out in 

the nineties at the Stevin laboratory at the Delft University of Technology, and in the Pieter van 

Musschenbroek laboratory at the Eindhoven University of Technology. These tests were performed on 

series with various types of masonry (clay brick, calcium silicate, concrete) and various types of mortar.  

  

All tests were performed displacement controlled. The load and displacement were measured to 

capture the post-peak behavior of masonry under tension. From this, a stress-displacement 

relationship could have been obtained. This is shown in figure 2.21. The behavior of masonry under 

tension showed a great similarity to that of concrete. 

Figure 2.21: Left: schematic representation of the displacement controlled tension test. Right: 

schematic representation of the load – displacement diagram obtained by the tension test. 

(Vermeltfoort & Van der Pluijm, 1999) 

The area under the graph is defined as the fracture energy GfI. This is the energy that is needed per 

unit area to develop a crack, such that therein no tensile stresses could be transferred anymore. The 

tensile strength, ft, is calculated by dividing the ultimate load, Fu, by the area of the cracked section, A. 

With the stress-strain diagram, the stiffness in the origin of the graph, E0, and the secans modulus, Eu, 

could have been determined. 
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The softening branch of the masonry under tension could be described by a formula that has been 
derived by Reinhardt, Cornelissen and Hordijk for experiments on concrete (Reinhardt et al, 1986): 
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With: 

    tensile stress 

tf    (adhesive) tensile strength 

1c    3.0 

2c    6.93 

w    crack width (see figure 2.21) 

cw    crack width at which theoretically no tensile stresses are transferred (5.14)
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f IG   mode I fracture energy 

 

An alternative formula is (Lourenco et al, 1995): 
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            (2.30) 

 

Both expressions give nearly the same results. Formula (2.30) is less steep in the first part of the 

softening branch. 

 

The average values for E0, Eu, GfI, Ft, together with the variances are presented in a table in the 

publication (Vermeltfoort & Van der Pluijm, 1999). For every test series, a huge scatter in results was 

found. For cementious mortars, the average tensile bond strength ranges from 0.13 N/mm2 to 0.73 

N/mm2 and the average fracture energy ranges from 4.2 N/m to 11.5 N/m, dependent on the test 

series. Among other reasons, the cause of this scatter is appointed to the influence of the effective 

bond area. It was found that the area where the mortar and unit were bonded together in the 

specimens differed from each other and was considerably smaller than the cross-sectional area. 

2.5.2.2 Joint slipping (mode II) 

Around the same time as the tension tests, as described in 2.5.2.1, also a large series of shear tests 

were conducted to obtain a good understanding of the mode II failure of masonry. These tests were 

also performed on series with various types of masonry (clay brick, calcium silicate, concrete) and 

various types of mortar.  

 

The test specimen consisted of two bricks. A test set-up was designed to obtain a uniform shear stress 

and a uniform normal stress over the entire cross-section. A schematic representation of the test set-

up is shown in figure 2.22. All tests were performed displacement controlled, to be able to capture the 

post-peak behavior. The tests are performed for three different values of the compressive pre-stress, 

ranging from 0.1 N/mm2 to 1.0 N/mm2. From the results of the tests a stress-displacement relationship 

could have been obtained (figure 2.22).  
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Figure 2.22: Left: schematic representation of the shear test. Right: schematic representation of the 
load – displacement diagram obtained by the shear test. (Vermeltfoort & Van der Pluijm, 1999) 

The stress-displacement diagram shows an initial linear elastic behavior. Near the top, the curve 

gradually becomes less steep until it reaches the ultimate shear stress. Then there is an exponential 

shear softening branch with a residual dry friction level. The area defined by the stress-strain diagram 

and the residual dry friction level is named the mode II fracture energy Gf II. The values for the fracture 

energy range from 0.01 Nmm/mm2 to 0.25 Nmm/mm2, for initial cohesion values ranging from 0.1 

N/mm2 to 1.8 N/mm2. The average values for G0;joint, tan φ, c, μ and ft. together with the variances are 

presented in a table in the publication (Vermeltfoort & Van der Pluijm, 1999). 

 

The shear strength is higher for higher values of compressive pre-stress. The shear strength can be 

determined with the Mohr-Coulomb failure criterion. 

 tanu c                (2.31) 

 

With: 

u    shear strength 

c    cohesion (shear bond strength at 0  ) 

    internal friction angle 

    compressive pre-stress perpendicular to the bed joint 

 

The initial internal friction angle, measured by tan φ0, ranges from 0.7 to 1.2. The residual internal 

friction angle, measured by tan φr, seems to be approximately constant and equal to 0.75 

 

Just as in 2.5.2.1, the softening branch of the masonry under shear could be described. This is according 

to the following formula: 
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            (2.32) 

 

With: 

c    cohesion 

uc    initial value for the cohesion 

f IIG    mode II fracture energy 
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plv    plastic shear deformation 

 

The fracture energy is dependent on the compressive pre-stress and the brick type. The bond strength 

did not have a significant influence.  

 

With the tests results, also the dilatancy of the masonry has been determined. Dilatancy measures the 

uplift of one unit over the other upon shearing (figure 2.23) (Lourenco, 1996). The dilatancy angle ψ is 

dependent on the value of the compressive pre-stress. For low compressive pre-stresses, the value of 

tan ψ is in the range from 0.2 to 0.7. For high compressive pre-stresses tan ψ decreases to zero. 

Figure 2.23 Dilatancy angle as the uplift of neighboring units upon shearing. (Lourenço, 1996) 
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3. EXPERIMENTAL RESEARCH 

3.1 INTRODUCTION 

Three series of two masonry walls were subjected to cyclic one-way out-of-plane bending. A lateral 

load was applied over the width of the wall at mid height. A vertical load was applied at the top of the 

wall. The tests were executed in duplicate. 

 

The walls were 450 mm long, 100 mm thick, and 1250 mm high. The tests were conducted at the Pieter 

van Musschenbroek laboratory at the faculty of the Built Environment at the Eindhoven University of 

Technology. Table 3.1 presents the full testing program that has been undertaken. 

Table 3.1: Experimental test program 

Series Number Wall type Top load Test date 

URM 
1 

Unreinforced masonry 
20 kN/m 20-07-2016 

2 20 kN/m 30-09-2016 

CEM 
1 

CEM-reinforced masonry 
20 kN/m 19-07-2016 

2 20 kN/m 29-09-2016 

POLY 
1 

POLY-reinforced masonry 
20 kN/m 15-07-2016 

2 20 kN/m 28-09-2016 

3.2 TEST WALLS 

A total of six walls were constructed by a professional bricklayer in Groningen. The bricks used were 

clay bricks having dimensions of 220 mm x 100 mm x 50 mm (l x w x h). The bricks had a frog, which is 

an indentation in the bearing face of the brick. The bricks were laid in stretcher bond, which is believed 

to be most common bond in Groningen. A mortar joint of approximately 10 mm was adopted for both 

the bed joints as well as the head joints. The walls were 2 bricks wide and 21 layers high, making them 

approximately 1250 mm high, 450 mm wide and 100 mm thick.  

 

After curing for 5-7 days, the walls were laid down. The week after, four of the walls were reinforced. 

A groove of approximately 15 mm in width and 65 mm in depth was milled in the middle of the wall. 

The grooves were made dust-free and a primer layer was applied to assure high adhesion. Then an 

adhesive was used to fill the grooves. Carbon fiber reinforced plastic strips were pushed in the adhesive 

afterwards. The sides in which the groove was milled then got a finishing layer. Two walls (CEM-series) 

were finished with a cementitious with a carbon reinforcement net embedded. The other two walls 

(POLY series) were finished with a polymer based strengthening layer.  

 

After finishing the construction of the six walls in Groningen, they were transported to the laboratory 

in Eindhoven. The unreinforced masonry walls were slightly damaged when they arrived in Eindhoven. 
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3.3 TEST SETUP 

Figure 3.1 shows the test setup. It consisted of a rigid frame, constructed from stiff steel profiles, and 

a measuring frame which was separate from the test frame. The wall was able to hinge at the top and 

the bottom. On top of the wall a load was applied which worked in the vertical direction. In the middle 

of the wall, a clamp was applied on the wall, which was attached to a lateral load jack. With this clamp 

it was possible to push and pull, which made it possible to apply a cyclic loading. The test setup was 

originally designed by De Mooij and Spits (De Mooij & Spits, 2016) for their Master research project on 

laterally loaded calcium silicate masonry walls. For this experimental program some minor 

adjustments have been made to the original test setup.  

 
Figure 3.1: Test setup 

3.3.1 Boundary conditions 

The walls must be able to hinge at the top and the bottom support. In the experiments performed by 

De Mooij and Spits, a gypsum layer was applied between the masonry and the steel to create a smooth 

area between the two surfaces. This way, when applying the top load, peaks stresses in the masonry 

were prevented. No further restraint in lateral direction was provided. The lateral load introduced by 

the hydraulic jack was transferred through the reaction frame through friction between the calcium 

silicate masonry wall and the steel frame. The reinforced walls in this test program are expected to 

withstand much higher lateral loads than the calcium silicate walls of De Mooij and Spits. In that case 

the friction between the masonry and the steel frame may not have been sufficient to transfer the 

lateral load through shear to the test frame, in that case pushing or pulling the complete wall out of 

the test setup. In order to prevent this from happening, some measure needed to be taken.  
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In the reinforced walls, two holes were drilled in the top and bottom side with a tipped diamond drill. 

These holes were drilled approximately five layers deep in the wall. The holes were filled with a cement 

mortar, in which a threaded rod was placed. These threaded rods were sticking out a couple of 

centimeters of the wall (figure 3.2). A steel loading plate with holes was placed over these threaded 

rods, with in between a thin cardboard layer (figure 3.3). This loading plate was in its turn attached to 

the surrounding steel structure. A spherical bearing was placed on the middle of the loading plate. This 

was the place around which the wall could hinge. Details of the top and bottom support are shown in 

figure 3.4 and figure 3.5. 

Figure 3.2: Threaded rods in POLY wall Figure 3.3: Threaded rods in POLY wall 

Figure 3.4: Detail of the bottom Figure 3.5: Detail of the top

As can be seen on the photos, on both sides of the two support plates, anti-sliding clips were attached 

to the steel plate. These metal tabs provided a proper connection between the wall and the support 

plates. Its purpose was to prevent the wall from sliding over the steel plates out of the test rig.  

 

Two steel bars were placed on a distance from the wall at each side at approximately a quarter of the 

height from the top and the bottom. These steel bars would have protected the equipment around 

the test setup in case the wall would have buckled out-of-plane.  

3.3.2 Load application 

Before applying any load, the measurement was started. Then the top load was gradually applied until 

the desired value was reached. The vertical force was controlled by a separate electromechanical 

testing machine. After the vertical load was applied, the clamp was fixed on the wall. A steel profile, 

attached to the lateral hydraulic jack, was gradually placed against the back side of the wall. The steel 

profile was about as high as one layer of masonry. It was placed at the height of the eleventh row of 

the wall. Then, at the front side of the wall, another steel profile was placed. This steel profile was 

attached to the other profile by two threaded rods (figure 3.6). The profiles were clamped together 
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and fixed with nuts, making sure no gaps were present between the profile and the wall. By applying 

the clamp, a small horizontal force was introduced in the hydraulic jack. Before starting the load cycle, 

it was made sure that the force in the jack was zero. Then, the horizontal load program was started. 

 

Figure 3.6: Detail of the lateral load application 

Bending moments were introduced in the masonry wall by moving the hydraulic jack back and forth 

every cycle. The maximum displacement was increased in steps of 5 mm per cycle. The time of the 

cycle is kept constant to 5 minutes. The number of cycles differed per test and was decided on the 

spot. An illustration of the load program for a test with eight load cycles is shown in figure 3.7.  

Figure 3.7: Load program for a test with eight load cycles 

3.3.3 Instrumentation 

A total of ten channels of data were recorded during the test. The vertical lengthening/shortening of 

the wall was measured by two draw-wire sensors, four horizontal displacements were measured. two 

rotations were measured, and two forces were measured. An overview of the instrumentation is given 

in table 3.2. The place of the instrumentation in the test setup is shown in figure 3.8. 
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Table 3.2: Overview of instrumentation 

Channel # Measurement Direction Measuring device  

ADC-00 1 Force Horizontal Internal FH 

ADC-01 2 Displacement Horizontal Internal ΔH 

ADC-02 3 Force Vertical Force measuring box FV 

ADC-03 4 Rotation - Inclinometer φTOP 

ADC-04 5 Rotation - Inclinometer φBOTTOM 

ADC-05 6 Displacement Horizontal LVDT ΔH,TOP 

ADC-06 7 Displacement Horizontal LVDT ΔH,BOTTOM 

ADC-07 8 Displacement Horizontal Laser displacement sensor ΔH,LASER 

ADC-12 9 Displacement Vertical Draw-wire displacement sensor ΔV,RIGHT 

ADC-13 10 Displacement Vertical Draw-wire displacement sensor ΔV,LEFT 

Figure 3.8: Test setup with instrumentation 

The rotations at the top and the bottom of the wall were measured by two inclinometers. These 

sensors were placed on one side at the top and bottom of the wall. 

 

The horizontal displacement in the middle of the wall was given by the internal displacement of the 

hydraulic jack. Besides this, a measurement frame was built separate from the test frame. This test 

frame contained three horizontal measurement devices: two LVDTS and one laser displacement 

sensor. The LVDTS measured the displacement at the top (LVDT 1) and the bottom (LVDT 2) row of the 

wall. The laser displacement sensors measures the displacement of the row just above the middle of 

the wall. 

 

During the test, the wall hinged at the top and the bottom. With an increasing mid-height 



40 

displacement, the total wall height also increased slightly. This increase in height was measured by 

using draw-wire displacement sensors. These sensors were placed on both sides of the wall. On the 

left side, the draw wire sensor is placed in between the two rotary measurement devices. On the right 

side, the draw-wire displacement sensor was placed over the full height of the wall.  

 

The vertical force in the vertical load jack was measured by a load cell. The horizontal force in the 

horizontal load jack was measured internally.  

3.4 RESULTS 

In this paragraph the results of the tests will be discussed. First some general remarks will be made, 

which apply to all the tests. Then the results of the three test series (URM, CEM, POLY) will be discussed 

separately. Extended results from the experiments are given in Appendix C.  

3.4.1 General remarks 

3.4.1.1 Offset of the horizontal displacement 

As discussed in paragraph 3.3.2, after placing the wall in the test setup, a steel profile attached to the 

hydraulic jack was placed against the middle layer of the wall. Then the measurement was started. The 

position of the profile at that moment was adopted as the zero point in the test data. Before applying 

the horizontal load program, the top load was applied. The application of this top load caused the wall 

to settle in the test setup. Then, a steel profile at the other side of the wall was attached to the other 

steel profile by means of threaded rods and nuts. The nuts were then tightened. By doing this, a force 

was introduced in the hydraulic jack. Before the load program was started, the clamp was moved to 

the position without any force in the jack. This is the true zero point in the load – displacement diagram 

of the wall. However, this true zero point has an offset from the zero point in the test data. After the 

test, the measured data of the horizontal displacement of the hydraulic jack were modified by applying 

a horizontal translation. This was done to make sure that the point of zero force and zero displacement 

lies in the origin of the load – displacement diagram. In figure 3.9, this is illustrated for the POLY-1 test. 

Figure 3.9: Offset from origin for cycle 1 of POLY-1. 

For every test series, the horizontal displacement of the hydraulic jack was modified. The values of 
the applied translations are summarized in table 3.3 below. 
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Table 3.3: Horizontal translation of displacement results 

Test series Translation (mm) 

URM-1 + 0.025 

URM-2 + 0.140 

CEM-1 - 0.150 

CEM-2 + 0.195 

POLY-1 + 0.825 

POLY-2 + 0.005 

3.4.1.2 Fluctuation of the top load 

The top load was intended to be constant during the test. This was however not the case. The force 

was controlled by an electromechanical machine. By applying the horizontal displacement, the wall 

rotated at the top and the bottom. Due to this rotation, the total height of the wall increased. The 

force measured by the load cell increased due to this upward movement of the wall. The time – vertical 

force diagram of the URM-2 test is shown in figure 3.10 to illustrate the course of the vertical force 

during the test. At first the load was increased until the desired value was reached. The clamp was 

then fixed to the wall. During this, the vertical force did not change over time. After fixing the clamp 

to the wall, the horizontal load program was started. In the case of the URM-2 test, the load program 

consisted of 7.5 load cycles. This is reflected in the graph, which shows 7.5 × 2 = 15 sinus-like waves in 

the graph.  

Figure 3.10: Time – vertical force diagram for test URM-2. 

The fluctuation of the top load for every test series is summarized in table 3.4, where FV,0 refers to the 

top load at the start of the loading program, FV,MIN refers to the minimum value of the top load during 

the loading program, FV,MAX refers to the maximum value of the top load during the loading program, 

ΔFv refers to the difference between FV,MAX and FV,MIN, and FV,AVERAGE refers to the average value of the 

top load during the loading program. These values for the vertical load will be used as input for the 

numerical analysis. 
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Table 3.4: Fluctuation of the top load 

Test series FV,0 (kN) FV,MIN (kN) FV,MAX (kN) ΔFV (kN) FV,AVERAGE (kN) ΔFV/ FV,AVERAGE 

URM-1 9.05 8.65 10.56  1.91 9.51 0.20 

URM-2 8.88 8.32 11.00 2.68 9.55 0.28 

CEM-1 9.23 8.27 11.07 2.80 9.65 0.29 

CEM-2 9.34 8.67 11.55 2.89 10.02 0.29 

POLY-1 9.28 8.33 11.12 2.79 9.79 0.28 

POLY-2 9.00 8.14 10.81 2.66 9.65 0.28 

3.4.2 URM results 

3.4.2.1 Test walls 

The URM-1 wall had properly filled mortar joints on both sides of the wall, while the URM-2 wall had 

one side where the mortar joints were poorly filled. The wall was placed in the test setup with the side 

with poorly filled mortar joints facing the hydraulic jack.  

3.4.2.2 Wall behavior 

The hysteresis curves of both tests are shown in the load – displacement diagram of figure 3.11. The 

horizontal load program started with pulling of the hydraulic jack, which was adopted as positive. The 

behavior is consistent with the literature. It confirmed that out-of-plane loaded masonry walls remain 

stable after the peak load was reached, even for relatively large displacements. 

Figure 3.11: Load – displacement diagram of the URM test series 

The maximum load for the URM-1 test was 1.76 kN in the pulling direction and 1.47 kN in the pushing 

direction. For the URM-2 test, the maximum pulling load was 2.08 kN, whereas the maximum pushing 

load was 1.36 kN. The maximum loads in both directions were nearly the same for the URM-1 test 

(FH,Pushing/FH,Pulling = 0.84), whereas for the URM-2 test, the difference is much larger (FH,Pushing/FH,Pulling = 

0.65). This difference in maximum load in the two directions can be related to two aspects: the location 
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of the spherical bearing and the asymmetry of the cross-section. 

 

The location of the spherical bearing has an effect on the wall behavior. If the hinges were not located 

perfectly in the center, the theoretical instability displacement for flexure in one direction increases 

whereas for the other direction the theoretical instability displacement decreases. With an increased 

instability displacement comes an increased maximum load and vice versa. If we take a look at the 

post-peak behavior of the wall, for pushing, the top load decreases much more rapidly than for pulling. 

At a horizontal displacement of +35 mm, the horizontal force is 43% of the maximum load. At a 

horizontal displacement of -35 mm, the horizontal force is 22% of the maximum load. If the descending 

branch would be extended for pulling (dotted red line), it would cross the horizontal axis between 55 

and 60 mm. For pushing this would be between 40 and 45 mm. If the hinge was located precisely in 

the center, a displacement larger than 50 mm (½ wall thickness) could never be reached without the 

wall becoming unstable.   

 

The asymmetry of the cross-section can be another aspect that plays a role. As is discussed earlier, the 

mortar joints of one side of the wall were poorly filled. During pushing of the hydraulic jack, the side 

with poorly filled mortar joints was located in the compression zone of the wall. Due to this, lower 

stresses could develop in the compression zone, which resulted in a smaller internal moment and thus 

a smaller lateral load capacity.  

 

In the load – displacement diagram of URM-1, for relatively small positive displacements, a kink in de 

graph can be seen, instead of the linear line as can be seen for URM-2. This kink comes back in every 

load cycle. Every load cycle, the line follows the same path. This is probably due to a gap that was 

present in the wall before testing. This gap opened and closed during the horizontal load program, 

resulting in the aberrant behavior. A more in-depth explanation is given in chapter 4, where this 

explanation is supported by numerical research.  

3.4.3 CEM results 

3.4.3.1 Test walls 

The CEM test series consisted of two reinforced walls. A carbon strip was embedded in a milled grove 

with ductile adhesive. The carbon strips were 1.4 mm thick and 20 mm wide. One side of the wall was 

finished with a cementitious strengthening layer reinforced with carbon net reinforcement. 

 

After the tests, the walls were sawn in half to determine the exact location of the carbon strip in the 

masonry, the thickness of the cementitious strengthening layer and the location of the carbon 

reinforcement net in the cementitious strengthening layer. For CEM-1, the center of the carbon strip 

was located at a distance of 54 mm from the unfinished side. The thickness of the strengthening layer 

was 18 mm. The carbon net reinforcement was located at a distance of 9 mm from the finished side. 

For CEM-2, the center of the carbon strip was located at a distance of 51 mm from the unfinished side. 

The thickness of the strengthening layer was 15 mm. The carbon net reinforcement was located at a 

distance of 10 mm from the finished side. 
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Figure 3.12: Cross-section CEM-1 Figure 3.13: Cross-section CEM-2 

Before the wall behavior, first the problems that were encountered during the two CEM-tests will be 
discussed. 

3.4.3.2 Problems during tests 

CEM-1 

During the CEM-1 test, a lateral displacement of the top and the bottom steel support plates occurred. 

This was because the bolts that connected the steel plates to the test setup were not properly 

tightened. Figure 3.14 shows the load – displacement diagram for this test. At first, by applying a 

horizontal displacement, the horizontal load in the hydraulic jack increased. Due to the low horizontal 

force and the presence of a vertical load, the support plate remained in place by friction between the 

plate and the surrounding test setup. At some point, however, the friction was overcome, which 

resulted in the sliding of the steel plates. When the steel plates got stuck again, a build-up in lateral 

force could occur again. This sliding of the support plates is indicated by the plateaus in the load – 

displacement diagram. The displacement measured by LVDTs at the top and the bottom row of the 

masonry wall confirmed the movement by the top and bottom plates during the test (figure 3.15). 

Figure 3.14: Load – displacement diagram Figure 3.15: Load – displacement diagram 
(LVDTs) 

For all the other tests the boundary conditions did not change during the test. For these tests it can be 

assumed that the displacement of the hydraulic jack is the true displacement of the wall only. This is 
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not the case for this test, where the displacement measured is not merely the displacement of the test 

wall, but also the displacement of the supports. To determine the load – displacement diagram of the 

wall, a correction had to be made for the displacement of the supports. 

LVDTs measured the displacement in the center of the top and the bottom layer of the wall. The 

displacement of the plates is slightly smaller than the displacement measured by these LVDTS. These 

displacement data, together with the rotation data at the top and the bottom measured by the 

inclinometers, were used to calculate the displacement of the support plates. The vertical distance 

from the LVDT to the spherical hinge is 65 mm (figure 3.16) 

Figure 3.16: Movement of the support plate 

The true displacement of the top support is calculated as follows:  

, , , 65 sin( )H TOP H LVDT TOP TOP            (3.1) 

 

In the same manner, the displacement of the bottom plate can be calculated: 

, , , 65 sin( )H BOTTOM H LVDT BOTTOM BOTTOM          (3.2) 

 

The displacement of middle of the wall is the measured displacement minus the average calculated 

displacements of the support plates: 

, ,

,
2

H TOP H BOTTOM

H H MEASURED

   
     

 
      (3.3) 

CEM-2a 

Since this wall was a little thicker than the unreinforced walls, due to the cement based strengthening 

layer, the anti-sliding clips (figure 3.4 and figure 3.5) were initially omitted because they did not fit on 

the wall. The test was started, but stopped after 1 cycle (figure 3.17), after it was noted that the wall 

did slide over the support plate at the top. This was confirmed by the measured displacements of the 

top LVDT and the displacement of the jack (figure 3.18). A modification was made to the anti-sliding 

clips to make them fit to the wall and prevent sliding.  
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Figure 3.17: Time – 
displacement diagram CEM-2a 

Figure 3.18: Load – displacement diagram CEM-2a 

CEM-2b 

After the anti-sliding clips were placed, the test was started again, but stopped again after 1 cycle 

(3.18). During the test, around the origin of the load – displacement diagram, a horizontal trajectory 

was noted. This was caused by the connection between the clamp and the wall. The middle layer of 

the wall, at which the clamp was placed, was slightly curved, whereas the steel clamp was perfectly 

straight. This resulted in a gap between the clamp and the wall. At the point where the displacement 

of the hydraulic jack changes from positive to negative (pulling to pushing), this gap opens up again. 

With no contact between the clamp and the wall, a horizontal displacement could occur without a 

buildup of force in the jack. Only when the gap was closed again, the force started to build up. To fill 

up the gap, cardboard plates where placed between the clamp and the wall. After that, the horizontal 

load program was started again. 

Figure 3.19: Time – 
displacement diagram CEM-2b 

Figure 3.20: Load – displacement diagram CEM-2b  

3.4.3.3 Wall behavior 

In figure 3.21, load – displacement diagrams at the middle of the walls of CEM-1 and CEM-2 are shown. 

In the case of the CEM-1 diagram, it concerns the modified horizontal displacement. For CEM-2, it 

concerns the diagram with the two aborted test cycles left out. 
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Figure 3.21: Load – displacement diagram of both CEM-tests 

The test walls were placed in the test set-up with the unfinished side facing the separate instrument 

frame and the finished side facing the hydraulic jack. Pulling of the hydraulic jack is adopted as positive. 

The flexural behavior of the wall in pulling and pushing is discussed separately.  

3.4.3.3.1 Behavior under pulling (strengthening layer in the tension zone) 

The pulling behavior of the wall is shown in quadrant 1 of the load – displacement diagram. Initially, 

the horizontal force increases for increasing horizontal displacement. The wall shows a stiff behavior.  

During the tests, micro-cracks were visible in the cement layer. For the CEM-1 test, several of these 

micro-cracks were highlighted with a blue marker (figure 3.22). These micro-cracks indicated that the 

tensile strength of the cement was reached and that the tension stresses are fully taken by the carbon 

reinforcement net. At the top of the load – displacement diagram, the rupture strength of the carbon 

reinforcement net is reached and  the force drops back rapidly. After rupture of the carbon net, a large 

crack is visible over the width of the wall. For CEM-1, the carbon reinforcement ruptured at a horizontal 

load of 11.06 kN, at a corresponding horizontal displacement of 11.91 mm. For CEM-2, the carbon 

reinforcement ruptured at a horizontal load of 13.56 kN, at a corresponding horizontal displacement 

of 12.14 mm. 

Figure 3.22: Crack CEM-1 Figure 3.23: Crack CEM-2 
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After rupture of the carbon net, the carbon strip in the middle of the wall became more active. The 

maximum horizontal force was 3.86 kN at a displacement of 28.45 mm for CEM-1. The maximum 

horizontal force during the subsequent load cycles stayed just below this value, showing a decreasing 

trend. At the maximum reached displacement of 54.55 mm, the horizontal load was 3.49 kN. For the 

CEM-2 test, the maximum horizontal force after rupture of the carbon reinforcement net was 3.67 kN, 

at a displacement of 35.04 mm for CEM-2. In the following two load cycles, the maximum horizontal 

load stayed just below this value. In the two load cycles thereafter, the maximum load was 

considerably lower. At the maximum reached displacement of 54.96 mm, the horizontal load was 2.71 

kN. 

3.4.3.3.2 Behavior under pushing (strengthening layer in the compression zone) 

For pushing, the strengthening layer is located in the compression zone. The carbon strip in the middle 

of the wall takes the tension stresses. For CEM-1, the maximum horizontal load is 5.57 kN, at a 

displacement of 39.59 mm. For CEM-2, the maximum horizontal load is 6.61 kN, at a displacement of 

34.84 mm. The reason that the CEM-2 wall reaches a higher horizontal load is likely due to the fact 

that the carbon strip is located slightly deeper in the wall, therefore working more favorable for flexure 

when the external load acts in this direction.  

3.4.4 POLY results 

3.4.4.1 Test walls 

The POLY test series consisted of two reinforced walls. A carbon strip was embedded in a milled grove 

with ductile adhesive. The carbon strips were 1.4 mm thick and 20 wide. One side of the wall was 

finished with a polymer based strengthening layer. After the tests, the walls were sawn in half to 

determine the exact location of the carbon strip in the masonry and the thickness of the polymer 

strengthening layer.  

 

For POLY-1, the center of the carbon strip was located at a distance of 56 mm from the unfinished side. 

The thickness of the polymer based strengthening layer was not completely uniform over the wall. 

From several measurements over the width of the wall, the average thickness of the polymer based 

layer was estimated to be 4 mm. For POLY-2, the center of the carbon strip was located at a distance 

of 50 mm from the unfinished side. The average thickness of the polymer based layer was estimated 

to be 8 mm. 

Figure 3.24: POLY-1 Figure 3.25: POLY-2 
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3.4.4.2 Wall behavior 

Figure 3.26 shows the load – displacement diagram for both the POLY tests. The walls were placed in 

the test set-up with the unfinished side facing the separate instrument frame and the finished side 

facing the hydraulic jack. Pulling of the hydraulic jack is considered positive. The flexural behavior of 

the wall in pulling and pushing is discussed separately. 

3.4.4.2.1 Pulling (strengthening layer in tension zone) 

The strengthening layer was located in the tension zone of the wall when a positive horizontal 

displacement was applied. The wall showed that with an increased displacement, the horizontal force 

in the hydraulic jack increased. This increase gradually slowed down. For POLY-1, the maximum pulling 

load in the POLY-1 test was 5.01 kN, at a horizontal displacement of 59.85 mm. For POLY-2, this was 

8.42 kN, at a horizontal displacement of 69.71 mm. Although these tests have the same boundary 

conditions, the maximum horizontal force reached during the test differs between the tests. This is 

due to the difference in thickness of the polymer based strengthening layer, as is described in 

paragraph 3.4.4.1. Since the POLY-2 wall has a much thicker strengthening layer, this layer can take a 

higher tension force at the same displacement as POLY-1. Because the tension force in the 

strengthening layer is higher, the bending moment in the wall is higher and therefore also the 

horizontal force in the hydraulic jack is higher.  

Figure 3.26: Load – displacement diagram POLY test series 

The maximum imposed displacement for each test was decided on the spot. POLY-1 reached a 

maximum displacement of 69.88 mm. The POLY-2 test reached a maximum displacement of 73.13 mm. 

At these displacements, the force in the hydraulic force did not get as high as in the cycle before, 

indicating that the top was reached. However, no visible damage of the polymer strengthening layer 

was observed. At the maximum displacement, the middle of the wall already moved outside its own 

line of gravity.  
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3.4.4.2.2 Pushing (strengthening layer in compression zone) 

The flexural behavior for the wall when the hydraulic jack pushed is shown in quadrant 3 of the load – 

displacement diagram. For the POLY-1 test, the maximum load reached during the test was 2.49 kN, 

at a horizontal displacement of 19.98 mm. For large horizontal displacements, the horizontal force in 

the jack decreased. The maximum pushing load reached in the POLY-2 test was 3.78 kN, at the 

maximum horizontal displacement of 74.83 mm. It can be seen that the horizontal load kept increasing 

for every load cycle. The reason that the POLY-2 wall reaches a higher horizontal force is likely due to 

the fact that the carbon strip is located deeper in the wall, therefore working more favorable for flexure 

in this direction. 

3.5 DISCUSSION  

The influence of the type of reinforcement on the out-of-plane behavior of masonry walls is discussed 

in this paragraph by making a comparison between the test series in terms of maximum load, 

deformation capacity, energy dissipation capacity, and stiffness (degradation). 

3.5.1 Maximum load and deformation capacity 

The maximum load reached during testing and the corresponding deformations were determined for 

the reinforced walls. This is reported in table 3.6. For the CEM walls, two values for the maximum load 

in pulling are reported. These are the maximum load before rupture of the carbon reinforcement net 

and the maximum load after rupture of the carbon reinforcement net. 

Table 3.5: Average results of the URM-tests  

Test series FH,max (kN) ΔH (mm) 

URM (Average) 1.67 6.17 

Table 3.6: Results of the CEM-tests and POLY-tests, compared to average URM-tests 

Test series 

 Pulling   Pushing  

FH,max (kN) 
FH,max 

ΔH (mm) 
ΔH 

FH,max (kN) 
FH,max 

ΔH (mm) 
ΔH 

FH,max,URM   ΔH,URM   FH,max,URM   ΔH,URM   

CEM-1 
11.06 * 6.62 11.76  * 1.91 

-5.57 3.34 -39.64 6.42 
3.86 ** 2.31 28.45 ** 4.61 

CEM-2 
13.56 * 8.12 12.14 * 1.97 

-6.61 3.96 -34.85 5.65 
3.67 ** 2.20 35.04 ** 5.68 

POLY-1 5.01  3.00 59.85 9.71 -2.49 1.49 -19.98  3.24 

POLY-2 8.42  5.04 69.76 11.31 -3.78 2.26 -74.78  12.12 

* Before rupture of the carbon reinforcement net 

** After rupture of the carbon reinforcement net 

 

A comparison was made between the reinforced walls and the unreinforced walls. For the 

unreinforced walls, the average value for the maximum horizontal load was determined. This is 

reported in table 3.5. The maximum load and corresponding displacement capacity of the reinforced 
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walls is compared to the average of the URM-series. 

 

It can be seen that the reinforced walls reached a significant higher load and corresponding 

displacement compared to the unreinforced walls in both directions. The CEM walls reached the 

highest maximum loads, which was just before rupture of the carbon net. 

 

Noteworthy is the difference between the maximum horizontal load in pushing between the CEM-

series and the POLY-series. This difference is most likely attributed to the difference in thickness of the 

walls of the two series. For loading in the pushing direction, in both test series, the carbon 

reinforcement strip located in the center of the wall was loaded in tension. The finishing layer was in 

the compression zone. Although the cementitious strengthening layer was cracked for a relatively large 

period of time, since the crack closed during pushing, compression stresses could still be transferred 

in this layer. The walls of the CEM-series were more than 15 mm thicker than the walls of the POLY-

series. Because of this added thickness, a bigger internal lever arm could form, hereby increasing the 

internal moment capacity and making it possible to reach a higher horizontal force.   

3.5.2 Energy dissipation capacity 

An important structural characteristic for the seismic performance is the ability to dissipate energy. If 

a structure is able to dissipate energy, the induced force on the structure due to seismic activity can 

be reduced (Shing et al, 1989). For every test, the energy that is dissipated at each load cycle is 

calculated. This is done by calculating the area under the load – displacement diagram for each 

hysteresis loop. For CEM-1, the dissipated energy is not calculated, since a lot of energy dissipation can 

be contributed to the movement of the support plates, as is discussed in 3.4.3. Figure 3.27 shows the 

energy dissipated during each cycle. Figure 3.28 shows the evolution of the cumulative dissipated 

energy. For all walls, an exponential evolution of the cumulative dissipated energy can be observed. 

Figure 3.27: Dissipated energy per load cycle Figure 3.28: Cumulative dissipated energy

Energy dissipation is associated with the growth of damage. For the unreinforced masonry walls, 

energy can be dissipated through the opening of cracks and plastic deformations of bricks and mortar 
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joints. The reinforced walls can, in addition, dissipate energy through the plastic deformations of the 

embedded carbon strip and plastic deformation of the polymer strengthening layer (in the case of the 

POLY walls) and plastic deformations of the cementitious strengthening layer (in the case of the CEM 

wall). 

 

For relatively small deformations (first three cycles) the energy dissipated by the CEM-2 wall is much 

higher compared to the other walls. In these cycles, the carbon reinforcement net embedded in the 

cementitious finishing layer was still intact. Because of this, a high lateral force could develop. The 

carbon reinforcement net deformed plastically until the rupture strength/strain was reached. After 

rupture of the carbon reinforcement net, in subsequent load cycles, the energy dissipated during these 

cycles is lower compared to cycle 3. 

 

For very small deformations (first cycle), the energy dissipated by URM and POLY are about equal. This 

can be due to the fact that for small deformations, little damage occurred, resulting in little energy 

dissipation. For larger displacements, more energy was dissipated by the POLY series compared to the 

URM series. 

 

From figure 3.28 it is evident that all reinforced walls have a better energy dissipation capacity 

compared to the unreinforced walls. Though for relatively small deformations (first cycles), the energy 

dissipated by URM and POLY are about equal. For larger displacements, the POLY walls dissipated 

significantly more energy: at cycle 7, the energy dissipated was 1.58 and 1.97 times as higher for POLY-

1 and POLY-2 respectively. The energy dissipated by the CEM-2 wall was even 3.03 times as high.  

3.5.3 Stiffness evolution 

The evolution of stiffness was determined for all tests, except again CEM-1. The stiffness is defined as 

the slope of the straight line that connects the origin of the load displacement diagram to the point of 

maximum lateral load during a specific load cycle. The stiffness was determined separately for both 

pushing and pulling direction. The stiffness evolution of all walls is illustrated in figure 3.30. All walls 

show degradation from their original stiffness. 

Figure 3.29: Stiffness definition Figure 3.30: Stiffness degradation 
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In the case of both URM walls, in the first three cycles, a decay of the stiffness is visible. In the cycles 

hereafter, the stiffness remains approximately the same. In the first cycles a crack forms in the 

interface between bed joint mortar and bricks. In these cycles, when the crack hasn’t fully formed yet, 

the stiffness is the highest. Once the crack has fully formed, the wall behavior can be seen as two rigid 

bodies rotating around the cracked surface. Since the behavior is then characterized by this rocking 

behavior, the stiffness remains nearly the same. 

 

The CEM wall shows a relatively high value for the stiffness for the first three cycles in the pulling 

direction. In these cycles the carbon reinforcement net embedded in the cementitious finishing layer 

was still intact. After rupture of the carbon reinforcement net, the stiffness was much lower. The 

stiffness degrades exponentially in the subsequent cycles. In the pushing direction an exponential 

degradation can be seen. 

 

For POLY walls an exponential decline in stiffness can be observed in both directions. The decline is the 

steepest in the first cycles. The stiffness is higher in the pulling direction than in the pushing direction. 

In pulling direction the polymer based strengthening layer is loaded in tension. From this it can be 

concluded that the polymer strengthening layer results in an increase of the stiffness. 
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4. NUMERICAL RESEARCH 

4.1 INTRODUCTION 

A 2D finite element model for the unreinforced masonry specimen is presented in this chapter. The 

numerical model is verified by the results of the experimental research. For the finite element analysis, 

the finite element software Abaqus has been used. Abaqus provides the complete environment for 

creating models, submitting and monitoring the simulations, and evaluating the results from those 

simulations. 

4.2 STRATEGY 

As described in paragraph 2.5, three modeling strategies for the modeling of unreinforced masonry 

can be distinguished. In ascending order of complexity, these are the macro model approach, the 

simplified micro model approach and the detailed micro model approach. The macro model approach 

is a homogenized approach. It treats the masonry as a homogeneous isotropic continuum. No 

distinction is made between the masonry units, the mortar joints and the interfaces. The effects of the 

relatively low tensile strength of the masonry are smeared out over the complete masonry wall. In the 

two micro model approaches, the brick units and the mortar are modeled separately. Failure occurs in 

the interfaces. 

  

The opening of cracks has a great influence on the out-of-plane behavior of the masonry. A macro-

model cannot capture this, therefore making it unsuitable to model true behavior. For this reason a 

simplified micro-model was created, which also takes the geometric nonlinear effects into account. 

4.3 MODEL DESCRIPTION 

A two dimensional numerical model of the experimental tests has been made in Abaqus/CAE. Figure 

4.1 shows how the experimental test set-up is translated to a finite element model. It consists of four 

types of parts: the brick units, the interface elements, the supporting plates and the loading plate. The 

mortar elements were assigned a near zero thickness. Because of this, the brick units were expanded. 

The mortar elements were assigned nonlinear material behavior. The other elements were assigned 

linear elastic material behavior. The characteristics of the parts will be discussed below. 
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Figure  4.1: Experimental setup (left), schematic view of the FE model (middle), Abaqus model (right) 

4.3.1 Description of parts of the model 

4.3.1.1 Supporting plate 

Element 

The supporting plates on the top and bottom of the model were 100 mm wide and 40 mm high. They 

were meshed with two-dimensional, four node plain strain elements with four integration points 

(CPE4). The mesh element size was 10 × 40 mm2. 

 

Material properties 

In the center of the top plate a point load was applied. The top plate must distribute the point load 

over the full width of the wall. At the bottom of the wall, the load should be transferred from the full 

width of the wall to the hinge support at the center of the bottom plate. To ensure equally distributed 

stresses over the full width of the wall – thus preventing peak stresses at the center of the top and 

bottom row of the masonry – there has been chosen for “infinitely stiff” linear elastic material 

behavior. A Young’s modulus of 9.0 × 109 N/mm2 was adopted. 

4.3.1.2 Loading plate 

Element 

The loading plate was 25 mm wide and 40 mm high. It was meshed with two-dimensional, four node 

plain strain elements with four integration points (CPE4). The mesh element size was 5 × 5 mm2. 

 

Material properties 

The same material properties were adopted for the load plate as for the support plates. This means 

linear elastic material behavior with a Young’s modulus of 9.0 × 109 N/mm2. 

4.3.1.3 Bricks 

Elements 

A total of 21 layers of brick units were modeled. The brick units were expanded to include the thickness 
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of the mortar. Due to this expansion, the top and bottom layer of brick units had a size of 100 × 55 

mm2. The other 19 units had a size of 100 × 60 mm2. The bricks were modelled as two-dimensional, 

four node plane strain elements with four integration points (CPE4). The mesh element size was 5.0 × 

5.0 mm2. 

 

Material properties 

The experimental research (chapter 3) showed that material failure in the masonry walls occurred in 

the interface between the mortar and the masonry. No crushing of bricks was observed. Therefore a 

linear elastic material behavior was assumed. From the compression tests that were performed on 

masonry prisms of seven bricks high, the compressive strength and corresponding strain were 

obtained. The average ratio between the compressive strength and corresponding strain was 1430 

N/mm2. For the numerical model, a Young’s modulus of 1500 N/mm2 was adopted, with a Poisson’s 

ratio of 0.25. To incorporate the self-weight of the masonry in the numerical model, a density of 1.8 × 

10-5 N/mm3 was adopted. 

4.3.1.4 Mortar elements 

Elements 

The mortar interfaces were modeled as two-dimensional, four node cohesive elements with two 

integration points (COH2D4). The interface was 100 mm wide and 0.001 mm high. The mesh element 

size was 5.0 × 0.001 mm2. 

  

Material properties 

The mortar elements were potential crack-opening planes. A non-linear traction – separation material 

model was adopted. The typical constitutive behavior of a traction – separation model is shown in 

figure 4.2.  

Figure 4.2: Typical traction – separation response (Abaqus Manual, 2014)  

In the traction – separation diagram of figure 4.2, three features can be distinguished. The three 

features are: 

1. Initial linear elastic behavior (O – A) 

2. Damage criterion (point A) 

3. Damage evolution (A – B) 
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These features need to be defined in Abaqus and will be discussed below.  

 

1. Initial elastic behavior.  

In matrix-form, the initial linear elastic behavior of a two-dimensional cohesive element with 

uncoupled behavior between normal and shear components is: 
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        (4.1) 

 

The stress vector, t, the strain vector, ε, and the stiffness vector, E, consist of two components: n and 

s. The n-term denotes the stress, strain and stiffness in the normal direction. The s-term denotes the 

stress, strain and stiffness in the shear direction.  

 

The nominal strains are defined as:  
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With T0 being the original thickness of the cohesive element and δ being the separation. 

 

Abaqus adopts a thickness of the cohesive element of 1.0 by default, independent from the true 

geometric thickness of the cohesive element in the model. This comes from the fact that the geometric 

thickness of the cohesive elements is often very close to zero. Due to this fact, the strain is equal to 

the separation: 

             (4.3) 

 

The cohesive element is used to define the mortar behavior, which has a thickness of tmortar and a 

stiffness of Emortar. The initial linear elastic behavior of the cohesive element has to be the same as that 

of the mortar: 

mortar cohesive
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The stiffness of the cohesive element can now be defined in terms of the thickness of the mortar joint, 

the stiffness of the mortar joint, and the thickness of the cohesive.: 

cohesive
cohesive mortar

mortar

t
E E

t
         (4.5) 

 

With the cohesive thickness being equal to 1, this can be simplified to: 

mortar
cohesive

mortar

E
E

t
          (4.6) 

 

Some masonry properties were obtained by separate tests on masonry prisms. These include the 

compressive strength, the flexural strength and the bond strength. The tensile behavior of the masonry 

was not tested. For the tensile behavior of the masonry, the work of Vermeltfoort and Van der Pluijm 
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(1999) will be used. That research consisted of displacement controlled tension tests on calcium silicate 

masonry, clay brick masonry and concrete brick masonry. The test series that is believed to be the 

closest match to the mortar used in the experimental research is the soft mud clay brick by 

manufacturer Vijf Eiken. This seems to be justifiable, since the average bond strength of the masonry 

in the work of Vermeltfoort and Van der Pluijm is comparable to the average bond strength obtained 

from the bond-wrench tests on masonry in this research (0.13 N/mm2 and 0.15 N/mm2 respectively). 

 

The secant stiffness of the mortar from the tests of Vermeltfoort and Van der Pluijm, Eu, was 320 

N/mm2. With a mortar thickness of 10 mm, the stiffness of the cohesive element can now be calculated 

with the aforementioned formula. 

320
32

10

mortar
cohesive

mortar

E
E N mm

t
          (4.7) 

 

2. Damage initiation criterion 

The material behaves linear elastic, as described above, until a damage initiation criterion is met. This 

criterion marks the beginning of the degradation of the response of a material. The failure criterion 

can either be a peak value for the maximum nominal stress (t0) or a peak value for the maximum 

nominal strain (ε0). A pure compressive stress or a pure compressive deformation state does not 

initiate damage. 

 

A peak value for the maximum nominal stress was adopted as damage initiation criterion. This value 

was obtained by bond wrench tests on masonry prims of two bricks high. Two values of the bond 

strength have been adopted as damage initiation criterion, namely the average value of the bond 

strength from experiments (ft = 0.15 N/mm2), and the highest value for the bond strength from the 

experiments (ft = 0.30 N/mm2) 

 

3. Damage evolution 

After damage initiation, a damage evolution law is active. This damage evolution law describes the 

rate at which the material stiffness degrades. A variable, D, represents the damage in the material. 

This value is initially zero. When damage evolution has started, this value increases to one upon further 

loading after damage initiation. The stresses are affected by the damage variable D according to the 

following equation. 

 1 , 0
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There are two methods that can define the damage evolution: 

- Evolution based on displacement 

- Evolution based on fracture energy 

 

For the evolution based on displacement, the quantity δf
m - δ0

m is defined, which is the effective 

displacement at complete failure, δf
m, relative to the effective displacement at damage initiation, δ0

m. 

(figure 4.2). For the evolution based on fracture energy, the fracture energy GC, i.e. the area under A-

B of the graph (figure 4.2) is defined. In the model of this thesis, there has been chosen for an evolution 



60 

based on displacement. This type of damage evolution is discussed further below. 

 

Softening behavior can either be linear or exponential. A softening law defines the evolution of the 

damage variable D. For a linear softening law, the relation between the damage variable D and the 

displacement is according to the following equation: 
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With: 
0

m   Displacement at damage initiation 

f

m   Displacement at complete failure 

max

m   Maximum value of the effective displacement attained during the loading history 

 

For an exponential softening law, the relation between the damage variable D and the displacement 

is according to the following equation: 
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With: 
0

m   Displacement at damage initiation 

f

m   Displacement at complete failure 

max

m   Maximum value of the effective displacement attained during the loading history 

   Damage evolution parameter 

 

The descending branch of masonry under tension can be described with a formula proposed by 

Lourenço et al. (1996). This formula is also described in paragraph 2.5 as equation (2.30). 
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With: 

 w  crack width 

 tf   bond strength 

 fIG  fracture energy 

 

This equation can be rearranged to establish the crack width w. 
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The average value of the fracture energy found in the experiments of Vermeltfoort and Van der Pluijm 

was 4.2 N/m (= 4.2 × 10-3 N/mm). The equation then becomes.  

34.2 10
ln

0.15 t

w
f

  
    

 
        (4.13) 

 

With the help of this formula the complete the complete stress – displacement behavior of masonry 

under tension can be calculated. This is shown in figure 4.3. For the softening law of the cohesive 

element, the exponential softening law is adopted. The effective displacement at complete failure 

relative to the effective displacement at damage initiation, δf
m - δ0

m, was taken as 0.13 mm. The 

parameter α, which defines the rate of damage evolution, was taken as 5. As can be seen in figure 4.3 

it shows good agreement with the calculated stress – displacement diagram from Vermeltfoort and 

Van der Pluijm. For the other value of the bond strength (ft = 0.30 N/mm2), the the same values for δf
m 

- δ0
m and α were adopted. 

Figure 4.3: Stress – displacement relationship for masonry under tension and for the cohesive 

element. 

4.3.2 Boundary conditions 

The boundary conditions can be seen in figure 4.1. A hinge was located at the center of the bottom 

plate, restraining movement in horizontal and vertical direction. Rotation around this point was free. 

In the center of the top plate a roller support was located, which restrained the movement in the 

horizontal direction, while movement in the vertical direction was still possible. Rotation around this 

point was also free. 

4.3.3 Load application 

The finite element analysis consisted of two steps. In the first step the vertical loads were applied, 

consisting of the gravity load and the top load. The top load was a point load, located at the location 

of the roller support. In the second step a horizontal displacement was imposed on the loading plate. 

The vertical load was constant during the application of the horizontal displacement. The analysis was 

solved in Abaqus by the Newton-Raphson solution procedure.  
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4.4 RESULTS AND VERIFICATION 

The results of the finite element analysis will be compared to the results of the experimental research. 

In paragraph 4.4.1 the previously described model will be compared to the results of the URM-2 test. 

A few adjustments were made to this model to get better agreement with the URM-2 test. This is 

described in paragraph 4.4.2. A model with imperfections is described in paragraph 4.4.3. The results 

from this analysis were compared with the URM-1 test.  

4.4.1 Initial URM-2 model 

The resulting load – displacement diagram of the finite element analysis is shown in figure 4.4. The 

horizontal force is the sum of the horizontal reaction forces at the top and bottom support. The 

horizontal displacement is the displacement at the center of the wall. The analysis was executed for 

three values of the vertical loading, namely the average vertical load during the experiment (FV,AVG = 

9.55 kN), the minimum value of the vertical load during the experiment (FV,MN = 8.32 kN) and the 

maximum vertical load during the experiment (FV,MAX = 11.00 kN). Figure 4.5 shows the deformed state 

of the model (ΔH = 40 mm). 

Figure 4.4: Comparison between the load – displacement diagram of the 
experimental research and the numerical research 

Figure 4.5: Deformed 
state of the 

numerical model 

The numerical model describes the complete behavior of out-of-plane loaded unreinforced masonry. 

Damage occurs in the mortar elements above and below the middle layer of the wall. However, there 

is a significant difference between the results of the experiment and the results of the finite element 

analysis. In one direction, the model gives a overestimation compared to the experiment, whereas in 

the other direction, the model gives an underestimation. Looking at the post-peak behavior of the wall 

in pushing (quadrant 3), it can be seen that the descending branch is less steep compared to the 

experimental results. As is discussed in paragraph 3.4.2, this may have been caused by the location of 

the hinge and the roller support. The location of the supports influences the maximum horizontal load 
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and the post-peak behavior. In the model in the next paragraph, the boundary conditions were 

adjusted to get a model that matched better with the experiments. 

 

As can be seen in the load – displacement diagram, the vertical load influences the behavior as well. 

For the analysis with the minimum value of the vertical load, the maximum horizontal load reached is 

0.92 times the value of the maximum load during the analysis with the average vertical load. In the 

case of maximum vertical load, it is 1.12 times as high. 

 

In figure 4.6 below, the development of the normal stresses in the interface element just below the 

middle is shown. At the start of the analysis, compression stresses are equally distributed over the full 

width of the wall. With an increasing imposed displacement, the compression stresses on the left side 

increase, whereas on the right side tension stresses occur. When the tension strength is reached (0.15 

N/mm2), a crack starts to form and the tension stresses develop to zero. The width of the compression 

zone decreases when the horizontal displacement increases and the crack on the right side increases 

in width.  

Figure 4.6: Normal stresses along the crack plane during the analysis 

4.4.2 Adjusted URM-2 model 

To obtain results from the finite element analysis that would better match the results from the 

experimental research, the previously described model was adjusted.  

 

In the experimental research, a crack formed in the interface between mortar and brick just below the 

middle layer. In the numerical research, two cracks formed, just below the middle layer and just above 

the middle layer. To make sure the crack patterns matched, the mortar properties were adjusted. The 

bond strength of the mortar just below the middle layer remained ft = 0.15 N/mm2, while the other 

bond strengths were adopted as ft = 0.30 N/mm2, corresponding to the maximum obtained value for 

the bond strength during the bond-wrench tests. 

 

Besides the adjustment of the mortar properties, the location of the supports was adjusted. A 

horizontal translation of 7.5 mm of both the hinge support and the roller support gave results that 

were in best agreement with the experimental research. 

 

During the experiment, the vertical force experiment increased when the horizontal displacement 

increased and reached its highest value at the maximum displacement of each load cycle. Therefore 



64 

the maximum value of the vertical force during the experiment (FV = 11.00 kN) was adopted as the 

input value for the numerical model.  

 

The resulting load – displacement diagram of the finite element analysis is shown in figure 4.7. Figure 

4.8 shows the deformed state of the model (ΔH = 40 mm). 

 

Figure 4.7: Comparison between the load – displacement diagram of the 
experimental research and the numerical research 

Figure 4.8: Deformed 
state of the 

numerical model 

The model shows overall a good description of the wall behavior. In this analysis, only one crack forms. 

This crack forms just below the middle layer, where the mortar element with the weakest material 

property is located. The model gives an underestimation in both directions. In the pulling direction, 

the maximum load is 0.90 times the maximum lateral load value of the test. In the pushing direction, 

the value is 0.96 times the test value. 

 

Figure 4.9 shows the development of normal stresses at the cracked mortar interface element during 

the analysis. At a horizontal displacement of 0 mm, a linear distribution of compression stresses can 

be seen, with the highest value on the right side. The stress development is similar to the previous 

model. It shows how the compression stresses on the left side increase with increasing displacement. 

On the right hand side, limited tension stresses can develop, until the tensile strength is reached and 

a crack starts to form.  
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Figure 4.9: Normal stresses along the crack plane during the analysis 

4.4.3 URM-1 model 

The out-of-plane wall behavior of URM-1 was different from the typical behavior for out-of-plane 

loaded walls. In the load – displacement diagram, for relatively small displacements, instead of linear 

elastic behavior, a kink was visible. To explain this behavior, a model with imperfections was created. 

This model is shown in figure 4.10. It consisted of four parts: two supporting plates, a loading plate, 

and two masonry parts. 

Figure 4.10: Schematic view of the FE model (left), Abaqus model (right) 

The loading plate and supporting plates had exactly the same dimensions, material properties and 

mesh element size as the models of 4.4.1 and 4.4.2. 

 

Two different masonry parts were created in this model. Masonry part 1 was 100 mm wide and roughly 

595 mm high. This part represented a part of the wall consisting of 10 layers of clay brick masonry. In 

between those large parts, masonry part 2 was located. This part represented one expanded brick unit, 

measuring 100 mm in width and 60 mm in height. The geometries of masonry part 1 and part 2 were 

modified at the left side to create a gap in between the parts. The dimensions of this gap is shown in 

detail in figure 4.10. The masonry units have the same linear elastic material behavior as the masonry 
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units from the previous model. 

 

In this model no use was made of cohesive elements. Instead, surface-to-surface interaction behavior 

was defined between masonry parts 1 and 2. The tangential behavior is defined by the so called 

“rough” interaction property. This interaction property prevents relative sliding motion between two 

contacting surfaces. In normal direction, the “hard contact” interaction property was assigned. This 

meant compressive stresses could be transferred when in contact, though no tensile stresses could 

have been transferred. This was different compared to the previous model, where tension stresses up 

to 0.15 N/mm2 could develop. However, as could be seen in the stress plots of previous analyses, 

mostly compression stresses are present in the model, so assigning tensile strength seems a justifiable 

simplification. 

 

A displacement of 20 mm was imposed on the load plate. The resulting force – displacement diagram 

of the finite element analysis is shown in figure 4.11, together with the results of the experiment. 

Although the ultimate load reached during the finite element analysis is only 0.77 times the ultimate 

load reached in the experiment, a similar kink in the load displacement diagram can be seen. 

Figure 4.11: Comparison between the load – displacement diagram of the experiment research and 
the numerical research (left). Deformed state of the numerical model (right). 

Figure 4.12 shows the development of the normal stresses at the plane just below the middle row of 

the wall. The dotted line is the center of gravity of the stress block. Since no stresses can be transmitted 

on the left side of the wall, peak stresses were present at a distance of 25 mm from the left at the start 

of the horizontal load program. When the displacement increases, the compression stresses at this 

point increase, whereas on the right side no tension stresses are transmitted and a crack is opening. 

The value of the horizontal load is dependent on the size of the internal lever arm, since this 

determines the internal moment that can develop. The internal lever arm is the distance from the 

resultant of the stress block to the center of the wall. When the gap on the left side of the wall is still 

open, the internal lever arm stays small. Once the gap starts to close, compression stresses can be 
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transmitted on the left side of the wall, the internal lever arm can increase and therefore also the 

horizontal load can increase again.  

Figure 4.12: Normal stresses along the crack plane during the analysis 

The clay bricks used in the experiments had a frog. This frog was located on the downside during the 

experiment. Possibly a similar mechanism occurred during the experiment, where a gap was located 

on one side which was closed when the horizontal displacement was increased.  

4.5 CONCLUSION 

In the previous paragraphs, a numerical model for out-of-plane loaded masonry is described. The 

results are compared with the results of the experiments. The model is able to capture the complete 

behavior of out-of-plane loaded masonry walls, with good accuracy. A model with imperfections was 

created to explain the abnormality in the behavior of the URM-1 wall.  
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5. SENSITIVITY ANALYSIS 

5.1 INTRODUCTION 

Three series of sensitivity analyses were performed for the calibrated model described in the previous 

chapter. In the first series of analyses, the influence of the vertical load on the out-of-plane behavior 

was investigated. In the other two series of analyses, the influence of the boundary conditions on the 

out-of-plane behavior was investigated. This concerned the pivot point at the top and bottom support. 

5.2 INFLUENCE OF VERTICAL LOAD 

5.2.1 Model description 

5.2.1.1 Wall description 

The description of the wall was the same as in chapter 4. It concerned a wall with a height of 1250 mm 

and a thickness of 100 mm. Since the model was two-dimensional, the depth was not taken into 

account. The model consisted of expanded brick units with linear elastic material behavior and near-

zero thickness interface elements with non-linear material behavior. At the top and the bottom of the 

wall a supporting plate was located with “infinitely stiff” linear elastic material properties. At the 

middle layer of the wall a loading plate was located, on which a horizontal displacement was imposed.  

5.2.1.2 Boundary conditions description 

The description of the boundary conditions was the same as in chapter 4. A roller support was located 

at the top of the top supporting plate. A hinge support was located at the bottom of the bottom 

supporting plate. The hinge and roller support were located at the exact center of the supporting plate. 

5.2.1.3 Parameter description 

The analysis was performed for a total of ten values for the vertical load. The vertical load ranged from 

10 kN/m to 100 kN/m. The motivation behind the choice for these specific values can be found in 

paragraph 1.4.  

5.2.2 Analysis results 

A load – displacement diagram was obtained after the analysis for all ten analyses. The load – 

displacement diagrams are shown together in figure 5.1 On the horizontal axis the horizontal 

displacement of the loading plate is displayed. On the vertical axis the horizontal reaction force in the 

loading plate is displayed. A similar behavior can be observed for all  ten analyses. In every analysis, a 

crack formed in the interface element above and below the middle layer of the wall. After the 

formation of cracks, the wall remained stable, showing to be able to have a horizontal load capacity 

after cracking. All walls showed to have no more lateral load capacity for a displacement just below 50 

mm. At this displacement the resultant of the vertical load moved outside the cross-section of the wall, 
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causing instability to occur. It can be clearly seen how a higher vertical load leads to a higher maximum 

horizontal load. 

Figure 5.1: Load – displacement diagram for all analyses 

5.2.3 Analysis discussion 

The difference in horizontal load capacity can be explained by looking at the normal stresses at the 

interface element just below the middle layer (figure 5.2). It wil be illustrated for two values of the 

vertical load. The normal stress state at the point of maximum horizontal load will be viewed. The 

maximum horizontal for FV = 40 kN/m is FH = 4.8 kN/m at a displacement of u = 6 mm. The maximum 

horizontal load for FV = 80 kN/m is FH = 8.1 kN/m for u = 8 mm. A triangular distribution of the 

compressive stresses can be seen for both cases at the left of the cross-section. To the right of the 

compression zone, a relatively small area can be seen where tensile stresses are present. When the 

vertical load is higher, the compressive stresses in the compression zone are naturally higher. Because 

of this, a higher internal moment can develop, which results in a higher horizontal load capacity.  

Figure 5.2: Normal stresses. 
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5.2.3.1 Equivalent linear elastic 

As has been described in paragraph 3.2., Paulay and Priestley (1992) suggested that an estimate of the 

equivalent linear elastic load can be obtained from the non-linear diagram. This can be done by the 

equal energy approach. In this approach, the area under the non-linear load – displacement diagram, 

A1, is set equal to the area under the linear load – displacement diagram, A2, with the same initial 

stiffness k. This approach is shown in figure 5.3.  

 

Figure 5.3 Equal energy approach for equivalent elastic stiffness (adapted from Paulay and Priestley, 
1992) 

With A1 being the area under the true non-linear curve, the area under the linear diagram, A2, is: 
2

,

2 1
2

e eF
A A

k
            (4.14) 

Equation (4.14) can be rewritten for Fe,e: 

, 12e eF k A           (4.15) 

 

Each load displacement diagram consists of 100 data points located on an equal horizontal distance 

from each other in the diagram. Per analysis, the area of the non-linear diagram, A1, was simply 

determined by numerical integration. The initial stiffness, k, was defined as the slope between the first 

two points on the load – displacement diagram. The equivalent linear elastic load, Fe,e, was determined 

for every analysis. The results are plotted in the graph of figure 5.4. On the horizontal axis the vertical 

load is displayed, while on the vertical axis the equivalent linear elastic load is displayed. A quadratic 

trend can be discerned. A higher vertical load leads to a higher equivalent linear elastic load, however, 

the effect of increasing the vertical load is smaller for higher vertical loads.  
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Figure 5.4: Equivalent linear elastic load for different value of FV 

5.3 INFLUENCE OF BOUNDARY CONDITIONS 

5.3.1 Model description 

5.3.1.1 Wall description 

The description of the wall was the same as in chapter 4. It concerned a wall with a height of 1250 mm 

and a thickness of 100 mm. Since the model was two-dimensional, the depth was not taken into 

account. The model consists of expanded brick units with linear elastic material behavior and near-

zero thickness interface elements with non-linear material behavior. At the middle layer of the wall a 

loading plate was located, on which a horizontal displacement was imposed. At the top and the bottom 

of the wall supporting plates were located with “infinitely stiff” linear elastic material properties. 

5.3.1.2 Boundary conditions description. 

In the analyses of this paragraph, the influence of the pivot point on the out-of-plane behavior was 

investigated. In the experiments, the wall rotated at the top and the bottom around a spherical hinge 

which was located at the center of the supporting plates. This is shown schematically in figure 5.5.  The 

spherical hinge remained in place. 

 

To investigate the influence of the pivot point, two new numerical models were made. These models 

are shown in the middle and the right of figure 5.5. In the first model the pivot point at the top and the 

bottom were located at the same distance x from the wall centerline. In the second model the pivot 

point at the top was located at a distance x from the wall centerline, while the pivot point at the bottom 

was located at a distance of 50 mm from the wall centerline (edge of the wall).
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(Experiment) (Model 1) (Model 2) 

Figure 5.5: Three different boundary conditions. 

While the wall description was the same as in the previous analysis, little modifications had to be made 

to the boundary conditions. Two different supporting plates were modeled, which were located at the 

top and the bottom. These plates were 140 mm wide and 40 mm high. They were meshed with two-

dimensional, four node plain strain elements with four integration points (CPE4). The mesh element 

size was 5 × 10 mm2. An “infinitely stiff” material property was assigned to the supporting plates, with 

a Young’s modulus of 9.0 × 109 N/mm2. The supporting plate at the bottom was restrained from 

translation in both horizontal and vertical direction. The supporting plate on the top was restrained 

from movement in the horizontal direction, though it was able to move in the vertical direction. 

 

A surface-to-surface interaction behavior was defined between the wall and the support plates. The 

interaction property had to be assigned so the wall could rotate. In the normal direction the “hard” 

contact interaction property was assigned. The “hard” contact relationship prevents the penetration 

of surfaces when they are in contact and does not allow for the transfer of tensile stresses across the 

interface. In tangential direction the displacement should be prevented as well. A standard interaction 

property provided by Abaqus in this direction is the “rough” interaction property. With this interaction 

property, an infinite friction coefficient is adopted (μ = ∞). The Abaqus manual indicates however that 

convergence difficulties may arise if a closed contact interface with rough friction opens, especially if 

large shear stresses have developed. The rough friction model is typically used together with no-

separation behavior in the normal direction. Since in this model separation in the normal direction is 

supposed to occur, this interaction property is not suited. Instead of the “rough” interaction property”, 

a penalty friction interaction property was adopted. For this the friction coefficient μ needed to be 

defined. The friction coefficient describes the ratio of the force of friction between two bodies and the 

force pressing them together. The maximum friction force that can develop between two contacting 

surfaces is FMAX = μ × FN. If the friction force becomes larger than FMAX, the friction is overcome and 

sliding occurs between the interfaces. If the friction force stays below FMAX, the surfaces do not slide 

relative to each other. A relatively high friction coefficient was adopted. In this case μ = 10 000.  
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5.3.1.3 Parameter description 

For the first model, a total of 8 analyses were performed, for values of x ranging from +50 mm to -20 

mm. For the second the model, a total of 9 analyses were performed, for values of x ranging from +50 

mm to -30 mm.  

 

The vertical load was applied in the middle of the top supporting plate. For the vertical load, the 

median value of the vertical load from paragraph 5.2 was adopted, which was 50 kN/m.  

5.3.2 Analysis results 

5.3.2.1 Case 1 

A load – displacement diagram was obtained after the analysis for all the eight analyses. The load – 

displacement diagrams are shown together in figure 5.6. On the horizontal axis the horizontal 

displacement of the loading plate is displayed. On the vertical axis the horizontal reaction force in the 

loading plate is displayed. A similar behavior can be observed for all the ten analyses. In every analysis, 

a crack formed in the interface element above and below the middle layer of the wall. After the 

formation of cracks, the wall remained stable, showing to be able to have a horizontal load capacity 

after cracking. The location of the pivot point showed to have a great influence on the ultimate 

horizontal load. For a wall subjected to lateral loading, the maximum load and the displacement 

capacity increased when the location of the pivot point was more towards  the tension side of the wall. 

Figure 5.6 Load – displacement diagram for all analyses of case 1 

The ultimate displacement can be estimated with the following formula.  

   50 50

2
u

x x
u

  
         (4.16)

  

 At this displacement the resultant of the vertical load moved outside the cross-section of the wall, 

causing instability to occur. 



75 

5.3.2.2 Case 2 

The load – displacement diagrams of all the analyses of case 2 are shown together in figure 5.7. 

Figure 5.7: Load – displacement diagram for all analyses of case 2 

In this case, the location of the pivot points were not on the same horizontal distance from the 

centerline of the wall. This had an effect on the cracking pattern of the wall. For distances of x from 

+50 mm to ±0 mm, the cracks formed in the interface elements just above and below the middle layer. 

For distances of x from -10 mm to -30 mm, a crack formed in the interface elements just below the 

middle layer and in multiple interface elements above the middle layer. The difference is illustrated in 

figure 5.8 and figure 5.9. The left figure shows the analysis results for x = +30 mm. The right figure 

shows the analysis results for x = -30 mm.  On the left, the deformed state of the wall is shown. The 

formed cracks are highlighted. On the right of the figures, a contour plot of the normal stresses is 

shown. Compressive stresses (σ < 0 N/mm2) are colored blue, while tensile stresses (σ > 0 N/mm2) are 

colored red. 

 

It can be seen in the contour plot of the normal stresses how the location of the pivot point  influences 

the normal stress distribution in the wall. For x = 30 mm, tensile stresses are present in a few interface 

elements above and below the middle. For x = -30 mm, tensile stresses are present in the interface 

element below the middle, and in all interface elements above the middle. The interface elements 

have a relatively low tensile strength. Therefore cracking occurs in multiple interface elements above 

the middle. Because of this different crack pattern, the deformed state is different. This has an effect 

on the post-peak behavior of the wall. The ultimate stability displacement is reached when the 

resultant of the vertical force moves outside the cross-section of the wall. Then, the horizontal load 

capacity is zero. Because of the different deformed state, this instability displacement is reached 

sooner. Instead of the almost linear post-peak behavior for x = +30 mm, the post-peak branch for x = -
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30 mm starts of linear, but bends away at a horizontal displacement of 40 mm. 

Figure 5.8: Results for x = +30 mm Figure 5.9: Results for x = -30 mm

5.3.3 Analysis discussion 

5.3.3.1 Case 1 

For every analysis of case 1, the equivalent linear elastic load Fe,e was determined. This was done in the 

same manner as is described in paragraph 5.2.3. The results of the calculation of the linear elastic load 

are plotted in the graph of figure 5.10. On the horizontal axis the distance x is displayed. On the vertical 

axis the equivalent linear elastic load is displayed. A linear trend can be distinguished. For a wall 

subjected to lateral loading, the equivalent linear elastic load increases when the pivot point is located 

more towards the tension side of the wall.  

Formation 

of cracks 

 

Normal stresses 

● σ > 0 N/mm2 

● σ < 0 N/mm2 

Formation 

of cracks 

 

Normal stresses 

● σ > 0 N/mm2 

● σ < 0 N/mm2 
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Figure 5.10: Equivalent linear elastic load for different value of x 

5.3.3.2 Case 2 

For every analysis of case 1, the equivalent linear elastic load Fe,e was determined. This was done in the 

same manner as is described in paragraph 5.2.3. The results of the calculation of the linear elastic load 

are plotted in the graph of figure 5.11. On the horizontal axis the distance x is displayed. On the vertical 

axis the equivalent linear elastic load is displayed. A linear trend can be distinguished. However, for x 

= -30 mm, a deviation can be seen from the straight line. This can be explained by looking at the load 

– displacement diagrams. The post-peak behavior is linear for every analysis except for x = -20 mm and 

x = -30, where it can be seen how the straight line bends away at a certain point. Because of this, the 

area under the curve is smaller, resulting in a smaller equivalent linear elastic load.  

Figure 5.11: Equivalent linear elastic load for different value of x 
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6. CONCLUSIONS AND 
RECOMMENDATIONS 

In this chapter, the conclusions and recommendation for this graduation project are given. First, the 

research questions are answered. Then recommendations are given for future research. 

6.1 CONCLUSIONS 

In chapter 1, three research question were formulated: 

1. “What is the influence of the reinforcement type on the out-of-plane behavior of masonry 

walls?” 

2. “What is the influence of the magnitude of the axial load on the out-of-plane behavior of 

masonry walls?” 

3. “What is the influence of the boundary conditions on the out-of-plane behavior of masonry 

walls?” 

 

The answers to these question will be given in three separate parts. 

6.1.1 Reinforcement type 

To investigate the influence of the reinforcement type on the out-of-plane behavior of masonry walls 

an experimental research program was conducted. This program consisted of three series of two 

masonry walls that were subjected to cyclic one-way out-of-plane bending. A vertical load was applied 

at the top of the wall. One series consisted of unreinforced masonry walls (URM-series). The other two 

series consisted of reinforced masonry walls (CEM-series and POLY-series). The reinforced walls were 

reinforced with a carbon strip embedded in a ductile adhesive. One side of the wall of the CEM-series 

was finished with a cement based finishing layer with a carbon fiber reinforcement net, while one side 

of the POLY-series was finished with a polymer based strengthening layer.  

 

The results of the tests on reinforced walls were compared to the results of the test on the 

unreinforced walls. The URM-series had an almost symmetrical cross-section, resulting in an almost 

similar behavior in two directions. 

 

Both series of reinforced walls had a significantly higher lateral load capacity for bending in its strong 

direction. The maximum lateral load for the CEM-series was more than 5.70 times as high compared 

to the unreinforced walls. After failure of the strengthening layer (rupture of the carbon reinforcement 

net), the walls still had a significant residual lateral load capacity (more than 1.90 times as high as the 

unreinforced walls), due to the still intact carbon strip that was embedded in the middle of the wall. 

For the two walls of the POLY-series, the lateral load capacity was respectively 2.61 and 4.39 times as 

high. The relatively big difference between lateral load capacity of the two POLY walls could be 
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attributed to the difference in thickness of the strengthening layer. 

 

For bending in its weaker direction, the reinforced walls were also found to have a higher lateral load 

capacity compared to the unreinforced walls. The lateral load capacity was found to be 3.39 and 4.65 

times as high for the CEM-1 and CEM-2 walls respectively. For POLY-1, and POLY-2, the lateral load 

capacity was respectively 1.75 and 2.66 times as high. The increase in horizontal load capacity in this 

direction was due to the presence of the carbon strip in the middle of the wall. For the walls of the 

CEM-series, the increase can also in part be attributed to the increased thickness of the cross-section, 

because of the added cement based strengthening layer. 

 

The reinforcement also had a positive effect on the displacement capacity of the walls. For the URM-

walls, the maximum lateral displacement reached during tests was 40 mm. For the CEM-series, lateral 

displacements of more than 50 mm could be easily reached, while for the POLY-series even lateral 

displacements of more than 60 mm could be reached. At these relatively large displacements, the 

lateral load capacity was still relatively high, because the carbon strip in the middle of the wall had not 

yet failed and for the POLY series the strengthening layer was also still intact. The walls seemed able 

to reach even higher lateral displacements, however, this was not possible due to limitations in the 

test setup. 

 

All reinforced walls have a better energy dissipation capacity. Especially the wall of the CEM-series 

dissipated significantly more energy. 

 

With reinforcing the walls, the stiffness increases as well. The highest lateral stiffness was found for 

the CEM wall when the cement based strengthening layer was still intact. After failure of the 

strengthening layer, the stiffness was considerably smaller. For all the walls, the stiffness declines due 

to the cyclic load program.  

6.1.2 Magnitude of the axial load 

A sensitivity analysis was performed with the numerical model that was validated by results from the 

experiments for ten different values of the vertical load. It was found that an increase of the vertical 

load leads to a higher lateral load capacity. The vertical load has no effect on the crack pattern and the 

displacement capacity, which was found to be the same for all the analyses.  

6.1.3 Boundary conditions 

For a wall subjected to lateral loading, the load capacity and displacement capacity increases when the 

pivot point is located more towards the tension side of the wall. The location of the pivot point has no 

influence on the crack pattern, as long as the pivot point at the top and bottom are at the same 

horizontal distance from the centerline. The crack pattern does change, however, when the horizontal 

distance between the pivot point at the top and the bottom is relatively large. This changes the normal 

stress distribution of the wall and with this the cracks form at different locations in the wall. Because 

of the different crack pattern, the post-peak behavior of the wall changes as well. 
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6.2 RECOMMENDATIONS 

Below, recommendations are given for future research. These are general recommendations, 

recommendations to improve the experimental research, and recommendations for the numerical 

research. 

6.2.1 General recommendations 

 For future research, more different boundary conditions may be considered. The walls 

considered in this research were simply supported at the top and the bottom edges of the 

wall. On the outer edges, over the height of the wall, the wall was not supported. Future 

research can consist of research into the out-of-plane behavior for wider walls, where 

movement of the left and right edges of the wall are restricted. 

 The building response to a ground motion is usually assumed to be uniform over the story 

height. From that it may be assumed that the out-of-plane load induced by seismic action can 

be best represented by a uniformly distributed load, instead of a line load over the with. In 

future research, different loading conditions may be considered. 

6.2.2 Experimental research 

 If in the future experiments with this test setup are performed, it is recommended to 

determine the exact location of the wall in the test setup, and in particular the location of the 

spherical hinges relative to the wall, since this has a significant influence on the behavior of 

the wall 

 A point of improvement in the test setup is the application of the vertical load. In the tests of 

this research, the mid-height displacement lead to increase of the height of the wall and 

correspondingly an increase of the vertical force. Because of this, the maximum vertical load 

change in the experiment was ±15%. For improving this detail in the test setup, the work of 

Doherty (Doherty, 2000) can be used  as a reference. In that research, the problem of the 

fluctuation of the vertical load was overcome by placing six coil springs over the width of the 

top of the wall. The springs were selected so that the additional overburden force developed 

with the expected increase in height was not significant. The vertical load during these tests 

changed by less than ± 5%, so that the constant force assumption was acceptable.  

 It would be interesting to test the reinforced walls to complete failure. The reinforced walls 

still had a significant lateral load capacity, even for large displacements, indicating that the 

carbon strip in the middle was still intact. For the POLY-series, the strengthening layer was also 

still intact. A solution to this could be to increase the height of the test walls. By doing this, the 

bending moment in the middle of the wall will be higher, possibly leading to failure of the 

strengthening layer and/or failure of the carbon strip. 

 The difference in wall behavior between walls of the same series was found to be relatively 

large. This was attributed to differences in thickness of the strengthening layer and the 

location of the carbon strip in the wall. For better insight in the out-of-plane behavior, more 

tests are necessary. 
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6.2.3 Numerical research 

 The numerical research was performed for walls with the same dimensions as the walls of the 

experimental research, which were walls with a height of 1250 mm. The modelling approached 

proved to be able to accurately model out-of-plane behavior of unreinforced masonry walls. 

Future research can focus on walls with a height of 2600 mm, which represents the real wall 

height better. The model could relatively easy be expanded to create a wall model with these 

dimensions.  

 In future work, reinforcement may be added to the numerical model. To do this, it is 

recommended to make a three dimensional model. Since the carbon strip is present over the 

full height, it is hard to incorporate its effect in a two dimensional model. This may be easier 

to do in a three dimensional model. 
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APPENDIX A 

A.1 INTRODUCTION 

In order to obtain realistic values of the vertical forces that are acting on a loadbearing wall in a house 

in Groningen, two weight calculations were made. In the weight calculations, the middle terraced 

house in a block of three is considered. The house consists of two stories and an attic and has a pitched 

roof. The floors are spanning between the loadbearing longitudinal walls. The dimensions of the 

structure are shown in figure A.1 below. In the first weight calculation, the floors are considered to be 

made of concrete. This is the more heavier variant. In the second calculation, the more lightweight 

variant, the floors are considered to be made of wood. 

Figure A.1: Dimensions of the considered house 



 

The following assumptions for the permanent loads and the live load are made. 
 
 

Loadbearing walls   Live load  
Thickness 0.1 m  Q 1.75 kN/m2 

Self-weight 18.0 kN/m3  φ  0.8 
   ψ2,i 0.3 
Concrete floors     
Thickness 0.2 m    
Self-weight 25.0 kN/m3    
Finishing layer 1.0 kN/m2    
     
Wooden floors     
Thickness 0.2 m    
Self-weight 1.0 kN/m2    
     
Pitched roof     
Self-weight 0.65 kN/m2    
     
Partition walls     
Self-weight 0.5 kN/m2    

A.2 WEIGHT CALCULATION: TERRACED HOUSE WITH CONCRETE 
FLOORS 

Load on wall located on story floor 

Permanent load    
Floor (0.2 × 25 + 1) × ( 5.4 / 2 ) 16.2 kN/m 

Roof 0.65 / cos(40°) × ( 5.4 / 2 ) 1.34 kN/m 

Partition walls 0.5 × ( 5.4 / 2 ) 1.35 kN/m 

  18.89 kN/m 

    
Live load 1.75 × 0.8 × 0.3 × ( 5.4 / 2 ) 1.13 kN/m 

    

Total 18.89 + 1.13 20.03 kN/m 

    

Load on wall located on ground floor 

Permanent load    

Floor (0.2 × 25 + 1) × ( 5.4 / 2 ) 16.2 kN/m 

Loadbearing wall 0.1 × 25 × 2.7 6.75 kN/m 

Partition walls 0.5 × ( 5.4 / 2 ) 1.35 kN/m 

  24.30 kN/m 

    
Live load 1.75 × 0.8 × 0.3 × ( 5.4 / 2 ) 1.13 kN/m 

    
Load from upper floor  20.03 kN/m 

    

Total 24.30 + 1.13 + 20.03 45.46 kN/m 



 

  

A.3 WEIGHT CALCULATION: TERRACED HOUSE WITH WOODEN 
FLOORS 

Load on wall located on story floor 

Permanent load    
Floor 1 × ( 5.4 / 2 ) 2.7 kN/m 

Roof 0.65 / cos(40°) × ( 5.4 / 2 ) 1.34 kN/m 

Partition walls 0.5 × ( 5.4 / 2 ) 1.35 kN/m 

  5.39 kN/m 

    
Live load 1.75 × 0.8 × 0.3 × ( 5.4 / 2 ) 1.13 kN/m 

    

Total 5.39 + 1.13 6.53 kN/m 

    
Load on wall located on ground floor 

Permanent load    
Floor (0.2 × 25 + 1) × ( 5.4 / 2 ) 2.7 kN/m 

Loadbearing wall 0.1 × 25 × 2.7 6.75 kN/m 

Partition walls 0.5 × ( 5.4 / 2 ) 1.35 kN/m 

  10.80 kN/m 

    

Live load 1.75 × 0.8 × 0.3 × ( 5.4 / 2 ) 1.13 kN/m 

    

Load from upper floor  6.53 kN/m 

    

Total 10.80 + 1.13 + 6.53 18.46 kN/m 

 

A.4 CONCLUSION 

The vertical load on the loadbearing walls ranges from 6.53 kN/m for the walls located on the story 

floor in the house with wooden floors to 45.46 kN/m for the walls located on the ground floor in the 

house with concrete floors.  

  



 

  



 

APPENDIX B 

B.1 BOUNDARY CONDITION 1:  

Figure B.1: Boundary condition 1 
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Substituting H2 in this formula: 
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B.2 BOUNDARY CONDITION 2: 

Figure B.2: Boundary condition 2 

Moment around the bottom pivot point: 
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B.3 BOUNDARY CONDITION 3:  

Figure B.3: Boundary condition 3 
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B.4 BOUNDARY CONDITION 4:  

Figure B.4: Boundary condition 4 

Moment around the bottom pivot point to determine horizontal reaction forces: 

2 0
2 2

w
w

h
F W H h


    

Horizontal reaction forces: 

2

1

2 2

2 2

w

w

F W
H

h

F W
H

h
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APPENDIX C 

This appendix consists of more elaborate test results. 

 

Content: 

C.1 URM 1 

C.2 URM 2 

C.3 CEM-1 

C.4 CEM-2a 

C.5 CEM-2b 

C.6 POLY-1 

C.7 POLY-2  



 

C.1 URM 1 

C.1.1 Horizontal displacement 

Start of the horizontal loading cycle  t = 333.5 s 

Displacement per load cycle    5 mm 

Total number of load cycles   8 

Time per load cycle     5 minutes (= 300 seconds) 

Maximum displacement pulling   39.9231 mm 

Maximum displacement pushing   -39.9841 mm 

Figure C.1.1: Time – horizontal displacement diagram 

C.1.2 Vertical load 

FV,0      9.0544 kN 

FV,AVG      9.514 kN 

 

FV,MAX      10.5604 kN 

FV,MIN      8.6502 kN 

FV,MAX – FV,MIN     1.9102 kN 

Figure C.1.2: Time – Vertical force diagram 



 

C.1.3 Behavior 

Figure C.1.3: Horizontal displacement – horizontal force diagram (hydraulic jack) 

FH,MAX  1.7639 kN  ΔH 8.5266 mm 

FH,MIN  -1.4710 kN  ΔH 4.7581 mm 

C.1.4 LVDTs, RVDTs 

Figure C.1.4: Force – displacement diagram 
(LVDTs) 

Figure C.1.5: Force – rotation  

  



 

C.2 URM 2 

C.2.1 Horizontal displacement 

Start of the horizontal loading cycle   t = 436 s 

Displacement per load cycle    5 mm 

Total number of load cycles    7.5 

Time per load cycle    5 minutes (= 300 seconds) 

Maximum displacement pulling   39.9109 mm 

Maximum displacement pushing  -34.8694 mm 

 

Figure C.2.1: Time – horizontal displacement diagram 

C.2.2 Vertical load 

FV,0      8.8777 kN 

FV,AVG      9.5516 kN 

 

FV,MAX      11.001 kN 

FV,MIN      8.3208 kN 

FV,MAX – FV,MIN      2.6798 kN 

Figure C.2.2: Time – Vertical force diagram 



 

C.2.3 Behavior 

Figure C.2.3: Horizontal displacement – horizontal force diagram (hydraulic jack) 

FH,MAX  2.0751 kN  ΔH  6.7252 mm 

FH,MIN -1.355 kN  ΔH -4.6334 mm 

 

C.2.4 LVDTs, RVDTs 

Figure C.2.4: Force – displacement diagram 
(LVDTs) 

Figure C.2.5: Force – rotation diagram 

  



 

C.3 CEM-1 

C.3.1 Horizontal displacement 

Start of the horizontal loading cycle   t = 447 s 

Displacement per load cycle   5 mm 

Total number of load cycles   12 

Time per load cycle    5 minutes (= 300 seconds) 

Maximum displacement pulling   60.0036 mm 

Maximum displacement pushing  -59.8511 mm 

 

Figure C.3.1: Time – horizontal displacement diagram 

C.3.2 Vertical load 

FV,0      9.2280 kN 

FV,AVG      9.6549 kN 

 

FV,MAX      11.0724 kN 

FV,MIN       8.2729 kN 

FV,MAX – FV,MIN      2.7995 kN 

Figure C.3.2: Time – Vertical force diagram 



 

C.3.3 Behavior 

Figure C.3.4: Horizontal displacement – horizontal force diagram (hydraulic jack) 

FH,MAX  11.0596 kN  ΔH  27.8808 mm 

FH,MAX  3.8575 kN  ΔH  30.4443 mm  (after cracking) 

FH,MIN  -5.5664 kN  ΔH  -39.9109 mm 

C.3.4 LVDTs, RVDTs 

Figure C.3.5: Force – displacement diagram 
(LVDTs) 

Figure C.3.6: Force – rotation diagram 

  



 

C.4 CEM-2a 

Figure C.4.1: Time – horizontal 
displacement diagram  

Figure C.4.2: Horizontal force – horizontal displacement 
diagram 

C.5 CEM-2b (1) 

 

Figure C.5.1: Time – horizontal 
displacement diagram  

Figure C.5.2: Horizontal force – horizontal displacement 
diagram 

 

  



 

C.6 CEM-2b (2) 

C.6.1. Horizontal displacement 

Start of the horizontal loading cycle  t = 876 s 

Displacement per load cycle   5 mm 

Total number of load cycles   9.5 

Time per load cycle     5 minutes (= 300 seconds) 

Maximum displacement pulling   54.7607 mm 

Maximum displacement pushing  -50.0061 mm 

 

Figure C.6.1: Time – horizontal displacement diagram 

C.6.2 Vertical load 

FV,0       9.3388 kN 

FV,AVG       10.0208 kN 

 

FV,MAX       11.5515 kN 

FV,MIN       8.6651 kN 

FV,MAX – FV,MIN      2.8864 kN 

Figure C.6.2: Time – Vertical force diagram 



 

C.6.3 Behavior 

Figure C.6.3: Horizontal displacement – horizontal force diagram (hydraulic jack) 

FH,MAX  13.5559 kN  ΔH  12.1446 mm 

FH,MAX 3.5217 kN  ΔH  32.2374 mm (after cracking) 

FH,MIN -6.6101 kN  ΔH  -34.8403 mm 

 

C.6.4 LVDTs, RVDTs 

Figure C.6.4: Force – displacement diagram 
(LVDTs) 

Figure C.6.5: Force – rotation diagram 

 



 

C.7 POLY-1 

C.7.1 Horizontal displacement 

Start of the horizontal loading cycle   t = 473.5 s (meas. no. = 948) 

Displacement per load cycle  first 12 cycles 5 mm 

    last ½ cycle 10 mm 

Total number of load cycles   12 ½  

Time per load cycle  first 8 cycles 10 minutes (= 600 seconds) 

    last 4½ cycle 5 minutes (= 300 seconds) 

Maximum displacement pulling   69.8802 mm 

Maximum displacement pushing   -60.0423 mm 

 

Figure C.7.1: Time – horizontal displacement diagram 

C.7.2 Vertical load 

FV,0      9.2849 kN 

FV,AVG      9.7932 kN 

 

FV,MAX      11.1233 kN 

FV,MIN      8.3298 kN 

FV,MAX – FV,MIN      2.7935 kN 

Figure C.7.2: Time – Vertical force diagram 



 

C.7.3 Behavior 

Figure C.7.3: Horizontal displacement – horizontal force diagram (hydraulic jack) 

FH,MAX 5.0080 kN  ΔH 59.8521 mm 

FH,MIN -2.4932 kN  ΔH  -19.9849 mm 

C.7.4 LVDTs, RVDTs 

Figure C.7.4: Force – displacement diagram 
(LVDTs) 

Figure C.7.5: Force – rotation diagram 

  



 

C.8 POLY-2 

C.8.1 Horizontal displacement 

Start of the horizontal loading cycle  t = 936 s 

Displacement per load cycle   5 mm 

Total number of load cycles   15 

Time per load cycle    5 minutes (= 300 seconds) 

Maximum displacement pulling   73.1262 mm 

Maximum displacement pushing  -74.9268 mm 

 

Figure C.8.1: Time – horizontal displacement diagram 

C.8.2 Vertical load 

FV,0      9.0035 kN 

FV,AVG      9.6522 kN 

 

FV,MAX      10.8060 kN 

FV,MIN      8.1412 kN 

FV,MAX – FV,MIN     2.6648 kN 

Figure C.8.2: Time – Vertical force diagram 



 

C.8.3 Behavior 

Figure C.8.3: Horizontal displacement – horizontal force diagram (hydraulic jack) 

FH,MAX 8.4299 kN  ΔH  69.7144 mm 

FH,MIN -3.784 kN  ΔH -74.8291 mm 

C.8.4 LVDTs, RVDTs 

Figure C.8.4: Force – displacement diagram 
(LVDTs) 

Figure C.8.5: Force – rotation diagram 

  



 

APPENDIX D 

 Appendix D contains the python scripts for the Abaqus models. Two scripts are included. The first one 

is the python script for the model without imperfections. The second script is for the model with 

imperfections. 

  



 

 

 



# -*- MODEL 1 -*- #

# -*- 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 *

### DIMENSIONS ###

# WALL #

wallthickness = 100

n = 21

brickheight = 50

jointheight = 10

wallheight = n*(brickheight+jointheight)-jointheight

cohesivethickness = 0.001

### SUPPORT ###

supportheight = 40

supportthickness = 100

# BOTTOM #

BCB = 50

# TOP #

BCT = 50

# TOP LOAD (kN) #

topload = 10.0

### PART WALL ###

mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=200.0)

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(-wallthickness/2.0,

-wallheight/2.0),

point2=(wallthickness/2.0, -wallheight/2.0))

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint(

addUndoState=False, entity=

mdb.models['Model-1'].sketches['__profile__'].geometry[2])

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(wallthickness/2.0,

-wallheight/2.0),

point2=(0.0, wallthickness/2.0))

mdb.models['Model-1'].sketches['__profile__'].undo()

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(wallthickness/2.0,

-wallheight/2.0),

point2=(wallthickness/2.0, 0.0))

mdb.models['Model-1'].sketches['__profile__'].VerticalConstraint(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=(wallthickness/2.0, 0.0),



point2=(

wallthickness/2.0, wallheight/2.0))

mdb.models['Model-1'].sketches['__profile__'].VerticalConstraint(addUndoState=

False, entity=mdb.models['Model-1'].sketches['__profile__'].geometry[4])

mdb.models['Model-1'].sketches['__profile__'].ParallelConstraint(addUndoState=

False, entity1=mdb.models['Model-1'].sketches['__profile__'].geometry[3],

entity2=mdb.models['Model-1'].sketches['__profile__'].geometry[4])

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(wallthickness/2.0,

wallheight/2.0),

point2=(-wallthickness/2.0, wallheight/2.0))

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])

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(-wallthickness/2.0,

wallheight/2.0),

point2=(-wallthickness/2.0, 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=(-wallthickness/2.0,

0.0), point2=

(-wallthickness/2.0, -wallheight/2.0))

mdb.models['Model-1'].sketches['__profile__'].VerticalConstraint(addUndoState=

False, entity=mdb.models['Model-1'].sketches['__profile__'].geometry[7])

mdb.models['Model-1'].sketches['__profile__'].ParallelConstraint(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='Part_wall', type=

DEFORMABLE_BODY)

mdb.models['Model-1'].parts['Part_wall'].BaseShell(sketch=

mdb.models['Model-1'].sketches['__profile__'])

del mdb.models['Model-1'].sketches['__profile__']

mdb.models['Model-1'].ConstrainedSketch(gridSpacing=62.69, name='__profile__',

sheetSize=2507.98, transform=

mdb.models['Model-1'].parts['Part_wall'].MakeSketchTransform(

sketchPlane=mdb.models['Model-1'].parts['Part_wall'].faces[0],

sketchPlaneSide=SIDE1, sketchOrientation=RIGHT, origin=(0.0, 0.0, 0.0)))

mdb.models['Model-1'].parts['Part_wall'].projectReferencesOntoSketch(filter=

COPLANAR_EDGES, sketch=mdb.models['Model-1'].sketches['__profile__'])

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(-wallthickness/2.0,

-wallheight/2+brickheight+jointheight/2-cohesivethickness/2.0),

point2=(wallthickness/2.0,

-wallheight/2+brickheight+jointheight/2-cohesivethickness/2.0))

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint(

addUndoState=False, entity=

mdb.models['Model-1'].sketches['__profile__'].geometry[8])

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(-wallthickness/2.0,

-wallheight/2+brickheight+jointheight/2+cohesivethickness/2.0),

point2=(wallthickness/2.0,

-wallheight/2+brickheight+jointheight/2+cohesivethickness/2.0))

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint(

addUndoState=False, entity=

mdb.models['Model-1'].sketches['__profile__'].geometry[9])

mdb.models['Model-1'].sketches['__profile__'].linearPattern(angle1=0.0, angle2=

90.0, geomList=(mdb.models['Model-1'].sketches['__profile__'].geometry[8],

mdb.models['Model-1'].sketches['__profile__'].geometry[9]), number1=1,



number2=n-1, spacing1=250.798, spacing2=jointheight+brickheight, vertexList=())

mdb.models['Model-1'].parts['Part_wall'].PartitionFaceBySketch(faces=

mdb.models['Model-1'].parts['Part_wall'].faces.getSequenceFromMask((

'[#1 ]', ), ), sketch=mdb.models['Model-1'].sketches['__profile__'])

del mdb.models['Model-1'].sketches['__profile__']

### PART SUPPORT BOTTOM ###

mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=200.0)

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.0, 0.0), point2=(

BCB, 0.0))

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint(

addUndoState=False, entity=

mdb.models['Model-1'].sketches['__profile__'].geometry[2])

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(BCB, 0.0), point2=(

supportthickness, 0.0))

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint(

addUndoState=False, entity=

mdb.models['Model-1'].sketches['__profile__'].geometry[3])

mdb.models['Model-1'].sketches['__profile__'].ParallelConstraint(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=(supportthickness, 0.0),

point2=

(supportthickness, supportheight))

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])

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(supportthickness,

supportheight),

point2=(0.0, supportheight))

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=(0.0, supportheight),

point2=(

0.0, 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'].Part(dimensionality=TWO_D_PLANAR, name=

'Part_support_bottom', type=DEFORMABLE_BODY)

mdb.models['Model-1'].parts['Part_support_bottom'].BaseShell(sketch=

mdb.models['Model-1'].sketches['__profile__'])

del mdb.models['Model-1'].sketches['__profile__']

### PART SUPPORT TOP ###

mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=200.0)

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.0, 0.0), point2=(

supportthickness, 0.0))

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint(

addUndoState=False, entity=

mdb.models['Model-1'].sketches['__profile__'].geometry[2])

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(supportthickness, 0.0),

point2=



(supportthickness, supportheight))

mdb.models['Model-1'].sketches['__profile__'].VerticalConstraint(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=(supportthickness,

supportheight),

point2=(BCT, supportheight))

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint(

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])

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(BCT, supportheight),

point2=

(0.0, supportheight))

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint(

addUndoState=False, entity=

mdb.models['Model-1'].sketches['__profile__'].geometry[5])

mdb.models['Model-1'].sketches['__profile__'].ParallelConstraint(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=(0.0, supportheight),

point2=(

0.0, 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'].Part(dimensionality=TWO_D_PLANAR, name='Part_support_top',

type=DEFORMABLE_BODY)

mdb.models['Model-1'].parts['Part_support_top'].BaseShell(sketch=

mdb.models['Model-1'].sketches['__profile__'])

del mdb.models['Model-1'].sketches['__profile__']

### PART LOAD ###

mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=200.0)

mdb.models['Model-1'].sketches['__profile__'].rectangle(point1=(0.0, 0.0),

point2=(25.0, 40.0))

mdb.models['Model-1'].Part(dimensionality=TWO_D_PLANAR, name='part_load', type=

DEFORMABLE_BODY)

mdb.models['Model-1'].parts['part_load'].BaseShell(sketch=

mdb.models['Model-1'].sketches['__profile__'])

del mdb.models['Model-1'].sketches['__profile__']

### MATERIAL ###

# BRICK #

mdb.models['Model-1'].Material(name='material_brick')

mdb.models['Model-1'].materials['material_brick'].Elastic(table=((1500.0, 0.25), ))

mdb.models['Model-1'].materials['material_brick'].Density(table=((1.8e-05, ), ))

# MORTAR #

mdb.models['Model-1'].Material(name='material_mortar')

mdb.models['Model-1'].materials['material_mortar'].Elastic(table=((32.0, 1000.0,

0), ),

type=TRACTION)

mdb.models['Model-1'].materials['material_mortar'].MaxsDamageInitiation(table=((0.15,

1000.0,



0), ))

mdb.models['Model-1'].materials['material_mortar'].maxsDamageInitiation.DamageEvoluti

on(

softening=EXPONENTIAL, table=((0.13, 5.0), ), type=DISPLACEMENT)

mdb.models['Model-1'].materials['material_mortar'].maxsDamageInitiation.DamageStabili

zationCohesive(

cohesiveCoeff=0.0001)

mdb.models['Model-1'].materials['material_mortar'].Density(table=((1.8e-05, ),

))

# INFINITELY STIFF #

mdb.models['Model-1'].Material(name='material_infinitely stiff')

mdb.models['Model-1'].materials['material_infinitely stiff'].Elastic(table=((

9000000000.0, 0.2), ))

mdb.models['Model-1'].materials['material_infinitely stiff'].Density(table=((

1.0e-35, ), ))

### SECTION ###

mdb.models['Model-1'].HomogeneousSolidSection(material='material_brick', name=

'section_brick', thickness=None)

mdb.models['Model-1'].CohesiveSection(material='material_mortar',

name='section_mortar',

outOfPlaneThickness=None, response=TRACTION_SEPARATION)

mdb.models['Model-1'].HomogeneousSolidSection(material=

'material_infinitely stiff', name='section_support', thickness=None)

### SET ###

mdb.models['Model-1'].parts['Part_wall'].Set(faces=

mdb.models['Model-1'].parts['Part_wall'].faces.getSequenceFromMask((

'[#55555555 #d5 ]', ), ), name='Set-units')

mdb.models['Model-1'].parts['Part_wall'].Set(faces=

mdb.models['Model-1'].parts['Part_wall'].faces.getSequenceFromMask((

'[#aaaaaaaa #12a ]', ), ), name='Set-interface')

mdb.models['Model-1'].parts['Part_wall'].Set(edges=

mdb.models['Model-1'].parts['Part_wall'].edges.getSequenceFromMask((

'[#a28a28a5 #28a28a28:2 #2a8a28a ]', ), ), name='Set-x')

mdb.models['Model-1'].parts['Part_wall'].Set(edges=

mdb.models['Model-1'].parts['Part_wall'].edges.getSequenceFromMask((

'[#5d75d75a #d75d75d7:2 #3d575d75 ]', ), ), name='Set-y')

### SECTION ASSIGNMENT ###

mdb.models['Model-1'].parts['Part_wall'].SectionAssignment(offset=0.0,

offsetField='', offsetType=MIDDLE_SURFACE, region=

mdb.models['Model-1'].parts['Part_wall'].sets['Set-units'], sectionName=

'section_brick', thicknessAssignment=FROM_SECTION)

mdb.models['Model-1'].parts['Part_wall'].SectionAssignment(offset=0.0,

offsetField='', offsetType=MIDDLE_SURFACE, region=

mdb.models['Model-1'].parts['Part_wall'].sets['Set-interface'],

sectionName='section_mortar', thicknessAssignment=FROM_SECTION)

mdb.models['Model-1'].parts['Part_support_bottom'].SectionAssignment(offset=0.0,

offsetField='', offsetType=MIDDLE_SURFACE, region=Region(

faces=mdb.models['Model-1'].parts['Part_support_bottom'].faces.getSequenceFromMas

k(

mask=('[#1 ]', ), )), sectionName='section_support', thicknessAssignment=

FROM_SECTION)

mdb.models['Model-1'].parts['Part_support_top'].SectionAssignment(offset=0.0,

offsetField='', offsetType=MIDDLE_SURFACE, region=Region(

faces=mdb.models['Model-1'].parts['Part_support_top'].faces.getSequenceFromMask(

mask=('[#1 ]', ), )), sectionName='section_support', thicknessAssignment=

FROM_SECTION)

mdb.models['Model-1'].parts['part_load'].SectionAssignment(offset=0.0,

offsetField='', offsetType=MIDDLE_SURFACE, region=Region(

faces=mdb.models['Model-1'].parts['part_load'].faces.getSequenceFromMask(

mask=('[#1 ]', ), )), sectionName='section_support', thicknessAssignment=



FROM_SECTION)

### INTERACTION PROPERTIES ###

# ROUGH #

mdb.models['Model-1'].ContactProperty('Rough')

mdb.models['Model-1'].interactionProperties['Rough'].TangentialBehavior(

formulation=ROUGH)

mdb.models['Model-1'].interactionProperties['Rough'].NormalBehavior(

allowSeparation=ON, constraintEnforcementMethod=DEFAULT,

pressureOverclosure=HARD)

# FRICTIONLESS #

mdb.models['Model-1'].ContactProperty('Frictionless')

mdb.models['Model-1'].interactionProperties['Frictionless'].TangentialBehavior(

formulation=FRICTIONLESS)

mdb.models['Model-1'].interactionProperties['Frictionless'].NormalBehavior(

allowSeparation=ON, constraintEnforcementMethod=DEFAULT,

pressureOverclosure=HARD)

### HARD CONTACT ###

mdb.models['Model-1'].ContactProperty('HardContact')

mdb.models['Model-1'].interactionProperties['HardContact'].NormalBehavior(

allowSeparation=ON, constraintEnforcementMethod=DEFAULT,

pressureOverclosure=HARD)

### ASSEMBLY ###

mdb.models['Model-1'].rootAssembly.DatumCsysByDefault(CARTESIAN)

mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='Part_wall-1',

part=mdb.models['Model-1'].parts['Part_wall'])

mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name=

'Part_support_bottom-1', part=

mdb.models['Model-1'].parts['Part_support_bottom'])

mdb.models['Model-1'].rootAssembly.instances['Part_support_bottom-1'].translate(

vector=(200.0, 0.0, 0.0))

mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name=

'Part_support_top-1', part=mdb.models['Model-1'].parts['Part_support_top'])

mdb.models['Model-1'].rootAssembly.instances['Part_support_top-1'].translate(

vector=(400.0, 0.0, 0.0))

mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='part_load-1',

part=mdb.models['Model-1'].parts['part_load'])

mdb.models['Model-1'].rootAssembly.instances['part_load-1'].translate(vector=(

600.0, 0.0, 0.0))

### 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')

### TIE ###

mdb.models['Model-1'].Tie(adjust=ON, master=Region(

side1Edges=mdb.models['Model-1'].rootAssembly.instances['Part_wall-1'].edges.getS

equenceFromMask(

mask=('[#4 ]', ), )), name='Constraint-1', positionToleranceMethod=COMPUTED

, slave=Region(

side1Edges=mdb.models['Model-1'].rootAssembly.instances['Part_support_bottom-1'].

edges.getSequenceFromMask(

mask=('[#10 ]', ), )), thickness=ON, tieRotations=ON)

mdb.models['Model-1'].Tie(adjust=ON, master=Region(

side1Edges=mdb.models['Model-1'].rootAssembly.instances['Part_wall-1'].edges.getS

equenceFromMask(

mask=('[#0:3 #800000 ]', ), )), name='Constraint-2',



positionToleranceMethod=COMPUTED, slave=Region(

side1Edges=mdb.models['Model-1'].rootAssembly.instances['Part_support_top-1'].edg

es.getSequenceFromMask(

mask=('[#2 ]', ), )), thickness=ON, tieRotations=ON)

### MOVE IN PLACE ###

mdb.models['Model-1'].rootAssembly.translate(instanceList=(

'Part_support_bottom-1', ), vector=(-250.0-((wallthickness-100)/2), -665.0, 0.0))

mdb.models['Model-1'].rootAssembly.translate(instanceList=(

'Part_support_top-1', ), vector=(-450.0-((wallthickness-100)/2), 625.0, 0.0))

mdb.models['Model-1'].rootAssembly.translate(instanceList=('part_load-1', ),

vector=(-675.0-((wallthickness-100)/2), -20.0, 0.0))

### MESH WALL ###

mdb.models['Model-1'].parts['Part_wall'].seedEdgeBySize(constraint=FINER,

deviationFactor=0.1, edges=

mdb.models['Model-1'].parts['Part_wall'].edges.getSequenceFromMask((

'[#a28a28a5 #28a28a28:2 #2a8a28a ]', ), ), size=5.0)

mdb.models['Model-1'].parts['Part_wall'].seedEdgeBySize(constraint=FINER,

deviationFactor=0.1, edges=

mdb.models['Model-1'].parts['Part_wall'].edges.getSequenceFromMask((

'[#5d75d75a #d75d75d7:2 #3d575d75 ]', ), ), size=5.0)

mdb.models['Model-1'].parts['Part_wall'].setMeshControls(elemShape=QUAD,

regions=mdb.models['Model-1'].parts['Part_wall'].faces.getSequenceFromMask(

('[#ffffffff #1ff ]', ), ), technique=STRUCTURED)

mdb.models['Model-1'].parts['Part_wall'].setElementType(elemTypes=(ElemType(

elemCode=COH2D4, elemLibrary=STANDARD, viscosity=0.0001), ElemType(

elemCode=UNKNOWN_TRI, elemLibrary=STANDARD)), regions=(

mdb.models['Model-1'].parts['Part_wall'].faces.getSequenceFromMask((

'[#aaaaaaaa #12a ]', ), ), ))

mdb.models['Model-1'].parts['Part_wall'].setElementType(elemTypes=(ElemType(

elemCode=CPE4, elemLibrary=STANDARD), ElemType(elemCode=CPE3,

elemLibrary=STANDARD)), regions=(

mdb.models['Model-1'].parts['Part_wall'].faces.getSequenceFromMask((

'[#55555555 #d5 ]', ), ), ))

mdb.models['Model-1'].parts['Part_wall'].generateMesh()

### MESH SUPPORT ###

# TOP #

mdb.models['Model-1'].parts['Part_support_top'].setElementType(elemTypes=(

ElemType(elemCode=CPE4, elemLibrary=STANDARD), ElemType(elemCode=CPE3,

elemLibrary=STANDARD)), regions=(

mdb.models['Model-1'].parts['Part_support_top'].faces.getSequenceFromMask((

'[#1 ]', ), ), ))

mdb.models['Model-1'].parts['Part_support_top'].seedEdgeByNumber(constraint=

FINER, edges=

mdb.models['Model-1'].parts['Part_support_top'].edges.getSequenceFromMask((

'[#5 ]', ), ), number=1)

mdb.models['Model-1'].parts['Part_support_top'].seedEdgeBySize(constraint=FINER

, deviationFactor=0.1, edges=

mdb.models['Model-1'].parts['Part_support_top'].edges.getSequenceFromMask((

'[#1a ]', ), ), size=10.0)

mdb.models['Model-1'].parts['Part_support_top'].setMeshControls(elemShape=QUAD,

regions=

mdb.models['Model-1'].parts['Part_support_top'].faces.getSequenceFromMask((

'[#1 ]', ), ), technique=STRUCTURED)

mdb.models['Model-1'].parts['Part_support_top'].generateMesh()

# BOTTOM #

mdb.models['Model-1'].parts['Part_support_bottom'].setElementType(elemTypes=(

ElemType(elemCode=CPE4, elemLibrary=STANDARD), ElemType(elemCode=CPE3,

elemLibrary=STANDARD)), regions=(

mdb.models['Model-1'].parts['Part_support_bottom'].faces.getSequenceFromMask(

('[#1 ]', ), ), ))



mdb.models['Model-1'].parts['Part_support_bottom'].seedEdgeByNumber(constraint=

FINER, edges=

mdb.models['Model-1'].parts['Part_support_bottom'].edges.getSequenceFromMask(

('[#9 ]', ), ), number=1)

mdb.models['Model-1'].parts['Part_support_bottom'].seedEdgeBySize(constraint=

FINER, deviationFactor=0.1, edges=

mdb.models['Model-1'].parts['Part_support_bottom'].edges.getSequenceFromMask(

('[#16 ]', ), ), size=10.0)

mdb.models['Model-1'].parts['Part_support_bottom'].setMeshControls(elemShape=

QUAD, regions=

mdb.models['Model-1'].parts['Part_support_bottom'].faces.getSequenceFromMask(

('[#1 ]', ), ), technique=STRUCTURED)

mdb.models['Model-1'].parts['Part_support_bottom'].generateMesh()

### MESH LOAD ###

mdb.models['Model-1'].parts['part_load'].seedEdgeBySize(constraint=FINER,

deviationFactor=0.1, edges=

mdb.models['Model-1'].parts['part_load'].edges.getSequenceFromMask((

'[#a ]', ), ), size=5.0)

mdb.models['Model-1'].parts['part_load'].seedEdgeByNumber(constraint=FINER,

edges=mdb.models['Model-1'].parts['part_load'].edges.getSequenceFromMask((

'[#5 ]', ), ), number=5)

mdb.models['Model-1'].parts['part_load'].setElementType(elemTypes=(ElemType(

elemCode=CPE4, elemLibrary=STANDARD), ElemType(elemCode=CPE3,

elemLibrary=STANDARD)), regions=(

mdb.models['Model-1'].parts['part_load'].faces.getSequenceFromMask((

'[#1 ]', ), ), ))

mdb.models['Model-1'].parts['part_load'].generateMesh()

### STEP ###

mdb.models['Model-1'].StaticStep(adaptiveDampingRatio=0.05,

continueDampingFactors=False, initialInc=0.1, maxInc=0.1, minInc=1e-15,

name='Step-1', nlgeom=ON, previous='Initial', stabilizationMagnitude=0.0002

, stabilizationMethod=DISSIPATED_ENERGY_FRACTION)

mdb.models['Model-1'].steps['Step-1'].setValues(maxNumInc=5000)

mdb.models['Model-1'].StaticStep(adaptiveDampingRatio=0.05,

continueDampingFactors=False, initialInc=0.1, maxInc=0.1, minInc=1e-15,

name='Step-2', nlgeom=ON, previous='Step-1', stabilizationMagnitude=0.0002

, stabilizationMethod=DISSIPATED_ENERGY_FRACTION)

mdb.models['Model-1'].steps['Step-2'].setValues(maxNumInc=5000)

### STEP ###

mdb.models['Model-1'].steps['Step-1'].control.setValues(allowPropagation=OFF,

resetDefaultValues=OFF, timeIncrementation=(20.0, 40.0, 9.0, 16.0, 10.0,

4.0, 12.0, 20.0, 6.0, 3.0, 50.0))

### BC INITIAL ###

mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Initial',

distributionType=UNIFORM, fieldName='', localCsys=None, name='BC-1',

region=Region(

vertices=mdb.models['Model-1'].rootAssembly.instances['Part_support_bottom-1'].ve

rtices.getSequenceFromMask(

mask=('[#4 ]', ), )), u1=SET, u2=SET, ur3=UNSET)

mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Initial',

distributionType=UNIFORM, fieldName='', localCsys=None, name='BC-2',

region=Region(

vertices=mdb.models['Model-1'].rootAssembly.instances['Part_support_top-1'].verti

ces.getSequenceFromMask(

mask=('[#10 ]', ), )), u1=SET, u2=UNSET, ur3=UNSET)

### BC STEP 1 ###

mdb.models['Model-1'].Gravity(comp2=-1.0, createStepName='Step-1',



distributionType=UNIFORM, field='', name='Load-1', region=Region(

faces=mdb.models['Model-1'].rootAssembly.instances['Part_wall-1'].faces.getSequen

ceFromMask(

mask=('[#ffffffff #1ff ]', ), )+\

mdb.models['Model-1'].rootAssembly.instances['Part_support_bottom-1'].faces.getSe

quenceFromMask(

mask=('[#1 ]', ), )+\

mdb.models['Model-1'].rootAssembly.instances['Part_support_top-1'].faces.getSeque

nceFromMask(

mask=('[#1 ]', ), )))

mdb.models['Model-1'].ConcentratedForce(cf2=-(topload/0.45),

createStepName='Step-1',

distributionType=UNIFORM, field='', localCsys=None, name='Load-2', region=

Region(

vertices=mdb.models['Model-1'].rootAssembly.instances['Part_support_top-1'].verti

ces.getSequenceFromMask(

mask=('[#10 ]', ), )))

### BC STEP 2 ###

mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Step-2',

distributionType=UNIFORM, fieldName='', fixed=OFF, localCsys=None, name=

'BC-3', region=Region(

faces=mdb.models['Model-1'].rootAssembly.instances['part_load-1'].faces.getSequen

ceFromMask(

mask=('[#1 ]', ), )), u1=40.0, u2=0.0, ur3=UNSET)

### FIELD OUTPUT ###

# 1 #

mdb.models['Model-1'].fieldOutputRequests['F-Output-1'].setValues(numIntervals=

10, rebar=EXCLUDE, region=

mdb.models['Model-1'].rootAssembly.allInstances['Part_wall-1'].sets['Set-interfac

e']

, sectionPoints=DEFAULT, variables=('S', 'PEMAG', 'LE', 'U', 'RF',

'CSTRESS', 'SDEG', 'STATUS'))

mdb.models['Model-1'].fieldOutputRequests['F-Output-1'].setValuesInStep(

numIntervals=100, stepName='Step-2')

# 2 #

mdb.models['Model-1'].FieldOutputRequest(createStepName='Step-1', numIntervals=10,

name='F-Output-2', variables=('S', 'PEMAG', 'LE', 'U', 'RF', 'CSTRESS'))

mdb.models['Model-1'].fieldOutputRequests['F-Output-2'].setValuesInStep(

numIntervals=100, stepName='Step-2')

### EDIT KEYWORDS ###

mdb.models['Model-1'].keywordBlock.synchVersions(storeNodesAndElements=False)

mdb.models['Model-1'].keywordBlock.replace(98,

'\n*Elastic, type=TRACTION, COMPRESSION FACTOR=46.875\n32.,1000.,   0.')

### 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,

multiprocessingMode=DEFAULT, name='Job-1', nodalOutputPrecision=SINGLE,

numCpus=1, numGPUs=0, queue=None, resultsFormat=ODB, scratch='', type=

ANALYSIS, userSubroutine='', waitHours=0, waitMinutes=0)





# -*- MODEL 2 (with imperfections) -*- #

# -*- 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 *

### SUPPORT ###

supportheight = 40

supportthickness = 100

BC = 50

### PART WALL (1) ###

mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=200.0)

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.0, 0.0), point2=(

100.0, 0.0))

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint(

addUndoState=False, entity=

mdb.models['Model-1'].sketches['__profile__'].geometry[2])

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(100.0, 0.0), point2=

(100.0, 594.5))

mdb.models['Model-1'].sketches['__profile__'].VerticalConstraint(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=(100.0, 594.5),

point2=(87.5, 594.5))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(87.5, 594.5),

point2=(75.0, 594.5))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(75.0, 594.5),

point2=(62.5, 594.5))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(62.5, 594.5),

point2=(50.0, 594.5))

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint(

addUndoState=False, entity=

mdb.models['Model-1'].sketches['__profile__'].geometry[7])

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(50.0, 594.5),

point2=(37.5, 594.5))

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint(

addUndoState=False, entity=

mdb.models['Model-1'].sketches['__profile__'].geometry[8])

mdb.models['Model-1'].sketches['__profile__'].ParallelConstraint(addUndoState=

False, entity1=mdb.models['Model-1'].sketches['__profile__'].geometry[7],

entity2=mdb.models['Model-1'].sketches['__profile__'].geometry[8])

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(37.5, 594.5),

point2=(25.0, 594.5))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(25.0, 594.5),

point2=(12.5, 595))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(12.5, 595),

point2=(0.0, 595))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.0, 595), point2=



(0.0, 0.0))

mdb.models['Model-1'].sketches['__profile__'].VerticalConstraint(addUndoState=

False, entity=mdb.models['Model-1'].sketches['__profile__'].geometry[12])

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.0, 625.0), point2=

(100.0, 625.0))

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint(

addUndoState=False, entity=

mdb.models['Model-1'].sketches['__profile__'].geometry[13])

mdb.models['Model-1'].sketches['__profile__'].copyMirror(mirrorLine=

mdb.models['Model-1'].sketches['__profile__'].geometry[13], objectList=(

mdb.models['Model-1'].sketches['__profile__'].geometry[2],

mdb.models['Model-1'].sketches['__profile__'].geometry[3],

mdb.models['Model-1'].sketches['__profile__'].geometry[4],

mdb.models['Model-1'].sketches['__profile__'].geometry[5],

mdb.models['Model-1'].sketches['__profile__'].geometry[6],

mdb.models['Model-1'].sketches['__profile__'].geometry[7],

mdb.models['Model-1'].sketches['__profile__'].geometry[8],

mdb.models['Model-1'].sketches['__profile__'].geometry[9],

mdb.models['Model-1'].sketches['__profile__'].geometry[10],

mdb.models['Model-1'].sketches['__profile__'].geometry[11],

mdb.models['Model-1'].sketches['__profile__'].geometry[12]))

mdb.models['Model-1'].sketches['__profile__'].delete(objectList=(

mdb.models['Model-1'].sketches['__profile__'].geometry[13], ))

mdb.models['Model-1'].Part(dimensionality=TWO_D_PLANAR, name='Part-wall', type=

DEFORMABLE_BODY)

mdb.models['Model-1'].parts['Part-wall'].BaseShell(sketch=

mdb.models['Model-1'].sketches['__profile__'])

del mdb.models['Model-1'].sketches['__profile__']

### PART WALL (2) ###

mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=200.0)

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.0, 0.12), point2=(

12.5, 0.1))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(12.5, 0.1), point2=(

25.5, -0.5))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(25.5, -0.5), point2=

(37.5, -0.5))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(37.5, -0.5), point2=(

50.0, -0.5))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(50.0, -0.5), point2=(

62.5, -0.5))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(62.5, -0.5), point2=

(74.9, -0.5))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(74.9, -0.5), point2=(

87.4, -0.5))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(87.4, -0.5), point2=(

100.0, -0.5))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(100.0, -0.5), point2=

(100.0, 60.5))

mdb.models['Model-1'].sketches['__profile__'].VerticalConstraint(addUndoState=

False, entity=mdb.models['Model-1'].sketches['__profile__'].geometry[10])

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(100.0, 60.5),

point2=(87.4, 60.5))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(87.4, 60.5), point2=

(74.9, 60.5))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(74.9, 60.5), point2=

(62.5, 60.5))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(62.5, 60.5), point2=

(50.0, 60.5))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(50.0, 60.5), point2=

(37.5, 60.5))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(37.5, 60.5), point2=

(25.5, 60.5))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(25.5, 60.5), point2=



(12.5, 59.9))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(12.5, 59.9), point2=

(0.0, 59.8))

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.0, 59.8), point2=(

0.0, 0.12))

mdb.models['Model-1'].sketches['__profile__'].VerticalConstraint(addUndoState=

False, entity=mdb.models['Model-1'].sketches['__profile__'].geometry[19])

mdb.models['Model-1'].Part(dimensionality=TWO_D_PLANAR, name='Part-wall2',

type=DEFORMABLE_BODY)

mdb.models['Model-1'].parts['Part-wall2'].BaseShell(sketch=

mdb.models['Model-1'].sketches['__profile__'])

del mdb.models['Model-1'].sketches['__profile__']

### PART SUPPORT ###

mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=200.0)

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(0.0, 0.0), point2=(

supportthickness, 0.0))

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint(

addUndoState=False, entity=

mdb.models['Model-1'].sketches['__profile__'].geometry[2])

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(supportthickness, 0.0),

point2=

(supportthickness, supportheight))

mdb.models['Model-1'].sketches['__profile__'].VerticalConstraint(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=(supportthickness,

supportheight),

point2=(BC, supportheight))

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint(

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])

mdb.models['Model-1'].sketches['__profile__'].Line(point1=(BC, supportheight),

point2=

(0.0, supportheight))

mdb.models['Model-1'].sketches['__profile__'].HorizontalConstraint(

addUndoState=False, entity=

mdb.models['Model-1'].sketches['__profile__'].geometry[5])

mdb.models['Model-1'].sketches['__profile__'].ParallelConstraint(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=(0.0, supportheight),

point2=(

0.0, 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'].Part(dimensionality=TWO_D_PLANAR, name='Part_support',

type=DEFORMABLE_BODY)

mdb.models['Model-1'].parts['Part_support'].BaseShell(sketch=

mdb.models['Model-1'].sketches['__profile__'])

del mdb.models['Model-1'].sketches['__profile__']

### PART LOAD ###



mdb.models['Model-1'].ConstrainedSketch(name='__profile__', sheetSize=200.0)

mdb.models['Model-1'].sketches['__profile__'].rectangle(point1=(0.0, 0.0),

point2=(20.0, 40.0))

mdb.models['Model-1'].Part(dimensionality=TWO_D_PLANAR, name='part_load', type=

DEFORMABLE_BODY)

mdb.models['Model-1'].parts['part_load'].BaseShell(sketch=

mdb.models['Model-1'].sketches['__profile__'])

del mdb.models['Model-1'].sketches['__profile__']

### MATERIAL ###

# BRICK #

mdb.models['Model-1'].Material(name='material_brick')

mdb.models['Model-1'].materials['material_brick'].Elastic(table=((2000.0, 0.2), ))

mdb.models['Model-1'].materials['material_brick'].Density(table=((1.8e-05, ), ))

# MORTAR #

mdb.models['Model-1'].Material(name='material_mortar')

mdb.models['Model-1'].materials['material_mortar'].Elastic(table=((100.0, 100.0,

100.0), ),

type=TRACTION)

mdb.models['Model-1'].materials['material_mortar'].MaxsDamageInitiation(table=((0.001

, 100.0,

100.0), ))

mdb.models['Model-1'].materials['material_mortar'].maxsDamageInitiation.DamageEvoluti

on(

table=((0.06, ), ), type=DISPLACEMENT)

mdb.models['Model-1'].materials['material_mortar'].maxsDamageInitiation.DamageStabili

zationCohesive(

cohesiveCoeff=0.0001)

mdb.models['Model-1'].materials['material_mortar'].Density(table=((1.8e-05, ),

))

# INFINITELY STIFF #

mdb.models['Model-1'].Material(name='material_infinitely stiff')

mdb.models['Model-1'].materials['material_infinitely stiff'].Elastic(table=((

9000000000.0, 0.2), ))

mdb.models['Model-1'].materials['material_infinitely stiff'].Density(table=((

1.8e-05, ), ))

### SECTION ###

mdb.models['Model-1'].HomogeneousSolidSection(material='material_brick', name=

'section_brick', thickness=None)

mdb.models['Model-1'].CohesiveSection(material='material_mortar',

name='section_mortar',

outOfPlaneThickness=None, response=TRACTION_SEPARATION)

mdb.models['Model-1'].HomogeneousSolidSection(material=

'material_infinitely stiff', name='section_support', thickness=None)

### SECTION ASSIGNMENT ###

mdb.models['Model-1'].parts['Part-wall'].SectionAssignment(offset=0.0,

offsetField='', offsetType=MIDDLE_SURFACE, region=Region(

faces=mdb.models['Model-1'].parts['Part-wall'].faces.getSequenceFromMask(

mask=('[#3 ]', ), )), sectionName='section_brick', thicknessAssignment=

FROM_SECTION)

mdb.models['Model-1'].parts['Part-wall2'].SectionAssignment(offset=0.0,

offsetField='', offsetType=MIDDLE_SURFACE, region=Region(

faces=mdb.models['Model-1'].parts['Part-wall2'].faces.getSequenceFromMask(

mask=('[#1 ]', ), )), sectionName='section_brick', thicknessAssignment=

FROM_SECTION)

mdb.models['Model-1'].parts['Part_support'].SectionAssignment(offset=0.0,

offsetField='', offsetType=MIDDLE_SURFACE, region=Region(

faces=mdb.models['Model-1'].parts['Part_support'].faces.getSequenceFromMask(

mask=('[#1 ]', ), )), sectionName='section_support', thicknessAssignment=

FROM_SECTION)

mdb.models['Model-1'].parts['part_load'].SectionAssignment(offset=0.0,

offsetField='', offsetType=MIDDLE_SURFACE, region=Region(



faces=mdb.models['Model-1'].parts['part_load'].faces.getSequenceFromMask(

mask=('[#1 ]', ), )), sectionName='section_support', thicknessAssignment=

FROM_SECTION)

### INTERACTION PROPERTIES ###

# ROUGH #

mdb.models['Model-1'].ContactProperty('Rough')

mdb.models['Model-1'].interactionProperties['Rough'].TangentialBehavior(

formulation=ROUGH)

mdb.models['Model-1'].interactionProperties['Rough'].NormalBehavior(

allowSeparation=ON, constraintEnforcementMethod=DEFAULT,

pressureOverclosure=HARD)

# FRICTIONLESS #

mdb.models['Model-1'].ContactProperty('Frictionless')

mdb.models['Model-1'].interactionProperties['Frictionless'].TangentialBehavior(

formulation=FRICTIONLESS)

mdb.models['Model-1'].interactionProperties['Frictionless'].NormalBehavior(

allowSeparation=ON, constraintEnforcementMethod=DEFAULT,

pressureOverclosure=HARD)

### HARD CONTACT ###

mdb.models['Model-1'].ContactProperty('HardContact')

mdb.models['Model-1'].interactionProperties['HardContact'].NormalBehavior(

allowSeparation=ON, constraintEnforcementMethod=DEFAULT,

pressureOverclosure=HARD)

### ASSEMBLY ###

mdb.models['Model-1'].rootAssembly.DatumCsysByDefault(CARTESIAN)

mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='Part-wall-1',

part=mdb.models['Model-1'].parts['Part-wall'])

mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='Part-wall2-1',

part=mdb.models['Model-1'].parts['Part-wall2'])

mdb.models['Model-1'].rootAssembly.instances['Part-wall2-1'].translate(vector=(

110.0, 0.0, 0.0))

mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='Part_support-1'

, part=mdb.models['Model-1'].parts['Part_support'])

mdb.models['Model-1'].rootAssembly.instances['Part_support-1'].translate(

vector=(220.0, 0.0, 0.0))

mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='Part_support-2'

, part=mdb.models['Model-1'].parts['Part_support'])

mdb.models['Model-1'].rootAssembly.instances['Part_support-2'].translate(

vector=(330.0, 0.0, 0.0))

mdb.models['Model-1'].rootAssembly.Instance(dependent=ON, name='part_load-1',

part=mdb.models['Model-1'].parts['part_load'])

mdb.models['Model-1'].rootAssembly.instances['part_load-1'].translate(vector=(

430.5, 0.0, 0.0))

### TIE CONSTRAINTS ###

mdb.models['Model-1'].Tie(adjust=ON, master=Region(

side1Edges=mdb.models['Model-1'].rootAssembly.instances['Part-wall-1'].edges.getS

equenceFromMask(

mask=('[#1000 ]', ), )), name='Constraint-1', positionToleranceMethod=

COMPUTED, slave=Region(

side1Edges=mdb.models['Model-1'].rootAssembly.instances['Part_support-1'].edges.g

etSequenceFromMask(

mask=('[#2 ]', ), )), thickness=ON, tieRotations=ON)

mdb.models['Model-1'].Tie(adjust=ON, master=Region(

side1Edges=mdb.models['Model-1'].rootAssembly.instances['Part-wall-1'].edges.getS

equenceFromMask(

mask=('[#400 ]', ), )), name='Constraint-2', positionToleranceMethod=

COMPUTED, slave=Region(



side1Edges=mdb.models['Model-1'].rootAssembly.instances['Part_support-2'].edges.g

etSequenceFromMask(

mask=('[#2 ]', ), )), thickness=ON, tieRotations=ON)

### MOVE IN PLACE ###

mdb.models['Model-1'].rootAssembly.rotate(angle=180.0, axisDirection=(0.0, 0.0,

1.0), axisPoint=(270.0, 0.0, 0.0), instanceList=('Part_support-1', ))

mdb.models['Model-1'].rootAssembly.CoincidentPoint(fixedPoint=

mdb.models['Model-1'].rootAssembly.instances['Part-wall-1'].InterestingPoint(

mdb.models['Model-1'].rootAssembly.instances['Part-wall-1'].edges[12],

MIDDLE), movablePoint=

mdb.models['Model-1'].rootAssembly.instances['Part_support-1'].InterestingPoint(

mdb.models['Model-1'].rootAssembly.instances['Part_support-1'].edges[1],

MIDDLE))

mdb.models['Model-1'].rootAssembly.CoincidentPoint(fixedPoint=

mdb.models['Model-1'].rootAssembly.instances['Part-wall-1'].InterestingPoint(

mdb.models['Model-1'].rootAssembly.instances['Part-wall-1'].edges[10],

MIDDLE), movablePoint=

mdb.models['Model-1'].rootAssembly.instances['Part_support-2'].InterestingPoint(

mdb.models['Model-1'].rootAssembly.instances['Part_support-2'].edges[1],

MIDDLE))

mdb.models['Model-1'].rootAssembly.translate(instanceList=('Part-wall2-1', ),

vector=(-110.0, 595.0, 0.0))

mdb.models['Model-1'].rootAssembly.CoincidentPoint(fixedPoint=

mdb.models['Model-1'].rootAssembly.instances['Part-wall2-1'].InterestingPoint(

mdb.models['Model-1'].rootAssembly.instances['Part-wall2-1'].edges[0],

MIDDLE), movablePoint=

mdb.models['Model-1'].rootAssembly.instances['part_load-1'].InterestingPoint(

mdb.models['Model-1'].rootAssembly.instances['part_load-1'].edges[1],

MIDDLE))

### MESH WALL ###

mdb.models['Model-1'].parts['Part-wall'].seedEdgeBySize(constraint=FINER,

deviationFactor=0.1, edges=

mdb.models['Model-1'].parts['Part-wall'].edges.getSequenceFromMask((

'[#3fd5fe ]', ), ), size=5.0)

mdb.models['Model-1'].parts['Part-wall'].seedEdgeBySize(constraint=FINER,

deviationFactor=0.1, edges=

mdb.models['Model-1'].parts['Part-wall'].edges.getSequenceFromMask((

'[#2a01 ]', ), ), size=5.0)

mdb.models['Model-1'].parts['Part-wall'].setElementType(elemTypes=(ElemType(

elemCode=CPE4, elemLibrary=STANDARD), ElemType(elemCode=CPE3,

elemLibrary=STANDARD)), regions=(

mdb.models['Model-1'].parts['Part-wall'].faces.getSequenceFromMask((

'[#3 ]', ), ), ))

mdb.models['Model-1'].parts['Part-wall'].setMeshControls(elemShape=QUAD,

regions=mdb.models['Model-1'].parts['Part-wall'].faces.getSequenceFromMask(

('[#3 ]', ), ), technique=STRUCTURED)

mdb.models['Model-1'].parts['Part-wall'].generateMesh()

mdb.models['Model-1'].parts['Part-wall2'].setElementType(elemTypes=(ElemType(

elemCode=CPE4, elemLibrary=STANDARD), ElemType(elemCode=CPE3,

elemLibrary=STANDARD)), regions=(

mdb.models['Model-1'].parts['Part-wall2'].faces.getSequenceFromMask((

'[#1 ]', ), ), ))

mdb.models['Model-1'].parts['Part-wall2'].seedEdgeByNumber(constraint=FINER,

edges=mdb.models['Model-1'].parts['Part-wall2'].edges.getSequenceFromMask((

'[#3fdfe ]', ), ), number=3)

mdb.models['Model-1'].parts['Part-wall2'].seedEdgeByNumber(constraint=FINER,

edges=mdb.models['Model-1'].parts['Part-wall2'].edges.getSequenceFromMask((

'[#201 ]', ), ), number=8)

mdb.models['Model-1'].parts['Part-wall2'].setMeshControls(elemShape=QUAD,

regions=

mdb.models['Model-1'].parts['Part-wall2'].faces.getSequenceFromMask((



'[#1 ]', ), ), technique=STRUCTURED)

mdb.models['Model-1'].parts['Part-wall2'].generateMesh()

### MESH SUPPORT ###

mdb.models['Model-1'].parts['Part_support'].setElementType(elemTypes=(ElemType(

elemCode=CPE4, elemLibrary=STANDARD), ElemType(elemCode=CPE3,

elemLibrary=STANDARD)), regions=(

mdb.models['Model-1'].parts['Part_support'].faces.getSequenceFromMask((

'[#1 ]', ), ), ))

mdb.models['Model-1'].parts['Part_support'].setMeshControls(elemShape=QUAD,

regions=

mdb.models['Model-1'].parts['Part_support'].faces.getSequenceFromMask((

'[#1 ]', ), ), technique=STRUCTURED)

mdb.models['Model-1'].parts['Part_support'].seedEdgeBySize(constraint=FINER,

deviationFactor=0.1, edges=

mdb.models['Model-1'].parts['Part_support'].edges.getSequenceFromMask((

'[#12 ]', ), ), size=10.0)

mdb.models['Model-1'].parts['Part_support'].deleteSeeds(regions=

mdb.models['Model-1'].parts['Part_support'].edges.getSequenceFromMask((

'[#1f ]', ), ))

mdb.models['Model-1'].parts['Part_support'].seedEdgeBySize(constraint=FINER,

deviationFactor=0.1, edges=

mdb.models['Model-1'].parts['Part_support'].edges.getSequenceFromMask((

'[#1a ]', ), ), size=10.0)

mdb.models['Model-1'].parts['Part_support'].seedEdgeByNumber(constraint=FINER,

edges=

mdb.models['Model-1'].parts['Part_support'].edges.getSequenceFromMask((

'[#5 ]', ), ), number=1)

mdb.models['Model-1'].parts['Part_support'].generateMesh()

### MESH LOAD ###

mdb.models['Model-1'].parts['part_load'].setElementType(elemTypes=(ElemType(

elemCode=CPE4, elemLibrary=STANDARD), ElemType(elemCode=CPE3,

elemLibrary=STANDARD)), regions=(

mdb.models['Model-1'].parts['part_load'].faces.getSequenceFromMask((

'[#1 ]', ), ), ))

mdb.models['Model-1'].parts['part_load'].setElementType(elemTypes=(ElemType(

elemCode=CPE4, elemLibrary=STANDARD), ElemType(elemCode=CPE3,

elemLibrary=STANDARD)), regions=(

mdb.models['Model-1'].parts['part_load'].faces.getSequenceFromMask((

'[#1 ]', ), ), ))

mdb.models['Model-1'].parts['part_load'].seedPart(deviationFactor=0.1,

minSizeFactor=0.1, size=5.0)

mdb.models['Model-1'].parts['part_load'].generateMesh()

### STEP ###

mdb.models['Model-1'].StaticStep(adaptiveDampingRatio=0.05,

continueDampingFactors=False, initialInc=0.1, maxInc=0.1, minInc=1e-15,

name='Step-1', nlgeom=ON, previous='Initial', stabilizationMagnitude=0.0002

, stabilizationMethod=DISSIPATED_ENERGY_FRACTION)

mdb.models['Model-1'].steps['Step-1'].setValues(maxNumInc=5000)

mdb.models['Model-1'].StaticStep(adaptiveDampingRatio=0.05,

continueDampingFactors=False, initialInc=0.1, maxInc=0.1, minInc=1e-15,

name='Step-2', nlgeom=ON, previous='Step-1', stabilizationMagnitude=0.0002

, stabilizationMethod=DISSIPATED_ENERGY_FRACTION)

mdb.models['Model-1'].steps['Step-2'].setValues(maxNumInc=5000)

### STEP ###

mdb.models['Model-1'].steps['Step-1'].control.setValues(allowPropagation=OFF,

resetDefaultValues=OFF, timeIncrementation=(20.0, 40.0, 9.0, 16.0, 10.0,

4.0, 12.0, 20.0, 6.0, 3.0, 50.0))

### 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, 'HardContact'), ), stepName='Initial')

mdb.models['Model-1'].SurfaceToSurfaceContactStd(adjustMethod=NONE,

clearanceRegion=None, createStepName='Initial', datumAxis=None,

initialClearance=OMIT, interactionProperty='Rough', master=Region(

side1Edges=mdb.models['Model-1'].rootAssembly.instances['Part-wall2-1'].edges.get

SequenceFromMask(

mask=('[#1fe ]', ), )), name='Int-2', slave=Region(

side1Edges=mdb.models['Model-1'].rootAssembly.instances['Part-wall-1'].edges.getS

equenceFromMask(

mask=('[#3fc000 ]', ), )), sliding=FINITE, thickness=ON)

mdb.models['Model-1'].SurfaceToSurfaceContactStd(adjustMethod=NONE,

clearanceRegion=None, createStepName='Initial', datumAxis=None,

initialClearance=OMIT, interactionProperty='Rough', master=Region(

side1Edges=mdb.models['Model-1'].rootAssembly.instances['Part-wall2-1'].edges.get

SequenceFromMask(

mask=('[#3fc00 ]', ), )), name='Int-3', slave=Region(

side1Edges=mdb.models['Model-1'].rootAssembly.instances['Part-wall-1'].edges.getS

equenceFromMask(

mask=('[#1fe ]', ), )), sliding=FINITE, thickness=ON)

### FIELD OUTPUT ###

mdb.models['Model-1'].fieldOutputRequests['F-Output-1'].setValues(numIntervals=

10)

mdb.models['Model-1'].fieldOutputRequests['F-Output-1'].setValuesInStep(

numIntervals=100, stepName='Step-2')

### BC INITIAL ###

mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Initial',

distributionType=UNIFORM, fieldName='', localCsys=None, name='BC-1',

region=Region(

vertices=mdb.models['Model-1'].rootAssembly.instances['Part_support-1'].vertices.

getSequenceFromMask(

mask=('[#10 ]', ), )), u1=SET, u2=SET, ur3=UNSET)

mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Initial',

distributionType=UNIFORM, fieldName='', localCsys=None, name='BC-2',

region=Region(

vertices=mdb.models['Model-1'].rootAssembly.instances['Part_support-2'].vertices.

getSequenceFromMask(

mask=('[#10 ]', ), )), u1=SET, u2=UNSET, ur3=UNSET)

### BC STEP 1 ###

mdb.models['Model-1'].Gravity(comp2=-1.0, createStepName='Step-1',

distributionType=UNIFORM, field='', name='Load-1', region=Region(

faces=mdb.models['Model-1'].rootAssembly.instances['Part-wall-1'].faces.getSequen

ceFromMask(

mask=('[#3 ]', ), )+\

mdb.models['Model-1'].rootAssembly.instances['Part-wall2-1'].faces.getSequenceFro

mMask(

mask=('[#1 ]', ), )+\

mdb.models['Model-1'].rootAssembly.instances['Part_support-1'].faces.getSequenceF

romMask(



mask=('[#1 ]', ), )+\

mdb.models['Model-1'].rootAssembly.instances['Part_support-2'].faces.getSequenceF

romMask(

mask=('[#1 ]', ), )))

mdb.models['Model-1'].ConcentratedForce(cf2=-23.5, createStepName='Step-1',

distributionType=UNIFORM, field='', localCsys=None, name='Load-2', region=

Region(

vertices=mdb.models['Model-1'].rootAssembly.instances['Part_support-2'].vertices.

getSequenceFromMask(

mask=('[#10 ]', ), )))

### BC STEP 2 ###

mdb.models['Model-1'].DisplacementBC(amplitude=UNSET, createStepName='Step-2',

distributionType=UNIFORM, fieldName='', fixed=OFF, localCsys=None, name=

'BC-3', region=Region(

faces=mdb.models['Model-1'].rootAssembly.instances['part_load-1'].faces.getSequen

ceFromMask(

mask=('[#1 ]', ), )), u1=20.0, u2=0.0, 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,

multiprocessingMode=DEFAULT, name='Job-11', nodalOutputPrecision=SINGLE,

numCpus=1, numGPUs=0, queue=None, resultsFormat=ODB, scratch='', type=

ANALYSIS, userSubroutine='', waitHours=0, waitMinutes=0)
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