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Abstract 
It is common that buildings are renovated and their functional use is changed which leads to 
new layouts of floor plans and that new installations are necessary to be made. These changes 
entails that load bearing walls are removed and new door, window and shaft openings needs to 
be made in already existing load bearing walls. Reinforced concrete walls are nowadays 
common as structural members in buildings. Therefore, it is necessary to have knowledge of 
how cut-out openings affect their structural behavior. This is nowadays almost unexplored and 
the international codes, for example Eurocode 2 (2008), treat openings in walls indirectly, 
through the column theory. Further research is necessary in this subject to gain knowledge on 
how cracks, failure mode and the ultimate load are affected by a cut-out opening, reinforcement 
ratio and placement and the eccentricity of the load.  
 
A parametric study was performed with the finite element method (FEM) program ATENA 
(Version 5.3.2) (2015). A benchmark process was performed against experimental tests, 
reported by Popescu et al. (2015b), on three different walls: one solid wall, one wall with large 
door opening (A0/A=50%) and one wall with small door opening (A0/A=25%). The material 
parameters were benchmarked according to laboratory tests. The investigated walls in FEA and 
in the experimental tests were two-way walls with a centric reinforcement mesh. 
 
The parametric study included seven different wall types, one solid wall and six walls with 
openings with A0/A between 25-75%. Each wall was investigated to four load eccentricities, 
e=0 mm, e= 10 mm, e=15 mm, e=30 mm. The influence of the reinforcement was investigated 
by an analysis of an unreinforced wall and a wall with a centric placed reinforcement mesh. 
The influence of placement of the reinforcement was investigated by an analysis of a wall with 
a centric reinforcement mesh and a wall with two reinforcement meshes, one at each face of 
the wall. In both cases the reinforcement ratio was kept constant. The effect of the reinforcement 
ratio was also investigated by increase the reinforcement ratio of a centrically placed 
reinforcement mesh by 4 times. 
 
The parametric study showed that the investigated door opening sizes gave a reduction of the 
ultimate load with up to 74% compared to the solid wall. It was noted that the opening size 
affects the crack pattern of the wall but the influence of the door opening size decreases with 
an increased eccentricity. The parametric study also showed that the investigated load 
eccentricities gave a reduction of the ultimate load with up to 82% compared to when the load 
act centrically on the wall. The influence of eccentricity decrease with increased door opening 
size. It was also proved that reinforcement always increases the ultimate load. Another 
conclusion was that an increased reinforcement ratio by 4 times increases the ultimate load up 
to 11.2%. A placement of the reinforcement mesh in two layers, one at each face of the wall, 
instead of one centric increases the ultimate load up to 10.2%. 
 
Ultimate loads calculated in the finite element analysis (FEA) were compared to Eurocode 2 
(2008) and a design equation according to Doh and Fragomeni (2006). The most accurate was 
Doh and Fragomeni (2006) compared to the FEA. But both Eurocode 2 (2008) and Doh and 
Fragomeni (2006) showed ultimate loads with large deviations for some wall types. This master 
thesis showed that an improved design method for reinforced concrete walls with cut-out 
openings is needed. 
 
Keywords: Concrete walls, openings, load eccentricities, reinforcement, FEM, ATENA, 
parametric study. 
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Sammanfattning 
Det är ofta förekommande att byggnader renoveras och att dess verksamhetsområde ändras, 
vilket medför att planlösningar ändras och nya installationer görs i byggnaden. Det leder till att 
hål i befintliga bärande väggar i form av dörr- och fönsteröppningar måste göras men även 
schakter för att möjliggöra för nya installationer. Armerande betongväggar är idag vanligt som 
bärande stomme i byggnader och därför är det nödvändigt att det finns kunskap om hur sådana 
väggar påverkas av håltagningar. Detta är idag väldigt outforskat och de stora internationella 
dimensioneringskoderna, exempelvis Eurokod 2, behandlar betongväggar med öppningar 
indirekt genom pelarteori. Mer forskning behövs inom detta område för att få ökad förståelse 
om hur väggens sprickbildning, brottmod och brottlast påverkas av håltagning, 
armeringsmängd och placering samt hur excentriskt lasten angriper väggen.  
 
En parameterstudie gjordes med hjälp av FEM-programmet ATENA. För att få en tillförlitlig 
modell av väggen kalibrerades väggens randvillkor utefter experiment som gjordes av Popescu 
et al. (2015b) på tre olika väggtyper, en solid vägg, en med en stor öppning (A0/A=50%) och 
en med en liten öppning (A0/A=25%). Betongen och armeringens materialparametrar 
kalibrerades utefter mätdata från laborationstester i samma experiment. Väggarna som 
undersöktes i FEA och även väggarna i experimentet var två-vägs väggar med ett centriskt 
placerat armeringsnät. 
 
I parameterstudien som gjordes undersöktes sju olika väggtyper, en solid vägg samt sex väggar 
med öppningar med A0/A  mellan 25-75%. Varje väggtyp testades för fyra olika 
lastexcentriciteter, e=0 mm, e= 10 mm, e=15 mm, e=30 mm. Armeringens inverkan 
undersöktes genom att jämföra en vägg utan armering och en med armering. Inverkan av 
armeringens placering undersöktes genom att jämföra armering som är centriskt placerat i 
väggen med armering som har samma tvärsnittsarea men är placerad i två lager, en i varje sida 
av väggen. Hur mängden armering i väggen spelar in undersöktes också genom att öka 
armeringens tvärsnittsarea 4 gånger. 
 
Resultatet från parameterstudien visade att för de testade öppningarna reducerades brottlasten 
upp till 74% jämfört med den solida väggen. Det noterades att öppningens storlek påverkade 
sprickbildningen i väggen och att inverkan av öppningarna på brottlasten minskade med ökad 
lastexcentricitet. Resultatet från inverkan av lastexcentriciteten var en minskad brottlast med 
upp till 82% jämfört med en centriskt agerande last och att inverkan av excentriciteten minskar 
med ökad öppningsstorlek. Armeringen i väggen visade sig bidra till ökad brottlast och en 
ökning av armeringens tvärsnittsarea med 4 gånger gav upp till 11.2% högre brottlast. Att 
placera armeringen i två lager istället för ett centriskt gav en ökning av brottlasten på upp till 
10.2%. 
 
Brottlasterna från FEA jämfördes med brottlaster förutspådda av Eurocode 2 (2008) och formel 
framtagen av Doh och Fragomeni (2006). Doh och Fragomeni (2006) visade sig stämma bäst 
överens med brottlasterna från FEA men båda metoderna gav spridda resultat med stora 
avvikelser för vissa av väggtyperna.  
 
Examensarbetet visar att en förbättrad dimensioneringsmetod för dimensionering av armerade 
betongväggar med hål är nödvändig. 
 
Nyckelord: Betongväggar, öppningar, lastexcentricitet, armering, FEM-analys, ATENA, 
parameterstudie. 
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Notations 
Latin upper case letters 
A, Ac Cross section area (m2) 

A0 Cross section area of an opening (m2) 

As,v,min Minimum cross section area of vertical reinforcement (m2) 

As,v,max Maximum cross section area of vertical reinforcement (m2) 

As,h,max Minimum cross section area of horizontal reinforcement (m2) 

As,v Vertical cross section reinforcement area (m2) 

C Amount of cement in the concrete (kg) 

Ecm Secant modulus of elasticity in the concrete (N/m2) 

E Modulus of elasticity of concrete (N/m2) 

Es Modulus of elasticity of reinforcement (N/m2) 

FT Tension strength (N/m2) 

FC Compressive strength (N/m2) 

G Shear modulus (N/m2) 

GF Fracture energy (N/m) 

H, lw Height of the wall (m) 

H0 Height of an opening (m) 

K Bulk modulus (N/m2) 

L Length of the wall (m) 

L0 Length of an opening (m) 

NRd Design value of axial load resistance (N) 

Nu, Pu Ultimate axial strength (N) 

Nu0, Pu0 Ultimate axial strength that account for openings (N) 

W Amount of water in the concrete (kg) 

 

Greek upper case letters 
Ф Strength reduction factor (-) 

φ Factor that take care of eccentricities, second order effects and creep (-) 

 

Latin lower case letters 
ag Aggregate size (m) 

cts Tension stiffening factor (-) 
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e Eccentricity of the load (m) 

emin Minimum eccentricity (m) 

e0 First order eccentricity (m) 

ei, ea Additional eccentricity from geometrical imperfections (m) 

etot Total eccentricity (m) 

fck,cylinder Characteristic cylindrical compressive strength for concrete (N/m2) 

fck,cube Characteristic cube compressive strength for concrete (N/m2) 

fcm Mean cylinder compressive strength for concrete (N/m2) 

fcm,cube Mean cube compressive strength for concrete (N/m2) 

fcd Design compressive strength for concrete (N/m2) 

fym Mean yield strength for reinforcement (N/m2) 

ftm Mean tensile strength in the reinforcement (N/m2) 

fy Yield strength of the concrete (N/m2) 

fc Compressive strength (N/m2) 

ft Tensile stress of concrete (N/m2) 

fc0 Onset of crushing (N/m2) 

fc,reduction Reduction of compressive strength (-) 

i Radius of gyration (m) 

l0 Effective height (m) 

lht The minimum length of a transverse wall (m) 

m Number of members that contributes to the total effect (-) 

n Exponent according to table 3.1 in Eurocode 2 (2008) (-) 

tw Thickness of the wall (m) 

uΔ Ratio between the elastic and ultimate displacement (-) 

u,v,w Components of the displacements at a point (m)  

x The height of the compression zone (m) 

x,y,z Coordinates (m) 

wd Critical compressive displacement (m) 

 

Greek lower case letters 
α Parameter that account for eccentricities (-) 

αt, εm Tension stiffening parameter (-) 

αh Reduction factor for length or height (-) 
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αm Reduction factor for number of elements (-) 

β Coefficient that take care of support conditions (-) 

δe Elastic displacement (m) 

δu Ultimate displacement (m) 

εc Strain in the concrete (-) 

εum Mean ultimate strain (-) 

εym Mean yield strain in the reinforcement (-) 

εcp Plastic strain (-) 

εt Strain at the extreme compressive fiber (-) 

εi Strain in each concrete layer (-)  

εy Normal strain in y-direction (-) 

εu Ultimate compressive strain (-) 

η Factor that account for the effective strength (-) 

! The distance for the left vertical edge to center of gravity of the panel (m) 

η0 The longest distance from the edge of the wall to the center of the opening (m) 

θx Rotation around the x-axis (-) 

θy Rotation around the y-axis (-) 

λ Factor that account for the effective height (-) 

ν Poisson’s ratio (-) 

σc Compressive stress in the concrete (N/m2) 

χ Factor that account for openings (-) 

 

Other lower case letter 
ø Diameter of reinforcement bar (m) 
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Abbreviations 
TWS Two way solid wall 

TWD1 Two way wall with a door opening of 450 mm 

TWD2 Two way wall with a door opening of 630 mm 

TWD3 Two way wall with a door opening of 810 mm 

TWD4 Two way wall with a door opening of 900 mm 

TWD5 Two way wall with a door opening of 1080 mm 

TWD6 Two way wall with a door opening of 1350 mm 

ULS Ultimate limit state 

SLS Serviceability limit state 

SHS Square hollow section 

SIS Swedish standard institute 

FEM Finite element method 

FEA Finite element analysis 

LFEM Layered Finite Element Method 

RC Reinforced concrete 

E-S  Experimental test solid wall 

E-SO Experimental test small opening wall 

E-LO Experimental test large opening wall 

F-S FEM solid wall 

F-SO FEM small opening wall 

F-LO FEM large opening wall 

vct Ratio between water and cement 
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1 Introduction 
1.1 Background 
A concrete wall can either be a one-way wall or a two-way wall and the difference is how they 
are supported along the edges, Figure 1.  

 
Figure 1: One-way wall and a two-way wall, Doh and Fragomeni (2004). 

Concrete is nowadays very common as a material in the bearing structure of buildings. Concrete 
has good properties regarding resistance against for example water and fire, is moldable (almost 
free choice of form), and has a good compressive strength and is cheaper than steel. Therefore, 
the popularity of using concrete walls as tilt-up construction, shear walls and concrete core in 
buildings has increased over the years. Many buildings are made of reinforced concrete and it 
is common that functional modifications need to be made on the building to adapt to the 
development of the society. Example of modifications could be that apartments are old and a 
modernization is needed or that the function of the building can be changed, for example an 
office local is rebuild to apartments or vice versa. It is more beneficial both economic and 
environmental to make these modifications of existing building than demolish them and build 
up new buildings. Making these modifications leads to that new window and door openings are 
necessary to be made and also openings for new paths for ventilation, water pipes and 
electricity. Figure 2 shows a cut out opening for a window. It is common that in already existing 
buildings cut-out openings need to be made in structural members like walls, slabs, beams and 
columns. 
 

 
Figure 2: Cut out opening for a window opening, WikiHow (2015). 



 2 

Openings can be divided into three types, already existing openings, existing openings that have 
been enlarged and newly created openings, Popescu et al. (2015a). Previous researchers have 
shown that openings in a RC wall affect the load bearing capacity and failure mode, Saheb and 
Desayi (1990a), Lee (2008), Fragomeni et al. (2011) and Popescu et al. (2015a). A cut-out 
opening is an opening that is modified or created in an existing RC wall and is today very 
unexplored and the research on the subject is very limited. Designing a RC wall with an opening 
that is known before the RC wall are manufactured and a RC wall with a cut-out opening have 
different approaches. In the first mentioned one the location of the opening is known and 
reinforcement can be placed around the opening and design methods for this exist in Eurocode 
2 (2008). When a cut-out opening is created the existing reinforcement is cut off when the 
concrete is cut out from the wall and there exist no design methods for this in Eurocode 2 
(2008). As the structural capacity and stress distribution in RC walls are changed when a cut 
out opening is made the wall need to be upgraded and traditionally two methods have been used 
to strengthen these types of walls, Popescu et al. (2015a). The methods are either to create a 
frame around the opening with either steel or RC members or to increase the cross-sectional 
thickness. These methods are increasing the weight of the wall and also limiting the use of the 
structure. Another method is to use fiber-reinforced polymers as externally bonded 
reinforcement, which has been successfully used, Popescu et al. (2015a).  
 
Design methods for concrete walls with openings exist in the international codes, Eurocode 2 
(2008), ACI318 (2011), AS3600 (2009) and BS8110 (1997). An RC wall with an opening is in 
Eurocode 2 (2008) designed with the same equations as a solid RC wall but the wall with 
openings is divided into solid elements and then each element is designed separately. In the 
design codes there are two different methods that can be identified to design a solid concrete 
wall, a simplified design method and a method based on column theory, Popescu et al. (2015a). 
The simplified method becomes more limited when lateral loads needs to be considered or 
eccentricity become greater than on sixth of the wall thickness. The column method provides a 
more accurate result, Popescu et al. (2015a).  
 
The size and location of the opening affects how the stress distribution and structural capacity 
is changed in the wall, Lee (2008) and Guan et al. (2010). It is generally believed that effects 
from small openings can be neglected and that large opening have a significantly impact to the 
structural capacity. But there is no clear limit between large and small opening in existing 
literature, Popescu et al. (2015a). Eurocode 2 (2008) and the AS3600 (2009) have limits for 
cases when an opening can be neglected and designed as a solid concrete wall. The limits are 
described in chapter 2.1.2 Openings. 
 
Like previously stated there are no design methods for cut-out openings in RC walls in the 
international codes and the design methods for openings in RC walls are limited. But other 
design formulas to calculate bearing capacity of a RC wall with openings does however exist, 
for example the formula from Saheb and Desayi (1990a) and the formula from Doh and 
Fragomeni (2006). None of these have been implemented in the international codes.  
 
The majority of the previously research is made on solid walls but there also exist on walls with 
openings. Research on cut-out opening is very limited and unexplored and therefore this subject 
is very current. There are many factors that affect the behavior and ultimate load of a RC wall. 
In reviewed literature the effect of boundary conditions (one-way wall or two-way wall) and 
openings have been investigated more widely than effect of reinforcement and load eccentricity.  
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1.2 Hypothesis and research questions 
A cut-out opening for a normal door opening may affect the structural behavior in a significant 
way that entails strengthening of the wall. That is shown by Popescu et al. (2015b), Saheb and 
Desayi (1990a) and Lee (2008) trough experimental tests. But all those studies only use the 
eccentricity tw/6 and limited door opening sizes. However, different eccentricity and opening 
sizes may affect the structural behavior in a different way. Therefore, it is believed that the 
eccentricity, size of opening and interaction between them affect the structural behavior of 
walls. 
 
The amount of reinforcement may also affect the structural behavior of the wall. Popescu et al. 
(2015b) obtain yielding in some horizontal bars in opposite to Saheb and Desayi (1990b). Saheb 
and Desayi (1990b) say that the horizontal bars do not contribute to the load capacity of the 
wall or a small contribution in some cases. The third hypothesis tested here is that the 
reinforcement ratio and it’s placement in two layers (compared to one) contributes to the 
structural behavior, both for solid walls and walls with cut-out openings. 
 
To investigate the effect of opening size, different eccentricities, reinforcement ratio and 
reinforcement placement the following questions are treated in this master thesis: 
 

• Is it possible to benchmark a FEA-model that is accurate enough compared to an 
experimental test? The limit of accurate enough is defined here as ±10% for the ultimate 
load. 

• Does the load eccentricity affect the behavior of the wall? 
• Does the size of the opening affect the behavior of the wall? 
• Is there any interaction between the load eccentricity and the door opening size? 
• Does the reinforcement ratio affect the behavior of the wall? 
• Does the placement of the reinforcement layers affect the behavior of the wall? 

 
1.3 Goal and objectives 
The goal with this thesis has been to understand how the structural behavior of a RC wall with 
cut-out opening will be affected by the load eccentricity, opening size, and reinforcement ratio 
and placement, respectively. 
 
To meet this goal the following procedure been used: 
 

• Perform a literature review of research papers, articles and design codes that treats 
concrete walls with and without openings.  

• Benchmark a FEA-model in ATENA (Version 5.3.2) (2015).   
• Perform a FEA parametric study in ATENA (Version 5.3.2) (2015) for variables: 

eccentricity, opening size, and reinforcement ratio and placement. 
• Compare FEA results to Eurocode 2 (2008) and Doh and Fragomeni (2006). 
• Analyze the results 

 
1.4 Limitations 
This thesis is based on three experimental tests on concrete walls made by Popescu et al. 
(2015b). A FEA-model was used to investigate the behavior of concrete walls. The model 
formulation is based on those tests to prove that the FEA-model is accurate enough. 
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There are two types of concrete walls, one-way walls and two-way walls. A one-way wall can 
only deflect in one direction and is only supported at two sides. A two-way wall can deflect in 
two directions and is supported at three or more sides. This master thesis is limited to only 
investigate two-way walls. 
 
A concrete wall in half scale was investigated with constant length, height and thickness in all 
FEA. All walls have the same concrete quality determined by cube test, Popescu et al. (2015b).  
 
A wall can be loaded vertical and horizontal. Vertical loads can be dead weight of the structure, 
imposed loads, snow loads and horizontal loads are for example wind loads. A limitation in this 
master thesis is to only look at vertical loads that act on a line on the top of the wall. The load 
can be applied centric (theoretical) or eccentric to the wall. In practice the load actings eccentric 
that causing an additional moment in the wall. This report treats the eccentricities up to e=tw/2. 
 
The size of the opening affects the behavior of the wall in many cases. An investigation of how 
a door opening affects the behavior of the wall will be done. The size of the openings treated in 
this thesis are A0/A between 25-75% of the length of the wall. 
 
When different eccentricities and door openings are investigated the walls consists only a 
centrally placed reinforcement layer for cases where parameters such as eccentricity and size 
opening are investigated. 
  
Three different cases of reinforcement ratios and placements are investigated. A case with an 
unreinforced wall was also analyzed. These four cases are investigated for all seven types of 
openings but only for the eccentricity tw/6. 
 
1.5 Structure of thesis 
1 Introduction 
This chapter describes the background to why this master thesis is necessary to be made. 
Research questions that want to be answered during the work are listed here along with the 
hypothesis of the thesis. The goals and objectives of the work are presented. 
 
2 Literature review 
In this chapter previously research made on the subject’s concrete walls and concrete walls with 
openings are reviewed. Also the international design codes and other design formulas for 
predicting ultimate load of concrete walls with openings are reviewed here. 
 
3 Description of experimental tests 
In this chapter the experimental test made by Popescu et al. (2015b) are described. Test set-up, 
the materials that were used and the test result are presented.  
 
4 Analysis with FEM 
In this chapter first a description of how the wall was modeled in ATENA is presented. Here 
the geometry, material, boundary conditions and loading are described. Also sensitivity studies 
made on material parameters in the concrete and on the mesh size are presented. Then a 
description of the parametric study is shown, which parameters will be investigated. In the last 
part of the chapter the result from the calibration process and parametric study are presented. 
Also a comparison between the FEA and design codes is made here. An ongoing analysis is 
made during the whole chapter.   
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5 Conclusions 
In this chapter conclusions are made on experimental tests, benchmarking process, and results 
from the parametric study and on the comparison with the existing design methods. A 
discussion about sustainability and some proposal on future work are presented here.  
 
1.6 Division of work 
For the work to be efficient it was divided between Sebastian Svensson and Johan Jansson with 
major responsibility areas.  
 
2 Literature review: Both Johan and Sebastian read all literature that is reviewed in this thesis. 
The writing part was divided as follows: Sebastian wrote about “2.2.1 Boundary conditions”, 
“2.2.2 Openings”, “2.2.4 Failure mode and crack patterns”, “2.3.2 Other design methods”, 
“2.4.5 Guan et al. (2010)”. Johan wrote about “2.1 (2.2.1-2.2.2) Concrete materials”, “2.2.3 
Reinforcement”, “2.2.5 Load eccentricites”, “2.3.1 Eurocode 2 (2008)”, “2.4.1 General-2.4.4 
Lee (2008)”. 
 
3 Experimental process and results: Both Johan and Sebastian has studied the experimental test 
made by Popescu et al. (2015b). Sebastian summarized it in the thesis and wrote “3 
Experimental process and results”. 
 
4 Analysis with FEM: Benchmarking the model was made by both Johan and Sebastian and 
was divided equally between them. The model was built up together and then the work with the 
different investigated parameters in the material sensitivity analysis and the different mesh sizes 
in the mesh sensitivity analysis was divided equally between them. Also the work with the 
investigated parameters in the parametric study was equally divided between Johan and 
Sebastian. The analysis of the result made in this chapter was discussed together but the writing 
part and presentation of the result was divided as follows: Sebastian wrote about “4.1.4 Mesh 
sensitivity analysis-4.1.5 Mesh size”, “4.3.1 FEM-model compared to experimental test”. Johan 
wrote about “4.1.1 Geometry-4.1.3 Material”, “4.2 Parametric Study”, “4.3.2 Eccentricity and 
door opening size-4.3.4 Comparison with Eurocode”. 
 
5 Discussion: All conclusions and discussion made on the result and discussion on 
sustainability and future work was made together. Also the writing part was made together 
under “5 Discussion”. 
 
The work in this thesis and the writing part was divided as presented above. Both Johan and 
Sebastian has full understanding of each other’s work. 
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2 Literature review 
2.1 Concrete walls 
A concrete wall is defined in Eurocode 2 (2008) as a structural member with a length to 
thickness ratio of 4 or more and which the reinforcement is taken into account. Walls are 
nowadays often used as core walls and are therefore a load bearing wall that needs to be able 
to resist loads that act on the structure. Loads that act on a load bearing wall could be axial 
loads and lateral loads or a combination of axial-and lateral loads. If lateral loads act on a wall 
it is a shear wall.  
 
2.1.1 Boundary conditions 
The boundary condition of the wall as shown from previous research have a significant effect 
on the failure load of the wall, Saheb and Desayi (1990b), Lee (2008), Fragomeni et al. (2011) 
and Guan et al. (2010). The boundary conditions represent the restraints along the edges of the 
wall. The supports are normally from floor slabs, roofs and other walls. A wall is supported 
either as a one-way wall or as a two-way wall. If the load is in the vertical direction of the wall 
a one-way wall is supported at the top and bottom edges only and a two-way wall is supported 
at three or four edges, Popescu et al. (2015a). A one-way wall only develops deformations from 
bending around its horizontal axis, but a two-way wall can develop deformation from bending 
around both the vertical and horizontal axis, Popescu et al. (2015a). A simply supported edge 
prevent the edge to move laterally and allows free rotation. An edge that has a clamped support 
cannot move laterally and cannot rotate. The crack pattern in the wall is affected on how the 
wall is restraint, a one-way wall usually develops a large horizontal main crack in the middle 
of the wall and a two-way wall has a crack pattern more similar to a concrete slab that is simply 
supported, Popescu et al. (2015a). Supporting the side edges (two-way wall) of the wall can 
increase the ultimate strength because the boundary condition has a dominant influence on 
deformation and failure mode, Popescu et al. (2015a). 
 
Eurocode 2 (2008) and AS3600 (2009) are the only major codes that takes lateral restraint along 
the side edges of a concrete wall into consideration, Popescu et al. (2015a). 
 
An experimental study made by Saheb and Desayi (1990b) showed that the deflections of all 
two-way walls were about 40.5% to 78.7% smaller compared to one-way walls at 75% of 
ultimate load. The cracking loads for a two-way wall are about 7.3% to 16.2% higher than for 
one-way walls. Also the ultimate loads for two-way walls were 3.0% to 7.3% higher. Saheb 
and Desayi (1990b) concludes from the result above that the ultimate load and cracking load 
could be considered almost equal when comparing one-way walls and two-way walls with 
openings and says that the effect of restraining the side edges is small. This could be discussed 
because other studies are shown the opposite, Fragomeni et al. (2011) and Lee (2008). Popescu 
et al. (2015a) says that it is unclear how large an opening in the wall must be for the side 
restrains of a two-way wall to play an important role for the ultimate capacity of the wall. That 
could be explained by different layouts and openings sizes in the two studies. 
 
Experimental study on walls with openings made by Lee (2008) showed that the additional 
strength in a two-way wall is 2.5 to 3.5 times higher than for one-way walls with slenderness’s 
30, 35 and 40. Also in a experimental study made by Fragomeni et al. (2011) on walls with 
openings they concluded that two-way walls had about 2 to 4 times higher failure load than for 
one-way walls. 
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Guan et al. (2010) showed in his LFEM analysis that two-way walls have an increased strength 
due to side restrains. But he also concludes that the improved strength due to the two-way action 
becomes small when A0/A is large and also states that the strength increase gained for a two-
way wall remains relatively constant as the length or the height parameter is increased. 
 
Lee (2008) LFEM parametric study also showed that two-way walls gave an improved axial 
strength. But he also concluded like Guan et al. (2010) that the effect of the side restraint 
becomes insignificant when the opening becomes large, A0/A=0.67. 
 
2.1.2 Openings 
Design of a wall with an opening is given little attention in the international codes of practice. 
Eurocode 2 (2008) and the AS3600 (2009) have limits for when an opening can be neglected 
and be designed as a solid concrete wall. If the height of the opening does not exceed a third of 
the height of the wall or the area of the opening is less than 1/10 of the area of the whole wall 
it could be design as a solid wall.  
 
Saheb and Desayi (1990a) did an experimental study on six concrete two-way walls. They 
tested both window and door openings that where located both symmetrically and 
unsymmetrically. The aspect ratio, slenderness ratio and thinness ratio were 0.67, 12 and 18 
respectively. The reinforcement where placed symmetrically in two layers, one in each face of 
the wall. The load was uniformly distributed at the top edge of the wall with an eccentricity of 
tw/6 and the concrete compressive strength was 35.3 MPa. Due to the effect of the presence of 
an opening in a concrete wall they concluded, with comparison of solid concrete walls tested 
in earlier experiments Saheb and Desayi (1990b), that it considerably reduces failure load for 
two-way walls. 
 
Lee (2008) tested seventeen two-way walls with openings with slenderness ratios 30, 35 and 
40 and concrete strengths between 50 MPa and 100 MPa. He placed centrically a single layer 
of mesh reinforcement and used a load eccentricity of tw/6. He tested walls with both one and 
two openings (window openings) and concluded that failure loads for one opening was higher 
than for two openings. The decrease in axial strength ratio of walls when the opening size A0/A 
was increased (from 0.25 to 0.5) was 77 % for one opening and 54 % for two openings. He also 
tested walls with varying opening configurations such as wide openings and door type openings 
as well as unsymmetric location. For the door type opening there was a significant decrease in 
axial strength ratio of 26 % for walls in two-way action. He also found that an asymmetric 
opening location led to a decrease in axial strength ratio. The experimental study did not include 
any solid walls and the failure loads were calculated with design formulas. The result would be 
more reliable in the term of how the opening affect the failure load if experimental test would 
have been done on solid concrete walls as well. The test only treats walls with relatively high 
slenderness and high concrete strengths.  
 
Fragomeni et al. (2011) stated that the failure load decreases when the number of openings 
increases from one to two. No further investigation about how only the openings affect the 
failure load of the walls was made, because no tests was made on solid walls. 
 
An experimental study made by Popescu et al. (2015b) on two-way walls, one solid wall, one 
wall with a small door opening and one with a large door opening were tested with an 
eccentrically axial load along its top edge of tw/6. Reinforcement was centrally placed and the 
slenderness was 22.5. The mean cube compressive strength of the concrete was measured to 
62.8 MPa. They concluded that a reduction of the walls cross sectional area with 25 % (small 
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opening) gave a decrease in failure load by 36 %, and a reduction in cross sectional area by 50 
% (large opening) a decrease in failure load by 50 %. They also concluded that the axial strength 
ratio, Nmax/Acfc, was very similar for the solid wall and the one with the large opening but is 
much lesser for the wall with a small opening. This Popescu et al. (2015b) explains could be by 
that the aspect ratio of the piers (piece between restrained edge and opening) decreases for large 
openings and the restraints being more active and therefore the material strength is utilized 
more effectively. The test result shows that double the reduction of the cross sectional area in 
the wall (from small to large opening) does not give half the failure load. This shows that the 
failure load does not decrease linearly with the increase of the size opening. 
 
A LFEM analysis was made by Guan et al. (2010) with purpose to conduct a numerical analysis 
of two-way walls with window and door openings. The walls and openings where rectangle and 
square in shape. The authors did a parametric study of ten two-way walls with high strength 
concrete and they calibrated their LFEM-models with wall panels that were identical with those 
in the experimental study made by Saheb and Desayi (1990a). The parametric study showed 
that increasing equally the length and height of the opening has a significant effect on the axial 
strength of the wall. An opening area of 25 % was increased to 67 % which gave a reduction in 
strength of 86 % for two-way walls. A similar pattern was observed for increasing only the 
length of the opening. The length of the opening was increased from 25 % to 67 % of the total 
length of the wall that decreases the capacity with 50 % for two-way walls. They also concluded 
that increasing only the height of the opening H0/H has a little effect on the ultimate carrying 
capacity and the deflection. Increasing H0/H from 0.25 to 0.67 reduces the load carrying 
capacity by 14 % for two-way walls. They found that the response of the ultimate load capacity 
to the variation in the opening size, height and length is approximately linear and that increasing 
the height together with the length of the opening has the most critical effect on the axial 
strength of the wall. 
 
Lee (2008) also did a LFEM analysis and concluded that increasing the opening height together 
with the opening length has the most critical effect on the ultimate load carrying capacity of 
two-way walls. Increasing both the height and length of the opening in equal proportion from 
an opening area ratio of 0.25 to 0.67 reduces the load carrying capacity by 64 % for two-way 
walls. Increasing the ratio L0/L from 0.25 to 0.67 reduces the load carrying capacity by 37 % 
for two-way walls. Increasing only the height of the opening H0/H has little effect on the 
ultimate load carrying capacity. Increasing H0/H from 0.25 to 0.67 reduces the load carrying 
capacity by 12 % for two-way walls.  
 
2.1.3 Reinforcement 
Eurocode 2 (2008) divide concrete walls as reinforced concrete walls or as unreinforced and 
light reinforced concrete walls. A reinforced concrete wall will be design according to a strut-
and-tie model described in Eurocode 2 (2008). In that case prescribe Eurocode 2 (2008) a 
minimum amount of reinforcement, both horizontally and vertical. That reinforcement is used 
to satisfy structural and durability requirements of the element. There is also a prescription of 
the clear distance between the bars in the design codes. Half of the amount of reinforcement 
should be placed at each face.  
 
If the wall is unreinforced or has less than the minimum amount of reinforcement should the 
wall be design according to Eurocode 2 (2008) as unreinforced and light reinforced concrete 
wall. That method does not take the reinforcement into account for the bearing capacity. The 
reinforcement in those walls is only provided to control cracking due to shrinkage and creep 
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effects in the wall. In that case is it possible to only have reinforcement in one layer centrically 
in the wall. 
 
An experimental study made by Seddon (1956) on one-way walls shows that vertical 
reinforcement placed in a single layer centric in the wall has a negligible influence on the 
strength. Pillai and Parthasarathy (1977) came to the same conclusion. Seddon (1956) showed 
that double layers of reinforcement have a more significant effect on the strength. A study made 
by Kripanarayanan (1977) with purpose to contributes to modification of ACI code shows that 
an amount of vertical reinforcement of 0.75-1.00 % has a significant effect on the axial strength 
of the wall. If the minimum amount is used, the effect on axial strength is negligible. Sanjayan 
(1998) referenced in Doh (2002) tested one-way walls with different amount of reinforcement, 
three walls with conventional reinforcement (horizontal and vertical) and one with steel fiber 
reinforcement. From that study he shows that the amount of reinforcement does not contributes 
to the axial strength. That is opposite to other researcher’s conclusions.  
 
Doh (2002) made a comparison of experimental results and says that a limitation of code 
methods is that they do not account for the amount of reinforcement. He also says that the 
reinforcement has an influence on the ultimate load, thus the codes are conservative in that 
point. 
 
An experimental study made by Saheb and Desayi (1990b) on two-way walls shows that for a 
wall with H/tw = 12 and H/L = 0.67 increase the load capacity with 54 % if the amount of 
vertical reinforcement is increased from 0.175 % to 0.75 %. The load capacity increase with 43 
% for a wall with H/tw = 24 and H/L = 1.5 when the amount of vertical reinforcement is 
increased from 0.33 % to 0.85 %. He also shows that the horizontal reinforcement do not 
contribute to the load capacity of the wall. A few more researches have been done on two-way 
walls but it is difficult to decipher the contribution of reinforcement from them. The influence 
of the reinforcement is a parameter for further research.  
 
Popescu et al. (2015b) made an experimental study on two-way walls with centric 
reinforcement placed in one layer. They used the minimum amount of reinforcement prescribed 
by design codes. This study shows that the tensile or compressive strains in the reinforcement 
were significant at higher loads. When the wall goes to failure they observed yielding in some 
horizontal bars. No yielding occurs in the vertical bars. For the walls with openings they also 
observed that failure occur in the pier with lower deformations. They explained that a factor 
that could give this behavior of the wall could be because of increased geometric nonlinearities 
which leads to large deformations. Large deformations lead to a more active reinforcement 
which delays the failure of the wall and the failure will occur in the pier with lower 
deformations.  
 
A parametric study with LFEM of two-way walls by Doh (2002) shows that the amount of 
reinforcement significantly increases the load capacity of the wall. The reinforcement was 
placed centric in a single layer. The load capacity significantly increases for slenderness’s 
H/tw<40. The increasing is negligible for higher slenderness’s (Doh 2002). The study also show 
that amount of reinforcement do not contribute to the axial strength if H/L<1. 
 
The amount of reinforcement is not included in simplified code methods. In general, for walls 
with reinforcement placed centric and high slenderness the amount of reinforcement is 
negligible (Doh 2002). For lower slenderness’s it has a more significant influence on the load 
capacity. A significant increased axial strength was shown if the reinforcement is place in two 
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layers, one at each face, instead of centric in one layer (Doh 2002), (Fragomeni et al. 2011), 
(Lee 2008) and (El-Metwally et al. 1990). That can be explained by the contribution of 
reinforcement in the tension zone of the wall, which entails higher strength. 
 
2.1.4 Failure modes and crack patterns 
The ultimate strength of a concrete wall is reached when the concrete is either crushed by 
compression stresses or cracks by tension stresses. A typical crack pattern for a two-way wall 
is shown in Figure 1. A typically crack pattern for a two-way wall are cracks that develops from 
the corner of the wall with an angle of 45 degrees. When there is an opening in the wall and the 
opening is close enough the corner of the wall the cracks develops from the corner of the wall 
to the corner of the opening, Figure 19 and Figure 21. This do not necessarily happen if the 
opening are small or far from the corner of the wall. Boundary conditions and the presence of 
an opening both influence the failure mode of a stressed wall, Popescu et al. (2015a). 
 
Slenderness of the wall also affects the failure mode and the axial strength of the wall. 
Increasing the slenderness of the wall will nonlinearly decrease the axial strength of the wall. 
 
Saheb and Desayi (1990a) tested two-way walls with openings with low slenderness ratio (8) 
and the walls showed buckling failure by bending in the wall strips between opening and edge. 
Lee (2008) tested two-way walls with openings with high slenderness (30-40) and the walls 
also showed bending type failure. Fragomeni et al. (2011) tested two-way walls with openings 
with high slenderness (30-40) and they also showed bending type failure. All tests are with a 
load eccentricity that creates a bending moment in the wall. 
 
2.1.5 Load eccentricities 
The load eccentricity affects both the ultimate load and the displacements of the wall. Eccentric 
axial loads provide a bending moment on the wall that may significantly increase after an out 
of plane curvature due to second order effects. The eccentricity e is the initial eccentricity when 
the load is applied. When out of plane displacements starts an additional eccentricity occurs, 
thus second order effects appears, Figure 3. 

 
Figure 3: Visualization of second order effects due to load eccentricities. 
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It is often important to take care of that in the ultimate strength design procedure because it has 
a significant effect on the failure load, Fragomeni and Mendis (1997). A typical load-deflection 
curve shows an initial linear portion caused by applying the load eccentric. When the second-
order effects start to be significant the load-deflection curve show a non-linear pattern. This 
means that the deflection increases rapidly to failure, Lee (2008). El-Metwally et al. (1990) use 
a computer based numerical technique to analysis the influence of eccentric loads on a wall 
treated as a beam-column. They also obtain that the failure load is very sensitive for small 
changes in end eccentricities. 
 
An axial loaded wall is in practices always loaded eccentrically, Doh (2002). Only in theory an 
axial load can act centrically. An additional eccentricity can also affect the wall as mentioned 
above, especially if the wall is slender. A big curvature occurs in the wall that leads to second 
order effects. Initial imperfections of the wall imply load eccentricities that also must be treated 
in the design procedure. The eccentricity also affects the failure type that will occur in the wall. 
Higher eccentricity gives a failure that is more brittle and sudden compared to a lower 
eccentricity, Doh (2002). 
 
When designing a structural member according to Eurocode 2 (2008) there are two different 
limit states that need to be considered, ultimate limit state (ULS) and serviceability limit state 
(SLS). In ULS the structural member is designed according to when it goes to failure in some 
failure mode, for example bending failure or buckling failure. In SLS the structural member is 
design according to when it no longer fulfill requirements for the functional use, for example 
to large deformations or to wide cracks, but it can still carry more load. Eurocode 2 (2008) says 
that in ULS must imperfections of the element be included in the design procedure, but not in 
SLS. The imperfection should be represented as a slope "# of the element. That slope can be 
used to treat the imperfections as either an eccentricity that affect the wall or by a horizontal 
force that push the wall laterally at the worst section, Figure 4.  

 
Figure 4: Two possible ways to take imperfections into account, Eurocode 2 (2008). 

The total eccentricity is thus the parts from the eccentrically applied load and eccentricities 
caused by initial imperfections. The eccentricity should only be applied at the top of the wall. 
Eurocode 2 (2008) also has a minimum eccentricity that a cross section always must be 
designed for, 

$%#& =
()
30 (1) 

Approximately the same approach is used in AS3600 (2009), BS8110 (1997) and ACI318 
(2011), one part from applying the load eccentric and one part from additional eccentricity due 
to deflections of the wall. They also assume that the eccentricity is applied at the top of the wall. 
To account for creep in the concrete, AS3600 (2009) increase the initial eccentricity with 20%, 
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Doh (2002). Eurocode 2 (2008) also accounts for creep but in that case is it included in the 
design model and not described further, Popescu et al. (2015a).  

 
A minimum total load eccentricity should always be applied according to AS3600 (2009), 

$%#& =
()
20 (2) 

and according to BS8110 (1997), 

$%#& = -./
()
20

20	--
 (3) 

ACI318 (2011) allows loads with a maximum eccentricity of, 

$ = ()
6  (4) 

but no minimum eccentricity was mentioned in the code.  

 
Very few researchers have studied the effect of variation of eccentricities, both for one- and 
two-way walls. Most of them have a constant eccentricity of tw/6, Popescu et al. (2015a). This 
is a subject for further research and that will be treated in the parametric study in this thesis. 
 
Test of walls loaded with an eccentric load of tw/6 and slenderness’s between 8-28 shows a 
reduced strength of the wall with 18-50 %, Oberlender (1973). The walls were supported only 
at top and bottom and the reinforcement was placed in two layers. Another research on varying 
eccentricity values for walls under one-way actions shows a decrease of failure load of about 
17 % for an eccentricity of tw/6 compared to a centric loaded wall, Oberlender (1973). 
 
A test of two-way walls, one with centric load and one with eccentric load of tw/6 shows that 
the failure load for the centric loaded wall was more than double compared to the eccentric 
loaded wall. It indicates that the eccentricity is a sensitive parameter when designing walls, Doh 
(2002). Another test on two-way walls with different load eccentricity shows that the failure 
load increased dramatically with decreased eccentricity. Thus, the same pattern as earlier, Doh 
(2002). 
 
A study with LFEM obtained that for two-way walls with lower eccentricity e<tw/20 the 
dominant failure mode is crushing. But for higher eccentricities the dominant failure mode is 
buckling, Doh (2002). 
 
2.2 Design methods 
2.2.1 Eurocode 2 (2008) 
Most formulas from codes and researchers do not account for reinforcement, either vertical or 
horizontal, Doh (2002). But Popescu et al. (2015b) observed from tests that a significant stress 
occurs in the reinforcement. Although formulas do not account for reinforcement, Eurocode 2 
(2008) says that a wall must have reinforcement both vertical and horizontal.  

23,5%#& = 0,002 ∙ 27 (5) 
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23,5%89 = 0,004 ∙ 27 (6) 

	

23,;%#& = -./ 0,25 ∙ 23,5
0,001 ∙ 27

 (7) 

According to Popescu et al. (2015a) codes and researchers seems to be conservative because 
they do not take reinforcement into account in the formulas. 
 
Eurocode 2 (2008) describes a method to design a concrete wall without reinforcement loaded 
with an eccentric axial force. The resistance of the cross section should be calculated as, 

>?@ = ! ∙ A7@ ∙ B ∙ () 1 − 2 ∙ $()
 (8) 

To take care of global buckling of the wall, the slenderness should be calculated according to, 

D = EF
G  (9) 

where 

EF = H ∙ E) (10) 

H according to Table 1. 
The slenderness for monolithic unreinforced concrete walls should not be higher than 86. 

Table 1: Table of β values for different boundary conditions, Eurocode 2 (2008). 
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To be able to design the wall as solid Eurocode 2 (2008) allows openings with limited 
dimensions mentioned in chapter 2.1.2 Openings. If the limit exceeds for a two-way wall 
Eurocode 2 (2008) give another design opportunity to treat the part between the openings as a 
wall supported on two sides and the part between the side support and the opening supported 
on three sides. 
 
If a transverse wall should be considered as a bracing wall it should fulfill following statements, 
Eurocode 2 (2008), 

• The thickness of the transverse wall should not be lesser than 0.5tw, where tw is the 
thickness if the braced wall. 

• The transverse wall should have the same height as the braced wall, lw. 
• The length of the transverse wall, lht, is at least lw/5. 
• The transverse wall is not allowed to have openings within the length lht. 

 
The design axial strength of a slender unreinforced concrete wall should be calculated as, 

>?@ = B ∙ () ∙ A7@ ∙ I (11) 

	

I = 1,14 1 − 2 ∙ $JKJ()
− 0,02 ∙ EF()

≤ 1 − 2 ∙ $JKJ()
 (12) 

where,  

$JKJ is the total eccentricity calculated as, 

$JKJ = $F + $# (13) 

where, 

$# =
"# ∙ EF
2  (14) 

where 

"# = "F ∙ N; ∙ N% (15) 

Recommended value, 

"F =
1
200 

and, 

N; =
2
B

 (16) 

with the limits 
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2
3 ≤ N; ≤ 1 

Reduction factor for number of structural members,  

N% = 0,5 1 + 1
-  

	

(17) 

As a simplification for walls and isolated columns in braced systems assume, 

$# =
EF
400 (18) 

instead. 
 
Eurocode 2 (2008) also prescribes a minimum eccentricity that is mentioned earlier. A comment 
from SIS about equation (12) state that the equation does not account for creep effects. In the 
latest amendment Eurocode 2 (2014) is there an additional eccentricity eϕ applied in equation 
(13) that should account for creep. But there is no described way in which the eccentricity 
should be calculated. 
 
2.2.2 Other design methods 
Many studies have been made to improve existing design methods, Popescu et al. (2015a). 
Popescu et al. (2015a) made a summary over design formulas that have been developed over 
the years and compared the accuracy of the formulas using statistical indicators. Most formulas 
that have been developed are for one-way walls. The design formula that gave the most accurate 
result for solid two-way walls was the formula presented by Doh and Fragomeni (2005). In his 
evaluation it was three different methods that treated two-way walls with openings, Saheb and 
Desayi (1990a), Doh and Fragomeni (2006) and Guan et al. (2010). The most accurate formula 
of these was the one by Doh and Fragomeni (2006) followed by Shaeb and Desayi (1990a), 
Popescu et al. (2015a).  
 
2.2.2.1 Doh and Fragomeni (2005) – solid two-way wall 
A design formula for walls with higher slenderness and higher concrete strength was developed 
by Doh and Fragomeni (2005). They used load eccentricity tw/6 and the reinforcement was 
centrically placed in the wall. They tested eight two-way walls. 
 
The design formula they proposed were, 

O>P = O2.0A7F.R(() − 1.2$ − 2$8) (19) 

	

$8 =
EFU

2500()
 (20) 

l0 is determined by, 

EF = HV (21) 

For a wall restrained at all sides and for V ≤ B: 
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H = N 1

1 + V
B

U (22) 

For a wall restrained at all sides and for V > B: 

H = N B
2V (23) 

 

For V/() < 27 

N = 1
1 − $

()
 (24) 

For V/() ≥ 27 

N = 1
1 − $

()
∙ 18
V
()

F,]] (25) 

 
2.2.2.2 Saheb and Desayi (1990a) – two-way walls with openings 
Saheb and Desayi (1990a) proposed a design formula for two-way walls with openings. They 
did experimental tests on six two-way walls with different type of openings. They placed 
reinforcement both vertically and horizontally in two symmetrically layers, one in each face of 
the wall. The load acted with an eccentricity of tw/6. 
 
The design formula is given by, 

P̂F = _` − _Ua P̂ (26) 

where Pu is 

P̂ = 0,67A72b 1 − B
120()

U
1 + 0,12 V

B  (27) 

k1 and k2 were obtained from test result and are for two-way walls 

_` = 1.02 

_U = 1.0 

 
The non-dimensional quantity χ defined in Saheb and Desayi (1990a) is given by, 

a = 2F
2 + !B (28) 

where, 
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2 = B() (29) 

and 

2F = BF() (30) 

and 

! = B
2 − !  (31) 

and 

! =
1
2 ()B

U − ()BF!F
B() − BF()

 
(32) 

A definition of used parameters is defined in Figure 5. 

 
Figure 5: Definition of parameters in design equation, Saheb and Desayi (1990a). 

 
2.2.2.3 Doh and Fragomeni (2006) – two-way walls with openings 
Doh and Fragomeni (2006) developed an ultimate load formula for two-way walls with 
openings. They conducted tests on 8 normal strength concrete wall panels with openings in one-
way and two-way walls with slenderness ratios of 30 or 40, Fragomeni et al. (2011). The result 
was examined along with identically sized solid panels tested by Doh (2002), Fragomeni et al. 
(2011).  
 
The formula they proposed for the ultimate load with openings is given by: 

>PF = _` − _Ua >P (33) 

where 
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>P = 2,0 ∗ A7F,R () − 1,2$ − 2$8  (34) 

$8 is determined in the same procedure as in the design formula in chapter 2.2.2.1 Doh and 
Fragomeni (2005) above. 

The factors _` and _U are obtained from the test and they are given by: 
For two-way walls, 

_` = 1,004 

_U = 0,933 

 
The non-dimensional quantity χ is defined in Saheb and Desayi (1990a) in equation (28) above. 
 
2.3 Finite element method studies 
There exist just a few studies that have performed finite element analysis on concrete walls with 
openings. Three of them are performed with a method developed by Guan and Loo (1997), 
LFEM. Reviews of these three studies are given below to point out what assumptions they made 
and how well the models performed. This area is not well investigated yet and more research 
has to be done to get enough knowledge of the behavior of concrete walls with openings in 
general.  
 
2.3.1 General 
A physical problem can always be described by differential equations that are valid for a certain 
region in one-, two-, or three-dimensional. The region is then divided into small elements, finite 
elements. A numerical approximation for each element is the solution of the problem. All 
elements are coupled with nodes. To describe and interpolate the behavior between the nodes a 
shape function is used. The accuracy of the analysis depends on the choice of shape function, 
Ottosen and Petersson (1992). 
 
A non-linear analysis with FEM can simulate a more realistic behavior of a structure compared 
to a linear analysis or a plastic analysis. An analysis of a structure with concrete can be modeled 
to account for tension cracks that appear, the non-linear behavior in compression and the 
plasticization of reinforcement. Models that account for those parameters can simulate a 
successive reduce of the rigidity and a rearrangement of forces and stresses, Svenska 
Betongföreningen (2010).  
 
Non-linear FEA is just an analysis method, not a design method. All material parameters and 
dimensions have to be defined in the model to generate an accurate analysis, Svenska 
Betongföreningen (2010).  
 
In a non-linear FEA the load is applied gradually. To evaluate the load-displacement curve an 
iterative process for each load step is performed to fulfill equilibrium. That process gives a 
point on the curve for each iteration. The stress is calculated in every element node and then 
compared with the material model. If cracks or plastic behavior appears, a reduction of the 
rigidity will be done to next iteration. This procedure will be repeated until convergence is 
reached in the load step, Svenska Betongföreningen (2010).  
 
To reach convergence in the load step the Newton-Raphson method is the most used one, Figure 
6. Next load step is based on the slope of the curve at previous load step. This method works 
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well to found maximum values on the load-displacement curve. But not as well if the curve has 
a slope downwards or go backwards, a snap-back behavior.  

 
Figure 6: Newton-Raphson method, Svenska Betongföreningen (2010). 

If the Newton-Raphson method does not works well the Arc-Length method can be used in-
stead, Figure 7, for example when the curve have a snap-back behavior. This method searches 
the next point at a radius of an arc from the last point.   

 
Figure 7: Arc-Length method, Svenska Betongföreningen (2010). 

 
2.3.2 Analysis of concrete walls with finite element methods 
To simulate the behavior of concrete wall panels Doh (2002), Guan et al. (2010) and Lee (2008) 
performed non-linear analysis with LFEM. All these studies are based on the same material 
model and the same LFEM procedure developed by Guan and Loo (1997). Hatami et. al. (2014) 
also carried out a finite element analysis of concrete walls with openings but that study seems 
to be insufficient. Hatami et al. (2014) performed a linear elastic analysis that is the main reason 
to disregard that study in this thesis. No comparative study is performed to control the accuracy 
of the model as well.  
 
2.3.2.1 Geometric model 
To simulate concrete wall panels Doh (2002), Guan et al. (2010) and Lee (2008) used eight-
node shell elements in the finite element analysis. These shell elements are assumed to have 
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straight normal lines to mid-surface that remain straight after deformation. Another assumption 
is that the stress component normal to mid-reference plane is zero, ef = 0 . These two 
assumptions give that every node has five degrees of freedom, displacement in direction u, v 
and w and rotations about x- and y-axis, "9 and "g. The coordinate system is defined in Figure 
8. 

 
Figure 8: Definition of coordinate system. 

An advantage with LFEM is that each finite element is sub-divided into a number of fully 
bounded layers. The layers can be given different thicknesses and materials but is constant 
within the layer. This allows an accurate detection of cracks in each concrete layer and also the 
inclusion of reinforcing steel, Guan et al. (2010).  
 
The stress state is considered as three dimensional in the model. The stresses in each layer are 
assumed to be constant over the thickness and are calculated at Gauss points located at its mid-
surface. In the nonlinear analysis the material state at any Gauss point may be elastic, plastic or 
fractured.  
 
2.3.2.2 Material model 
The concrete is treated as an isotropic material in the elastic stage with following bulk and shear 
modulus, 

h = i
3 1 − 2j  (35) 

	

k = i
2 1 + j  (36) 

The assumption ef = 0 gives following stress and strain components, 

e = e9, eg, l9g, l9f, lgf    

m = m9, mg, n9g, n9f, ngf  

Concrete failure is defined as either tension cracking or plastic yielding (crushing). An elastic 
brittle fracture behavior is assumed for concrete in tension. Cracks are assumed to form in plane 
perpendicular to the maximum principal tensile stress. Cracked concrete is treated as an 
orthotropic material. To do this a cracked shear modulus is introduced, which is depending on 
if it is cracked in one or two directions.  
 
The bonding interaction between the steel and the concrete gradually releases stresses in the 
concrete stress component normal to the cracked plane. This is considered to stimulate the 
tension stiffening effect, Figure 9. This is represented by the fictitious modulus of elasticity,  
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i# = NJAJ(1 −
mJ
m%
)/m# (37) 

where 

mJ ≤ m# ≤ m%. 
 

 
Figure 9: Stress-strain relation for tension stiffening effects, Guan et al. (2010). 

The strain-hardening plasticity approach is used to model concrete in compression. This is to 
create irrecoverable deformations. The initial yield surface is reached when the minimum 
compressive principal stress exceeds 30 % of f’

c. The constitutive concrete model used by Doh 
(2002), Guan et al. (2010) and Lee (2008) is shown in Figure 10. 
 

 
Figure 10: Constitutive concrete model, Guan et al. (2010). 

The reinforcement bars are modeled as smeared layers. The bars are assumed to have elastic-
plastic uniaxial behavior in the direction of the reinforcing bars according to Figure 11. 
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Figure 11: Stress-strain relation for reinforcement, Guan et al. (2010). 

The concrete wall is sub-divided in the direction of the thickness into eight concrete layers with 
various thicknesses. Two layers of steel mesh were symmetrically placed, one on the tension 
face of the wall and one in the compression face. Steel reinforcement is placed in both vertical 
and horizontal direction.  
 
2.3.3 Doh (2002) 
Doh (2002) studied a range of concrete walls to compare experimental results with the LFEM 
model to get an accurate numerical model of a concrete wall. He also performed a parametric 
study to see how different parameters affect the behavior of the wall. The parametric study aims 
to focus on varying slenderness ratios, aspect ratios, reinforcement ratios and eccentricities.  
 
A strip of the wall, treated as a column, was analyzed with an eccentric load of tw/6. The 
eccentric load was converted to a centric load with equal end moments, Figure 12. In the finite 
element model he divides the wall in a 30x60 mm mesh. Doh (2002) used an increment of 5 
kN when he applied the load for the first five load steps. For the following five load steps an 
increment of 2 kN was used. For the rest an increment of 1 kN was used. Only half the length 
of the wall was considered because of symmetry in the geometry. The top and bottom of the 
wall was free to rotate about the x-axis and free to move about the z-axis. The side edges were 
restrained against any movement and free to rotate about the y-axis for two-way walls. Doh 
(2002) used the Newton-Raphson method to reach convergence in the load steps.  

 
Figure 12: Transformation of eccentric normal force to equal end moments, Doh (2002). 

To control the accuracy of the LFEM model Doh (2002) use an experimental test performed by 
Saheb and Desayi (1990b) on thirteen normal strength one- and two-way walls. The walls have 
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a slenderness ratio H/tw between 9 and 27. The concrete quality was slightly under 20 MPa. The 
failure load calculated with LFEM compared with experimental tests made by Saheb and 
Desayi (1990b) show that the ratio between LFEM and experimental tests was 1.05 when they 
look at the average value for both one- and two-way walls. The ratio varied between 0.81 and 
1.34 for all tested walls. The crack pattern and the failure mechanism that appears were as 
predicted. The finite model seams to produce reasonable results compared with the 
experimental tests by Saheb and Desayi (1990b).  
 
2.3.4 Lee (2008) 
Lee (2008) aims to analyze concrete walls with openings using LFEM. He first made a 
comparative study to validate if the model is accurate enough. He used experimental tests 
performed by Saheb and Desayi (1990a). They tested six two-way wall panels with varying 
door and window openings placement. Saheb and Desayi (1990b) have also tested a solid two-
way wall that Lee (2008) also compares his LFEM model with.  
 
The walls were loaded with a uniformly distributed load with an eccentricity of tw/6. To simulate 
that in the model a series of point loads and moments are applied along the top edge. Top and 
bottom were hinged supported, no translation in the z-direction and no rotation about the y-
axis. The side edges were also hinged supported, no translation in x- and z-directions and no 
rotation about x-axis. In the analysis of the walls he either use a quarter, half or full model 
depending on the geometry of the wall. To determine the most appropriate mesh size a 
convergence study was performed. Lee (2008) used the Newton-Raphson method to reach 
convergence in the load steps. 
 
The study shows that the crack pattern predicted by LFEM was almost similar to tests 
performed by Saheb and Desayi (1990a). The failure loads were also well predicted with LFEM 
compared to Saheb and Desayi (1990a) experimental tests. The ratio between them was in 
average 1.07. The ratio varied between 0.99 and 1.22 for all tested walls. The deflected shape 
for walls in LFEM show a biaxial curvature as predicted for a two-way wall. Load-deflection 
points measured in LFEM corresponding well with the experimental tests. The failure mode 
predicted by LFEM is the same as observed in the experimental tests performed by Saheb and 
Desayi (1990a). The failure mode was mostly due to bending and intensified by buckling of the 
slender columns beside the openings. For some walls the result from LFEM differs a little bit 
compared with the experimental tests. An explanation to that can be that the LFEM model is 
idealistic. That is not the case for the tested walls that may have for example imperfections. 
 
2.3.5 Guan et al. (2010) 
Guan et al. (2010) used LFEM to find an improved design formula for load bearing concrete 
walls with openings. The purpose of his study is to conduct a numerical analysis of one-way 
and two-way concrete walls with window and door openings, in rectangular and square shapes. 
 
Guan et al. (2010) first made a comparative study between his LFEM-model and experimental 
tests based on seven normal strength wall panels in two-way action made by Saheb and Desayi 
(1990b) to get an initially accurate model. They compared ultimate loads, load-deflection 
responses up to failure, deflected shapes and crack patterns. Then they used the calibrated 
model to make a parametric study on the influence of the opening size and the length and height 
on the ultimate load and also the deflection of twenty high strength wall panels acting in both 
one-way and two-way.  
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The model was analyzed either as a quarter, half or full geometry depending on the geometry. 
They also did a convergence study to obtain a good element size for the finite element mesh. 
The mesh was changed until the LFEM predicted ultimate load started to converge towards 
experimental tests. The loading of the wall is applied as a series of point loads on the top edge 
of the wall. Also a moment is applied on along the top edge of the wall to simulate the load 
eccentricity tw/6. Boundary conditions were applied on the wall, the top and bottom edges were 
hinge supported, no translation in the z-direction and no rotation about y-axis. The bottom edge 
was also restrained in the y-direction. The side edges were restrained so that no translation in 
the x-and z- directions and no rotation about x-axis were allowed. The side edges were 
restrained by angle sections. Guan et al. (2010) used the Newton-Raphson method to reach 
convergence in the load steps. 
 
The deflected shape and crack pattern is well predicted by LFEM in comparison with 
experimental tests. Some differences in crack pattern are noticed but Guan et al. (2010) explains 
that it could be because not all cracks are visible to the human eye and that many small cracks 
in experimental test could form one large crack. The failure mode is well predicted by LFEM 
in comparison with the experiments. Mostly the failure mode was bending failure, intensified 
by buckling. This was also the case in the LFEM-analysis. LFEM-showed symmetrical 
deformations for symmetrical walls, this was not the case for the experimental walls, this Guan 
et al. (2010) explain is because of imperfections, errors in materials and test set-up. The ultimate 
loads predicted by LFEM are slightly overestimated compared to experimental test made by 
Saheb and Desayi (1990a) but satisfactory. The ratio between LFEM and experimental test for 
the ultimate load capacity varied between 0.99 and 1.22. The average ratio was 1.09. Guan et 
al. (2010) explains the differences and overestimation of the load capacity by that the LFEM 
model is and idealistic wall. Material, boundary conditions, load eccentricities are all idealistic. 
But in the experimental test there are many factors that could affect the test result. 
Geometrically imperfections in the wall, material irregularities, change in reinforcement 
locations are some examples. 
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3 Description of experimental tests 
A more detailed description of the experimental test is described in Popescu et.al (2015b). The 
experimental tests done are used for calibration of the walls modeled in ATENA.  
 
3.1 Geometry 
The experimental tests include three concrete walls with different opening configurations. The 
three walls were designed to represent wall panels in residential buildings and they were 
designed in half scale and had all the same height, length and thickness. They were 1800 mm 
long, 1350 mm tall and 60 mm thick, Popescu et al. (2015b). 
 
One wall was designed as a solid wall with no opening, one with a small symmetric opening 
(450 mm x 1050 mm) and one with a large symmetric opening (900 mm x 1050 mm). The solid 
wall was named (I-C), the small opening wall (I-S and the large opening wall (I-L). In all three 
walls strain gauges and displacement sensors were installed according to Figure 13 below. The 
openings in the walls are created so they will act like a cut-out opening. The lateral displacement 
along the sides edges were also measured in one point 500 mm from the top of the wall and 
were called A1 and A2, Popescu et al. (2015b). 
 

 
Figure 13: Instrumentation scheme and geometry of the walls, Popescu et al. (2015b). 

 
3.2 Material 
3.2.1 Concrete 
The concrete class was C32/40. In Table 2 is the mix proportion for the concrete mix is shown. 

Table 2: Mix proportion of the concrete, Popescu et al. (2015b). 

Concrete 
class 

w/c Cement Aggregate size Additives 
1-4 mm 8-16 mm 

- (kg) (kg) (kg) (%) of cement weight 
C32/40 0.55 380 1030 630 2.6 

 
From this concrete mix five concrete cubes tests were made. The average cubic strength (fcm,cube) 
of the concrete obtained was about 62.8 MPa. Five concrete beams were tested to obtain the 
fracture energy of the concrete, and the mean fracture energy (GF) was about 168 N/m, Popescu 
et al. (2015b). 
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3.2.2 Reinforcement 
The reinforcement consists of a mesh with bars that are 5 mm in diameter and the spacing is 
100 mm in both vertical and horizontal direction. From the reinforcement mesh five coupons 
were taken and their stress-strain properties were tested. Their mean yield strength (fym) was 
632 MPa and the mean strain at this point (εym) was 0.28 %. Their mean tensile strength (ftm) 
was 693 MPa and the mean strain at this point (εum) was 4.87 %, Popescu et al. (2015b). 
 
3.3 Test set-up 
A frame was used to apply the load and restrain the walls. The frame was built up so that the 
top and bottom edges of the wall were supported as a hinged support along the whole edge. The 
supports along the side edges were built up so that the side edges of the wall were supported as 
a clamped support along the whole edges, Popescu et al. (2015b). 
 
The wall was loaded with an eccentricity of one sixth of the walls thickness (tw/6) to simulate 
effects of imperfections that occur in normal construction practices and are accounted for in 
standards. To simulate this eccentricity a steel rod with a diameter of 22 mm was welded on the 
steel beams at the top and bottom of the loading frame, see Figure 14 below. Four hydraulic 
jacks that act at the steel beam at the top of the wall, Popescu et al. (2015b), apply the load. 
 

 
Figure 14: Supports at top and bottom edges of the wall, Popescu C et al. (2015b). 

The configuration with the steel rod allows the wall to rotate around the horizontal axis at the 
top and bottom edges and the steel beams prevent it from lateral translation. The strong floor 
prevents the bottom support from translation in vertical direction. A steel plate is placed 
between the steel rod and top and bottom edge of the concrete wall to prevent contact between 
concrete and steel rod, Popescu et al. (2015b). 
 
To simulate the clamped support along the side edges of the wall an L-beam 100x65x8 was 
attached to an SHS 60x60x6. See Figure 15 below. The side support had to be made with 
sufficiently rigidity to prevent excessive out-of-plane deformations, Popescu et al. (2015b). 
 

 
Figure 15: Supports at side edges of the wall, Popescu et al (2015b). 
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3.4 Test result 
Test values are taken from experimental test made by Popescu et al. (2015b). Loads, 
displacement and strains are taken when failure occur in the wall to be able to compare it with 
result from FEA made in chapter 
4.5 Numerical results. Failure is defined as when the ultimate load is reached which occur at 
the peak load in the load-displacement and load-strain diagrams. In the experimental test some 
points were located at the same location but on different side of a vertical symmetry line through 
the middle of the wall. All load-displacement curves are plotted in Figure 16, Figure 18 and 
Figure 20. 
 
3.4.1 Solid wall 
The failure load was measured to 2363 kN and the out of place displacements and strains at 
failure are shown in Table 3. The maximum out of plane displacement occurred in D2 and was 
19.0 mm. Compression strains at the measuring point G5 in the vertical reinforcement increased 
linearly up to failure load and showed a value of 0.4 ‰. The horizontal measuring points, G1-
G4, showed linear tensile strains up to 60-70 % of the failure load. They were after this 
pronounced with yielding at failure and the maximum value at this point was 4.4 ‰. The gauges 
measuring compressive strains in the concrete showed a maximum of 3.0 ‰ in compressive 
strain at failure, Popescu et al. (2015b). 

Table 3: Displacements and strains at failure for the experimental test, Popescu et al. (2015b). 

Points Value [mm] Points Value [mm/m] Symmetry points Mean value 

D1 16.7 G1 4.4 D1-D3 16.4 
D2 19.0 G2 3.1 D4-D5 12.3 
D3 16.1 G3 3.0 G7-G8 -2.5 
D4 11.9 G4 2.6 G6-G9 -2.8 
D5 12.8 G5 0.4 A1-A2 -3.2 
A1 -3.1 G6 -3.0   
A2 -3.3 G7 -2.5   

  G8 -2.4   
  G9 -2.5   
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Figure 16: Responses of the solid wall (I-C): a) load-displacement; b) Strain in steel reinforcement; c) Strain in concrete. 
D1-5 and G1-9 refer to displacement sensors and strain gauges, respectively at indicated positions, Popescu et al. (2015b). 

The wall had a brittle failure due to crushing of concrete. Crack pattern for both tension and 
compression sides were as predicted for a wall restrained at all four sides, see Figure 17. Also 
several secondary tensile cracks were developed parallel to each other around the major tensile 
cracks which indicates that the reinforcement played an active role in the redistribution of the 
stresses in the concrete, Popescu et al. (2015b). 
 

   
Figure 17: Crack pattern and failure mode of the solid wall. Compression side to the left and tension side to the right, 
Popescu et al. (2015b). 

 
3.4.2 Wall with small opening 
The failure load was measured to 1500 kN and the out of plane displacements and strains at 
failure are shown in Table 4. The maximum out of plane displacement was in D2 and it was 
26.8 mm. The displacement were lower and developed more slowly in the left pier, in point D3 
and it was in the left pier the failure occurred, the displacement in D3, the symmetry point was 
only 18.6 mm. G2 and G5 measured the strains in the vertical reinforcement and maximum 
compressive strains was reached at G2 at failure load but did not exceed 1.3 ‰. In point G5 the 
strains changes at about 60 % of failure load, at failure the bar is exposed with tensile strains. 
In G2 the strains behaved linear up to 90 % of failure load. All horizontal bars were subjected 
to tensile strains but the strains recorded in the strain gauges were low up to 90 % of the failure 
load. At G4 close to yielding occurred and in G6 yielding occurred in the bars at failure with 
maximum strains by 3.0 ‰ at point G6 while the strains were below 1.4 ‰ at G1 and G3. The 
strains behaved linear up to 85-90% of failure load at G1 and G4, and up to 40% of failure load 



 31 

at G3. At G6 the strains were at first compressive strains and at about 70% of failure load they 
switched to tensile stresses. The maximum compressive strength in concrete occurred at point 
G8 by 2.7 ‰, Popescu et al. (2015b). 

Table 4: Displacements and strains at failure for the experimental test, Popescu et al. (2015b). 

Points Value [mm] Points Value [mm/m] Symmetry points Mean value 

D1 22.9 G1 0.6 D1-D4 18.8 

D2 26.8 G2 -1.2 D2-D3 22.7 
D3 18.6 G3 1.4 G8-G9 -2.5 

D4 14.7 G4 2.6 G7-G10 -0.6 
D5 14.6 G5 0.1 A1-A2 -2.9 

D6 6.6 G6 3.0     
A1 -3.3 G7 -0.7     

A2 -2.6 G8 -2.7     
    G9 -2.4     

    G10 -0.6     

 

 
Figure 18: Responses of the wall with a small opening (I-S): a) load-displacement; b) strain in steel reinforcement; c) strain 
in concrete. D1-6 and G1-10 refer to displacement sensors and strain gauges, respectively at indicated positions, Popescu et 
al. (2015b). 

The wall had a brittle failure due to crushing of concrete with spalling and reinforcement 
buckling. This occurred along the line between the corner of the opening and the corner of the 
wall. The pier on the other side of the opening failed immediately after with a typical crack 
pattern as for walls restrained on three sides, see Figure 19, Popescu et al. (2015b). 
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Figure 19: Crack pattern and failure mode of the wall with small opening. Compression side to the left and tension side to the 
right, Popescu et al. (2015b).   

 
3.4.3 Wall with large opening 
The failure load was measured to 1180 kN and the out of plane displacement and strains at 
failure are shown in Table 5. The maximum out of plane displacement occurred in D2 by 11.4 
mm. In D1, the symmetry point, the displacement was only 8.71 mm. The failure occurred in 
the left pier where the displacement was smaller. G2 and G4 measured the strains in the vertical 
reinforcement and a maximum compressive strain was reached at G2 at failure load but did not 
exceed 1.7 ‰. The compressive strain behaved linear up to failure. All horizontal bars were 
subjected to tensile strains and yielding occurred in G3 with strains by 3.2 ‰, in G6 it was close 
to yielding with strains by 2.5 ‰. They behaved linear up to 80-90% of failure load except in 
G3 where the strains started to increase rapidly at 45% of failure load. In G1 and G5 the strains 
were lower and did not exceed 1.9 ‰. The reinforcement bar above the opening was tensioned 
more than in the one for the small opening, Popescu et al. (2015b). The maximum compressive 
strength in concrete occurred at point G8 by 3.9 ‰, Popescu et al. (2015b). 

Table 5: Displacements and strains at failure for the experimental test, Popescu et al. (2015b). 

Points Value [mm] Points Value [mm/m] Symmetry points Mean value 

D1 8.7 G1 0.6 D1-D2 10.0 
D2 11.4 G2 -1.7 A1-A2 -2.6 
D3 9.5 G3 3.2 G8-G9 -2.3 
D4 7.4 G4 -0.9 G7-G10 -1.3 
A1 -1.7 G5 1.9     
A2 -3.5 G6 2.5     

    G7 -1.1     
    G8 -3.9     
    G9 -0.7     
    G10 -1.6     
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Figure 20: Responses of the wall with a large opening (I-L): a) load-displacement; b) strain in steel reinforcement; c) strain 
in concrete. D1-4 and G1-10 refer to displacement sensors and strain gauges, respectively at indicated positions, Popescu et 
al. (2015b). 

The wall had a brittle failure due to crushing of concrete with spalling and reinforcement 
buckling. This occurred along the line between the corner of the opening and the corner of the 
wall as in the wall with small opening. This local failure occurred failure in the entire wall with 
no typical crack pattern in the other pier, Popescu et al. (2015b). 
 

   
Figure 21: Crack pattern and failure mode of the wall with large opening. Compression side to the left and tension side to the 
right, Popescu et al. (2015b).  

 
3.4.4 Effects of opening size and reinforcement 
When the opening size is increased to 25 % from 0 % the failure load decreases with 36 %. 
When the opening size is increased to 50 % from 0 % the failure load decreases with 50 %. 
 
A load-displacement curve was plotted for displacement in D1, which were in the same place 
for all three walls, Popescu et al. (2015b). The elasto-plastic curves were also calculated and 
plotted in the same Figure 22, values for the calculation is shown in Figure 22, Popescu et al. 
(2015b). 

Table 6: Ductility factors and energy release values at failure, openings, Popescu et al. (2015b). 

Specimen Nmax 
(kN) 

Ne (kN) 
(0.75Nmax) 

Nu (kN) 
(0.8Nmax) 

δe 
(mm) 

δu 
(mm) 

µΔ= δu/ δe Ed 
(kNm) 

I-C 2363 1772.25 1991.5 4.28 25.25 5.9 55.18 
I-S 1500 1125 1277.3 8.98 27.91 3.1 (-47%) 33.77 (-39%) 
I-L 1180 885 928.5 3.83 11.27 2.9 (-51%) 10.88 (-80%) 
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Figure 22: Load-displacement diagrams in point D1 for all three walls and the idealized elasto-plastic behavior (straight 
lines), Popescu et al. (2015b).  

Also a diagram with the ultimate load and axial strength ratio were plotted, see Figure 23, 
Popescu et al. (2015b). 
 
 

 
Figure 23: Ultimate loads and axial strength ratios of the solid wall (I-C) and walls with small (I-S) and large (I-L) openings, 
Popescu et al. (2015b). 

 
The vertical reinforcement was gradually stressed while the load on the wall increased, but did 
not yield. The horizontal bars yielded or were close to yielding and buckled at failure. No 
rupture of the bars was observed in any tests, Popescu et al. (2015b). 
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4 Analysis with FEM 
4.1 Convergence criteria’s 
The numerical method used in the analysis to reach convergence in the load step is chosen to 
be the Newton-Raphson method described earlier. The criterion in this method with used values 
are, 

- Displacement Error, 0.01 
- Residual Error, 0.01 
- Absolute Residual Error, 0.01 
- Energy Error, 0.0001 
- Negligible Size Relative, 0.00001 

The values represent the maximum error for the corresponding criterion. 
 
The maximum number of iterations were set to 30. 
 
4.2 Model formulation in ATENA 
To get an accurate FEA a benchmark process should be performed. The aim is to get a model 
that behaves as close as possible compared to the tested walls. The FEM program used in this 
process is ATENA (Version 5.3.2) (2015). ATENA (Version 5.3.2) (2015) is an advanced 
program for non-linear analysis of RC structures.	This product can simulate structural behavior 
in statics, dynamics, creep and thermal and moisture transport. ATENA (Version 5.3.2) (2015) 
consists of two programs, GiD and ATENA Studio. GiD is used for pre-processing of the 
structure and the mesh generation. After that, ATENA Studio is used to analyze the structure. 
In this chapter failure in the wall is defined as when ultimate load is reached in the wall, which 
occur at the peak load in the load diagrams from the FEA in ATENA. 
 
4.2.1 Geometry 
Solid elements are used to model the wall because the wall may be affected by both bending 
moments and shear forces, Cervenka et al. (2015). To save time in calculation only half of the 
walls were modeled due to symmetry in the geometry. The wall is modeled with 14 volumes to 
make it easy to change the door opening size in the parametric study. That makes it possible to 
delete volumes for different opening sizes to not have to change the boundary conditions 
between the walls. To transfer the load to the wall a steel plate was used at top and bottom of 
the wall. The thickness of the steel plate was set to 5 mm and divided in two volumes were the 
load should be applied to achieve the eccentricity of the load, Figure 24. The width of the plate 
is equal to the thickness of the wall. For the benchmark model the load was applied at an 
eccentricity of tw/6 according to the tests. The general dimensions of the wall and openings are 
similar to tested walls. 
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Figure 24: The wall model where the volumes (green rectangles) and steel plate (red rectangle) are visualized.  

The wall has centric reinforcement in both horizontal and vertical direction, Figure 25. The 
reinforcement bars are modeled as lines (discrete reinforcement) assigned with 1D-properties, 
thus they only can take axial forces. The distance between the bars and the diameter of the bars 
are similar to tested walls. 

 
Figure 25: Reinforcement bars in horizontal-and vertical direction.  
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4.2.1.1 Solid wall 
The solid wall includes all 14 volumes and has dimensions according to Figure 26. 

 
Figure 26: Modeled volumes in the solid wall. 

 
4.2.1.2 Wall with small opening 
For the wall with small opening the volume 14 was excluded to get a small door opening in the 
wall, Figure 27.  

 
Figure 27: Modeled volumes in the wall with small opening. 

 
4.2.1.3 Wall with large opening 
For the wall with large opening the volumes 11-14 were excluded to get a large door opening 
in the wall, Figure 28.  
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Figure 28: Modeled volumes in the wall with large opening. 

 
4.2.2 Conditions 
4.2.2.1 Boundary conditions 
Top and bottom of the wall is constrained on a line at the location were the eccentricity acts. 
The line is constrained in y- and z-direction, according to Figure 8, at the bottom. At the top 
the line is only constrained in z - direction. The side edge is at a first step constrained in z-
direction on the surface. However, in that case the ultimate load is overestimated and the out of 
plane displacements is underestimated. The tested walls show an out of plane displacement on 
the test rig at point A1, see figure 13. To simulate that in the model a spring support was 
calibrated on the surface at the side edge instead. The spring supports allow a deformation in 
A1 according to the tests. At the symmetric line the surface at the edge is constrained in x-
direction to simulate symmetric conditions. To get a more realistic behavior of the wall and to 
simulate the displacement in the test rig in point A1 a spring support was modeled. A spring 
support is a solution to get a less rigid test rig. 
 
The measured displacement at point A1 from Popescu et al. (20015b) is used to create the spring 
support. The spring support was designed with the criterion that at the known ultimate load the 
measured displacement in A1, both from Popescu et al. (20015b), should have developed in the 
FEA. A spring with spring length one meter was used and then the measured displacement was 
used to obtain a strain relation for the spring. From zero strain up to the known strain at failure 
a stiffness in the spring was defined to the spring support. For strains above the wanted strain 
at failure the spring was designed to have a very large stiffness. The stiffness in the spring for 
the known strain interval was changed until the criterion stated above was fulfilled.  
 
4.2.2.2 Loading 
The load on the wall is applied as a prescribed displacement in y-direction on a line at the top 
of the wall. The total displacement applied is 4 mm in 60 load steps. 
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4.2.2.3 Monitoring points 
The reaction force was monitored along the bottom support on a line located at the same z-
direction as the load is applied to get the same eccentricity at the bottom. Monitoring points 
placement in the wall for measuring deformations in the wall and strains in concrete and 
reinforcement are described in section 4.4 Parametric study. 
 
4.2.3 Material models 
4.2.3.1 Concrete 
To specify the concrete material properties was the material solid concrete with 
CC3DNonLinCementitious2 material prototype used in ATENA. That material prototype is 
fully incremental, Cervenka et al. (2015). The constitutive models for tensile (fracturing) and 
compressive (plastic) are combined in the fracture-plastic model that is used. This model is 
based on the classical orthotropic smeared crack formulation and crack band model, Cervenka 
et al. (2014). The model can treat Rankine failure criterion and exponential softening. The 
model can be used for fixed or rotated crack model. The hardening/softening plasticity model 
is based on Menétry-Willam failure surface. A return-mapping algorithm is used for the 
integration of constitutive equations that can treat the combination of the two models. When 
failure surfaces for both models are active is it also possible to use that algorithm. The algorithm 
also works when physical changes occur such as crack closure. The material model can simulate 
concrete cracking, crushing under high confinement and crack closure due to crushing in other 
material directions.  
 
De Borst (1986) referred in Cervenka et al. (2014) developed a method of strain decomposition 
that could combine fracture and plasticity models. That method guarantees a solution for all 
magnitudes of strain increment. The algorithm that combines both models cannot reach 
convergence in certain cases for example for softening and dilating materials. The algorithm is 
therefore extended by a variation of the relaxation method (iterative) to stabilize convergence, 
Cervenka et al. (2014). 
 
In the material properties the following parameters were adjusted and accounted for to fit the 
real structural member: 
 
The measured mean compressive cube strength, fcm,cube, by Popescu et al. (20015b) is 
transformed to a cylindrical mean compressive strength according to Cervenka and Jendele 
(2014) defined as, 

o7 = −0.85A7%,7Ppq (38) 

Shrinkage in the concrete generates initial tensile stress, Kristiawan (2006). To account for that 
a reduction of the tension strength (Ft) with 50% can be done according to Pryl and Cervenka 
(2015). According to Cervenka and Jendele (2014) defined as, 

oJ = 0,24A7%,7Ppq
U/r  (39) 

The energy needed to produce a crack with zero stress is the fracture energy, GF. That energy 
is defined of the tension strength and the crack width, Figure 29. The reduction of the tension 
strength also affects this parameter. According to Cervenka and Jendele (2014) defined as, 

ks = 0,000025oJ (40) 
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Figure 29: Exponential crack opening law, Cervenka et al. (2014). 

The elastic modulus (E) defines how the wall behaves in the initial part of loading. Higher 
values make the wall stiffer and vice versa. E-modulus is dependent on the stress and strain 
relation, Hook’s law. According to Cervenka and Jendele (2014) defined as, 

i = 6000 − 15,5A7%,7Ppq A7%,7Ppq (41) 

The compressive hardening/softening part of the model depends of the plastic strain parameter 
that define how large plastic strains the model allow at peak compressive strength, Figure 30. 
According to Cervenka and Jendele (2014) defined as,  

m7t =
o7
i  (42) 

It also depends on the onset of nonlinear behavior according to Cervenka and Jendele (2014) 
defined as, 

A7F = -Gu −2,1oJ;
2
3o7  (43) 

 

 
Figure 30: Hardening/softening law, Cervenka et al. (2014). 

The critical compressive displacement define the end of the softening curve, thus the plastic 
displacement wd. The default value 0.5 mm is determined of Van MIER (1986) by experiments, 
Cervenka et al. (2014). The slope of the curve is defined by the points at maximum stress and 
the limit compressive strain at zero stress, Figure 31. 
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Figure 31: Softening displacement law in compression, Cervenka et al. (2014). 

If the concrete structure consist reinforcement tension stiffening should be included in the 
material model. This effect account for cases when cracks in the concrete not fully can develop 
and then the concrete contributes to the steel stiffness. To account for that in ATENA is a 
tension stiffening factor (cts) specified so that the relative minimum tensile stress in the cracked 
concrete is according to Figure 32. Thus the tensile stress cannot drop below this stress. 

 
Figure 32: Tension stiffening, Cervenka and Jendele (2014). 

There is an option to use geometrical non-linearity or not in ATENA. If non-linearity is used 
the deformed geometry is considered in each iteration. If the deformed shape from the previous 
step is used and no consideration taken to the deformed shape in the actual step the geometrical 
linearity option should be chosen. The non-linearity option is used.  
 
To account for reduction of the compressive strength after cracks occur in the concrete is a 
fc,reduction factor defined. The reduction of the strength is in the direction parallel to the cracks. 
During large transverse strains is the constant fc,reduction in ATENA representing the maximum 
reduction of the strength. The default value is 0.2 based on the modified compression field 
theory by Collins.  
 
The material parameters were calculated according to Cervenka and Jendele (2014) that are 
based on the average compressive cube strength of the concrete, fcm,cube. 
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Table 7: Concrete parameters. 

Concrete	parameters	
E	 39834	 MPa	
υ	 0.2	 -	
Ft	 3.8	 MPa	
Fc	 -53.4	 MPa	
GF	 0.0000948	 MN/m	
εcp	 0.00134	 -	
fc0	 -8	 MPa	
wd	 -0.0005	 m	

fc,reduction	 0.8	 -	
ag	 16	 mm	

The material properties for the reinforcement are defined according to laboratory coupon tests 
presented in 3.2.2 Reinforcement. 
 

4.2.3.2 Steel 
The constitutive model for the steel (CC3DBiliniarSteelVonMises) used in the analysis is Von 
Mises plasticity model defined as a multilinear formulation, Figure 33. Von Mises plasticity is 
based on one parameter k. The definition of the yield function is defined as, 

ot e#{ = |U − _ mq}t = 0 (44) 

were |U is the second invariant of stress deviator tensor. The maximal shear stress is defined as, 

_ mq}t = 1
3 eg mq}t  (45) 

This function is based on the uniaxial yield stress defined as, 

eg mq}t = eg + Vmq}t  

 
(46) 

were eg is the yield stress, V is the hardening modulus and mq}t  is the equivalent plastic strain 
defined as, 

mq}t = 2
3 Δmt: Δmt

ÄÅÇÉ

#Ñ`
 (47) 

The equivalent plastic strain is a summation during the loading history of equivalent plastic 
strains. 
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From the coupon test a stress-strain curve is determined that is used to define a more accurate 
material model for the reinforcement, Figure 33. 
From the mean yield strength and strain is the elastic modulus calculated according to Hook’s 
law, 

i3 =
Ag%
mg%

= 226	k^. 

 

 
Figure 33: Stress-strain relation for reinforcement for both coupon tests and a simplified relation used for reinforcement in 
ATENA. 

The points that describe the curve used in ATENA are stated in Table 8. 

Table 8: Stress and strain values used in ATENA obtained from stress-strain curve in Figure 33. 

Stress Strain 

[MPa] [%] 
0 0.00 

632 0.28 
693 4.87 
692 7.13 
488 9.55 

8 10.60 

The steel plates at top and bottom are assigned with a solid elastic material that is perfectly 
elastic. 
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Initial material models 
This material model is used in a first step to see how close this model is to the laboratory tests. 
The side edges are here constrained in the z-direction on the surface. The ultimate load for the 
solid wall with this model is 3134 kN, 33% higher compared with the test. The displacement at 
point D1 is 9.4 mm, 43 % lower compared with the test. For the wall with small opening is the 
ultimate load 2603 kN, 73 % higher compared with the test. The displacement at point D1 is 
9.5 mm, 49 % lower compared with the test. The wall with large opening has an ultimate load 
of 1910 kN, 75 % higher compared with the test. The point D1 has a displacement of 5.9 mm, 
41 % lower compared with the test. This indicates that some parameters in the material model 
have to be more investigated to get a more accurate model. A sensitivity analysis was performed 
on different parameters in the concrete material model in a first step. To have a reference model, 
all parameters were chosen according to the concrete quality that the walls were aimed to have 
and generated in ATENA. The boundary conditions were the same as in the first step. 

Table 9: Concrete parameters. 

Concrete	parameters	
E	 32000	 MPa	
υ	 0.2	 -	
Ft	 2.9	 MPa	
Fc	 -53.4	 MPa	
GF	 0.0000724	 MN/m	
εcp	 -0.00097438	 -	
fc0	 -6.09	 MPa	
wd	 -0.0005	 m	

fc,reduction	 0.8	 -	
ag	 16	 mm	

 
Even those material properties overestimate the ultimate load and underestimate the 
displacements for all three walls. 
 
4.2.4 FEA-model compared to experimental test 
In the calibration process were only half of the walls modeled due to symmetry. The left half 
of the walls from the experimental test were modeled in the FEM-model and points measuring 
displacements and strains were placed and named according to the experimental test, see 
Figure 13. When measuring strains in the reinforcement in the FEA, two points 20 mm from 
the specified point was also measured. The strain gauges in the test could be displaced from 
the aimed location. Only one point is used because of small difference between the points. 
Since only the left half of the walls were modeled not all points from the experimental test are 
represented in the FEA. A summary of measuring points in the calibration models is 
presented in Table 10. 
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Table 10: Measuring points in wall models for the calibration process. 

Solid wall Small opening wall Large opening wall 

D1 Out of plane displacements D1 Out of plane displacements D1 Out of plane displacements 
D2 Out of plane displacements D2 Out of plane displacements D3 Out of plane displacements 
D4 Out of plane displacements D5 Out of plane displacements D4 In plane displacements 
D5 Out of plane displacements D6 In plane displacements A1 Out of plane displacements 
A1 Out of plane displacements A1 Out of plane displacements G1 Strain in reinforcement 
G1 Strain in reinforcement G1 Strain in reinforcement G2 Strain in reinforcement 
G2 Strain in reinforcement G2 Strain in reinforcement G3 Strain in reinforcement 
G3 Strain in reinforcement G3 Strain in reinforcement G4 Strain in reinforcement 
G4 Strain in reinforcement G4 Strain in reinforcement G5 Strain in reinforcement 
G5 Strain in reinforcement G5 Strain in reinforcement G6 Strain in reinforcement 
G6 Strain in concrete G6 Strain in reinforcement G7 Strain in concrete 
G7 Strain in concrete G7 Strain in concrete G8 Strain in concrete. 
    G8 Strain in concrete     

 
 
In the experimental test there were symmetry points, which means points that were located in 
the same place but on each side on a vertical symmetry line through the middle of the wall. In 
those cases both symmetry points are compared to the value from the FEA.  
 
4.2.4.1 Solid wall  
Ultimate load and displacements 
Ultimate load for the solid wall in the experimental test was 2363 kN compared to 2387 kN 
from the FEA, this gives a 1.0 % higher load in the FEA.  

Table 11: Displacements from experimental test and FEA for the solid wall.  

Displacements D1 D3  D2 D4 A1 A2 

Experimental test [mm] 16.7 16.1 19.0 11.9 -3.1 -3.3 
FEA [mm] 10.1 11.4 8.5 -3.3 
Difference [%] -39.2 -36.9 -39.7 -28.8 9.5 2.0 

 
The difference for point D1, D2, D3 and D4 are between 28.8% and 39.7% lower for the FEA 
than for the experimental test at failure. The difference in points A1 and A2 are 9.5% and 2.0% 
higher respectively in the FEA at failure. In Figure 34 load-displacement diagram for D1 is 
presented. 
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Figure 34: Load-displacement curves in point D1 both for experimental test and FEA for the solid wall.  

Up to about 80% of failure load from the experimental test is that curve above the FEA curve. 
Experimental test shows a higher value for the E-modulus for this part. After this the 
experimental test curve has a more ductile behavior and developed larger deformations than the 
FEA as the load increases. The intersection occurs close to when the curve starts to behave 
nonlinear and the FEA curve at D1 reach failure load at 39.2% and 36.9% less deformation than 
points D1 and D3 respectively in the experimental test. 
 
Strains in reinforcement and concrete 

Table 12: Strains in both reinforcement and concrete from experimental test and FEA for the solid wall. 

Strains G1 G2 G3 G4 G5 G6 G9 G7 G8 

Experimental test 
 [mm/m] 4.4 3.1 3.0 2.6 -0.7 -3.0 -2.5 -2.5 -2.4 

FEA  
[mm/m] 1.7 1.3 1.3 1.7 -0.8 -2.1 -2.1 

Difference  
[%] -61.6 -57.9 -57.3 -34.6 16.5 -31.2 -15.3 -18.0 -13.4 

 
In points G1-G4 the strain in the horizontal reinforcement are 34.6%-61.6% lower in the FEA 
at failure. For the vertical reinforcement the strain in point G5 is 16.5% higher for the FEA at 
failure. In points G6, G7, G8 and G9 the compressive strains in the concrete are 13.4%-31.2% 
lower in the FEA at failure. 
 
In Figure 35, Figure 36 and Figure 37 below is the load-strain diagram for G2, G5 and G7 are 
presented. 
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Figure 35: Load-strain curves for horizontal reinforcement in point G2 both for experimental test and FEA for the solid wall. 

In Figure 35 up to about 60% of the failure load from the experimental test the curves behaves 
very similar, the FEA curve continues to behave linear up to 90% of failure load. The strains 
are about 58% less in the FEA at failure than in the experimental test. In the experimental test 
the reinforcement yields in this point at failure and in the FEA the reinforcement does not yields 
in this point at failure.  
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Figure 36: Load-strain curves for vertical reinforcement in point G5 both for experimental test and FEA for the solid wall. 

In Figure 36 up to about 90% of the failure load from the experimental test the curves behaves 
very similar, after this both curves gets less compression strains but this behavior is clearer in 
the experimental test. At failure the experimental test goes from compressive strains to tension 
strains. At failure strains in experimental test is about 17 % higher than in the FEA. No yielding 
in the bars for none of the tests. 
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Figure 37: Load-strain curves for concrete in point G7 both for experimental test and FEA for the solid wall. 

The curves in Figure 37 show a very similar behavior up to failure, the experimental test shows 
slightly more deformations after 80% of failure load from the experimental test. The 
compressive strain in the concrete at point G7 in the FEA at failure is 18.0% and 13.4% lower 
than for points G7 and G8 respectively in the experimental test. The experimental test is above 
the yielding limit for the concrete, strains were 0.25%, and for the FEA they were very close, 
strains were 0.21%. 
 
Failure mode and crack patterns 
In the experimental test the concrete was crushing at failure and for the FEA it was crushing a 
bit after the peak load, but no yielding in the reinforcement were observed for the FEA 
compared to the experimental test were yielding occurred in all horizontal bars. Crack patterns 
for the FEA were similar to experimental test on the tension side of the wall, Figure 38. 
Diagonal cracks from the corners of the wall were developed with a crack with of 0.4 mm at 
failure. The horizontal crack in the middle of the wall was not so clearly and had 0.1 mm or 
smaller crack width.  
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Figure 38: Crack pattern at tension side for the solid wall in FEA to the left. The wall to the right is the solid wall from 
experimental test, Popescu et al. (2015b).   

On the compression side no clearly crack pattern could be observed except some cracks in the 
corners of the wall. In the experimental test diagonal tensile cracks were 0.2 mm, which gives 
about 100% larger crack width in the FEA compared to the experimental test. 
 
4.2.4.2 Wall with small opening 
Ultimate load and displacements 
Ultimate load for the solid wall in the experimental test was 1500 kN compared to 1625 kN 
from the FEA, this gives 8.3 % higher load in the FEA.  

Table 13: Displacements from experimental test and FEA for the small opening wall. 

Displacements D1 D4 D2 D3 D5 D6 A1 A2 

Experimental test [mm] 22.9 14.7 26.8 18.6 14.6 6.6 -3.3 -2.6 
FEA [mm] 8.1 9.4 6.7 2.0 -3.3 
Difference [%] -64.7 -45.0 -64.9 -49.3 -54.2 -69.9 1.8 26.5 

 

The difference for points D1, D2, D3, D4, D5 and D6 are between 45.0% and 69.9% lower for 
the FEA than for the experimental test at failure. The difference in points A1 and A2 are 1.8% 
and 26.5% higher respectively in the FEA at failure. In Figure 39 is the load-displacement 
diagram for D1 is presented.  
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Figure 39: Load-displacement curves in point D1 both for experimental test and FEA for the small opening wall. 

The experimental test and FEA curves in Figure 39 do not behave similar. The experimental 
test shows a lower value for the E-modulus and has larger deformations at failure. The FEA 
curve in point D1 reach failure load with 64.7% and 45.0% less deformation than points D1 
and D4 respectively in the experimental test. The experimental curve shows a more ductile 
behavior than the FEA, but it also shows big differences between D1 and D4. Deformations in 
D1 are 56% larger than the deformations in D4.  
 
Strains in reinforcement and concrete 

Table 14: Strains in both reinforcement and concrete from experimental test and FEA for the small opening wall. 

Strains G1 G2 G3 G4 G5 G6 G7 G10 G8 G9 

Experimental test 
[mm/m] 0.6 -1.2 1.4 2.6 0.1 3.0 -0.7 -0.6 -2.7 -2.4 

FEA  
[mm/m] 0.3 -0.6 0.1 0.9 -0.7 0.8 -1.7 -1.7 

Difference 
[%] -36.9 -48.2 -95.7 -66.5 -1269.8 -73.6 149.4 194.6 -36.0 -28.7 

 
In points G1, G3, G4 and G6 the strain in the horizontal reinforcement are between 36.9%-
95.7% lower in the FEA than in the experimental test at failure. For the vertical reinforcement 
the strain in point G2 and G5 are 48.2% and 1269.8% lower for the FEA than the experimental 
test at failure. In points G7 and G10 the compressive strains in the concrete are between 149.4% 
and 194.6% higher respectively in the FEA at failure. In points G8 and G9 the compressive 
strains in the concrete are between 36.0% and 28.7% lower respectively in the FEA at failure. 
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In Figure 40, Figure 41 and Figure 42 below load-strain diagram for G4, G5 and G8 is shown, 
for the remaining diagrams see Appendix A4. 
 

 
Figure 40: Load-strain curves for horizontal reinforcement in point G4 both for experimental test and FEA for the small 
opening wall. 

In Figure 40 up to about 85% of the experimental failure load the curves behave very similar. 
The FEA curve starts to behave nonlinear after this and goes to failure when the strains are 
about 67% smaller than for the experimental test. The experimental test curve develops large 
strains at about 90% of the experimental failure load. In the experimental test the reinforcement 
yields in this point at failure and in the FEA the reinforcement does not yields in this point at 
failure.  
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Figure 41: Load-strain curves for vertical reinforcement in point G5 both for experimental test and FEA for the small opening 
wall. 

In Figure 41 up to about 60% of the experimental failure load the curves behave very similar, 
after this the FEA curve continues to behave linear up to failure. The compressive strains in 
experimental curve decreases and at failure the reinforcement is in tension. The difference in 
strains at failure is large due to compression strains in the FEA and tension strains in the 
experimental test. The difference at failure is about 1270%. No yielding in the reinforcement 
bars at failure. 
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Figure 42: Load-strain curves for concrete in point G8 both for experimental test and FEA for the small opening wall. 

The curves in Figure 42 show similar behavior up to 85% of experimental failure load. The 
FEA curve continues to behave linear up to failure load where the strains in G8 is 36.0% and 
28.7% lower compared to points G8 and G9 respectively in the experimental tests. The 
experimental test behaves more nonlinear after 85% of experimental load with more increasing 
strains than the FEA curve. The experimental test is above the yielding limit for the concrete, 
strains were 0.28%, and for the FEA they were under, strains were 0.17%. 
 
Failure mode and crack patterns 
For the experimental test the concrete was crushing at failure load and a bit after the peak load 
for the FEA. The crack pattern for the FEA was similar to the left pier in Figure 19 for the 
compression side and the right pier for the tension side. The failure mode was similar to a wall 
restrained on three sides. Figure 43 show a comparison of the crack pattern at tension side for 
the FEA and the experimental test. 
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Figure 43: Crack pattern at tension side for the  wall with small opening in FEA to the left. The wall to the right is wall with 
small opening from experimental test, Popescu et al. (2015b).  

Diagonal cracks are developed from the corners and the crack width were about 1.0 mm for the 
FEA. The horizontal crack in the middle of the wall from the opening was not so clearly and 
had about 0.3 mm or smaller crack width. On the compression side no clearly crack pattern 
could be observed except some cracks in the corners of the wall. 
 
4.2.4.3 Wall with large opening 
Ultimate load and displacements 
Ultimate load for the solid wall in the experimental test was 1180 kN compared to 1244 kN 
from the FEA, this gives a 5.4 % higher load in the FEA.  

Table 15: Displacements from experimental test and FEA for the large opening wall. 

Displacements D1 D2 D3 D4 A1 A2 
Experimental test [mm] 8.7 11.4 9.5 7.4 -1.7 -3.5 
FEA [mm] 8.3 6.3 2.4 -3.2 
Difference [%] -4.7 -26.9 -34.1 -68.1 86.1 -8.7 

 
The differences for points D1, D2, D3 and D4 are between 4.7-68.1% lower for the FEA than 
for the experimental test at failure. Point A1 has 86.1% higher deformation in the FEA and 
point A2 has 8.7% lower deformation in the FEA at failure. In Figure 44 load-displacement 
diagram for D1 is shown, for the remaining diagrams see Appendix A5. 
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Figure 44: Load-displacement curves in point D1 both for experimental test and FEA for the large opening wall. 

 
The experimental test and FEA curves in Figure 44 behave very similar. The E-modulus is 
about the same value up to 70% of the experimental test failure load that also is where it is 
linear. After this the experimental test deforms more rapidly and the curve shows more ductility 
and all curves behave more nonlinear. The deformation in D1 is 4.7% and 26.9% larger at 
failure for the experimental test in points D1 and D2 respectively than the FEA. The 
experimental curve shows a more ductile behavior than the FEA and it also show some 
differences between D1 and D2. Deformations in D2 are 10% larger than the deformations in 
D1.  
 
Strains in reinforcement and concrete 

Table 16: Strains in both reinforcement and concrete from experimental test and FEA for the large opening wall. 

Displacements G1 G2 G3 G4 G5 G6 G7 G10 G8 G9 
Experimental test 

[mm/m] 0.6 -1.7 3.2 -0.9 1.9 2.5 -1.1 -1.6 -3.9 -0.7 

FEA 
[mm/m] 0.5 -0.8 0.0 -0.8 1.2 1.1 -1.9 -1.8 

Difference 
[%] -9.1 -55.4 -99.2 -12.2 -38.1 -57.9 75.3 21.2 -52.9 148.1 

 
In points G1, G3, G5 and G6 the strain in the horizontal reinforcement are between 9.1%-99.2% 
lower in the FEA than in the experimental test at failure. For the vertical reinforcement the 
strain in point G2 and G5 are 55.4% and 38.1% lower for the FEA than the experimental test at 
failure. In points G7, G9 and G10 the compressive strains in the concrete are between 21.2-
148.1% higher in the FEA at failure and in point G8 the compressive strain is 52.9% lower in 
the FEA at failure. 
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In Figure 45, Figure 46 and Figure 47 below load-strain diagram for G4, G5 and G8 is shown, 
for the remaining diagrams see Appendix A5. 
 

 
Figure 45: Load-strain curves for horizontal reinforcement in point G4 both for experimental test and FEA for the large 
opening wall. 

Both curves in Figure 45 behave similar, the FEA has slightly higher inclination on the curve 
but both behave linear up to failure. The difference in strain at failure is about 12.2% and no 
yielding in the reinforcement bars at failure. 
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Figure 46: Load-strain curves for vertical reinforcement in point G5 both for experimental test and FEA for the large opening 
wall. 

In Figure 46 up to about 90% of the experimental failure load the curves behave very similar 
and linear with same inclination on the curves. Both curves develop large deformation before 
failure and the FEA goes to failure when the strains are about 38.1% smaller than for the 
experimental test. None of the curves are at yielding at failure. 
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Figure 47: Load-strain curves for concrete in point G8 both for experimental test and FEA for the small opening wall. 

The curves in Figure 47 show similar behavior up to 90% of experimental failure load. The G8 
curve has a flatter inclination than G9 and the FEA. G9 and the FEA curve follow each other 
up to failure load for the experimental test. The G9 curve shows decreasing compression strains 
in the concrete after failure. All curves behave linear with some nonlinearity close to failure at 
about 90% of experimental failure load. When comparing the strains at point G8 in the FEA 
with experimental test points G8 shows 52.9% lower strains and G9 shows 148.1% higher 
strains in the experimental test. The experimental test is above the yielding limit for the concrete 
for curve G8, strains were 0.37%, and for the FEA they were under, strains were 0.19%. 
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Failure mode and crack patterns 
The crack pattern at tension side for the FEA was a bit different to the one for the experimental 
test, see Figure 48.  
 

       
Figure 48: Crack pattern at tension side for the  wall with large opening in FEA to the left. The wall to the right is wall with 
large opening from experimental test, Popescu et al. (2015b). 

The experimental one had a large crack between the upper corner of the opening and the upper 
corner of the wall. In the FEA diagonal cracks were developed from the corners of the wall and 
a half circle crack pattern was created from the upper corner to the bottom corner. A beginning 
of a crack between upper corner on door opening and upper corner on the wall could be 
observed. The diagonal cracks in the FEA had a crack width up to 0.4 mm and the crack from 
the door opening had a crack width about 0.3 mm. 
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4.2.4.4 Analysis of walls 
The load-displacement diagrams for both FEA and experimental test at D1 are presented in 
Figure 49. 
 

 
Figure 49: Load-displacement diagram in point D1 for the FEA and  from the experimental test (mean values). 
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Solid wall 
The difference in the initial stiffness in the D1-diagram is to some extent that initially negative 
deformations are measured in the experimental test. This is due to settlements of the test-rig. 
The experimental tests have a more ductile behavior during the nonlinear part of the load-
displacement curve. In the FEA all materials and the boundary conditions are idealistic but in 
reality they are not. Therefore, the FEA as expected is more rigid than the experimental test. In 
the calibration process a more ductile behavior was aimed for but when a more ductile behavior 
was reached also the failure load increased. For the solid wall this was still in an acceptable 
range but for the wall with small opening the difference between FEA and experimental test 
became over 10 %. The lack of ductility in the FEA could also be due to errors in the boundary 
conditions. A less rigid wall was tried to be obtained with the spring supports. The deflection 
of the frame in A1 and A2 indicated that the wall was not 100 % restrained along the side edges. 
But according to Popescu1 it was not clearly how the frame was deformed, it could either be 
translation of the whole side beam of the rig or bending so the deformation in A1 and A2 were 
only in that point and not for the whole edge. The frame could also have been exposed of 
torsion. Either way the spring behavior in the experimental test may not have been linear which 
indicate in Appendix A3 but when the spring is modeled in ATENA (Version 5.3.2) (2015) it 
had a linear behavior. This affects the deformation of the wall. The difference in ductility is 
significantly larger than the difference in the failure load, this could be explained by the larger 
rigidity in the FEA. The two experimental test curves are very similar for D1 and G7 so the 
reliability in the test is good, it shows that the wall has deformed symmetrically. The other load-
deflection curves that are submitted, see Appendix A3, shows similar difference between FEA 
and experimental test, the same reasoning as above applies for those cases also.  
 
The load-strain curves for G2 and G5 shows a very good calibration for the linear part. In G5 
the reinforcement bar probably starts to bend near the maximum deflection of the wall. The 
compressive strains in the reinforcement were decreasing due to this bending forces, in the FEA 
analysis the deformations are not so large compared to the experimental test so the 
reinforcement bar do not reach bending. In G2 the strains increase more rapidly for the 
experimental test after the linear part, this could also be explained by the larger deformations 
reached in the experimental test due to less rigidity and more ductility. The G7 diagram shows 
that the wall in the experimental test has the same load-strain behavior in the symmetry points 
that indicates in a good test. The FEA curve follows the experimental test very well and this 
indicates in a good calibration. The other measuring point in Table 12 shows similar differences 
for both reinforcement strains and concrete strains as discussed points above.  
 
Wall with small opening  
As discussed for the solid wall above also the wall with small opening had a more ductile 
behavior than in the FEA and showed a more rigid behavior than the experimental test. This 
can be explained by the same reasoning as for the solid wall. The difference in displacement 
between the experimental test and the FEA is larger for the wall with small opening than for 
other walls. The difference in failure load is also larger for the wall with small opening than the 
other walls. The larger differences for the wall with small opening could be explained partly by 
the less ductility and more rigidity for the FEA but also by some errors in the experimental test. 
In Figure 39 the out of plane displacement for D1 shows a large difference in the experimental 
test between the symmetry points. The initial rigidity is higher for the FEA than the 
experimental test but the rigidity also shows difference between the symmetry points in the 
experimental test. If the test would be performed without errors the curves for the symmetry 

                                                
1 Cosmin Popescu, PhD Student LTU, comment Oct 2015 
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points should follow each other better. This difference could be explained by some errors in the 
materials in the wall or by how the load was applied. If the load were applied with more 
eccentricity on one end of the wall it could lead to this unsymmetrically deformation. It could 
also be discussed if the small opening wall should have larger deformations at failure than the 
solid wall, Figure 49 above shows that the small opening wall had the largest deformations and 
the solid wall the second largest followed by the wall with large opening. Figure 49 above is 
plotted from the FEA and there a clearer pattern is observed where the solid wall has the largest 
out-of-plane deformations in D1 and the walls with small and large opening had almost the 
same deformation. Many things points on that some errors have occurred in the test on the wall 
with small opening and if the deformations would have been smaller for the wall with the small 
opening than for the solid wall in the experimental test, or at least the symmetry points had 
similar deformations, the differences between the FEA and the experimental test would not 
have been so significant. If the wall with the small opening would have a better symmetry 
between symmetry points and also the deformations would have been smaller at failure also the 
failure load may had been larger. This would have given a load-displacement curve more 
similar to the FEA curve and the calibration for this wall would have been better.  
 
Point D6 measured in-plane displacements and the load-displacement curve at first shows 
negative deformations, Appendix A4 This is probably due to rotation of this point when the 
wall was bending and the out-of-plane displacement was larger than the in-plane deformations. 
Then the point shows positive deformations as the deformations above the opening gets larger. 
The negative displacement at the beginning could also be explained by the deformation of the 
test rig as mentioned above and indicate that the test rig could have rotated around the x-axis. 
The FEA curve for D6 do not shows this behavior as the spring support is modeled as a 
translation in z-direction and not as a rotation. 
 
The strains in the reinforcement also show a larger difference for the wall with small opening 
than the other walls. Points G1 and G4 in the horizontal reinforcement shows a good calibration 
for the linear part. Generally the reinforcement in the FEA shows smaller strains at failure than 
the experimental test. The other point in the horizontal reinforcement G3 and G6 do not show 
a good calibration, Appendix A4 G3 show in the FEA very small strains compared to the 
experimental test where the reinforcement was exposed for more bending. The FEA had a linear 
behavior and the experimental test showed a more nonlinear behavior. In point G6 for the 
experimental study the reinforcement first showed compression strains and at about 66 % of 
the failure load tension strains were shown. The FEA showed similar behavior as the other 
points in the horizontal reinforcement. This point is the only point were compression strains 
were measured in the horizontal reinforcement for all three walls that indicate on some 
abnormal results.  For the points G2 and G5 in the vertical reinforcement the FEA showed linear 
behavior for both points. In G2 the inclination of the curve was not as similar to the FEA as the 
strains were larger, Appendix A4. G2 were on the side of the opening where the displacement 
was smaller and the larger strains could be explained by that the other side were deflecting 
much more and more bending occurred on that side. The left side had therefore more 
compression strains because it did not bend in the same way as the right side. 
 
The point for measuring strains in the concrete, point G7 and G8, shows similar curves for the 
symmetry points in the experimental test but do not follows the FEA curves very well. For point 
G7 the experimental curves show a linear behavior up to failure and the FEA shows some 
nonlinear behavior near failure, appendix A4 The FEA also shows larger strains at failure. G8 
shows a more similar behavior of the curves between the FEA and the experimental test. 
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The failure mode is also different between the FEA and the experimental test. The experimental 
test has a nonsymmetrical failure where the failure mode of the right side is more like the failure 
as the wall with large opening. The failure mode on the left side is more similar to the failure 
mode in the FEA. 
 
Wall with large opening 
For D1 shown in Figure 44 the curves for the symmetry points shows some differences in the 
experimental test. However not as for the wall with small opening. The FEA curve in D1 shows 
a good calibration as both the E-modulus and the ductility are similar as the experimental test. 
As for the other two walls the same reasoning for the differences in rigidity of the wall are valid 
for this wall also as the same test rig are used for all walls. The displacement in D3 also shows 
a good calibration for the linear part with similar E-modulus but then the FEA curve shows 
more rigidity and less ductility, Appendix A5. The in-plane displacement in D4 has similar 
behavior in the curve but less displacement in the FEA, Appendix A5. The differences between 
experimental test and FEA are similar to the ones as for the solid wall and smaller than the wall 
with small opening.  
 
The curves for the horizontal reinforcement in points G1, G5 and G6 shows a very similar 
behavior in the load-strain diagrams and the curves for experimental test and FEA follows each 
other very well, Appendix A5. The nonlinear behavior is also similar but the strains are a little 
bit larger for the experimental test. In point G3 the FEA shows very small strains compared to 
the experimental study as for the wall with small opening. The deformation in D4 was smaller 
in the FEA and therefore also the strains became smaller. The strains in the vertical 
reinforcement measured in points G2 and G4 shows similar linear behavior between the 
experimental test and FEA. G2 shows larger strains for the experimental test as it also did for 
the wall with small opening in this point because it had a lower inclination in the load-strain 
curve. In G4 the strains very more similar at failure and the inclination very slightly lower for 
the experimental test.  
 
For the strains measured in the concrete the curves are similar between the FEA and the 
experimental test. For both G7 and G8 the curve from the FEA is between the two symmetry 
curves from the experimental test. The behavior is also very similar between the FEA and the 
experimental test.  
 
The crack pattern in the experimental test was symmetrically. The failure mode in the FEA was 
the same as for the experimental test that indicates that the calibration was good. 
 
4.3 Sensitivity analysis 
4.3.1 Materials sensitivity 
To account for shrinkage in the concrete the tensile strength can be reduced by 50% according 
to Pryl and Cervenka (2015). This reduction decreases the ultimate load with 8.3% for the solid 
wall, 6.3% for the wall with small opening and 7.6% for the wall with large opening. The 
displacement in D1 decreases with 2.3% for the solid wall, increase with 8.3% for the wall with 
small opening and 0.5% for the wall with large opening. This reduction of the tensile strength 
also reduces the onset of crushing with 50%. That reduction does not affect the ultimate load 
for none of the three walls. However, the displacement at D1 increase with 7.1% for the solid 
wall, and for the wall with small opening and with 3.7% for the wall with large opening. 
 
The fracture energy measured in laboratory increase the ultimate load with 4% and the 
displacement in D1 was not affected for the solid wall. For the wall with small opening 
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increases the ultimate load with 1.8% and the displacement decrease with 10.9%. The ultimate 
load for the wall with large opening was not affected but the displacement decrease with 13.9%. 
The reduction of the tensile strength also affect the fracture energy calculated according to 
equation (40) with 50%. That reduction decreases the ultimate load with 4.5% and the 
displacement in D1 with 6.7% for the solid wall. For the wall with small opening is the ultimate 
load 6.3% lower and the displacement is 17.1% lower. The ultimate load for the wall with large 
opening is decreased with 6.8% and the displacement with 17.8%. 
 
The elastic modulus was also investigated for a 25% lower value and the calculated value 
according to equation (41) with fcm,cube. For a lower elastic modulus the ultimate load is 
decreased with 9.5% for the solid wall, decreased with 7.6% for the wall with small opening 
and decreased with 2.7% for the large opening. The displacement for the solid wall increase 
with 20.7 % for the solid wall, 9.4% for the wall with small opening and 11% for the wall with 
large opening. The higher value increases the ultimate load with 6.1% for the solid wall, 4.1% 
for the wall with small opening and 1.3% for the wall with large opening. The displacement 
decreases with 2.3% for the solid wall, 12.4% for the wall with small opening and 20.7% for 
the wall with large opening. 
 
When the plastic strain is calculated according to equation (42), thus increased with 40%. The 
ultimate load decreases with 4% for both the solid wall and the wall with small opening. For 
the wall with large opening the ultimate load is not affected. The displacement increases with 
8.4% for the solid wall, 14.6% for the wall with small opening and 8.9% for the wall with large 
opening. 
 
The critical compressive displacement (wd) was increased with 60% and decreased with 40% 
to see the sensitivity of that parameter. With the increased value for the solid wall is the ultimate 
load not affected but the displacement increases with 3.5%. For the decreased value is the 
ultimate load decreased with 1.6% and the displacement is decreased with 7.9%. For the wall 
with small opening with increased wd is the ultimate load 1.8% lower and the displacement is 
4.6% lower. For a decreased wd is none of the ultimate load and the displacement affected. The 
wall with large opening is not affected of an increased wd in a significant way. But a decreased 
wd decreases both the displacement and the ultimate load with 21% respectively 3%. 
 
To get a more ductile part of the load-displacement curve the tension stiffening function in 
ATENA is analyzed to see how that affects the result. If the tension stiffening factor that 
prescribe the minimum allowed tensile stress is increased from 0.005 to 0.01 is the ultimate 
load and the displacement at D1 for the solid wall increased with 2%. For the wall with small 
opening is the ultimate load not affected but the displacement at D1 increased with 7%. For the 
wall with a large opening is the ultimate load increased with 1% and the displacement increased 
with 4.5%. 
 
The factor for reduction of the compression strength influences both the ultimate load and the 
displacement of the wall. If the fc,reduction is increased from 0.2 to 0.8 increases the ultimate load 
for the solid wall with 3% and the displacement at D1 decreases with 24.8%. For the wall with 
small opening increases the ultimate load with 3% and the displacement at D1 with 11.7%. The 
wall with large opening shows an increased ultimate load of 4% and a decreased displacement 
at D1 with 8.7%. 
 
The parameters that had the most influence on the ultimate load on the walls were load 
eccentricity, the reduction of tensile strength due to shrinkage in concrete and the elastic 
modulus. The parameters that had the most influence on the displacement was the load 
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eccentricity and the fracture energy. The parameters that were chosen to be used in the FEA is 
stated in chapter 4.3.4 Summary of sensitivity analysis. 
 

4.3.2 Mesh sensitivity  
The size of the mesh plays an important role in the result from the FEA, a smaller mesh gives 
generally a more precise result than a larger mesh. A too large mesh size could give values that 
differ significantly compared to a small mesh, but a smaller mesh could on the other hand take 
much longer time for the computer to calculate. It is therefore important to find a mesh size that 
is small enough to give accurate result and that not are too time consuming to calculate. When 
a parametric study is made it is often a lot of different calculations that need to be made, 
therefore you want a model that do not have too small mesh size. 
 
Four different types of mesh were investigated for all three walls. The element type is hexahedra 
so they were three dimensional and the ratios of the finite elements for the different meshes 
were 1:3:3 (thickness : width : height) and 1:2:2. The first number is the length over the 
thickness of the wall and the second and third number is the length of the element over the 
length and height of the wall, see Figure 50. 

 
Figure 50: The two different element configurations used in the mesh sensitivity analysis. 

Three different mesh sizes were investigated for the ratio 1:3:3 and one mesh size for the ratio 
1:2:2. The three meshes tried for the first mentioned ratio where 15:45:45, 10:30:30 and 7. 
5:22.5:22.5, the numbers are the side lengths in millimeters. For the other ratio 10:20:20 were 
investigated. The different meshes are plotted in a load-displacement diagram in point D1, see 
Figure 51, also the experimental values for these point are plotted in the same diagram. 
 
4.3.2.1 Solid wall 
When decreasing the mesh size from 15:45:45 the load and displacement gave a more accurate 
result, see Figure 51. When the mesh size is decreased from 10:30:30 to 10:20:20 the failure 
load and displacement at failure is increased with 7.3 % and 11.0 % respectively. Changing the 
mesh from 10:20:20 to 7.5:22.5:22.5 decreases the failure load and displacement at failure by 
4.9 % and 6.9 % respectively. The calculation time increases when changing mesh size from 
10:30:30 to 10:20:20 by 5.3 % and from 10:20:20 to 7.5:22.5:22.5 by 100.0 %. 
 
Compared to the experimental tests mesh sizes 10:30.30 and 7.5:22.5:22.5 both had lower 
failure load by 5.9 % and 3.9 % respectively. Mesh size 10:20:20 had a larger failure load by 
1.0 %. The displacement for the experimental test is taken as a mean value between D1 and D3 
and for the same mesh sizes as above in order 10:30:30, 10:20:20, 7.5:22.5:22.5 all had lower 
displacements by 44.5 %, 38.4 % and 42.7 % respectively.  
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Figure 51: Load-displacements curves for different mesh sizes in point D1 for the solid wall. Curves from symmetry points 
D1 and D3 from the experimental test are named thereafter, different mesh sizes are named after size on element sides. 

 
4.3.2.2 Wall with small opening 
When decreasing the mesh size from 15:45:45 the load and displacement gave a more accurate 
result as for the solid wall, see Figure 52. When the mesh size is decreased from 10:30:30 to 
10:20:20 the failure load decreased and displacement at failure increased with 1.2 % and 1.3 % 
respectively. Changing the mesh from 10:20:20 to 7.5:22.5:22.5 increases the failure load and 
displacement at failure by 1.9 % and 29.6 % respectively. The calculation time increases when 
changing mesh size from 10:30:30 to 10:20:20 by 189.4 % and decreases when changing from 
10:20:20 to 7.5:22.5:22.5 by 5.5 %. 
 
Compared to the experimental tests mesh sizes 10:30.30, 10:20:20 and 7.5:22.5:22.5 had all 
larger failure loads by 9.6 %, 8.3 % and 10.4 % respectively. The displacement for the 
experimental test is taken as a mean value between D1 and D4 and for the same mesh sizes as 
above all had lower displacements by 57.0 %, 56.5 % and 43.5 % respectively. 
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Figure 52: Load-displacements curves for different mesh sizes in point D1 for the wall with small opening. Curves from 
symmetry points D1 and D4 from the experimental test are named thereafter, different mesh sizes are named after size on 
element sides. 

 
4.3.2.3 Wall with large opening 
When decreasing the mesh size from 15:45:45 the load and displacement gave a more accurate 
result as for both the solid and small wall, see Figure 53. When the mesh size is decreased from 
10:30:30 to 10:20:20 the failure load increases and displacement at failure decreases with 1.5 
% and 4.6 % respectively. Changing the mesh from 10:20:20 to 7.5:22.5:22.5 increases the 
failure load and displacement at failure by 3.5 % and 16.9 % respectively. The calculation time 
increases when changing mesh size from 10:30:30 to 10:20:20 by 4.5 % and decreases when 
changing from 10:20:20 to 7.5:22.5:22.5 by 13.9 %. 
 
Compared to the experimental tests mesh sizes 10:30.30, 10:20:20 and 7.5:22.5:22.5 had all 
larger failure loads by 3.89 %, 5.4% and 9.1 % respectively. The displacement for the 
experimental test is taken as a mean value between D1 and D2 and for the same mesh sizes as 
above all had lower displacements by 17.1 %, 21.0 % and 7.6 % respectively.  
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Figure 53: Load-displacements curves for different mesh sizes in point D1 for the wall with large opening. Curves from 
symmetry points D1 and D2 from the experimental test are named thereafter, different mesh sizes are named after size on 
element sides. 

 
4.3.2.4 Mesh size 
The most accurate mesh size that is used in the parametric study is 10:20:20. When a smaller 
mesh is used as in this case generally it gives a higher failure load and larger displacement than 
a larger mesh size. When a smaller mesh is used there are more nodes in the model that means 
more calculation points. This gives a better stress distribution in the model because the peak 
stresses can be concentrated to smaller areas and therefore a higher failure load can be obtained. 
This pattern can be seen in the mesh sensitivity analysis with some deviations.  
 
For the solid wall 10:20:20 gave the highest deformation and highest failure load that indicates 
that it is the most accurate mesh. It was also closest to the experimental tests for the solid wall.  
 
For the small opening wall 10:20:20 had lower failure load than both 10:30:30 and 
7.5:22.5:22.5. The differences were small, only by 1.2 % and 1.9 %. The displacement was 
larger than for 10:30:30 but smaller than for 7.5:22.5:22.5. Also for the small opening 10:20:20 
was closest to the experimental test for the failure load, but for displacement 7.5:22.5:22.5 was 
closer. 
 
For the large opening mesh 10:20:20 had higher failure load but smaller displacement than 
10:30:30 Mesh 7.5:22.5:22.5 had both higher failure load and larger displacement than 
10:20:20. 10:20:20 did not have the closest failure load or displacement compared to 
experimental tests. 
 
For the large opening 10:20:20 may not seems like the most suitable mesh size but overall with 
all three walls taken in consideration mesh size 10:20:20 is the most accurate one. The 
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calculation time was not a crucial parameter for determine which mesh size that should be 
chosen. The longest calculation time was 40 minutes which is acceptable. For a mesh size 
smaller than 7.5:22.5:22.5 the calculation time became very long for the solid wall and therefore 
no smaller mesh than this was investigated. 
 
4.3.3 Geometrical sensivity 
Another parameter that may influence the behavior of the walls is the eccentricity of the load. 
In the test is the predicted eccentricity t/6. But it may be some different in reality. Since the 
load is overestimated and the displacement is underestimated in FEA is it probably a higher 
eccentricity in the test than they prescribe in the test. A sensitive analysis for 10%, 20% and 
30% higher eccentricity was performed to see how big influence that parameter has on the 
behavior. The ultimate load decrease for all cases and the displacement increases also. The 
ultimate load for the solid wall increases with 5% for e = 11 mm, 11% for e =12 mm and 15% 
for e = 13 mm. The displacement at D1 increases with 1.1% for both e = 11mm and e = 12 mm 
and for e = 13mm with 2.2%. For the wall with small opening decreases the ultimate load with 
5% for e = 11mm, 10% for e = 12mm and 13% for e = 13mm. The displacement at D1 increases 
with 8.2% for e = 11mm, 1.9% for e = 12mm and 21.2% for e = 13mm. For the wall with a 
large opening decreases the ultimate load with 3% for e = 11mm, 6% for e = 12mm and 11% 
for e = 13mm. The displacement increases with 29.8% for e = 11mm, 64.9% for e = 12mm and 
63.1% for e = 13mm. 
 
The last property analyzed is if geometrical non-linearity is ignored or not. If calculation 
account for geometrical non-linear is the ultimate load decreased with 3% for the solid wall and 
the wall with large opening. For the wall with small opening the ultimate load is decreased with 
2%. The displacement for the solid wall and the wall with small opening decreases with 1%. 
The displacement at D1 is not affected for the wall with large opening. 
 
4.3.4 Summary of sensitivity analysis 
After the benchmark process the following parameters were used in the FEA. 
 
Elastic modulus, 

i = 32000	Ö^. 
To fit the test curves in an accurate way is the value generated from the concrete quality that 
the walls were aimed to have the most accurate one. 
 
Tension strength, 

oJ = 1.9	Ö^. 

The tension strength value is based on equation (39) and reduced by 50% to take care of 
shrinkage in the concrete. 
 
Compressive strength, 

o7 = −53.4	Ö^. 

The compressive strength is chosen according to the tested value fcm,cube, Popescu et al. (2015b), 
calculated according to equation (38). 
 
Fracture energy, 

ks = 4.74 ∙ 10Üá	Ö>/- 
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The fracture energy is based on equation (40) were the tension strength is reduced due to 
shrinkage. 
 
Plastic strain, 

m7t = −0.00167 

The plastic strain is based on equation (42) with compressive strength according to tests and 
the chosen value on the elastic modulus above. 
 
Onset of crushing, 

A7F = −3.98	Ö^. 
The onset of crushing is based on equation (43) and the compressive strength according to tests 
and also the reduced tensile strength. 
 
Critical compressive displacement, 

à@ = −0.0008	- 

The critical compressive displacement is chosen according to how close the FEM-model 
behaves to the test models that are analyzed above in the sensitive analysis.  
 
Reduction factor of compressive strength, 

A7,âq@P7J#K& = 0.2 

The reduction factor of compressive strength is chosen according to how close the FEM-model 
behaves to the test models that are analyzed above in the sensitive analysis. 
 
Eccentricities, 

$3Kä#@ = 10	-- 

$Ktq&#&ã3 = 13	-- 

Those eccentricities are chosen based on the accuracy of the FEA compared to the tests. 
 
Aggregate size, 

.ã = 16	-- 

Chosen according to the drawings of the walls, Popescu et al. (2015b). 
 
Poisson’s ratio, 

j = 0.2 

Default value for concrete. 
 
Tension stiffening factor, 

åJ3 = 0.01 

The tension stiffening factor is chosen according to how close the FEM-model behaves to the 
test models that is analyzed above in the sensitive analysis. 
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The calculation is chosen to account for geometrical non-linearity due to the accuracy of the 
FEA. 
 
4.4 Parametric study 
To analyze how a concrete wall behaves when the load is applied with different eccentricities 
for different sizes of door openings a parametric study was performed in ATENA (Version 
5.3.2) (2015). The model from the benchmark process is used. 
 
Four different load eccentricities are analyzed, 

$` = 0	--  

$U = 10	--  

$r = 15	--  

$ç = 30	--  

 
All eccentricities are analyzed for seven different walls. The out of plane displacements are 
measured in three points D1-D3, in plane displacements at D4 for the walls with openings, 
strains in the concrete on the compression side at three points C1-C3 and the maximum strains 
in the reinforcement bars R1-R3. The measurement points are defined in Figure 54 to Figure 
60. 
 
One solid wall, 

 
Figure 54: Measuring points/bars for displacements and strains in concrete and reinforcement and dimensions for the solid 
wall. 

and six walls with different door openings, 

é` = 450	-- 
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Figure 55: Measuring points/bars for displacements and strains in concrete and reinforcement and dimensions for the wall 
with opening D1. 

éU = 630	-- 

 
Figure 56: Measuring points/bars for displacements and strains in concrete and reinforcement and dimensions for the wall 
with opening D2. 
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ér = 810	-- 

 
Figure 57: Measuring points/bars for displacements and strains in concrete and reinforcement and dimensions for the wall 
with opening D3. 

éç = 900	-- 

 
Figure 58: Measuring points/bars for displacements and strains in concrete and reinforcement and dimensions for the wall 
with opening D4. 
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éá = 1080	-- 

 
Figure 59: Measuring points/bars for displacements and strains in concrete and reinforcement and dimensions for the wall 
with opening D5. 

éè = 1350	-- 

 
Figure 60: Measuring points/bars for displacements and strains in concrete and reinforcement and dimensions for the wall 
with opening D6. 

The reinforcement is cut of at the sides of the door openings. No extra reinforcement is applied 
around the openings. 
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To see how the reinforcement ratio and placement affect the behavior of the wall four cases 
were investigated for all seven types of walls.  

- Unreinforced wall 
- ø5 s100 placed centric in the wall 
- ø10 s100 placed centric in the wall 
- ø7 s100 placed in two layers, one at tension side and one at compression side. A concrete 

cover of 12.5 mm is used in ATENA that is 25 mm in a full-scale model. A common 
used value for concrete walls.  

 
The two layers with ø7 s100 have the same cross-section area as ø10 in one layer. This case is 
to investigate if the placement affects the behavior of the wall. The load eccentricity t/6 was 
used in all cases. The cross-section area of the reinforcement increases with 400% between ø5 
and ø10. 
 
4.5 Numerical results 
4.5.1 Eccentricity and door opening size 
Ultimate load 
To study how walls behavior is affected by the load eccentricity and different door opening 
sizes 28 different cases were investigated.  
 
To visualize how the walls behave for different door opening sizes the results are plotted in 
Figure 61 for all eccentricities. Zero door opening size at x-axis represent the solid wall. A trend 
line is added for each eccentricity. 
 

 
Figure 61: The diagram shows the change in failure load for varying door opening sizes with a constant eccentricity.  
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A comparison of how the ultimate load is affected for different load eccentricities and door 
openings is presented in Table 17. Table 17 shows how much the load decreases compared to 
the solid wall with centric load for all tested cases.	
Table 17: Decreased failure load due to increased door opening sizes and load eccentricity, solid wall centrically loaded is 
used as reference value. 

 TWS TWD1 TWD2 TWD3 TWD4 TWD5 TWD6 

 [%] [%] [%] [%] [%] [%] [%] 
e=0 mm - -22 -33 -44 -48 -58 -74 
e=10 mm -35 -47 -52 -57 -60 -66 -78 
e=15 mm -52 -60 -63 -67 -69 -73 -82 
e=30 mm -82 -85 -86 -87 -87 -89 -92 

 
As expected the ultimate load decrease for a higher eccentricity and increased door opening 
size. Figure 61 shows that the inclination of the curve for e=0 mm is higher than for the other 
eccentricities, and that the curve for e=30 mm has the lowest inclination. This means that the 
influence of an increased door opening size on the ultimate load of the wall is larger for no 
eccentricity and smallest for the largest eccentricity. The difference on the influence of the door 
opening size for the different eccentricities could be explained by that the failure mode of the 
wall changes when the eccentricity is increased. From Figure 69, Figure 70, Figure 71, Figure 
72, Figure 73, Figure 74 and Figure 75 below the crack pattern for the walls shows that for and 
opening with no eccentricity there is no bending in the wall which is expected for a centrically 
loaded wall. For the walls with an eccentricity the figures shows that the wall starts to behave 
more like a slab and from e=10 to e=30 the crack patterns changes. For the larger eccentricity 
the critical part in the wall is between the upper corner of the wall and the upper corner of the 
opening. This indicates that that for a specific opening size the eccentricity affects the failure 
mode and yield line of the wall. A larger eccentricity gives larger bending moment in the wall, 
and with a larger bending moment in the wall the side restrains are more active and the wall are 
less sensitive to a larger opening size when the failure mode is bending compared to crushing.  
 
Table 18 present how much the load decrease for a fixed size of door opening with different 
load eccentricities. 

Table 18: Decreased failure load due to increased load eccentricity, centrically loaded wall is used as reference value for each 
door opening. 

 TWS TWD1 TWD2 TWD3 TWD4 TWD5 TWD6 

 [%] [%] [%] [%] [%] [%] [%] 
e=0 mm - - - - - - - 
e=10 mm -35 -32 -28 -24 -22 -18 -14 
e=15 mm -52 -49 -45 -41 -40 -36 -30 
e=30 mm -82 -80 -79 -77 -76 -74 -68 

 
From Table 18 it is shown that the ultimate load for TWS is more sensitive for a higher 
eccentricity compared to TWD1-TWD6.  
 
Table 19 present how much the load decrease for a fixed load eccentricity with different size of 
door openings. 
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Table 19: Decreased failure load due to increased door opening size, solid wall is used as reference value for each load 
eccentricity. 

 TWS TWD1 TWD2 TWD3 TWD4 TWD5 TWD6 

 [%] [%] [%] [%] [%] [%] [%] 
e=0 mm - -22 -33 -44 -48 -58 -74 
e=10 mm - -19 -26 -34 -38 -47 -66 
e=15 mm - -17 -23 -31 -34 -44 -62 
e=30 mm - -15 -22 -29 -31 -39 -55 

 
Table 19 shows that the ultimate load is more sensitive for a cut out opening for smaller 
eccentricities.  
 
To investigate the influence of the door opening size is the axial strength ratio calculated, 
>?,#
27,#A7%

 (48) 

Axial strength ratio were calculated according to equation (48) for all 28 cases and plotted in 
Figure 62. 

 
Figure 62: Axial strength ratio for varying door opening sizes with a constant eccentricity. 

For e=0 mm the axial strength ratio almost a straight line. The ratio is thus almost constant for 
all tested walls, the solid wall and walls with openings. For e=10 mm and e=15 mm the axial 
strength ratio increases with increased door opening size with a quite similar slope.  For 
eccentricity e=30 mm the axial strength ratio also increases with increased door opening size 
but with a smaller slope compared to e=10 mm and e=15 mm. This was also observed by 
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Popescu et al. (2015b) for walls with openings. The axial strength ratio decreases with increased 
eccentricity for all cases. 
 
The reductions of cross-section area of the wall (door opening size) and the ultimate load are 
almost linear correlated for e=0 mm. But for the other eccentricities the relation is not linear. 
The reduction of the ultimate load is always lower than the reduction of cross-section area. A 
cut out opening always reduces the ultimate load in a significant way. The reduction is between 
15% and 74%. The influence of the eccentricity on the ultimate load is also significant in all 
cases. The reduction is between 14% and 82%.  
 
Displacement 
All displacements are determined at the ultimate load. Figure 63 shows the out of plane 
displacement at D1 for all 28 investigated cases. 
 

 
Figure 63: Out-of-plane displacement at point D1 for failure load for varying door opening size and constant load eccentricity. 

The out-of-plane displacement for the walls with a load applied at e=10 mm is highest up to 
TWD3. The walls loaded under the highest eccentricity has the lowest displacements. When 
the door opening is increased the relation between the eccentricities is changed, e=10 mm has 
lowest and e=30 mm has highest deflection. For larger door openings than 50% of the length 
of the wall seems the wall to be more sensitive to larger eccentricities at the ultimate load. The 
deflections for e=0 mm is not analyzed further because that deflection is actually an expansion 
of the volume, not a real deflection of the wall. Figure 63 shows that from TWD0-TWD3 e=10 
mm have larger deformations than e=15 mm and e=30 mm and also that e=15 mm have larger 
deformations than e=30 mm. It should be noticed that the deformations are at the ultimate ´load 
of the wall which is lowest for e=30 mm and increasing with decreased eccentricity. Appendix 
A2 shows that for the same load applied on the wall larger deformations are developed for a 
higher eccentricity. The smaller deformation of the wall at ultimate load could be explained by 
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the change of failure mode when the eccentricity is increased as discussed for the relation 
between ultimate load and door opening size in Figure 61 above. A larger eccentricity will 
cause instability in the wall for a lower ultimate load than a more centrically loaded wall. This 
means that a lower ultimate load will reached because instability in the wall for a large 
eccentricity. Figure 64 shows the in plane displacement at D4 for 24 investigated cases. Since 
D4 measures the in plane displacement of the spandrel, the four cases with the solid wall are 
not investigated.  
 

 
Figure 64: In-plane displacement at point D4 for failure load for varying door opening size and constant load eccentricity. 

The displacements in Figure 64 show approximately the same behavior for all eccentricities. 
The displacement increases quite linear with an increased door opening size. The eccentricity 
e=30mm show a displacement in the opposite direction for TWD1-TWD4. That may be 
explained by a rotation of the cross section, Figure 65. The measure point is placed at the edge 
of the tension side. So the rotation is bigger than the displacement in y-direction in those cases.  
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Figure 65: Visualization of displacement at point D4 for load eccentricity e=30 mm when the displacement is in the opposite 
direction as the load.  

For the smaller eccentricities there is always a larger displacement in the y-direction from the 
vertical load than there is in the opposite y-direction from out of plane displacement according 
to the rotation in the wall according to Figure 65. For the larger openings, there is some change 
of the inclination of the curves in Figure 64. Figure 64 gives indications of which opening size 
for e=30 mm make the wall start to behave more like a frame. For e=30 mm and openings 
TWD1-TWD4 point D4 have deformed upwards due to out of plane displacement in the wall 
at the ultimate load. When the opening became larger TWD5-TWD6 point D4 have deformed 
downwards at ultimate load and this indicates that the spandrel above the opening have 
deformed more than the out of plane displacement in the wall. This indicates that for the larger 
opening the walls acts more frame like and the spandrel above the openings act like a beam. 
 
Load-out of plane displacement curves in Appendix A1-A2 showed an increased door opening 
size gives a more brittle failure and a flatter elastic part of the curve. They also show smaller 
displacements for larger openings. The in-plane displacement curves show larger displacements 
with increasing door openings and flatter elastic parts of the curve.  
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Strain 
Figure 66 shows the strain in the concrete at C1 for all 28 investigated cases. 
 

 
Figure 66: Strains in concrete at point C1 at failure load for varying door opening size and constant load eccentricity. 

The strains in Figure 66 seem to decrease with increased eccentricity with exceptions for e=0 
mm. For e=15 mm and e=30 mm the strains are quite similar for all seven wall types. But for 
e=10 mm the strains vary more. 
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Figure 67 shows the strain in the concrete at C2 for all 28 investigated cases. 
 

 
Figure 67: Strains in concrete at point C2 at failure load for varying door opening size and constant load eccentricity. 

In Figure 67 the strains are significant only for TWS. When a cut out opening is made the strains 
decreases near to zero in all cases. Thus the concrete above the door opening is not so active in 
this point. Point C2 was placed in the middle of the spandrel above the door openings. C2 
should have been placed near the top or bottom edge of the spandrel because in the middle of 
the spandrel the stresses are close to zero. 
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Figure 68 shows the strain in the concrete at C3 for all 28 investigated cases. 
 

 
Figure 68: Strains in concrete at point C3 at failure load for varying door opening size and constant load eccentricity. 

The strains in Figure 68 seem to be quite similar for all eccentricities. The eccentricities e=0 
mm, e=10 mm and e=15 mm have almost the same strains for all wall types. But e=30 mm has 
strains that was more than 50% lower compared to e=0 mm, e=10 mm and e=15 mm in all 
cases. 
 
For all cases with centric load there is no yielding neither in the reinforcement bars nor crushing 
in the concrete. When the load is applied with an eccentricity of tw/6 the ultimate strain exceeds 
m7P` = 3.5‰ in all cases except for the wall TWD6. For the eccentricity tw/4 the yield limit is 
not exceeded in the reinforcement. However, the strain m7` = 2.4‰ is exceeded for TWD5 and 
for TWD1, TWD2 and TWD3 the strains are about 2‰. The horizontal reinforcement in the 
walls with the highest eccentricity tw/2 is close to yielding for the walls TWS, TWD1, TWD2, 
TWD3 and TWD4. The strain m7` = 2.4‰ is almost exceeded for only TWD5. 
 
Crack pattern 
The solid wall with e=0 mm only have horizontal cracks near the top of the wall with a crack 
width of 2-3 mm at the tension side. When the eccentricity is increased to e=tw/6 there are 
cracks that propagate from the corners to the center of the wall as expected for a wall supported 
on four sides. There are also vertical cracks in the center of the wall. The crack width was about 
0.2 mm. For the eccentricity tw/4 the crack pattern is close to the same as for the eccentricity 
tw/6. For the highest eccentricity in this study tw/2 there are cracks that propagate from the corner 
to the center of the wall as earlier but also horizontal cracks distributed over the whole height 
of the wall. The crack width was about 0.3 mm. All crack patterns are shown in Figure 69. 
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Figure 69: Crack patterns for the solid wall with different load eccentrcity. Lowest to highest from left to the right. 

The wall with a door opening of 450 mm and e=0 mm have some vertical cracks above the door 
opening. The biggest one propagates from the corner of the opening. The width of the cracks is 
about 0.2 mm. When the eccentricity increases to tw/6 the crack pattern besides the opening is 
similar to the solid wall but there is also a vertical crack from the corner of the door opening. 
The crack width is about 0.2-0.3 mm. For eccentricity tw/4 the crack pattern is similar to e=tw/6 
but the crack width is about 0.15 mm. The cracks for eccentricity tw/2 propagate from the corner 
of the wall. The crack from the upper corner goes to the corner of the door opening. The crack 
from the bottom corner has the same inclination as the upper one. The crack width is about 0.3-
0.4 mm. All crack patterns are shown in Figure 70. 
 

  
Figure 70: Crack patterns for the wall opening size 450 mm with different load eccentrcity. Lowest to highest from left to the 
right. 

The wall with a door opening of 630 mm and e=0 mm have two vertical cracks above the door 
opening, one from the corner and the other approximately 150 mm from the first one. The width 
of the cracks is about 0.2 mm. Eccentricity tw/6 has cracks that propagate from the corners to 
the center of the wall. One vertical crack occurs above the door opening approximately 200 mm 
from the corner. The width of the cracks is about 0.2-0.3 mm. The eccentricity tw/4 has a crack 
pattern similar to e=tw/6 with a crack width of about 0.15 mm. The wall with highest 
eccentricity tw/2 has cracks that propagate from the corners. The upper crack goes to the corner 
of the door opening. The crack from the bottom corner has the same inclination as the upper 
one. All crack patterns are shown in Figure 71. 
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Figure 71: Crack patterns for the wall opening size 630 mm with different load eccentrcity. Lowest to highest from left to the 
right. 

The wall with a door opening of 810 mm and e=0 mm have two vertical cracks above the door 
opening, one from the corner and the other approximately 120 mm from the first one. The crack 
width is about 0.3 mm. The eccentricity tw/6 has cracks that propagates from the corners and 
goes to the middle and also some vertical cracks above the door opening. The crack width is 
about 0.2 mm. An increased eccentricity to tw/4 has the same crack pattern as tw/6 but with a 
crack width of 0.15 mm. The eccentricity tw/2 has a crack that goes from the upper corner to 
the corner of the door opening. There is also a crack from the corner at the bottom with the 
same inclination as the upper crack. All crack patterns are shown in Figure 72. 
 

    
Figure 72: Crack patterns for the wall opening size 810 mm with different load eccentrcity. Lowest to highest from left to the 
right. 

The wall with a door opening of 900 mm and e=0 mm have two vertical cracks above the door 
opening, one from the corner and the other approximately 100 mm from the first one. The crack 
width is about 0.3 mm. For e=tw/6 is there cracks that propagates from the corner to the middle 
of the wall and also some vertical cracks above the door opening near the corner. The crack 
width is about 0.15 mm. Eccentricity tw/4 has similar crack pattern and crack width as for the 
eccentricity tw/6. For eccentricity tw/2 there is cracks that propagate from the corners of the wall. 
The crack at the upper corner goes to the corner of the door opening. The crack from the corner 
at the bottom has the same inclination. All crack patterns are shown in Figure 73. 
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Figure 73: Crack patterns for the wall opening size 900 mm with different load eccentrcity. Lowest to highest from left to the 
right. 

The wall with a door opening of 1080 mm and e=0 mm have two vertical cracks above the door 
opening, one from the corner and the other approximately 100 mm from the first one. The crack 
width is about 0.2 mm. The eccentricity tw/6 has some cracks that propagate from the corners 
but not as distinct as for the walls with smaller door openings. There are two cracks above the 
door opening, one at the corner and one approximately 100 mm from the first one. The 
eccentricity tw/4 also has some small cracks that propagate from the upper corner. At the bottom 
the crack is almost horizontal. There are also two cracks above the door opening, one at the 
corner and one approximately 100 mm from the first one. The crack width is about 0.2 mm. 
The eccentricity tw/2 has cracks that propagate from the upper corner to the corner of the door 
opening. The cracks from the bottom corner have the same inclination. All crack patterns are 
shown in Figure 74. 
 

    
Figure 74: Crack patterns for the wall opening size 1080 mm with different load eccentrcity. Lowest to highest from left to the 
right. 

The wall with a door opening of 1350 mm and e=0 mm have two vertical cracks above the door 
opening, one from the corner and the other one approximately 100 mm from the first one. The 
crack width is about 0.3 mm. The eccentricity tw/6 has some small cracks at the upper corner of 
the wall. A more distinct crack occurs above the door opening. Some small horizontal cracks 
also occur at the bottom of the wall. For eccentricity tw/4 the crack pattern is almost similar to 
e=tw/6 but there is two vertical cracks above the door opening instead of one. The eccentricity 
tw/2 has a crack that propagates from the upper corner to the corner of the door opening. At the 
bottom are there some horizontal cracks. The crack width is about 0.3 mm. All crack patterns 
are shown in Figure 75. 
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Figure 75: Crack patterns for the wall opening size 1350 mm with different load eccentrcity. Lowest to highest from left to the 
right. 

 
4.5.2 Reinforcement ratio and placement 
Ultimate load 
To visualize the behavior for all walls are they plotted in Figure 76. The symbols at x-axis show 
the cross-section of the wall with the placement and reinforcement for each case. 
 

 
Figure 76: Failure load due to the different reinforcement configuration and with constant load eccentricity e=10mm and 
constant door opening size.  
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A comparison of how the ultimate load is affected of different reinforcement ratios and 
placements are presented in Table 20 to show how much the load decreases or increases 
compared to the solid unreinforced wall for all tested cases. 

Table 20: Decreased/increased failure load due to different reinforcement configurations and door opening sizes and with 
solid unreinforced wall as reference. 

  TWS TWD1 TWD2 TWD3 TWD4 TWD5 TWD6 

  [%] [%] [%] [%] [%] [%] [%] 

Unreinforced - -18 -29 -32 -35 -44 -63 

ø5 14 -8 -16 -25 -29 -40 -61 
ø10 21 1 -7 -16 -23 -36 -58 
2xø7 30 11 1 -12 -20 -33 -57 

 
Table 21 present how much the load increases for a fixed type of wall with different 
reinforcement ratios and placements. 

Table 21: Increased failure load due to different reinforcement configurations for each door opening size and with no 
reinforcement as reference.  

  TWS TWD1 TWD2 TWD3 TWD4 TWD5 TWD6 

  [%] [%] [%] [%] [%] [%] [%] 
Unreinforced - - - - - - - 

ø5 14 13 18 11 9 6 6 

ø10 21 24 31 24 19 13 14 
2xø7 30 36 41 30 24 20 17 

 
Table 21 shows that having reinforcement in the wall always contributes to increased ultimate 
load that also have been shown by Saheb and Desayi (1990b), Doh (2002) and Popescu et al. 
(2015b). It also shows that increasing the cross section area by 4 times of a centrally placed 
layer of reinforcement increases the ultimate load by 6.2% to 11.2%. It also shows that if the 
reinforcement is placed in two layers instead of one layer centrally placed, both with same cross 
section area, the ultimate load increases with 3.2% to 10.2%. 
 
Table 22 present how much the load decreases for a fixed reinforcement ratio and placement 
with different types of walls. 

Table 22: Decreased failure load due to increasing door opening sizes for each reinforcement configurations and with solid 
wall as reference. 

  TWS TWD1 TWD2 TWD3 TWD4 TWD5 TWD6 

  [%] [%] [%] [%] [%] [%] [%] 
Unreinforced - -18 -29 -32 -35 -44 -63 
ø5 - -19 -26 -34 -38 -47 -66 

ø10 - -16 -23 -31 -36 -47 -65 

2xø7 - -15 -23 -32 -38 -48 -67 

 
Table 22 shows that the percentage decrease in ultimate load when increasing the door opening 
size in the wall is approximately the same for the four different reinforcement configurations. 
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That shows that the amount of reinforcement and placement of reinforcement in the solid wall 
do not have a significant effect on how the ultimate load is decreasing when openings are 
created in the wall.  
 
Displacement 
Figure 77 shows the out of plane displacement at D1 for all 28 investigated cases. 
 

 
Figure 77: Out-of-plane displacement at point D1 at failure for varying door opening sizes for each reinforcement 
configuration.  

The out of plane displacements in Figure 77 for the three cases with reinforcement is 
approximately the same for all different door openings. The unreinforced wall always has 
smaller displacement compared to the reinforced walls. Concrete as a material gives a brittle 
failure and only small strains in the concrete can be developed before failure. Concrete have 
low ductile properties because its low ability to deform without cracks to appear. Adding 
reinforcement to the wall gives the wall a more ductile behavior because the steels ability to 
develop large strains in the steel before it yields. This is according to what was stated above 
and Figure 77, which shows that a reinforced wall for a certain opening size always has larger 
deformations at failure than an unreinforced wall.  
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Table 23 show how much the displacement is affected for a fixed type of wall with different 
reinforcement ratio and placement. 

Table 23: Increased out-of-plane displacement at point D1 at failure due to different reinforcement configurations for each 
door opening size and with no reinforcement as reference. 

  TWS TWD1 TWD2 TWD3 TWD4 TWD5 TWD6 

  [%] [%] [%] [%] [%] [%] [%] 
Unreinforced - - - - - - - 
ø5 75 59 94 52 36 14 8 
ø10 67 41 72 48 29 24 20 
2xø7 74 49 78 50 37 33 26 

 
Table 23 shows that the displacements increase at failure when the wall is reinforced. It also 
shows that when placing the reinforcement in two layers instead of one centrally placed layer 
both with the same cross section area the displacements in D1 increases at failure. Generally 
the reinforcement contributes to a larger percentage increase in deformations for walls with 
smaller or no opening than for larger openings. This could be explained by the amount of 
reinforcement in the wall. As discussed above the ductility in the wall increases with 
reinforcement in the wall. A wall with a large opening have less reinforcement in the wall than 
a wall with a small opening. This makes the wall with small opening more ductile. Placing the 
reinforcement in two layers instead of also gives larger deformations in the wall at failure. The 
same reasoning is valid for this case. When placing the reinforcement near the surface of the 
wall the reinforcement is more active and contributes more to the load bearing capacity of the 
wall than have centrically placed reinforcement because the stresses are larger at the surface of 
the wall. From this it can be concluded that placing the wall in two layers at the surface of the 
wall instead of one centric layer increasing the ductility of the wall. It should be noted that for 
the same load in the wall the wall have smaller deformations for higher reinforcement ratio and 
for reinforcement in two layers instead of one centrically. The larger amount of reinforcement 
makes the wall more ductile but the deformations develops more slowly and at the new ultimate 
load the deformations are larger with more reinforcement and reinforcement in two layers 
instead of centrically placed reinforcement. 
 
Crack width 
 

 

Figure 78: Crack pattern and crack width for the solid wall with no reinforcement in the left wall, in the middle wall and the 
right wall there is ϕ10 centrically placed and ϕ7 placed in each surface of the wall respectively.  
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Figure 79: Crack pattern and crack width for TWD1 with no reinforcement in the left wall, in the middle wall and the right 
wall there is ϕ10 centrically placed and ϕ7 placed in each surface of the wall respectively. 

 
Figure 80: Crack pattern and crack width for TWD2 with no reinforcement in the left wall, in the middle wall and the right 
wall there is ϕ10 centrically placed and ϕ7 placed in each surface of the wall respectively. 

 
Figure 81: Crack pattern and crack width for TWD3 with no reinforcement in the left wall, in the middle wall and the right 
wall there is ϕ10 centrically placed and ϕ7 placed in each surface of the wall respectively. 

 
Figure 82:Crack pattern and crack width for TWD4 with no reinforcement in the left wall, in the middle wall and the right wall 
there is ϕ10 centrically placed and ϕ7 placed in each surface of the wall respectively. 
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Figure 83:Crack pattern and crack width for TWD5 with no reinforcement in the left wall, in the middle wall and the right wall 
there is ϕ10 centrically placed and ϕ7 placed in each surface of the wall respectively. 

 
Figure 84:Crack pattern and crack width for TWD6 with no reinforcement in the left wall, in the middle wall and the right wall 
there is ϕ10 centrically placed and ϕ7 placed in each surface of the wall respectively. 

Figure 78, Figure 79, Figure 80, Figure 81, Figure 82, Figure 83 and Figure 84 above shows 
that reinforcement in the wall reduces the crack width in the wall. From no reinforcement to 
one centrically placed layer with ϕ10 the crack width is reduced. Placing the reinforcement in 
two layers with ϕ7 instead of one centrically layer with ϕ10 reduces the crack width further. 
The crack pattern is not significantly effected by the amount and placement of reinforcement. 
 
4.5.3 Comparison with Eurocode 2 (2008) and Doh and Fragomeni (2006) 
To compare the ultimate loads calculated in the FEA the ultimate loads is calculated according 
to Eurocode 2 (2008) and Doh and Fragomeni (2006) for all possible cases. The mean 
compression cylinder strength used in the calculations is according to equation (38), 

A7% = 53.4	Ö^. 

Eurocode 2 (2008) generates incorrect values for at least the eccentricity tw/2 because negative 
values for the ultimate load are obtained.Thus it is not possible to calculate the ultimate load 
for that eccentricity. Some strange values for the ultimate load are also obtained from e=15 mm 
where the ultimate load increases when the door opening is increased from TWD1 to TWD2 
and the continues to increase for larger openings. So it is unclear how well Eurocode 2 (2008) 
works for e=15 mm. The ultimate loads according to Eurocode 2 (2008) and Doh and 
Fragomeni (2006) are calculated according to chapter 2.2.1 Eurocode 2 and 2.2.2.3 Doh and 
Fragomeni (2006) above. 
 
To visualize how the walls behave for different door opening sizes the results is plotted in 
Figure 85 for the three investigated eccentricities.  
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Figure 85: Failure load according to Eurocode 2 (2008) for varying door opening sizes and constant load eccentricity.  

To compare the ultimate loads according to Eurocode 2 (2008) with the FEA is the ultimate 
loads presented in Figure 85 used were the minimum reinforcement according to Popescu et al. 
(2015b) is used. Table 24 present how much difference it is between Eurocode 2 (2008) and 
FEA, 
>sëí − >ëbU

>ëbU
 (49) 

Table 24: Difference in failure load between Eurocode 2 (2008) and FEA, where Eurocode 2 (2008) is the reference value.  

  TWS TWD1 TWD2 TWD3 TWD4 TWD5 TWD6 

  [%] [%] [%] [%] [%] [%] [%] 

e=0 mm -18 -11 -16 -21 -22 -27 -32 

e=10 mm 6 25 18 12 9 2 -12 

e=15 mm 52 99 73 51 42 24 2 

 
Only in four cases are Eurocode 2 (2008) generating acceptable values if the tolerance is ±10%. 
Three of them are for e=10 mm, TWS, TWD4 and TWD5. The last case is for e=15 mm and 
TWD6. Eurocode 2 (2008) under estimate the load in all these cases. From figure 79 and Table 
24 shows that ultimate loads from Eurocode 2 (2008) and FEA fits best for e=10 mm.  
 
To visualize how the walls behave for different door opening sizes is the results plotted in 
Figure 86 for the four investigated eccentricities.  
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Figure 86: Failure load according to Doh and Fragomeni (2006) for varying door opening sizes and constant load eccentricity. 

To compare the ultimate loads according to Doh and Fragomeni (2006) with the FEA is the 
ultimate loads presented in Figure 86 used were the minimum reinforcement is used according 
to Popescu et al. (2015b). Table 25 presents how much difference it is between Doh and 
Fragomeni (2006) and FEA according to, 
>sëí − >ìs

>ìs
 (50) 

Table 25: Difference in failure load between Doh and Fragomeni (2006) and FEA, where Doh and Fragomeni (2006) are the 
reference value. 

  TWS TWD1 TWD2 TWD3 TWD4 TWD5 TWD6 

  [%] [%] [%] [%] [%] [%] [%] 

e=0 mm 26 26 24 21 22 19 8 

e=10 mm 8 13 17 22 24 28 22 

e=15 mm -6 1 6 11 15 19 18 

e=30 mm -18 -10 -6 -1 4 12 22 

 
The equation developed by Doh and Fragomeni (2006) generating acceptable values in eight 
cases. Doh and Fragomeni (2006) under estimate the load in five cases, the other three cases 
are over estimated. Generally the formula from Doh and Fragomeni (2006) fits better with the 
ultimate loads from FEA than Eurocode 2 (2008). Difference between Doh and Fragomeni 
(2006) and FEA are in an interval of -18% and 28%. The difference is smaller for walls with 
small or no openings and for e=10-30 mm.  
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5 Conclusions 
5.1 Results 
The aim of this thesis was to see how big influence door opening size and load eccentricity has 
on the behavior of the walls. In all investigated cases the ultimate load is significantly affected 
which entail that strengthening of the wall is necessary to be made. One interesting thing is that 
a reduction of the tensile strength with 50% to account for shrinkage decreases the ultimate load 
in a significant way. For the solid wall was the ultimate load decreased with 8.3%, 6.3% for the 
wall with small opening and 7.6% for the wall with large opening. 
 
5.1.1 Experimental test 
One disadvantage with the experimental test is that only one sample of each wall was tested. A 
test program with several identical samples of each wall would increase the reliability of the 
results. But these kinds of tests are expensive and time consuming which are factors to account 
for. These factors must be considered against the reliability of one test. The solid wall and the 
wall with large opening seem to behave symmetrical in the tests. But the wall with small 
opening indicates some errors due to unsymmetrical out of plane displacements. These errors 
could be due to initial imperfections in the wall, variation in the concrete mixture and casting 
deviations in the test rig or loading of the wall. Another shortage that we think could improve 
our FEM-model is that the displacement on the test rig was only measured at two points, one at 
each side. If more points were measured the behavior of the test rig would have been easier to 
understand. This could have improved the benchmark process of the boundary conditions at the 
side edges in the FEM-model. Aside the above mentioned factors data from the experimental 
test was enough adequate for us to benchmark our FEM-model. 
 
5.1.2 Model formulation and benchmarking 
The FEM-model had some differences compared to the experimental test. The ductility in the 
walls was smaller than the experimental test. The sensitivity analysis made on the material 
parameters in ATENA gave us information about the ductility. The ductility was improved but 
limitations in input data and time was factors that had influence on the result. This led to smaller 
deformations at failure in the FEA. But the ultimate loads for the walls were in acceptable range 
of ±10% compared to the experimental test. Boundary conditions on the side edges of the wall 
could have been improved. They were modeled as spring support but as discussed above more 
data from the experimental test would make this easier.  
 
5.1.3 Research questions 
Does the load eccentricity affect the behavior of the wall? 
Load eccentricity has a significant effect on the behavior of the wall. A two-way wall both with 
and without opening gets a reduced ultimate load by 14% to 82 % for eccentricities up to 30 
mm compared to no eccentricity. The influence of the eccentricity is largest for solid walls and 
decreases with increased door opening size. Load eccentricity also have influence on the failure 
mode and crack pattern of the wall. 
 
Does the size of the opening affect the behavior of the wall? 
Presence of a cut-out opening reduces the ultimate load in a significant way for a two-way wall 
with eccentricities between 0-30 mm. The reduction in ultimate load varies between 15% and 
74% for the investigated openings compared to a solid wall. The influence of a cut-out opening 
is largest for no eccentricity and decreases with increased eccentricity. The presence of an 
opening also affects the crack pattern and failure mode of the wall. For large openings the wall 
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starts to behave more like a frame because of less out of plane displacement in the wall and 
larger in plane deformations in the spandrel above the opening. 
 
Does the reinforcement ratio affect the behavior of the wall? 
Usage of both vertical and horizontal reinforcement increases the ultimate load for walls with 
and without opening. The effect of the reinforcement tends to decrease for larger openings 
(TWD4-TWD6). Increasing the reinforcement ratio by 4 times from ø5 to ø10 both centrally 
placed in the wall increases ultimate load with 6.2% to 11.2%. The increased ultimate load is 
as expected due to the increases cross-section area. But it is not linear correlated to the increased 
cross-section area. Adding reinforcement in the wall also makes the wall behave more ductile 
because larger deformations can be obtained at failure at the same time as the crack width 
decreases. The reinforcement ratio does not significantly affect the crack pattern in the wall. 
 
Does the placement of the reinforcement layers affect the behavior of the wall? 
When the cross-section area is kept constant but placed in two layers instead of one centric the 
ultimate load is increased with 3.2% to 10.2%. So reinforcement in two-layers is more 
economical compared to centric reinforcement. Placing the reinforcement in two layers instead 
of one centric makes the wall more ductile and also reduces the crack width in the wall. 
Placement of reinforcement do not significantly affect the crack pattern of the wall. 
 
5.1.4 Design methods 
The design formula in Eurocode 2 (2008) was only suitable for eccentricities 0-15 mm. 
Compared to our FEA Eurocode 2 (2008) both over- and underestimate the ultimate load. The 
highest overestimation was by 32% and the highest underestimation was by 99%. Walls with 
openings are not so well investigated in Eurocode 2 (2008) that could explain the inaccurate 
result. For the tested eccentricities e=10mm was the most accurate one with a mean error by 
12%. This is not in the range of ±10% that indicates that the formula in Eurocode 2 (2008) 
needs to be improved. It need to be developed to be able to handle more eccentricities and 
improved generally to give a more accurate result. For e=10 mm ultimate load predicted by the 
FEA gives a higher value than Eurocode 2 (2008) for all walls except TWD6. It is reasonable 
that FEA gives a higher value for the ultimate load due to the conclusion that the reinforcement 
always contributes to the capacity of the wall.  
 
The design method developed by Doh and Fragomeni (2006) seems to be suitable for all tested 
eccentricities. Compared to our FEA Doh and Fragomeni (2006) underestimate the most values 
but some of them are overestimated. The highest overestimation was by 18% and highest 
underestimation was by 28%. The eccentricities e=15 mm and e=30 mm was the most accurate 
ones with a mean error value of 11%. Even in this case the underestimation by Doh and 
Fragomeni (2006) could be explained by the account of reinforcement in the FEA. The formula 
by Doh and Fragomeni (2006) is developed to take openings into account. This could explain 
that the formula generates values with lower deviations compared to Eurocode 2 (2008). 
  
5.2 Sustainability aspects 
The knowledge in how to predict the ultimate load of a wall with cut-out openings could give 
many advantages in a sustainability point of view. The possibility of making changes in the 
function of the building has many benefits. Instead of build up a new building modifications on 
the existing building can be made. This is a benefit in both an economical and environmental 
point of view. New materials and the production of a building cost money and the construction 
process take sometimes a lot of time. When an existing building is modified, no new materials 
has to be produced, thus less impact on the nature. It is generally known that the production of 
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concrete is energy consuming and affect the nature. In urban areas is there sometimes hard to 
build new buildings in lack of space. Creating a new building also affect the local area nearby 
in case of road closures, noise and increased traffic. These factors affect the social sustainability 
in a negative way. 
 
5.3 Future work 
Owing to its limitations the current work has to be further developed in order to get it applicable 
in practice. The result in this thesis shows how the behavior of the wall is affected by a cut-out 
opening. The conclusion above states that strengthening of the wall is needed in most cases. So 
further work on how to predict the ultimate load for a wall with a cut-out opening strengthened 
in some way has to be done. 
 
Further subjects have to be investigated: 

• Improve the FEM-model by more data from the experimental tests. For example test 
more walls, more measurement points on the test rig and more material data. 

• How the existing vertical and horizontal reinforcement separately contributes to the 
structural behavior of the wall. 

• How the existing reinforcement ratio and placement contributes to the structural 
behavior for different eccentricities. 

• How much it is possible to increase the strength with help of fiber reinforced polymers 
(FRP) for a wall with a cut-out opening. 

• Perform a parametric study on openings placed unsymmetrical in the wall. 
• Perform a parametric study on walls with more than one opening. 
• Perform a parametric study on openings for windows and ventilation. 
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Appendix 
A1 – Load-displacement diagrams with constant eccentricity and varied wall type. 
	
A2 – Load-displacement diagrams with constant wall type and varied eccentricity. 
	
A3 – Load-displacement/strain diagrams for FEA calculations and experimental results for 
the solid wall. 
	
A4 – Load-displacement/strain diagrams for FEA calculations and experimental results for 
the wall with small door opening. 
	
A5 – Load-displacement/strain diagrams for FEA calculations and experimental results for 
the wall with large door opening.  
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A1 

         
Figure 87: Deflection at D1 for e=0 mm. Figure 88: Deflection at D2 for e=0 mm. 

	

         
Figure 89: Deflection at D3 for e=0 mm. Figure 90: Deflection at D4 for e=0 mm. 

	

         
Figure 91: Deflection at D1 for e=10 mm. Figure 92: Deflection at D2 for e=10 mm. 
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Figure 93: Deflection at D3 for e=10 mm. Figure 94: Deflection at D4 for e=10 mm. 

	

        
Figure 95: Deflection at D1 for e=15 mm. Figure 96: Deflection at D2 for e=15 mm. 

	

        
Figure 97: Deflection at D3 for e=15 mm. Figure 98: Deflection at D4 for e=15 mm. 
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Figure 99: Deflection at D1 for e=30 mm. Figure 100: Deflection at D2 for e=30 mm. 

	

        
Figure 101: Deflection at D3 for e=30 mm. Figure 102: Deflection at D4 for e=30 mm. 
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A2 
 

         
Figure 103: Deflection at D1 for a TWS. Figure 104: Deflection at D2 for a TWS. 

	

        
Figure 105: Deflection at D3 for a TWS. Figure 106: Deflection at D4 for a TWS. 

	

        
Figure 107: Deflection at D1 for a TWD1. Figure 108: Deflection at D2 for a TWD1. 
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Figure 109: Deflection at D3 for a TWD1. Figure 110: Deflection at D4 for a TWD1. 

	

        
Figure 111: Deflection at D1 for a TWD2. Figure 112: Deflection at D2 for a TWD2. 

	

        
Figure 113: Deflection at D3 for a TWD2. Figure 114: Deflection at D4 for a TWD2. 
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Figure 115: Deflection at D1 for a TWD3. Figure 116: Deflection at D2 for a TWD3. 

	

        
Figure 117: Deflection at D3 for a TWD3. Figure 118: Deflection at D4 for a TWD3. 

	

        
Figure 119: Deflection at D1 for a TWD4. Figure 120: Deflection at D2 for a TWD4. 
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Figure 121: Deflection at D3 for a TWD4. Figure 122: Deflection at D4 for a TWD4. 

	

        
Figure 123: Deflection at D1 for a TWD5. Figure 124: Deflection at D2 for a TWD5. 

	

        
Figure 125: Deflection at D3 for a TWD5. Figure 126: Deflection at D4 for a TWD5. 
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Figure 127: Deflection at D1 for a TWD6. Figure 128: Deflection at D3 for a TWD6. 

	

        
Figure 129: Deflection at D4 for a TWD6. 
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Figure 130: Deflection at D1 for a TWS. Figure 131: Deflection at D1 for a TWD1. 

	

        
Figure 132: Deflection at D1 for a TWD2. Figure 133: Deflection at D1 for a TWD3. 

	

        
Figure 134: Deflection at D1 for a TWD4. Figure 135: Deflection at D1 for a TWD5. 
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Figure 136: Deflection at D1 for a TWS.  
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A3 

      
Figure 137: Deflection at D2 for solid wall.                                Figure 138: Deflection at D4 for solid wall.  

 

       
Figure 139: Deflection at A1 for solid wall.                                   Figure 140: Strain at G1 for solid wall. 

 

       
Figure 141: Strain at G3 for solid wall.                                        Figure 142: Strain at G4 for solid wall. 
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Figure 143: Strain at G6 for solid wall.  
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A4 

      
Figure 144: Deflection at D2 for small opening wall.                 Figure 145: Deflection at D5 for small opening wall. 

 

      
Figure 146: Deflection at D6 for small opening wall.                  Figure 147: Deflection at A1 for small opening wall. 

 

      
Figure 148:  Strain at G1 for small opening wall.                        Figure 149: Strain at G2 for small opening wall. 

0

200

400

600

800

1000

1200

1400

1600

1800

-1 4 9 14 19 24 29

Load [kN]

Displacement [mm]

E-SO, D2 E-SO, D3 F-SO

0

200

400

600

800

1000

1200

1400

1600

1800

-1 4 9 14 19

Load [kN]

Displacement [mm]

E-SO F-SO

0

200

400

600

800

1000

1200

1400

1600

1800

-0,2 0,3 0,8 1,3 1,8 2,3 2,8 3,3 3,8

Load [kN]

Displacement [mm]

E-SO F-SO

0

200

400

600

800

1000

1200

1400

1600

1800

-5 -4 -3 -2 -1 0

Load [kN]

Displacement [mm]

E-SO, A1 E-SO, A2 F-S

0

200

400

600

800

1000

1200

1400

1600

1800

-0,1 0 0,1 0,2 0,3 0,4 0,5 0,6 0,7

Load [kN]

Strain [mm/m]

E-SO F-SO

0

200

400

600

800

1000

1200

1400

1600

1800

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

Load [kN]

Strain [mm/m]

E-SO F-SO



 119 

      
Figure 150:  Strain at G3 for small opening wall                        Figure 151: Strain at G6 for small opening wall 

	

 
Figure 152: Strain at G7 for small opening wall.  
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A5 

      
Figure 153:  Deflection at D3 for large opening wall.                 Figure 154: Deflection at D4 for large opening wall. 

 

      
Figure 155:  Deflection at A1 for large opening wall.                 Figure 156: Strain at G1 for large opening wall. 

	

      
Figure 157:  Strain at G2 for large opening wall.                       Figure 158: Strain at G3 for large opening wall. 
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Figure 159:  Strain at G6 for large opening wall.                       Figure 160: Deflection at G7 for large opening wall. 
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