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ABSTRACT
The purpose of this thesis is to validate the simplified method of analyzing masonry shear walls using
models composed of struts and ties describing ultimate conditions, with the numerical results obtained
from micro-modeling using finite elements.
In this thesis, the current methodology and standards being used in various national and international
codes for the analysis of masonry shear walls are described and their shortcomings are discussed.
The principles and advantages of using the simplified method of analysis of masonry shear walls are
also explained.
For validating the simplified models, computer simulations are carried out using the micro-modeling
approach to calculate the ultimate shear capacity of the wall for different applied normal stresses and
different loading lengths. In addition to this, parametric analysis is carried out to understand the effect
of material properties like friction angle, tensile strength and compressive strength of masonry. The
values obtained from micro-modeling are compared to the results obtained from simplified method of
analysis.
A modified strut-tie model is proposed to explain the effect of friction angle of unit-mortar interface on
the ultimate capacity of shear walls. At the end, the values of different parameters like friction angle,
loaded length, and applied normal stress are tabulated, for which the simplified model using struts and
ties can be safely applied.
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RESUMEN
El objetivo de esta Tesis es validar un modelo simplificado de bielas y tirantes para el análisis de
paredes de obra de fábrica sometidas a esfuerzos cortantes y compararlo con los resultados
numéricos obtenidos mediante micro-modelos basados en el método de elementos finitos.
En esta Tesis se han descrito la metodología y los estándares de cálculo usados comúnmente en
varios códigos y normativas, tanto nacionales como internacionales, para el análisis de paredes de
obra de fábrica sometidas a cortante, así como sus ventajas e inconvenientes.
Para la validación de los modelos simplificados se han realizado simulaciones mediante micromodelos con tal de calcular la capacidad última a cortante de la pared, para diferentes cargas
normales aplicadas, y longitudes de carga variables. Adicionalmente, se ha realizado un análisis
paramétrico con el fin de entender mejor la influencia de ciertas propiedades de los materiales, tales
como el ángulo de fricción, la resistencia a tracción y la resistencia a compresión de la obra de
fábrica. Los resultados obtenidos mediante los micro-modelos han sido comparados con los
obtenidos mediante modelos simplificados de análisis basados en bielas y tirantes.
Se propone un modelo modificado de bielas y tirantes para explicar el efecto del ángulo de fricción
entre las piezas de la obra de fábrica y la interfase de mortero, en la resistencia última de las paredes
a cortante. Finalmente, se tabulan los valores de los diferentes parámetros estudiados, tales como el
ángulo de fricción, la longitud de carga y la carga normal aplicada, demostrando que la aplicación del
método simplificado de bielas y tirantes es segura.
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1. INTRODUCTION
1.1 Introduction
Masonry is the oldest construction material and is still widely used in the building industry.
The advantage of using masonry lies in its simplicity of construction and easy availability of
its constituents.
constituents. The simple technique of laying pieces of stone or bricks on top of each other,
either with or without cohesion via mortar, has proved to be successful for thousands of years.
Many of the great monuments
monuments like the Colosseum in Rome,
Rome, famous towers like the Qutub
Minar in India,, important churches and cathedrals like Mallorca Cathedral
Cathedral, Spain,, (Figure 1))
have successfully proven the adequacy of masonry as a building material.

Figure 1 Mallorca Cathedral, Palma, Balearic Islands, Spain

At present, masonry is being structurally
structurally used in various constructions like low-rise
rise buildings,
load bearing walls, infill panels to resist seismic and wind loads, and pre
pre-stressed
stressed masonry
cores. A shear wall is a type of load bearing wall designed to resist the in
in-plane
plane forces acting
on the structure. Wind and earthquake are the most common loads that shear walls are
designed to counteract.
Masonry
asonry shear wall is a composite material composed of units (e.g. bricks or stones) and
mortar joints. It is recognized that the mortar joints, or more precisely the unit/mortar
interfaces, often
often have a much lower strength than that of the intact unit or mortar. The
presence of these joints creates planes of weakness along which failures may initiate and
propagate. Due to this, a masonry shear wall displays distinct directional properties. The
Erasmus Mundus Programme
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overall behavior of the masonry composite is determined by the properties of the intact
materials (units and mortar) and the strength and orientation of the unit/mortar interfaces.
Along with the presence of weak joints, a large number of other factors may influence the
strength of the masonry composite. Anisotropy of the units, unit size and aspect ratio, joint
dimensions, joint orientation, relative position of head and bed joints, properties of the units
and mortar, and properties of the unit/mortar bond, all can influence the masonry's strength
and stiffness. As a result, masonry needs to be treated as an anisotropic, inhomogeneous
material which makes the analysis masonry shear walls very difficult.
A masonry shear wall subjected to horizontal and vertical loading may experience different
kinds of failure modes which include simple instability or rocking, frictional sliding, brick
tensile cracking along a diagonal, or crushing at the compressed zone (Figure 5, Chapter 2). It
is essential to take into consideration all these failure mechanisms in order to correctly
analyze a masonry shear wall.
There is significant amount of research done on the analysis of masonry shear walls in last
few decades. Still, the formulae and criteria provided by various national and international are
not as comprehensive as in the case of concrete or steel. As we will see later, most of the
codes aim at providing a generalized formula for calculating the strength capacity of masonry
shear walls. These methods suffer from inadequate experimental validation and are validated
only for a few simple cases.
To analyze the complex behavior of masonry shear walls, some robust and sophisticated
numerical methods using computer simulations, such as micro-modeling and macro-modeling
using non-linear approaches have been developed, Lourenço (1996) and Lourenço and Rots
(1997). These methods are comprehensive and efficient to analyze masonry shear walls but

are expensive in terms of time and effort needed for the analysis. Also, there is a problem of
storage and handling of large amount of data generated by computer simulations.
To analyze the complex behavior of masonry in a simplified way, a new method is proposed
by Roca et al. (2010a) which aims at providing a practical tool, a method based on the
construction of simple models composed of struts and ties describing ultimate conditions.
This method is based on plasticity’s lower bound theorem and is inspired by the strut-tie
method that is presently used in the analysis of concrete structures.
The purpose of this thesis is to validate the results obtained from these strut-tie models by the
sophisticated computer simulations using micro-modeling approach.

Erasmus Mundus Programme
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1.2 General Objectives
The objective of the thesis is to validate the simplified method of analyzing masonry shear
walls using models composed of struts and ties describing ultimate conditions, with the
numerical results obtained from simplified micro-modeling using finite elements. In
particular, the case of eccentric concentrated loading is considered and the effect of material
properties like friction angle, compression strength, and tensile strength on the ultimate
capacity is studied.
1.3 Specific Objectives
•

Study of the methods used for the analysis of unreinforced masonry shear walls in
different national and international codes and standards

•

Study of the micro-modeling approach and its application to masonry shear walls

•

Study of simplified methods of analysis for masonry shear walls using the strut-tie
models

•

Carrying out computer simulations using the micro-modeling approach to calculate the
ultimate shear capacity of the wall for different applied normal stresses and different
loading lengths

•

Study the effect of changing compressive and tensile strength and friction angle on the
ultimate capacity of shear walls using analysis carried out by micro-modeling

•

Comparison of results obtained from simplified models using struts and ties with the
results obtained from simulations carried out using micro-modeling

•

Proposal of a modified strut-tie model for the case of eccentric concentrated loading

•

Proposal of a modified (2/3)tanα rule for the relationship between average normal
stress and average shear stress in the wall.
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State of the art
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2. STATE OF THE ART
There is significant amount of research done on the analysis of masonry shear walls in last
two decades. In spite of that, currently very simple methods and formulas provided by various
national and international codes (such as Eurocode 6) are being used to analyze the strength
capacity of masonry shear walls. These methods suffer from inadequate experimental
validation and are validated only for a few simple cases.
To analyze the complex behavior of masonry shear walls, some robust and sophisticated
numerical methods using computer simulations, such as micro-modeling and macro-modeling
using non-linear approaches have been developed, Lourenço (1996) and Lourenço and Rots
(1997). These methods are comprehensive and efficient to analyze masonry shear walls but
are expensive in terms of time and effort needed for the analysis. Also, there is a problem of
storage and handling of large amount of data generated by computer simulations.
To deal with the above mentioned problems, few efforts have been made to derive simplified
yet comprehensive methods for the analysis of strength of masonry shear walls. One of such
attempts are made in Ganz and Thürlimann (1983) where the analysis of masonry walls based
on the limits theorems of plasticity is discussed. Similar attempts have been made by Mann
and Müller (1982) to include all the failure modes of masonry in simplified models.
A new method has been proposed by Roca et al. (2010a) which aims at providing a practical
tool, a method based on the construction of simple models composed of struts and ties
describing ultimate conditions. This method is based on plasticity’s lower bound theorem and
is inspired by the strut-tie method that is presently used in the analysis of concrete structures.
2.1 Analysis of masonry shear walls as per current codes and standards
All the national and international codes categorize the analysis of masonry shear walls in two
sections, as unreinforced and reinforced. The scope of this thesis is limited however, only to
unreinforced masonry shear walls. According to the current practice, the analysis of
unreinforced masonry shear walls is done in a very simplified manner in all the codes, where
the approach is to define simple formulae for the ultimate capacity of shear wall.
A masonry wall subjected to vertical and horizontal loading can exhibit various failure modes
involving phenomena as rocking motion, frictional sliding along the joints, brick tensile
cracking and crushing in compression. Each code takes into account some or all failure modes

Erasmus Mundus Programme
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS

9

Simplified Analysis of Strength of Masonry Shear Walls

to give a simplified formula for the allowable shear stress. In the following section, analysis
of masonry unreinforced shear walls according to various codes is discussed in brief.
2.1.1 American building code for masonry structures (ACI 530.1-08)

This code is produced by the joint efforts of American Concrete Institute, the Structural
Engineering Institute of the American Society of Civil Engineers and The Masonry Society.
The code provides minimum requirements for the structural design and construction of
masonry units bedded in mortar using both allowable stress design as well as limit state
design (strength design) for unreinforced as well as reinforced masonry.
The ACI code recognizes three modes of failure for shear and addresses them while
specifying permissible shear stresses. The allowable shear stress for these three modes of
failure is as follows:
a). for prevention of diagonal cracks through the mortar and masonry joints, in-plane shear
stress should not exceed 1.5√ fc.
b). for sliding failure along a straight crack at horizontal bed joints, the allowable shear stress
should not exceed 0.827 N/mm2.
c). to resist failure due to stepped cracks alternating from head joint to bed joint, allowable
shear stress is based on a Mohr-Coulomb type failure criterion (τ = c + σ×tanϕ) and different
values of permissible shear stress are given for various bond pattern of masonry –
(i) Running bond masonry not grouted solid - 0.225 + 0.45σ
(ii) Stack bond masonry with open end units and grouted solid - 0.225 + 0.45σ
(iii) Running bond masonry grouted solid - 0.414 + 0.45σ
(iv) Stack bond masonry other than open end units grouted solid - 0.103 N/mm2
2.1.2 Eurocode 6: Design of Masonry Structures (BS EN 1996 Part 1-1)

This code was published by the European Committee for Standardization (CEN) and is to be
used with the National Application Document (NAD) of member countries. This code
specifies a general basis for the design of buildings and civil engineering works in
unreinforced and reinforced masonry made with clay and concrete masonry units laid in
mortar. Limit state design method has been adopted throughout this code.
Eurocode 6 only considers a sliding mode of shear failure and prescribes an equation of
Mohr-Coulomb type for allowable shear stress (τ = 0.1 +0.4σ). To be precise, Euro code
specifies following general rules for the allowable shear stress in an unreinforced masonry
wall –
Erasmus Mundus Programme
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a). for filled head joints:

 =  + 0.4 ≤ {0.065 ×  }

b). for unfilled head joints:

 =  + 0.5 ≤ {0.045 }

c). for shell bedded masonry:
=
where,


 + 0.4 ≤ {0.045 }


c = cohesion factor, fc = compressive strength of masonry,  = allowable shear stress (without
safety factor, γm), σ = applied compressive stress, perpendicular to shear load, g = overall
width of mortar strips, t = thickness of wall.
Euro code 6 also provides a simplified formula for calculating the design shear load:


 =   −   . .  + 0,4 . !


"#$
%&



' ≤ 3  −   . . )


(1)
where,
 =

*#$
"#$

, cv = 3 for filled head joints and 1.5 for unfilled head joints; eEd: eccentricity of

load; t: thickness of the wall; fvd0= fvk0/γM; NEd: vertical load; l: length of the wall; fvdu:
ultimate shear strength of the wall.
2.1.3 International Building Code for masonry (IBC 2000)

The International Building Code 2000 (IBC 2000) is designed to meet the need for a modern,
up-to-date building code addressing the design of building systems through requirements
emphasizing performance. This model code encourages international consistency in the
application of provisions and is available for adoption and use by jurisdictions internationally.
IBC 2000 also considers the three modes of failures for determining nominal shear strength of
masonry and like the ACI code, gives a general formula for the ultimate capacity of the shear
walls varying just in magnitude with it.
2.1.4 Indian Standard Code for structural use of unreinforced masonry (IS: 1905)

The Indian Standard code provides recommendations for structural design aspect of load
bearing and non-load bearing walls for unreinforced masonry only. Design procedure adopted
throughout the code is allowable stress design, along with several empirical formulae. The IS:
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1905 code only takes care of sliding failure by specifying that the permissible shear stress τ =
0.1 + σ/6, which is a Mohr-Coulomb type failure criterion, where σ is average axial stress.
However, the code mentions that this linear relationship is valid up to axial compression of
2.4 MPa, at which it reaches the maximum limiting value of 0.5 MPa.
Thus, we see that all the national and international codes aim at providing a generalized
formula for calculating the strength capacity of masonry shear walls. However, it should be
understood that masonry is a composite material and possesses a complex nature due to the
presence of weak mortar joints which act as planes of weakness. Along with the presence of
‘weak' joints, a large number of other factors may influence the strength of the masonry
composite. Anisotropy of the units, unit size and aspect ratio, joint dimensions, joint
orientation, relative position of head and bed joints, properties of the units and mortar,
properties of the unit/mortar bond, and workmanship, all can influence the masonry's strength
and stiffness. Therefore, the behavior of masonry shear walls cannot be represented by a
generalized formula and it is important to consider the wall as an anisotropic, inhomogeneous
material.
2.2 Analysis of masonry shear walls using computational modeling
As mentioned in the previous section, the existing design rules and models are insufficient to
represent the complex behavior of units, mortar, joints and masonry as a composite material.
It is very important to model the behavior of masonry structures from linear stage to cracking
and degradation to the ultimate failure. For this, various numerical and computational
strategies are developed which incorporate all the failure mechanisms of masonry shear walls.
These computational methods should be accompanied by appropriate modeling of masonry
structure complemented with advanced solution procedures using finite element method of
analysis.
2.2.1 Micro-modeling: Basic Principles

Masonry is a composite material which consists of units and mortar joints. To model masonry
structures correctly, it is important to represent the masonry structure as a complex
arrangement of units, mortar and interface elements. The credit for first significant attempts to
model masonry in this way goes to Lourenço (1996) and Lourenço and Rots (1997) and the
method proposed is called micro-modeling. The primary aim of micro-modeling as the paper
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mentions is “to closely represent masonry from the knowledge of the properties of each
constituent and the interface”.
Masonry exhibits distinct directional properties due to the presence of mortar joints which act
as planes of weakness. Micro-modeling focuses on numerically representing individual
components which are unit, mortar and interface. Micro-modeling is beneficial in giving a
better understanding about the local behavior of masonry structures. The benefit of using such
an approach is that all the failure mechanisms of masonry can be incorporated.
2.2.2 Types of micro-modeling

Micro-modeling can be done in following two ways according to the desired level of accuracy
and simplicity, as shown in Figure 2.
1. Detailed micro-modeling
In this approach, units and mortar in the joints are represented by continuum elements
whereas the unit-mortar interface is represented by discontinuous elements. Young’s
modulus, Poisson’s ratio and, the inelastic properties of both unit and mortar are taken into
account. By this approach, the combined action of unit, mortar and interface can be
understood in detail.
2. Simplified micro-modeling
In this approach, units (of brick or stone) are expanded in order to keep the geometry
unchanged and represented by continuum elements whereas the mortar joints and the two
unit-mortar interface elements are combined as one average interface, and these are
represented by discontinuous elements. So a masonry unit in this modeling strategy is
represented as a combination of elastic blocks with potential fracture or slip at the joints (or
interface elements) which are given non-linear properties. This approach is not as accurate as
the detailed micro-modeling because Poisson’s effect of mortar cannot be included.

Figure 2 a) Detailed micro-modeling b) Simplified micro-modeling
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In micro-modeling, all the failure modes can be incorporated in the model because joints and
units are represented separately. The failure mechanism of the masonry components loaded in
tension and compression is the crack growth at the micro-level of the material. In this process
inelastic strains result from a dissipative process when the fracture energy is released during
the process of internal fracture. The composite material shows another type of failure called
the sliding mode or mode II, which results in a dry friction process between the components
after the completion of softening behavior, Lourenço (1996) and Lourenço and Rots (1997).
2.2.3 Failure modes in masonry

A masonry structure can exhibit different types of failure modes depending upon the type and
magnitude of load applied on it. Micro-modeling method incorporates all these basic failure
modes into analysis. These failure modes are shown in Figure 3.

Figure 3 Failure modes in masonry: a) Sliding along the joints; b) Cracking of joints; c) Cracking of units
in direct tension; d) Diagonal tensile cracking of units; e) Compression crushing

The micro-modeling strategies concentrate all the damage in the relatively weak joints and, if
necessary, in potential pure tensile cracks in the units placed vertically in the middle of each
unit which helps to reproduce a jump from one head joint to the other (immediately below or
above), which is a typical masonry characteristic.
2.2.4 Composite interface model

The composite interface model was given by and Lourenço (1996) and Lourenço and Rots
(1997) and enhanced by Van Zijl (2000). This model incorporates all the failure modes of the
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interface elements like fracture, frictional slip as well as crushing along interfaces (along
joints in masonry). The model is plasticity based multi-surface interface model and is also
known combined cracking–shearing–crushing model.
It is based on multi-surface plasticity, comprising a Coulomb friction model combined with a
tension cut-off and an elliptical compression cap (Figure 4). Softening acts in all three modes
and is preceded by hardening in the case of the cap mode.

Figure 4 Two-dimensional composite interface model, Lourenço and Rots (1997)

As it is evident from the figure, the composite interface model is a cap model which
incorporates three failure criteria, namely, shear slipping criteria, tension cut-off criteria and
compression cut-off criteria.
1. Shear slipping criteria
A Coulomb friction yield/crack initiation criterion describes the shear-slipping as
shown in the following equation

+ = || + Ф − c

with Ф being the friction coefficient equal to tan ϕ, the friction angle and c the
adhesion. Both adhesion softening and friction softening are included.
2. Tension cut-off criteria
The yield function for the tension cut-off is:

 =  − .

where σt is the tensile, or brick–mortar bond strength.
3. Compression cap criteria
The yield function for the compression cap is:

/ =   + 01   −  
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where Cs a parameter controlling the shear stress contribution to failure and σc is the
compressive strength.
Thus, we see that in micro-modeling, it is possible to consider masonry as a composite
material composed of brick and interface elements with different material properties. It is
possible to simulate damages in weak mortar joints by assigning the composite interface
material model to the joints. Thus all the failure modes can be incorporated in the model and a
robust analysis can be carried out.
2.3 Analysis of masonry shear walls using simplified models
2.3.1 Introduction

A new simplified method of analysis of masonry shear walls is proposed by Roca et al.
(2010a) based on the construction of simple models composed of struts and ties describing
ultimate conditions. The method is inspired by the strut-and-tie models used in the design of
concrete structures. It is based on the use of models composed of only struts, or including a
combination of struts and ties, to respectively describe compression and tension stress fields
within the material.
Theoretically, the approach is based on the plasticity’s lower bound theorem which states that
“the structure is safe, meaning that the collapse will not occur, if a statically admissible
stress field can be found inside the structure. The load applied is a lower bound of the actual
ultimate load (causing failure).” A statically admissible stress field is one which (a) satisfies
the equations of equilibrium, (b) satisfies the stress boundary conditions and (c) does not
violate the yield criterion. The model however is based on a corollary of this theorem that
says, if a statically admissible solution describes an ultimate condition, it will be a true and
unique solution and will correspond to the ultimate loads and true failure mechanism.
The applicability of strut-tie model is not as straightforward for masonry as it is for concrete
structures. This is because the unreinforced masonry structures do not have steel ties to ensure
the desired plastic response. In fact, a masonry wall subjected to horizontal and vertical
loading may experience different kinds of failure modes which include simple instability or
rocking, frictional sliding, brick tensile cracking along a diagonal, or crushing at the
compressed zone as shown in Figure 5.
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Figure 5 Typical failure modes of masonry walls subjected to in-plane shear forces involving: (a) rocking
motion, (b) frictional sliding, (c) brick cracking and (d) brick cracking combined with crushing in
compression; Roca et al. (2010)

Since all these failure modes discussed above do not show the necessary ductility (for
example, brick tensile cracking, which is a brittle failure), the plasticity theorem, and hence
the simplified models, cannot be directly applied on masonry shear walls. In order to tackle
with this problem, the simplified models are categorized as primary, partial and residual
models, based on the failure mechanism of the model. These three models are described in the
following section.
2.3.2 Primary, Residual and Partial Models

As mentioned in the last section, a distinction is made among primary, partial and residual
models, in which plasticity theorem is only applicable to the primary models. These models
are described in Figure 6.
Primary Model: A primary model should never fail in tension, although it may include both
strut and ties. The overall failure in a primary model should be due to the combination of
ductile failure forms leading to maximum capacity.
Partial Model: A partial model should always fail in tension due to the failure of any tie
included in it. Due to the failure of the tie, the attainment of the maximum capacity permitted
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by the frictional sliding or compression modes cannot be attained. Therefore, full strength
cannot be obtained because the model fails before reaching the ultimate capacity, due to the
failure of tie.
Residual Model: A residual model develops after the failure of partial model when the tie has
failed. It is composed only of struts, geometrically compatible with the tensile cracks of
partial model. Residual model, therefore, describes an equilibrium condition and provides
residual strength.

Figure 6 Primary (a), residual (b) and partial (c) models; Distinction between struts and ties and
distinction between boundary and average compression lines; Roca et al. (2010)

2.3.3 Assumptions in the simplified model approach

There are 3 main assumptions linked with the application of simplified model as mentioned
by Roca et al. (2010a).
1. A distinction is made among partial, primary and residual models. Plasticity theorems
are only applicable to the primary models.
2. The proposed model needs to be validated into detail by means of experiments and
numerical simulation.
3. The applicability of the method is limited to solid brick masonry or stone masonry
(hollow or perforated bricks are excluded unless sufficiently ductility in compression
is shown to exist).
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2.3.4 Principles of Model Construction

The simplified models proposed by Roca et al. (2010b) are defined by the following rules:
1) Models can be made of struts only or a combination of struts and ties. Ties are necessary
to balance the forces appearing at points where struts experience some angular
deviation.
2) Struts can be either discrete or smeared depending upon the type of loads and reactions
(concentrated or distributed, Figure 7, a-c). In turn, smeared struts can be of parallel or
fan types, the latter used to represent converging compression field stresses (Figure 7, bc).
3) Compression fields caused by concentrated or partial loads should be described by a
model combining a minimum of four converging struts connected by a tie (Figure 7-a).
Isolated discrete struts cannot be used to adequately describe the existing stress
condition because they do not model the opening of the compression lines (or reversed
bottle-neck effect) occurring within the masonry volume.
4) In a strut, the maximum slope of any compression line with respect to the vertical is
limited by the frictional response of the joints. If the Mohr-Coulomb criteria is adopted
to describe the maximum shear force that can be transferred along the unit-mortar
interfaces, the slope (tanγ) of any compression line within a strut should be limited to
234 ≤ 235

for dry-joint walls, where ϕ is the friction angle of the unit-mortar interface, and
234 ≤ 236 = 235 +



78

(2)

for cohesive walls, c being the cohesion at the interfaces and σn the vertical compression
stress. As an approach, σn can be taken as the average compression stress in the wall. In
a more refined way, σn can be taken as the average compression stress within a given
strut.
5) Only horizontal ties are acceptable given the very low tensile strength of the unit-mortar
interfaces. (If necessary, the tensile strength of masonry, in the vertical direction might
be taken into account by allowing a limited slope to the ties. This slope should be
limited to fyt/fxt, where fyt and fxt are the masonry homogenized tensile strengths in the
vertical and horizontal directions).
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6) There are two different types of nodes (or connections between elementary members).
The first one (CCT node, Figure 7-a) consists of the connection between two struts and
a tie, in which a tensile internal force (T) is anchored by a deviating compression stress
field. The following condition must be satisfied to ensure the anchoring of the tie
(Figure 7-a):

9 = : (23<+ − 23< ) ≤ : 236

(3)

where tanβ1, tanβ2 are the average slopes of the converging struts and Vi is the vertical
force carried by them.
7) The second type of node (nodes CC or CCC, Figure 7, a-c) refers to the region where
one or more compression forces converge with a reaction. This type of node is
represented as a finite region whose minimum dimensions are determined by the
compression strength of the fabric. The following condition must be satisfied:
 ≤ > 

(4)

where Vc is the vertical force supported by the struts, Ac is the compressed area and fc is
the masonry compression strength.
8) Models including ties are only acceptable if all the ties satisfy the following condition
9 ≤ >. ?.

(5)

where T is the tensile force provided by the tie, At is the sectional area of the tie and fxt is
the homogenized tensile strength of masonry in the horizontal direction. Equation-5
implicitly assumes that tensile stresses are uniform within the tie. When equation-5 is
not verified, a residual model is to be envisaged using a different arrangement of ties
(compatible with expected cracking) or even with no ties.
9) Lastly, the mechanisms should be consistent with the evidence resulting from
experiments and computer simulation. This consistency involves the distribution of
compression and tension forces, distribution and value of reactions, and damage.
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Figure 7 Model elements: (a) double bottle-neck discrete struts and CCT – CCC nodes; (b) smeared
parallel strut and CC nodes; (c) fan strut and CC nodes; Roca et al. (2010)

2.3.5 Proposed models for specific cases

2.3.5.1 Model for walls subjected to uniform vertical loading
In this case, distributed loads, both horizontal and vertical are applied to the wall. Two
different kinds of solutions are needed depending on the width of the wall.
Case – I: Narrow wall
In case of a narrow wall, a fan-type strut model without ties is sufficient to describe the
ultimate failure condition. This model is described in Figure 8-a. At the limit state, the
compression at the base of fan struts is equal to the compressive strength of the masonry.
For a simple fan model to be applicable, the maximum slope of the compression lines should
be equal or less than tanα. Mathematically, this can be written as –
@AB
C

≤ 236, DℎF G =

H

.IJ

(6)

where b, h and t are the width, height and thickness of the wall, and m the length of the region
mobilized at the compression strength fc at the toe of the wall as shown in Figure 8-a.
In this case, the maximum capacity is given by the slope of the average compression strut,
according to @AB

K = !

C

'

(7)
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Case – II: Wide wall
In case of a wide wall, the limit state is described by a model combining fan and parallel struts
as shown in Figure 8-b. As in the case of narrow wall, the vertical stresses at the base of the
fan struts are assumed equal to the compression strength fc, while those in the parallel ones,
determined by their uniform slope, are equal to (V/b)tanα.
Let V1 and V2 be the vertical forces applied, respectively, on the fan and parallel strut regions.
Similarly, be H1 and H2 the horizontal forces resisted by the same regions. The maximum
capacity can be calculated in this case as
K=

HL .MNO


+  236 =

H
@

[(3 + ℎ236)

.MNO


+ (Q − 3 − ℎ236)236]

(8)

where the parameter ‘n’ represents the length of the region subjected to the compression
strength fc at the wall toe, calculated as –

3=

H(C.MNO)

(9)

IJ ...@AH

In these models, the horizontal forces applied on the upper border are not uniformly
distributed but vary according to the slopes of the compression lines. In fact, in these models,
it is not possible to apply simultaneous uniform vertical and horizontal loading on the entire
length of the wall. However, a partial distribution of both uniform vertical and horizontal
forces is possible as shown in Figure 8-c, in this case, the solution is H=Vtanα.

Figure 8 Strut models for uniform vertical loading; Roca et al. (2010)
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2.3.5.2 Model for walls subjected to eccentric distributed loading
Three different cases are possible in case of eccentric loading depending upon the dimensions
of the wall and the frictional parameters at interface elements as shown in Figure 9.

Figure 9 Strut models for eccentric loading, Roca et al. (2010)

1. In the first case, the wall is narrow and should satisfy equation-6 as discussed in last
section:
@AB
C

≤ 236

(6)

And the maximum capacity is given as:
K = !

@ABST
C

'

(10)

where ‘e’ is the eccentricity of loading.
2. In the second case, solution depends on the shape of the load and can be derived in a
similar way.
3. In the third case, the wall is wide and satisifes the following condition:
Q−
> 236
ℎ

Where c is the length of the loaded surface, and the maximum capacity is given as
K = 236

(11)
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2.3.5.2 Model for walls subjected to concentrated loading
As mentioned in section 2.3.4, point 3, compression fields caused by concentrated or partial
loads should be described by a model combining a minimum of four converging struts
connected by a tie.
So the appropriate model with minimum number of allowable struts will be as shown in
Figure 10.

Figure 10 Strut-tie model for concentrated loading, Roca et al. (2010)

For a given vertical load V and for increasing load H, the average slope of the strut (tanα) will
gradually increase until any of the two following conditions is reached:
(i) the strut expands to fully cover the wall length, in which case the failure will be due to
compression at the toe, which becomes a case, similar to the one discussed in section 2.3.5.1.
The ultimate capacity is given as given in equation-10:
K = !

@ABST
C

'

(10)

(ii) the maximum slope at the boundaries of the strut (tanγ1) becomes equal to tanα, in this
case, the failure will be due to frictional sliding.
In this case, the strut necessarily shows central symmetry and is defined by two external
slopes tanγ1 and tan γ2. Given a vertical force V, the resulting maximum horizontal force H is:
K = 23V

Erasmus Mundus Programme
24

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS

Simplified Analysis of Strength of Masonry Shear Walls

where,
23V =

.MN%L S.MN%W


(12)

The value of tanλ has to be determined by the use of micro-modeling through computer
simulations. According to the research done till now, 2/3tanα behaves as an attractor for tanλ
as mentioned in Roca et al. (2010b). The paper mentions that this value is true in particular,
for narrow loaded lengths c, or for wide loaded surfaces subjected to moderate compression
forces (below 0.6fc). For wide loaded surfaces on long walls (with no geometric restrictions
for the full development of the complex strut), H/V should be expected to be close to tanα,
and for intermediate cases, H/V=2/3tanα can be regarded as a safe-side estimation. The paper
however mentions that the values mentioned are tentative and there further research needs to
be done to obtain a general expression for calculating the ultimate capacity of shear walls.
In this thesis, this research is further extended to find the correct value of this parameter
(tanλ), in an attempt to obtain a general relationship between the allowable shear stress and
normal compression for the case of a wall subjected to concentrated loading using simplified
models. To achieve this purpose, the results obtained from the simplified model are compared
to the results obtained from micro-modeling, carried out on several models for the case of
concentrated eccentric loading. Also, the effect of changing material properties like the
friction angle, the compressive strength of masonry, the tensile strength of masonry, is studied
in an attempt to obtain a general holistic expression for the ultimate capacity of the wall. In
next chapter, the procedure of the analysis is explained in detail, followed by the observations
and conclusions obtained from the results.
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Chapter 3
Computer Simulations using
micro-modeling
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3. COMPUTER SIMULATIONS USING MICRO-MODELING
In order to validate the results obtained from simplified strut-tie models, computer
simulations were carried out using a simplified micro-modeling approach. Different loading
cases were analyzed by varying the applied normal stress, loading length, compression
strength, tensile strength and friction angle of masonry. In order to validate the simplified
models, the results obtained from these computer simulations are compared to the results
derived from the simplified models. Thus the applicability and limitations of strut-tie models
are discussed.
In this chapter, first the model is explained in detail including the geometry of wall, material
properties, loading combination, boundary conditions, meshing used, and the analysis
procedure. Then the results obtained from the analysis are presented and compared to the
results obtained from simplified models, followed by the discussion about the applicability of
simplified models.
3.1 Description of model
The advantage of using the micro-modeling approach is that all failure modes of masonry can
be incorporated in the analysis. This is done by assigning different material properties to unit
and interface elements and thus, simulating all the failure modes of the shear wall. The intact
brick units are assumed to be isotropic and homogeneous, and are represented by a
conventional smeared cracking model which takes into account tensile cracking of bricks. The
behavior of the mortar and the two interfaces is lumped into interface elements which are
given properties of composite interface model which takes into account fracture, frictional slip
as well as crushing along interfaces. In this way all the failure modes of masonry shear wall
can be simulated.
3.1.1 Geometry

A wide wall with the dimensions of 636.25×270 mm2 is considered for the analysis. The wall
is wide enough to allow full expansion of compression struts for all load cases. The thickness
of wall is 35 mm. The wall is divided into brick elements and unit-mortar interface elements.
Each brick measures 75×15 mm2 and is divided further into 8 elements each with dimensions
of 18.75×7.5 mm2. Interface elements are categorized as horizontal and vertical interface
elements, which are all dimensionless. Bricks in the wall are arranged in a stretcher bond, also
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called a running bond. In this arrangement bricks are laid horizontally and joined head to
head, as shown in the Figure 11.

Figure 11 Geometry of the wall

3.1.2 Loading

Partial eccentric
ccentric uniform loading (with eccentricity, e = 56.875 mm)
mm is applied on the wall
with horizontal load applied in steps till the model fails. Vertical load is varied and is applied
as a fraction of the compressive
compressive strength fc, ranging from 0.15fc to 0.80 fc. The length on
which the vertical load is applied is also varied in the range 0.14h to 1.11h
1.11h, where h is the
height of the wall. The maximum horizontal load carried by the wall is recorded for each case.
The horizontal load is applied in the steps of displacement. The advantage of applying load in
the steps of displacement is that we can get results beyond the peak load in the loadload
displacement graph. The load is applied at the nodes in the region where the
the vertical load is
applied.
3.1.3
.1.3 Material Properties

The wall is composed of four type of group of elements namely, i) Brick elements, ii)
Horizontal interface elements, iii) Vertical interface elements, and iv) Bottom interface
elements. Each group of elements
elements is assigned different material properties as described below.
i) Brick elements
The material model used for the brick elements is the smeared cracking model. This model is
ideal to simulate tensile cracking in the brick elements. In this model cracking
king is specified as a
combination of tension cut-off,
cut off, tension softening and shear retention.
The assigned material properties for the brick elements are as follows –
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YOUNG

5000

POISON

0.15

crack 1
crkval

3.95

tensio 0
taucri 1
beta

0.001

Figure 12 Material properties for brick elements

* The values are represented in following units – a) Length in mm b) Time in seconds

c) Force in Newton

In this table,
YOUNG represents the Young’s modulus of the brick, POISON represents the Poisson’s ratio of brick
crack 1 indicates constant stress cut-off (a crack arises if the major principal tensile stress exceeds ft),
crkval represents the tensile strength of the brick ft, tensio 0 indicates brittle cracking, taucri 0
indicates full shear retention, beta represents the factor β (0 < β < 0.999)

ii) Horizontal interface elements
The interface material model used for the horizontal interface elements is the combined
cracking-shearing-crushing model. This model is appropriate to simulate fracture, frictional
slip as well as crushing along interfaces, that is, at the joints in masonry. The model is a
plasticity based multi-surface interface model and is also known as the ‘Composite Interface
model’ (Figure 4, section 2.2.4).
The assigned material properties for the horizontal interface elements are as follows –
DSTIF

2800

1900

COMBIF
GAPVAL

0.563

MO1VAL

0.02

FRCVAL

0.4591

MO2VAL

0.175

CAPVAL

30

9

MOCVAL

29.5

0.15

0.815

1E-16

Figure 13 Material properties for horizontal interface elements
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In this table,
DSTIF represents the linear stiffness moduli D11 and D22
COMBIF indicates the use of the multi-surface interface yield criterion for combined cracking–
shearing–crushing.
GAPVAL is the tensile strength ft.
MO1VAL is the fracture energy GfI for Mode-I.
FRCVAL describes the friction criterion: first value is the cohesion c, second value is the friction
coefficient φ, i.e., the tangent modulus of the friction angle ϕ (φ = tan ϕ), (ϕ > 0), third value is the
dilatancy coefficient ψ.
MO2VAL defines the Mode-II fracture energy GfII.
CAPVAL describes the cap criterion: first value is the compressive strength fc and second value is the
factor Cs which controls the shear traction contribution to compressive failure.
MOCVAL describes the compressive inelastic law: first value is the compressive fracture energy Gfc
and second value is the equivalent plastic relative displacement κp corresponding to the peak
compressive stress.

iii). Vertical interface elements
The behavior of vertical interface elements is governed by friction. This frictional behavior
can be modeled using the Coulomb friction model. The material properties using this model
are as follows –
DSTIF

2800

1900

0.4591

0.815

FRICTI
FRCVAL

1E-16

Figure 14 Material properties for vertical interface elements

In this table,

FRICTI indicates the use of Coulomb friction criterion, FRCVAL describes the friction criterion:
first value is the cohesion c, second value is the friction coefficient φ, i.e., the tangent modulus of the
friction angle ϕ (φ = tan ϕ), (ϕ > 0), third value is the dilatancy coefficient ψ.

iv). Bottom interface elements
Bottom interface elements are modeled using the same material model as the horizontal
interface elements, but with slightly different material properties. The material properties
assigned for bottom interface elements using the combined cracking-shearing-crushing model
are as follows –
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DSTIF

2800

1900

COMBIF
GAPVAL

0.5

MO1VAL

0.8

FRCVAL

1.5

MO2VAL

2.5

CAPVAL

45

9

MOCVAL

39

0.1

0.815

1E-16

Figure 15 Material properties for bottom interface elements

3.1.4 Boundary conditions

The boundary conditions for this model are very simple. The bottom interface elements
between the wall and ground are fixed in horizontal and vertical directions. All other parts of
the wall are free to move in all directions. This is shown in Figure 16.
Bottom edge
restrained in
horizontal
and vertical

Figure 16 Boundary conditions for the model

3.1.5 Meshing

The mesh is composed of two types of elements
a) Q8MEM – quadrilateral, 4 nodes element
Each brick is composed of eight Q8MEM elements. The Q8MEM element (Figure 17-a) is a
four-node quadrilateral isoparametric plane stress element.
b) L8IF – line, 2+2 nodes, 2-D
All the interface elements in the wall are L8IF elements. The L8IF element is an interface
element between two lines in a two-dimensional configuration (Figure 17-b).
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Figure 17 Type of elements of the mesh; a) Q8MEM for
brick and b) L8IF for interface

3.1.6 Analysis Procedure

The analysis done for the model is non-linear two dimensional static analysis and is done in
two steps.
i). In the first step, the vertical load is applied and a non-linear two dimensional structural
analysis is performed on the model. The load is applied in 20 equal steps each one of 0.05
magnitude.
ii). In the second step, the horizontal load is applied in the form of steps of displacement. An
iteration based adaptive loading is assigned, with a maximum step size of 0.05 magnitude and
minimum step size of 0.0000000001 magnitude, while the total load size is 5.
3.2 Parametric Analysis
As mentioned before, in this thesis efforts have been made to obtain the correct relationship
between the applied compressive stress and
the allowable shear stress for the case of
concentrated load on a wide wall. The present
research done by Roca et al. (2010b) suggests
this value to be close to 2/3 tanα for the case
of wide loaded surfaces subjected to moderate
compression stresses (below 0.6fc). The value
2/3 tanα can be explained and justified by the
symmetrical strut model as described in
section 2.3.5.2 and is again shown in Figure
18.
Figure 18. Symmetrical strut-tie model for
concentrated loading
Erasmus Mundus Programme
34

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS

Simplified Analysis of Strength of Masonry Shear Walls

According to this primary model, the ultimate capacity of the wall is given as:
K = 23V

where,
23V =

234+ + 234
2

At the ultimate state,
tanγ1 = tanα

So, the value tanλ = (2/3)tanα means:
tanγ1 = tanα and tanγ2 = (1/3)tanα.
However, in Roca et al. (2010b) it is mentioned that research done till now is not adequate
and needs further investigation. To verify this value (2/3 tanα) and to extend the research
further to obtain a more comprehensive relationship between the stresses, computer
simulations were carried out using the process of micro-modeling for different cases, by
changing the material properties like compressive strength, tensile strength, and friction angle
of unit-mortar interface elements which act as planes of weakness in masonry. These cases are
discussed in the following sections.
3.2.1 Methodology

Uniformly distributed vertical load was applied over a limited length varying between 37.8
mm (0.14h) and 300 mm (1.11h). Several loading cases were analyzed corresponding to
eccentricity of 56.25 mm and different load intensities ranging between 15% and 100% of the
compression strength fc. The wall dimensions are wide enough as to permit the full expansion
of the complex strut with no geometrical limitation. Only one eccentricity is tried because it
has already been proven by Lobato (2009) that eccentricity of loading has no major effect on
the results.
As mentioned before, first the vertical force is applied on the wall and then the horizontal
force is applied in steps, till the model fails. Figure 19 shows an example of the loaddisplacement diagram, the case being c = 1.11h, and applied stress = 0.15 fc.

Erasmus Mundus Programme
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS

35

Simplified Analysis of Strength of Masonry Shear Walls

35000

Peak value representing
ultimate capacity of wall

30000

Load (N)

25000
20000
15000
10000
5000
0
0

1

2

3

4

5

Displacement (mm)
Figure 19 Load displacement graph for c = 1.11h and applied stress = 0.15fc

As the graph shows, the load resisted by the wall increases until it reaches the ultimate
capacity, followed by a sudden drop which indicates the failure of the model. This maximum
value is noted down and is divided by the length and width of the wall to obtain the average
shear stress resisted by the wall. This value is plotted with the applied average vertical stress
for different combination of applied stresses and loading combinations. The values obtained
from this graph are analyzed to obtain a general relationship between the two stresses.
3.2.2 Results

Fig 20 displays the relationship between the average normal stress and average shear stress
for loaded lengths in the range 0.14h to 1.11h and applied stress intensities in the range 0.15fc
to 1.0fc. It should be kept in mind that these results are obtained for a friction angle,
tanϕ=0.815 and compressive strength, fc = 18.5 MPa.
*In this graph, the three dotted lines represent the slope corresponding to the ratio H/V = tanα,
(2/3)tanα and (1/2)tanα.
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Fig 20 Graph showing the relationship between average normal stress (V/bt) and average shear stress
(H/bt)

Interpretation of the graph:
1. As we can see from the graph, for very narrow loaded lengths (c = 0.14h or 37.8 mm), the
results exactly follow (2/3)tanα line. This is in agreement with the proposed strut-tie
model. According to the model, the struts are arranged symmetrically with the slopes of
extreme struts be tanα and (1/3) tanα so that the average slope of struts is equal to
(2/3)tanα. Fig 21 shows the contour plot of principal compression stresses for a narrow
loaded length of c = 0.14h and applied compression stress of 0.50 fc at failure. The plot
clearly shows the opening and closing of the struts, which is in agreement with the model.
2. The values are higher than (2/3)tanα if the vertical stress applied on the wall is less than or
equal to 0.50 fc, irrespective of the loaded length. So if the loaded intensities are up to 0.50
fc, then the value (2/3)tanα is a safe assumption for all loaded lengths.
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Opening
and
closing
of struts

Fig 21 Principal compression stress in wall at failure load, for c=0.14h and applied normal stress 0.50 fc

3. The values are lower than (2/3)tanα as the loading length is increased for intensities
greater than 0.50 fc. The values get to as low as less than (1/2)tanα for higher loading
intensities (higher than 0.67 fc) combined with wider loading lengths (larger than 0.7h).
The reason for such a low response is that due to heavy compression stresses, the model
fails in compression before the ultimate capacity (due to friction failure) is reached.
Fig 22 shows the contour plot of principal compression stress in the wall with applied
normal stress 0.80 fc and loading length 1.11h. The compression stresses in the wall reach
the compression strength of the masonry (18.5 MPa) at failure load, and hence the model
fails in compression. As we can see in the Fig 22, the failure is reached before the struts
are fully developed, because of compression failure.

Fig 22 Principal compression stresses in the wall at ultimate load, for c=1.11h and normal stress 0.80 fc
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4. For high loading lengths, when the applied compression stress is low (< 30%), the values
tend to be closer to tanα. This indicates that the compression struts do not expand and are
almost parallel to each other. This can be seen in the contour plot of the principal
compression stresses as shown in Fig 23.

Fig 23 Principal compression stresses in the wall showing parallel struts at ultimate load, for c=1.11h and
applied normal stress 0.33 fc

3.2.3 Effect of change in tensile strength

One of the basic assumptions of strut-tie model is that for the model to attain its maximum
capacity, it should not fail in tension, or in other words, ties should not fail. In a primary
model, the force carried by the ties should be less than the tensile strength of masonry as
given in equation-5.
To confirm that the model is not failing in tension, analysis was carried out by changing the
tensile strength to 10 times and 0.1 times of its previous value. Loading lengths were varied
from c = 0.416h to c = 1.11h and applied vertical stresses were in the range 0.33 fc to 0.67 fc.
Again, the graph between average compression stress and average shear stress was plotted
using the methodology discussed before. Results obtained are shown in Figure 24.
In the graph, the green curves represent the actual values, with no change in tensile strength,
while the red and black curves represent the results corresponding to the changed tensile
strength by factors of 0.1 and 10 respectively. As it can be seen in the graph, changing the
tensile strength of masonry has no major influence on results. Curves follow the same pattern,
with similar values which means that the model is not failing under tension.
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Figure 24 Effect of change in tensile strength of masonry on the relationship between average normal
compression and average shear stress

3.2.4 Effect of change in compressive strength

Simulations were carried out using micro-modeling
micro modeling by changing compressive streng
strength
th of the
unit-mortar
mortar interface elements from 18.5 MPa to 10 MPa and 30 MPa. The purpose of
analysis was to study the variation of results with changing compressive strength. Loading
lengths were varied from c = 0.416h to c = 1.11h and applied vertical stresses
stresses were in the
range 0.33 fc to 0.67 fc. The graph between average compression stress and average shear
stress is shown in Figure 25.
As expected, the values are higher for the model with higher compression strength, because
the applied stresses are in proportion of the compressive strength. This means that since the
applied normal stresses are higher in case of the model with larger compression stre
strength
ngth (30
MPa), the allowable average shear stress is higher as compared to one with lower compressive
strength (10 MPa).
It is difficult to analyze the results obtained from this graph because the applied stresses are
different in both cases. To get a clear
clear understanding of the obtained results, graph was plotted
between the ratio of average normal stress and average shear stress to the compression
strength fc of masonry. The results are shown in Figure 26.
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Figure 25 Effect of change in compressive strength of masonry on the relationship between average
normal compression and average shear stress
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The results show that the performance of the masonry wall decreases with increasing
compression strength. The results are higher for lower compression strength (fc = 10 MPa)
and decrease as compressive strength of masonry is increased.
The reason for this type of behavior might be the fact that while performing this analysis, only
the compression strength fc of masonry was changed while the other parameters were kept
constant. It is a possibility that the cohesion factor c has an influence on the results. With
changing compression strength, the influence of cohesion on the results increases, which
should be taken into account while performing the micro-modeling analysis.
However, further research needs to be done to understand the behavior of masonry shear walls
with changing compressive strength.
3.2.5 Effect of change in friction angle

To study the effect of change in friction angle, analysis was carried out by changing the
friction angle of the interface elements from tanϕ = 0.813 to tanϕ = 0.5 and tanϕ = 1.13.
Thus, analysis was carried out for loading lengths from c = 0.14h to c = 1.11h and applied
vertical stresses from 0.15 fc to 0.80 fc with changed friction angle. The results are shown in
Figure 27, a-b for tanϕ = 0.5 and 1.13 respectively.
Some important observations can be drawn from these graphs:
1. For a given loaded length and applied vertical stress, the trend in values of maximum
allowable shear stress decreases with increasing friction angle. For example, for tanϕ =
0.5, the values are higher than (2/3)tanα for all loaded lengths, if applied normal stress is
less than 0.67 fc. For tanϕ = 0.815, this value decreases to 0.50 fc, which means that for
this friction angle, the values are higher than (2/3)tanα if the applied normal stress is
less than 0.50 fc. This value further decreases to 0.33 fc for friction angle tanϕ = 1.13.
2. For all values of friction angle, results always follow the (2/3)tanα curve for small
loaded lengths (c < 0.2h) for all values of applied stresses.
3. For a lower value of friction angle, the values are closer to tanα for low vertical applied
stresses (<0.3 fc) and high loaded length (≥0.7h).
4. For higher loading intensities (>0.50 fc) and for large loaded lengths (>0.50h) the values
decrease considerably, and in some cases the values are even lower than (1/2)tanα.
The effect of friction angle on the ultimate capacity of shear walls can be explained and
justified with a more complex strut-tie model, which is described in the following chapter.
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Figure 27 a&b). Relationship between average normal stress and average shear stress for friction angle
tanϕ = 0.5 and 1.13 respectively
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Thesis proposal
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4. THESIS PROPOSAL
4.1 Proposal of a modified strut-tie model
4.1.1 Description of the model

A new, more general strut-tie model is proposed which is capable of explaining the effect of
change in tensile strength on the ultimate capacity of the shear wall. The strut-tie model
discussed earlier (Figure 10) is in fact a generalized case of this more complex model. This
model is also composed of symmetrical struts with limiting slopes of tanα and (2/3)tanα, but
there is a middle region composed of parallel struts with slope equal to tanα. To understand
the effect of change in friction angle and variation of results with changing loaded lengths and
applied normal stresses, it is important to consider this more general and comprehensive struttie model, as shown in Fig 28.

Fig 28 Proposed strut-tie model with limiting slopes of tanα and (1/3)tanα, and parallel struts in
middle

In this model, the limiting struts have slopes of tanα and (2/3)tanα as in the previous model,
but there is an additional middle region with parallel struts of slope tanα. For this model, the
ultimate capacity is given as:
K = 236(1 −

where,  = \ + G + ], \ = ] +

C.MNO
/

C .MNO
Z

, G=−

−

[

/

)

C.MNO
/

− 2]

(13)
(14)
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236 = 235 + /

and

(refer to appendix for the derivation of ultimate strength)

For the model to attain ultimate capacity as mentioned in equation 13, it should not fail due to
compression crushing. So the model should satisfy the following condition ] ≤  \

]≤

7_ 

(15)

IJ

The results obtained from the analysis can be explained by this model as follows:
4.1.2 Explanation of results with new model

4.1.2.1 Effect of friction angle
In section 3.2.5 it was shown that by increasing the value of friction angle, lower trend of
values of allowable shear stress are obtained. It can be seen from the equation-13, the
allowable shear stress is not directly proportional to the friction angle. In fact it is a quadratic
expression which does not allow the shear stress to increase proportionally with friction angle
because of the presence of the factor (– h tanα/9c). Thus for higher friction angle, the results
obtained show a lower trend of values as compared to a lower friction angle.
This behavior can be understood qualitatively as well. For a masonry wall with lower value of
friction angle, it is easier to form the region of parallel of struts than for a wall with higher
value of friction angle. In other words, it is difficult for a wall with higher friction angle to
form the region of parallel struts, which results in lower ultimate capacity.
It should be noted that value of the parameter j can only be determined by comparing the
results obtained from the analysis with the results expected from this model. Also, it should
be kept in mind that this model is applicable only when the applied normal stresses are less
than 0.50 fc because for higher values of normal stresses, it is difficult to form the region of
parallel struts.
Considering these factors in mind, the results obtained from the analysis were compared to the
values expected from this model for loaded length 1.11h and applied vertical stresses less than
0.50 fc.
•

For friction angle tanϕ = 0.5, the values are consistent with the model even for j = 0.

•

For friction angle tanϕ = 0.815, the values are consistent with the model for applied
vertical stress less than 0.33fc and for j = 0.075h
Now, j ≤ (σv.l)/fc

Erasmus Mundus Programme
48

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS

Simplified Analysis of Strength of Masonry Shear Walls

j = 0.075h = 20 mm.
(σv)min = 0.15 fc = 2.775 N/mm2
l=j+

bcdef
/

= 108.2 mm.

So, j ≤ (σv.l)/fc = 16.23 mm.
So the maximum allowable value for this friction angle is j = 16.23 mm. By applying
this value, the results from the model are compared to the ones obtained from micromodeling as shown in Figure 29.
•

For friction angle tanϕ = 1.13, the values are consistent with the model for applied
vertical stress less than 0.33 fc for much high value of j = 0.37h.
Similarly, in this case,
j = 0.37h = 100 mm.
(σv)min = 0.15 fc = 2.775 N/mm2
l=j+

bcdef
/

= 216.6 mm.

So, j ≤ (σv.l)/fc = 32.49 mm.
So the maximum allowable value for this friction angle is j = 32.49 mm. By applying
this value, the results from the model are compared to the ones obtained from micromodeling as shown in Figure 29.
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Figure 29 Comparison of results from the model with the micro-modeling results
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Thus we see from this graph that the results obtained from the analysis are almost consistent
with the model for low values of applied normal stresses <0.50 fc and with specific values of
j, unique for every combination of friction angle, tanϕ and loaded length, c. Lower the value
of friction angle, lesser is the value of j, since the parallel struts are easy to form. As the value
of friction angle increases, the value of j increases, since they need larger loaded length to
allow the formation of parallel struts. This is reflected in the values of friction angle 1.13,
where the values obtained from micro-modeling are lower than the values obtained from the
simplified model.
However, further research needs to be done to find the correct values of j, for different
combinations of loading lengths and friction angles.
4.1.2.2 Small loaded lengths
As it can be seen in Fig 20 and Figure 24, for small loaded lengths (<0.2h) the values follow
the (2/3)tanα curve for all values of applied vertical stresses and for all values of friction
angle. This behavior can be explained by this model in the following way:
For very short loaded surfaces, the length is not enough to form the region of parallel struts in
the middle. With no parallel region, the average slope of struts can be given as:

1
236 + ! ' 236
2
3
2gF2 h\ij i hFkh =
= l m 236
3
2

So, the ultimate capacity can be given as:
2
K = ( ) 236
3

Thus we see that for short loaded surfaces the values given by the model are consistent with
the values obtained from the analysis. It should be noted that this value of ultimate capacity is
the same as obtained by the model discussed in section 2.3.5.2 (Figure 10). This shows the
earlier model is in fact a simplified case of this more complex model.
It is important to understand that this model is applicable only for the cases when applied
normal compression is less than 0.50 fc and the loading length is greater than 0.7h. This is
because the loading length should be enough to allow the formation of a middle region of
parallel struts with slope equal to tanα.
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4.2 Proposal of modified (2/3)tanα rule
From the results obtained in previous sections, it can be interpreted that (2/3)tanα appears to
be an attractor for the ratio between the average horizontal and vertical stresses in the wall.
For very low loaded lengths, c<0.2h, the results almost exactly follow the (2/3)tanα value.
But as the loaded length is increased, the results tend to deviate from this value. For very high
loaded lengths, the results are closer to tanα for low values of applied stresses and drop even
below (1/2)tanα for high values of stresses. Also, as we saw in section 3.2.5, the friction angle
of the unit-mortar interface also affects this ratio. It was observed that the response is better,
meaning that the values are higher, for low values of friction angle and as the friction angle is
increased, the ratio between the two stresses decreases.
So by looking at the results obtained from the analysis, it is possible to find the different
combinations of loading length c, applied normal stress σapp, and friction angle tanϕ, for
which, the results are higher than (2/3)tanα. In other words, the simplified model using struts
and ties with limiting slopes of tanα and (1/3)tanα will represent a safe solution for these
combinations of the three parameters.
Figure 30 presents the range of values of the three parameters for which (2/3)tanα is a safe
solution. In other words, the simplified strut-tie model with limiting slopes of tanα and
(2/3)tanα is valid for the range of values presented in Figure 30.
Loading

Friction angle,

Applied normal

Length, c

tanϕ

stress, σapp

≤ 0.2h

All values

All values

> 0.2h

0.5

≤ 0.67 fc

>0.2h

0.815

≤ 0.50 fc

>0.2h

1.13

≤ 0.33 fc

Figure 30 Range of values of the three parameters, loading length, friction angle and applied normal
stress, for which (2/3)tanα is safe
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Recommendations

Erasmus Mundus Programme
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS

53

Simplified Analysis of Strength of Masonry Shear Walls

Erasmus Mundus Programme
54

ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS

Simplified Analysis of Strength of Masonry Shear Walls

5. CONCLUSIONS AND RECOMMENDATIONS
The results obtained from micro-modeling analysis of masonry shear wall for eccentric partial
concentrated loading suggest that the relationship between the average shear stress and
average normal compression stress in a masonry shear wall is not linear, as assumed by many
of the standards and codes for unreinforced masonry shear walls. In fact, the relationship is
very complex which depends on various parameters like the loading length, applied normal
stress, friction angle, and compression strength of masonry.
For short loading lengths, (≤0.2h), the results are consistent with the simplified method of
analysis of masonry shear walls using strut-tie models. In this case, the ratio between average
shear stress and average normal compression temds to be close to (2/3)tanα for all values of
applied stresses and material properties, which is in agreement with the simplified strut-tie
models. As the loading length is increased, the effect of other parameters increases and the
values tend to deviate from (2/3)tanα.
The analysis shows that the tensile strength of masonry has no major influence on results,
while on the other hand, the wall with lower compression strength of masonry shows better
performance as compared to the one with higher compression strength. This behavior is
assumed to be linked with the cohesion c, which is supposed to have an influence on the
behavior of a masonry shear wall. However, further research needs to be done to understand
the effect of compression strength of masonry on the performance of a masonry shear wall.
The ratio between the average shear stress and average normal stress decreases as the friction
angle is increased. This behavior is explained by a modified strut-tie model, which suggests
that for a masonry wall with lower friction angle, it is easier to form a region of parallel struts
in middle with slope equal to tanα as compared to a wall with higher friction angle. Therefore,
the ratio of average shear stress and average normal stress for a wall with lower friction angle
is higher. Finally, section 4.2 presents the range of values of different parameters for which
the simplified models using struts and ties can be safely applied.
The simplified method of analysis of masonry shear walls provide a useful tool to understand
and predict the complex behavior of masonry in a simple and unsophisticated manner. Once
fully developed, this method can prove to be very useful in determining the correct response
of a masonry shear wall due to its simplified nature of analysis.
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Suggestions for future work
To get a comprehensive understanding of the response of a masonry shear wall, it is important
to analyze the effect of changing the dimensions of the brick units. In addition to this, it is
essential to examine the influence of cohesion c on the maximum shear capacity of the
masonry wall. Furthermore, the reasons for variation of results with change in compression
strength of masonry need to be understood in detail.
Last, but not the least, laboratory experiments should be performed with scale models by
using the same material properties and the results should be compared with the results
obtained from micro-modeling and simplified methods.
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APPENDIX
Derivation of ultimate strength for the modified strut-tie model

Fig 26 Proposed strut-tie model with limiting slopes of tanα and (1/3)tanα, and parallel struts in middle

Figure 26 shows the modified strut-tie model, which is a symmetrical model with limiting
slopes of tanα and (1/3)tanα, and parallel strut region with slope equal to tanα in middle.
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By simplifying this equation, we get the expression for the ultimate capacity of the shear wall.
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where, 236 = 235 + /, tanϕ is the friction angle of unit mortar interface, c is the
cohesion factor.

Erasmus Mundus Programme
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS

59

