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ABSTRACT 
 
This paper presents a new model for unreinforced masonry (URM), based on the plastic material 
model by Ganz [1]. The general idea is to use a combination of yielding surfaces in stress space, 
where each surface captures one failure mode. Compared to the material model of Ganz [1], the 
new model was extended to cover even the tension strength aspects of masonry constructions in 
both directions (in plane, orthogonal and parallel to the horizontal joints) for each failure mode. 
The model consists of only 5 convex yielding surfaces which describe the following failures, 
respectively: 
 
-) tension failure  
-) compression failure  
-) shear failure  
-) sliding along the horizontal joints  
-) tension failure in the horizontal joints  
 
In addition to the theoretical background, an application is shown where laboratory experiments 
are used to test and calibrate the material model and its parameters. Therefore, this model was 
implemented into the Finite Element Software ANSYS. The implementation involves all failure 
modes and an automatic search for the positions of the masonry structures in the global FE-
model. The result of this numerical implementation is a display of the cracked and yielded areas 
of the wall, respectively. The accuracy depends on the size of the finite elements chosen in the 
model. 
 
KEYWORDS: URM, material model, macro model, plasticity theory, finite element method, 
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INTRODUCTION 
Based on the classic theory of plasticity, Ganz [1] formulated two material models in 1985, 
where he described yielding surfaces for each failure mode in masonry. First he formulated a 



 

model for URM, which covers only 5 yielding surfaces. Then he developed a model including 
tension strength aspects, where 12 surfaces were needed. The new model, presented in this paper, 
extends the basic Ganz-model (without tension strength) by including tension in a new effective 
approach capturing the main failure modes of unreinforced masonry structures. 
 
Both the analytical derivations as well as the main result of this research work, the software 
implementation in form of a macro for the FE Software ANSYS are presented.  
 
To verify the model, experimental laboratory tests will be analyzed numerically using this 
macro-model, to confirm and prove the analytical work. In the last part of this paper, numerical 
and experimental results are compared to each other in Table 2.  
 
ORIGINAL MODEL BY GANZ [1] 
In 1985, Ganz [1] formulated a material model for URM, where the two components brick and 
joints were split. 
 
Failure in the Brick 
For the component brick, he focused on the most general form, perforated bricks (see Figure 1). 
Within a limiting approach this theory also can be applied to a solid brick. 
 

 
Figure 1 – Brick Element 

 
The considered forces and cross sections are defined as follows: 

2,1, xxx FFF +=    Equation 1 

xF  stands for the normal force, and 1,xF , 2,xF  act upon xA , xyA , respectively. 

2,1, yyy FFF +=    Equation 2 

yF  stands for the horizontal force, and 1,yF , 2,yF  act upon xA , xyA , respectively. 

2,1, xyxyxy FFF +=    Equation 3 

xyF  stands for the shear force, and 1,xyF , 2,xyF  act upon xA , xyA  respectively. The total cross 
sectional area reads 



 

0AAAA xyx ++=    Equation 4 

By combining the uni- and biaxial parts of the forces using principal forces, the following three 
equations result for failure in the brick: 
 

02
1 ≤−= yxxyf σστ  tension failure in brick Equation 5 
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2 ≤++−= cyycxxxy fff σστ  compression failure in brick Equation 6 
 

0)(2
3 ≤++= cyyyxy ff σστ  shear failure in brick Equation 7 

 
Failure in the Mortar 
Supposing that the vertical joints are not filled, it is only necessary to focus on the horizontal 
joints. With this assumption the model equations are on the “conservative side”. 
 
Sliding in the joints is modeled by means of the Mohr-Coulomb law, 
 

0))tan(( 22
4 ≤−−= ϕστ xxy cf  sliding along the horizontal joints Equation 8 

 
Finally, a tension cut-off for the Mohr Coulomb friction law is formulated, 
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ϕπσστ cf xxxy
 tension failure in the horizontal joints Equation 9 

 
Equation 5 to Equation 9 describe the law for URM according to Ganz considering the 
components of compressive strength cxf , cyf , respectively.  
 
MODIFIED MODEL 
 
Failure in the Brick 
The new model, developed within this research work, was expanded to consider tension stresses. 
Taking the uniaxial exposed parts of the brick section, the governing equations can be written as: 
 

xcxxt AFA ββ −≥≥ 1,   Equation 10 
 

01,1, ≡≡ xyy FF   Equation 11 
 
where cβ , tβ  denote compression strength and tension strength of brick, respectively. 
 
For the biaxially exposed parts, the inequality can be written by using the principal forces in 
terms of 
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Combining Equation 10 to Equation 12 and by substitution of 
 

tx
xxy

t f
A
AA

=
+

)(β  ,      ty
xy

t f
A
A

=β   Equation 13 

 
the former material laws derived for brick (Equations 5 and 7) can be replaced by 
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1 ≤−−−= tyytxxxy fff σστ   Equation 14 

 
( ) 02

3 ≤−+−+= tycyytycyyxy fffff σστ   Equation 15 
 
The surface function 2f  (Equation 6) remains unchanged. 
 
Failure in the Mortar 
To enclose tension in joints, criteria 4f  (Equation 8) can also remain unchanged, but the 
equation for tension cut-off 5f  (Equation 9) has to be modified (Figure 2). 

 
Figure 2 – Tension cut-off 

 
Finally, 5f  can be written in terms of 
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The new material model (Equation 14, 6, 15, 8, 16) can be graphically displayed as a combined 
yielding surface (Figure 3): 
 

 
Figure 3 – Combined Yielding Surface of the extended model for URM 

 
The described failures of the five yielding surfaces can be interpreted in the same way as the 
original model by Ganz (compare previous section). 
 
INPUT URM PARAMATERS FOR ANALYTICAL ANALYSIS 
For numerical implementation of the URM model, some main input parameters are necessary. 
The following section presents an overview of the data evaluation used for the analysis. 

Compression strength orthogonal to the horizontal joints [2]: cxf   
25.075.0

mcccx fKf ⋅⋅= β   Equation 17 
  
with the coefficient 5.10.1 ÷=K , and the compression strength of the considered mortar mcf . 
 
Compression strength parallel to the horizontal joints [3]: cyf   
URM consisting of solid brick: 

cxcy ff ⋅= 75.0   Equation 18 
URM consisting of perforated brick: 

cxcy ff ⋅= 5.0   Equation 19 
 



 

Tension strength orthogonal to the horizontal joints [4]: txf  
The tension strength of URM only depends on the tension strength of the used mortar mtf  and 
can be written as: 

mttx ff ⋅=
3
2

 Equation 20 

 
Tension strength parallel to the horizontal joints [5]: tyf  
In the case of tension strength parallel to the horizontal joints, two different crack types should 
be treated separately. Crack Type A (Figure 4) occurs if bricks are made of low quality materials 
and if large portions of the normal stresses xσ  are exposed to masonry members.  
 

 
Figure 4 – Crack Type A, taken from [6] 
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where 
b

m

h
h

=α , horizbtf ,  denotes the horizontal tension strength of the brick used, and tbmf  is the 

adhesive tensile strength between the mortar and the brick. 
Crack Type B (Figure 5) is typical for high strength bricks in combination with low quality 
mortar and/or if the exposing normal stress xσ  is very small.  
 

 
Figure 5 – Crack Type B, taken from [6] 
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where sbmf  stands for the adhesive shear strength between the mortar and the brick, and the 

coefficient β  describes the ratio β =
lb
hb

. 

 
Young's modulus orthogonal to the horizontal joints [2]: Ex  

cxx fE ⋅= 1000  Equation 23 
 
Young's modulus parallel to the horizontal joints [7, 8]: EY  
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Friction angle: ϕ ; and shear strength under no compressive stress: c  
The Friction angle ϕ  varies normally between 20° and 40°, and the shear strength under zero 
compressive stress is between 0.2 – 2.5 MPa where some numbers for c are listed in Table 3.4 of 
the Euro Code [2]. 
 
IMPLEMENTATION OF THE NEW MODEL INTO THE FE-SOFTWARE ANSYS 
To implement the model into FE-software, it should be taken into account, that 

ϕtan
cftx ≤ . Equation 25 

If this condition is not maintained, txf  has to be set equal to
ϕtan
c , before continuing the 

analysis. The stress state of the object analyzed must be verified. Four different positions can be 
distinguished (Figure 6). Therefore, an extra condition, Equation 26, has to be considered. 
 

 
Figure 6 – Positions of the analyzed stress state 
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 Equation 27 
the four positions can be separated numerically in the following way: 
 
P1: 0102/55 =⋅=⋅ Tff ;P2: 0002/55 =⋅=⋅ Tff ;P3: 0012/55 =⋅=⋅ Tff ;P4 1112/55 =⋅=⋅ Tff  
 Equation 28 
 
Only in case of P4 is the analyzed stress point outside the combined yielding surface, which 
means that cracks will occur. The combined yielding surface was implemented into ANSYS 
(Figure 7) including the conditions described previously. 
 

 
Figure 7 – Screenshot of the implemented Program for URM 

 
The implementation also involves an automatic detection of the positions of the masonry 
structures in the global FE-model. 
 
VERIFICATION OF THE MATERIAL MODEL BY NUMERICAL ANALYSIS OF 
LABORATORY TESTS 
In 1982, Ganz et al. [9] performed experimental tests on URM. They tested the specimens 
stepwise until they collapsed. Those tested walls were subjected either to uniaxial and/or biaxial 
loading. Also the angle of the horizontal joints of each specimen varied between 0; 22.5; 45; 67.5 
and 90 degrees.  



 

To verify the material model and to demonstrate the implemented macro-model, these 
experimental tests have been recalculated numerically and were compared to the test results. 
 
Input data for the computer simulation are given in Table 1. 
 

Table 1 – Input data for computer simulation 
Density ρ (kg/m³) 905 

Strengths cxf  (N/mm²) 7.6 

 cyf  (N/mm²) 2.7 

 txf  (N/mm²) 0.03 

 tyf  (N/mm²) 0.00 

Cohesion c (N/mm²) 0.06 

Friction angle ϕ  (°) 39 

 
In Figure 8, K3 of the test series is displayed graphically, to show the effectiveness of the 
implementation. 

 

 
Figure 8 – left: numerical implementation; right: laboratory experiment on real test 

specimen 
 
 
A summary of additional results is given in Table 2, where stresses were measured in the middle 
of the wall and were taken from the middle element of the FE-Model. There is good agreement. 



 

Table 2 – Comparison between test results and numerically analyzed results 
Test Angle of 

horiz. 
joints 

Ratio 
FH / FV 

Measured crackσ  at 

laboratory (taken from [9]) 

Numerically analyzed crackσ  

   Xσ  Yσ  XYτ  Xσ  Yσ  XYτ  
 (°)  (N/m²) (N/m²) (N/m²) (N/m²) (N/m²) (N/m²) 

K1 22.5 1 / -10.9 -8.00 e4 -9.20 e5 4.20 e5 -7.89e4 -9.10e5 4.14e5 
K3 0.0 0 / -1 0 -7.63 e6 0 0 7.61e6 0 
K4 90.0 0 / -1 -1.83 e6 0 0 -2.70e6 0 0 
K6 45.0 0 / -1 -3.20 e5 -3.20 e5 3.20 e5 -3.19e5 -3.19e5 3.19e5 
K7 22.5 0 / -1 -3.90 e5 -2.25 e6 9.30 e5 -3.99e5 -2.33e6 9.64e5 
K8 67.5 0 / -1 -2.20 e5 -4.00 e4 9.00 e4 -2.28e5 -3.91e4 9.43e4 

K10 0.0 -1 / -3.2 -2.11 e6 -6.44 e6 0 -2.40e6 -7.3e6 0 
K11 22.5 -1 / -3.1 -2.04 e6 -4.49 e6 1.23 e6 -2.07e6 -4.36e6 -1.13e6 
K12 45.0 -1 / -3.2 -2.03 e6 -2.03 e6 1.08 e6 -2.05e6 -2.05 e6 -1.05e6 
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