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h i g h l i g h t s

� Reviewing the state-of-art of empirical methods for masonry buckling.
� Studying the influence of material parameters on the load bearing capacity.
� Critical remarks have been made on the state-of-art empirical methods.
� A method has been proposed to overcome the existing problems.
� A new formula for the Eurocode 6 has been proposed.

a r t i c l e i n f o

Article history:
Received 3 November 2015
Received in revised form 10 March 2016
Accepted 15 March 2016
Available online 22 March 2016

Keywords:
Eurocode 6
Empirical method
Buckling
Regression-based models
Capacity reduction factor
Equivalent elastic modulus
Stability failure
Material failure

a b s t r a c t

Several empirical formulae were proposed for the practical estimation of the load bearing capacity of
masonry walls subjected to concentric or eccentric vertical loading taking into account the slenderness
of the wall. In the current contribution, critical remarks were made on the limitations and inconsistency
of current empirical methods. The accuracy, shortcomings, and plausibility of the current existing empir-
ical formulae have been intensively studied and compared with a reference numerical solution. It has
been found that many of the available empirical methods may give unrealistic results, which lead to
an overly conservative design. This can be seen particularly in the regression model-based formulae,
which are less based on rational principles like the one in Eurocode 6. To solve this problem, the concept
of equivalent elastic modulus has been introduced and a new empirical method has been derived taking
into account the nonlinearity of the material. This method gives accurate results in comparison with the
reference numerical solution and can fully exploit the considerable reserves of material strength. The
new empirical method has been used as a basis to develop a formula for the Eurocode 6. The proposed
formula has been showing good fitting with the experimental data.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In the last decades, several numerical and analytical solutions
have been developed for determination the load bearing capacity
of vertically loaded masonry walls (Bakeer [1]). These methods,
because of the complex mathematical formulation, are improper
in practice and standards even though the results can be repre-
sented graphically. Attempts have been made to simplify the the-
oretical solutions into cumbersome formulae which demonstrate
good agreement with accurate results. Most of the proposed
empirical formulae are based on the regression models with
parameters determined at the best-fit with the accurate solution,
e.g. the Gaussian bell-shaped function in EN 1996-1 proposed by

Kirtschig [2], or the formulae proposed by Sandoval/Roca [3].
However, the regression models may lead to wrong or unrealistic
results if applied out-of-range of the data used for that
approximation.

In the original draft of Eurocode 6, the capacity reduction factor
has been approximated by a linear formula, but this has been crit-
icized because the formula gives rise to negative capacity reduc-
tion factors at high values of slenderness and replaced later on in
ENV with the exponential formula of Kirtschig (Hendry [4]). How-
ever, critical remarks also have been made on the empirical for-
mula of Eurocode 6 as well, because it doesn’t consider softer
types of masonry in some European countries e.g. Denmark (Bak-
eer et al. [5]).

The present contribution aims at providing solutions to over-
come the problems of the current empirical methods. An intensive
study of the current state of empirical methods has been made and

http://dx.doi.org/10.1016/j.conbuildmat.2016.03.063
0950-0618/� 2016 Elsevier Ltd. All rights reserved.

E-mail address: tammam.bakeer@tu-dresden.de

Construction and Building Materials 113 (2016) 376–394

Contents lists available at ScienceDirect

Construction and Building Materials

journal homepage: www.elsevier .com/locate /conbui ldmat

http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2016.03.063&domain=pdf
http://dx.doi.org/10.1016/j.conbuildmat.2016.03.063
mailto:tammam.bakeer@tu-dresden.de
http://dx.doi.org/10.1016/j.conbuildmat.2016.03.063
http://www.sciencedirect.com/science/journal/09500618
http://www.elsevier.com/locate/conbuildmat


the outcome of the evaluation has been used to propose a new
solution.

In this study, the considered masonry wall is hinged at both
ends and subjected to equally eccentric or concentric loading at
the top and bottom of the wall (Fig. 1).

Since masonry is a material with low tensile strength, the wall
may crack under certain conditions leading to further complica-
tions due to the reduction in the effective cross-section. Masonry
members under compression may fail either because of material
over-stressing for squat members or because of stability failure
of slender members. For squat masonry members, the failure takes
place if the compressive strain at any cross-section reached the
ultimate compressive strain of the material. Nevertheless, for slen-
der masonry elements the failure occurs before reaching the ulti-
mate compressive strain of the material at any cross-section. The
former mode of failure called material failure and the later one
called stability failure.

It is more appropriate for the presentation of the empirical for-
mulae to use a relative form description for the buckling problem
of masonry walls. For practical use and standards, the load bearing

capacity is represented by the capacity reduction factor U for the
compressive strength allowing the actual conditions:

U ¼ N
f � t ð1Þ

where f is the compressive strength of masonry, N is the vertical
load bearing capacity per unit length, and t is the thickness of the
wall.

The capacity reduction factor U is influenced by the relative
eccentricity of the load applied at the ends of the wall re0 ¼ e0=t
and the slenderness ratio of the wall k which, in turn, depends
on the geometry of the wall and the boundary conditions. The slen-
derness ratio k is defined as follows:

k ¼ rhffiffiffiffiffiffi
KE

p ð2Þ

where rh ¼ h=t is the ratio of the height of the wall h to its thickness
t, KE ¼ E=f is the ratio of the initial elastic modulus E to the com-
pressive strength f of masonry material.

Nomenclature

c material parameter represents the degree of nonlinear-
ity and is equal to the ratio of the ultimate strain to the
elastic strain at failure stress ¼ E � ec=f ¼ KE � ec;

ca approximate equivalent value of the material parameter
c for nonlinear material model;

Cm correction factor for the moment magnifier method
takes into account the end conditions and moment dis-
tribution in the element;

e total eccentricity in the cross section considering both,
the first order and second order eccentricities;

e0 eccentricity at the top end of the wall;
ecr total eccentricity at the transition cross-section;
em total eccentricity at the mid-height of the wall;
E initial modulus of elasticity of masonry;
Er tangent modulus of elasticity at stress level r;
E1=3 secant modulus of elasticity from the mean of the

strains of all measuring positions occurring at a stress
equal to f=3;

Eeq equivalent elastic modulus considering the nonlinearity
in the material ¼ c � E;

f compressive strength of masonry;
f k characteristic compressive strength of masonry;
f t tensile strength of masonry;
h clear height of a masonry wall or column;
KE ratio of initial elastic modulus to compressive strength

of masonry ¼ E=f ;
L moment magnifier factor;
m� second material integral defined in Eq. (89);
M bending moment at the middle of the element;
M0 initial bending moment at the middle of the element;
n material parameter;
na equivalent approximation of the material integral n�;
n� first material integral defined in Eq. (8);
N compressive load;
Ne material failure load;
Ns stability failure load;
re relative total eccentricity in the cross section
re0 relative eccentricity of the compressive load acting on

the top end of the wall or vertical structure member
¼ e0=t;

recr relative total eccentricity at the transition cross-section
¼ ecr=t;

rem relative total eccentricity at the mid-height of the wall
¼ em=t;

rh relative height of masonry wall or column ¼ h=t;
t thickness of a masonry wall or column;
a ratio of the equivalent elastic modulus for a nonlinear

material model to the initial elastic modulus ¼ Eeq=E;
d relative deflection at the middle of the compression ele-

ment ¼ D=t;
d0 relative initial eccentricity at middle of compression

element ¼ D0=t;
D deflection at middle of compression element;
D0 initial deflection at middle of compression element;
e strain;
ec strain corresponding to the compressive strength of ma-

sonry ¼ c=KE;
et ultimate tensile strain of masonry;
eu ultimate compressive strain of masonry;
e relative/normalized strain taken with respect to the

compressive strain ec at pick ¼ e=ec;
� relative/normalized maximum strain at one edge of a

cross section ¼ e1=ec;
�t relative/normalized ultimate tensile strain of masonry

¼ et=ec;
�u relative/normalized ultimate compressive strain of ma-

sonry ¼ eu=ec;
k slenderness ratio ¼ rh=

ffiffiffiffiffiffi
KE

p
;

kt slenderness ratio at which the material and stability
failures occur at the same time;

r stress;
r relative /normalized stress taken with respect to the

compressive strength ¼ r=f ;
U capacity reduction factor due to eccentricity and slen-

derness;
Ue capacity reduction factor due to eccentricity;
UE capacity reduction factor of Euler’s load ¼ p2=ð12k2Þ;
Us capacity reduction factor associated with the stability

failure load;
Ucr corresponding reduction factor at recr
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