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ABSTRACT 
The design of unreinforced masonry walls subjected to uniformly distributed lateral loading and 
simply supported on more than two edges is based on the yield line method or a modification 
thereof (e.g. British Standard, European Standard, Canadian Standard). In the yield line method, 
plastic behaviour of the material is assumed as shown by steel and reinforced concrete. The 
analysis of the load-bearing behaviour of masonry has to be divided into two directions. Normal 
to the bed joint, the plastic behaviour depends on the ratio of the axial load to the corresponding 
flexural tensile strength of masonry. The transfer of horizontal bending moment depends on the 
available flexural strength of the units and torsional shear strength of the bed joints. Therefore, 
two different failure modes with unequal plastic behaviour have to be considered. On the one 
hand, the unit can fail due to flexural tensile stress (brittle failure), and no residual load-bearing 
capacity after cracking exists. On the other hand, failure can occur due to the torsional failure in 
the bed joints, and a plastic moment can transfer depending on the level of normal stresses in the 
bed joints. The complex load-bearing behaviour of masonry shows that the analysis of flexural 
wall panels using the yield line theory depends on the axial load and the material strength of the 
units and mortar, as well as their bond. To consider these different residual load–bearing 
capacities, a new non-linear method of analysis was developed. This paper will present a 
simplified design model for non-load bearing walls based on the new calculation method. 
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INTRODUCTION 
Non-structural flexural wall panels are required to resist out-of-plane loads due to the action of 
wind. The capacity of unreinforced masonry walls subjected to uniformly distributed lateral 
loading has been investigated by many authors over the past several decades. Some research has 
been included in the design methods in masonry codes in Australia [1], Britain [2], Canada [3] 
and Europe [4]. In general, the provisions for the analysis and design of non-load bearing walls 
supported on more than two edges are based on the “failure-line”, “fracture-line”, or “yield-line” 



methods. In these methods, the failure lines represent the cracking pattern of the failed masonry 
wall. For the analysis of the load bearing capacity, different assumptions of the moment 
resistance after cracking are used in the failure lines.  
 
Figure 1 shows the normalized load-bearing capacity Yw depending on the wall aspect ratio λw 
(see Equation 2) according to various design methods for masonry walls which are continuously 
supported on all sides. For a given load –bearing capacity q, which again depends on the ratio μt 
of the flexural tensile strength normal and parallel to the bed joint, the factor Yw can be calculated 
by Equation 1. 
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with 
q uniformly distributed lateral load 
H effective height of the wall 
L effective length of the wall 
t thickness of the wall 
ft2 flexural tensile strength parallel to the bed joint 
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 Figure 1: Normalised load-bearing capacity Yw for continuously supported wall panels 
(μt = 1.0) 

 
In addition to the British Standard BS 5628 [2], the European Standard EC 6 [4] and the 
Canadian Standard CSA S304.1-04 [3], Figure 1 also shows the results of the research done by 
Willis [5] and Jaeger [6]. The model of Willis [5] is evaluated for a unit size of 
l/h/t = 248/248/150 mm and is a further development of the virtual work method according to 



Lawrence & Marshall [7] which is provided in the Australian masonry standard. The results of a 
numerical investigation using the finite-element method are shown by Jaeger [6]. For 
comparison, the normalised load capacity for walls assuming elastic material behaviour 
(Equation 1) were analysed in one-way and two-way bending and are also plotted in Figure 1. 
Flexural walls with aspect ratios of λw < 0.5 or λw > 2.0 supported on all sides generally show 
one-way bending behaviour. In these cases, the best approximation of the load bearing 
behaviour, as shown in Figure 1, is achieved by using the CSA [3], whereas the other methods 
normally overestimate the load bearing capacity. In particular, the assumption of plastic material 
behaviour in the yield line method used in the design methods of the British Standard [2] and 
Eurocode [4] cause the overestimation.  
 
The purpose of this paper is to provide a new simplified design method for biaxial bending of 
masonry wall panels. New material models were developed to describe the biaxial bending 
behaviour of masonry and were integrated in a nonlinear numerical analysis using the finite 
element method (FEM). Subsequently, the load bearing capacity of masonry walls were analysed 
for different material properties, wall dimensions and support conditions using the new 
numerical model. For a simplified design in practise, an approximation was developed and is 
provided in terms of a design equation with the tabulated parameters.  
 
NUMERICAL MODEL FOR ANALYSIS 
Most masonry walls subjected to uniformly distributed lateral loading will form an initial crack, 
which generally does not cause failure of the wall. The wall can still carry a larger load than the 
load causing the initial crack. In a cracked cross section, a little bending moment still can be 
transferred. Therefore, the remaining moment resistance in the cross section after first crack 
should be considered in the analysis. Based on this fact, the flexural wall panels were modelled 
as a beam grid. After cracking of the cross section, a second node with the same coordinates as 
the original node was placed in the cracked section and the two nodes were connected by vertical 
and horizontal springs (see Figure 2).  

Figure 2: Implementation of springs in cracked zones 
 
The statical system of the masonry wall can be described as a system of crossed beams with 
springs employed in cracked zones. Fixed supports of walls can be also described by employing 
springs, such as at the bottom of the wall or at the lateral support for continuous walls. The 
moment resistance after cracking can be attained by modification of the stiffness c of the springs. 
The stiffness of the springs depends on the rotation θcr in the cracked section combined with the 
material properties of masonry. The anisotropic and non-homogeneous material behaviour of 
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masonry results in different properties for the horizontal and vertical springs which are 
characterized by the moment-rotation-relationship (M-θcr-relation). Due to the non-linear M-θcr-
relationship, the iterative Newton-Raphson-method was used to solve the non-linear system of 
equations (stiffness matrix). The determination of the load-bearing capacity of the wall was 
accomplished by incremental addition of small loads until the load bearing capacity was reached. 
In every load step, a non-linear iteration was carried out. The finite element program developed 
is able to provide the load-deflection diagram for flexural wall panels and the distribution of the 
internal forces and moments. The FE model was verified with experimental data from Jaeger [6], 
which show a maximum discrepancy of 7%. 
 
The accuracy of the prediction of the load bearing capacity of biaxial bending masonry walls 
using the new program developed is based on realistic specification of the material behaviour of 
masonry. For non-linear structural analysis, it is necessary to define both failure conditions for 
uncracked and residual load-bearing behaviour for cracked masonry sections. A short 
introduction to the assumed material model is shown in the following. 
 
MATERIAL MODEL 
The finite-element program developed consists of elastic beams and non-linear springs which 
characterise the bearing behaviour of cracked masonry sections using the M-θcr-relationship. For 
realistic characterisation of the cracked masonry section using the moment-rotation-relationship, 
the analysis of the load-bearing behaviour of masonry has to be divided into two directions. 
Normal to the bed joint, the plastic behaviour depends on the ratio of the axial load to the 
corresponding flexural tensile strength of masonry, while the transfer of horizontal bending 
moment depends on the available flexural strength of the units and torsional shear strength of the 
bed joints. Therefore, two different failure modes with different plastic behaviour have to be 
considered. On the one hand, the unit can fail due to flexural tensile stress (line failure) and no 
residual load-bearing capacity exists after cracking. On the other hand, failure can occur due to 
the torsional failure in the bed joints (stepped failure) and a plastic moment can transfer 
depending on the level of normal stresses in the bed joints.  
 
Finally, the influence of the interaction of vertical and horizontal bending moments, as well as 
the twisting moment in bending plates had to be analysed. Therefore, an approach for the load-
bearing behaviour of masonry stressed only by twisting moments was developed. The resulting 
equations for twisting in masonry were extended to the analytical investigation of bending in the 
vertical and horizontal directions. The analytical results describe the combined load-bearing 
behaviour of biaxial bending in masonry and provide equations both for failure conditions of 
uncracked masonry and load-bearing capacity of cracked masonry subjected to the internal 
forces and moments in plates nx, mx, my and mxy. Some final results are presented below. Further 
and more detailed explanations can be found in Richter [8]. 
 
Load-bearing behaviour normal to the bed joint 
Based on the moment-curvature-relationship (mx-κ-relationship) of masonry and the assumed 
curvature distribution in the cracked zone shown in Figure 3, the angle of rotation θcr for cracked 
masonry can be determined by Equation 3.  
 

( ) cruncrcr x⋅β⋅κ−κ=θ tan  (3) 



The curvatures for the cracked section κcr and for the uncracked section κun depend on the 
moment mx = nx ⋅ e and were analysed by the mx-κ-relationship. A linear-elastic stress-strain 
relationship was assumed, because the compressive stresses normal to the bed joint of non-load 
bearing walls don’t reach the plastic curve of the stress-strain relationship.  Figure 4 shows the 
mx-θcr-relationship evaluated for cracked masonry. For simplified and general representation, the 
moment, as well as the angle, are normalised according to Equation 4.  
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with 
E modulus of elasticity for masonry normal to the bed joint (x-direction) 
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Figure 3: Curvature distribution in the cracked zone and associated beam-spring-model 
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Figure 4: Moment-rotation-relation of vertical flexural masonry for different ratios of 
flexural tensile strength ft1 and compressive stress σx normal to the bed joint 



Load-bearing behaviour parallel to the bed joint 
The transfer of horizontal bending moment depends on the available flexural strength of the units 
and torsional shear strength of the bed joints. As already described, two different failure modes 
have to be regarded. Only in the case of stepped failure due to torsion in the bed joints, a plastic 
moment can be transferred after cracking. The knowledge of this residual moment resistance mr 
is important for realistic prediction of the load-bearing capacity of flexural wall panels. Figure 5 
shows the my-κ-relationship and the corresponding my-θcr-relationship, which is used for the 
analysis of the load-bearing capacity of flexural wall panels. An analytical model is given by 
Equation 5.  
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Figure 5: Moment-curvature-relation (left) and moment-rotation-relation (right) for 

horizontal flexural masonry due to torsional failure in the bed joint 
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mr residual moment 
mcr cracking moment  
mt2 cracking moment depending on the flexural tensile strength ft2 of masonry parallel to the 

bed joint 
mc additional resistant moment due to the increased shear strength in the bed joint caused by 

the compressive stress σx normal to the bed joint 
mpl plastic moment depending on the friction coefficient in the bed joint and the 

corresponding compressive stress σx normal to the bed joint 
Ωm reduction function for the decreasing of the torque resistance in the bed joint 
θcr angle of rotation of cracked masonry parallel to the bed joint 
h height of brick unit including bed joint 
Gθ fracture energy (see grey shaded area in Figure 5) 
 



The masonry section fails at the cracking moment mcr, which is the sum of the cracking moment 
mt2, depending on the flexural tensile strength ft2 of the masonry parallel to the bed joint, and an 
additional resistant moment mc caused by the increased shear strength in the bed joint due to the 
compressive stress σx normal to the bed joint. After cracking of the masonry section subjected to 
low vertical forces nx, the residual moment mr decreases until reaching the plastic moment mpl 
(see Fig. 5). This decrease is described by the exponential function Ωm, which depends on the 
angle θcr, the fracture energy Gθ and the height of the units h. The new defined fracture energy 
Gθ is based on the decreasing of the torque resistance in the bed joint, which results from the 
bond shear strength. 
 
Load-bearing behaviour due to twisting moment mxy 
A complete description of non-load bearing masonry walls subjected to biaxial bending also 
requires consideration of the load-bearing behaviour due to the twisting moment mxy. To analyse 
the stresses in the brick unit and bed joint, a strip model was developed for solely twisted 
masonry as shown in Figure 6. The strips are crossed beams whose arrangement depends on the 
unit size and the head joint. In flexural solid plates subjected only to twisting moments mxy= myx 
the principal moments act at an angle of 45°. The angle ψ of the strips can differ from the angle 
of the principal moments depending on the unit size. In this case the strips are subjected to a 
bending moment Mstrip,B and an additional torsional moment Mstrip,T. Figure 7 presents these two 
strip moments depending on the ratio λb of unit height h and unit length l. It is shown that for 
λb = 0.5 no torsional moment Mstrip,T. exists, because the inclination of the strip and principal 
moments is identical. 

Figure 6: Strip model for solely twisted masonry 
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The points of 
interest in nalysis and the associated material strengths are shown in Figure 8. 

Figure 8: Analysed points with associated material strength 
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Based on the strip moments Mstrip,B and Mstrip,T caused by the moment mxy, the tensile stresses in 
the brick unit and the tensile and shear stresses in the mortar could be analysed. 
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Combined load-bearing behaviour of masonry 
Non-load bearing masonry walls subjected to out-of-plane bending combined with vertical in-
plane compression due to the self weight of the wall are stressed by the forces nx, mx, my and 
mxy= myx. The load-bearing behaviour of the masonry had to be described including the stresses 
caused by these forces. Therefore, the equations for solely twisted masonry were extended to the 
analytical investigation of bending in the vertical and horizontal directions. Failure conditions 
were obtained for uncracked masonry for each point in Figure 8 with the corresponding material 
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strength. Additionally, equations for the prediction of line or stepped failure of masonry were 

ysed. For both failure modes, analytical equations were obtained for both the 
x-θcr-relationship describing the vertical spring properties and the my-θcr-relationship for the 

a

are determined by the load bearing behaviour of the 
horizontal direction, signif y. Therefore, the flexural tensile strength shows only for sm
values an influence (see Table 1, case 3).  

developed. 
 
Furthermore, the residual load-bearing capacity of cracked masonry was analysed for masonry 
with tensile failure of the brick unit (see Figure 8 points 1 and 2), as well as failure of the mortar 
bed joint (see Figure 8 point 3). In the case of brick unit failure, the influence of the crack path 
was investigated, whereas for the mortar failure, the interaction of the torque and gaping in the 
bed joint was anal
m
horizontal spring. 
 
DESIGN METHOD FOR NON-LOAD BEARING FLEXURAL WALL PANELS 
For the structural design of non-load bearing flexural wall panels, the design lateral load qEd 
should be smaller than the design lateral resistance qRd as shown in Equation 8. The calculation 
of the resistant lateral strength qRd is based on the normalized load-bearing capacity Yw which has 
to be derived by a time-intensive numerical finite-element analysis. For simplified design, an 
approximation of the normalized load-bearing capacity Yw is necessary. Therefore, the load 
bearing capacity of masonry walls was analysed for different material properties, wall 
dimensions and support conditions using the new numerical model. The results were 
pproximated with Equation 9 and the related coefficients were determined. Figure 9 shows an 

example of the normalized load-bearing capacity Yw for a flexural tensile strength ratio of 
μt = 1.0. The required coefficients are given in Table 1 depending on the support conditions of 
the wall and the flexural tensile strength ratio μt. The load-bearing capacities for simply 
supported walls with a free edge on top 
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ensile strength ratio (see Table 1) 

ad bearing walls. The design equation takes 
into consideration the support conditions, wall dimensions and the ratio of flexural tensile 
strength perpendicular and parallel to the bed joint.  

ftk2 characteristic flexural tensile strength of masonry parallel to the bed joint 
partial safety factor for material 
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CONCLUSIONS 
Based on the new analytical equations for the material behaviour, a numerical model for the 
calculation of flexural capacity of non-load bearing masonry walls was developed using the 
finite element method. The realistic description of the behaviour of masonry subjected to out-of-
plane biaxial bending and the implementation in a numerical model based on the finite-element 
method, allows the load-bearing capacity of walls with different support conditions and all types 
of masonry to be determined. In addition, the simplified design model and equation presented 
here may be used in practise for the design of non-lo



 
oefficients for determination of the normalized load-bearing capaciTable 1: C ty Yw 1) of 
non-load bearing masonry walls with aspect ratio of 0.3 ≤ λW ≤ 2.5 
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 a 0,5337 0,4467 0,7524 1,4863 0,9392 0,8881 1,6164 

b 0,9440 1,4254 1,2080 -0,8152 1,3200 1,4823 1,1636 
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d 4,5440 0,6474 0,9412 1,6140 1,4960 1,4330 1,0820 
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