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Abstract. Masonry structures are built by laying brick or block elements, usually with mortar as cohesive joint, which
results in its property that masonry is relatively strong in compression while weak in tension. Load capacity and the as-
sociated failure mechanism of a masonry wall or structure under lateral and vertical load depends on different parame-
ters such as material (blockwork and joint) used, dimension of block elements and wall, different arrangement and
workmanship of laying block elements. The historical center of Macau was recognized by UNESCO as one of the
world heritages on 2005. Many of the historical buildings in this historical center were traditional masonry buildings in
the south-east of China. Three types of masonry wall pattern, namely as the stretcher bond, Flemish bond and common
bond, were commonly used in the construction of those masonry buildings. In this paper, the load capacity and the as-
sociated failure mechanism of these three different types of masonry wall pattern were investigated. Parametric study
of these three different types of masonry wall pattern was performed by mean of limit analysis and Macro-block meth-
ods. The corresponding loading capacity results and failure mechanism obtained by these two methods were compared
and discussed. It is found that lateral loading capacity for common bond and normal arrangement are smaller than
Flemish bond. For Flemish bond, wall failed in sliding mechanism in the largest failure loading among these three pat-
terns.

Keywords: Unreinforced Masonry (URM, Collapse Mechanism, Limit Analysis, Historical buildings, Masonry wall
pattern.

1 Introduction

1.1  Background

As development of construction material and technique, reinforced concrete (RC) and steelworks are most widely ap-
plied in today’s building construction due to their flexibility and larger loading capacity. However, masonry has been
used as building material in the old ages and some of them are reserved nowadays, whether in structural or non-structural
purpose such as partition wall or outer face as building facade. In Macau, it can be found in many places especially in the
old city area, which used to be the residential and commercial center of the city in the past [1]. Therefore, vulnerability
assessment of the existing historical masonry structures, which can be studied through design codes and numerical simu-
lation, is a concerning issue because of the declined material properties may cause strength problem to the structures.

1.2  Obijectives

Masonry elements are nonhomogeneous and anisotropic materials composited with brick or block elements and usual-
ly with mortar as cohesive joint. Brick or block elements of masonry can be stone such as marble, granite and limestone
and can also be concrete block, etc. Mortar is made up with cement, sand, lime water and sometimes with other mixtures
to increase its durability. Structural stability is mainly provided by block-block interaction, where sliding and separation
between surfaces are the dominating mode of mechanism. For a masonry wall or structure, properties would highly de-
pend on the chosen block elements and mortar joint used, nevertheless, another dominating factor is the blocks arrange-
ment to form a panel. Due to complexity and difficulty of modelling of masonry structures, many numerical approaches,
such as the finite element method [2], equivalent frame method [3], limit analysis [4] and macro-block method [5], are
developed for analyzing masonry structures. In this paper, the load capacity, and the associated failure mechanism of
these three different types of masonry wall pattern were investigated. Parametric study of these three different types of
masonry wall pattern was performed by mean of limit analysis and macro-block methods.
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2 Masonry Modelling Methodology

2.1  Limit analysis approach

As masonry structures consist of at least two different materials, block element and mortar, numerical modelling of
masonry structures could be done in micro and/or macro levels. In the micro level, although very detailed modelling of
masonry structures could be carried out by using finite element method, the analysis is very time consuming. In the mac-
ro level, limit analysis which considers the equilibrium of discrete rigid block element is one of the methods which bal-
anced the analyzing cost and accuracy. In this study, the computer program, LiABlock_3D v1.0 [6], is applied for ana-
lyzing the collapse mechanism and ultimate capacity of masonry wall with different geometric bond patterns. A two lay-
ers masonry wall constructed in normal arrangement is shown in Fig. 1 with basic information shown in Table. 1. The
wall is subjected to uniform lateral distributed loading. Frictional coefficient p is set as variable while staggering ratio
(s/h) and wall ratio (L/H) is unchanged. The corresponding load factor calculated from LiABlock 3D v1.0 with varying
staggering ratio (s/h) is shown in Fig. 2. The results showed that when p is less than or equals to 0.4, as a turning point,
the load factor is exactly equals to the frictional coefficient and associated mechanism is sliding along the base. On the
other hand, when p is larger than 0.4, the mechanism is defined as overturning along different angles and crack line,
where load factor o calculated by limit analysis is larger with greater p value.

To determine the collapse mechanism of masonry wall subjected to uniform lateral loading, D’Ayala and Speranza
(2003) [5] proposed a simple analytical model for calculating load factors associated with various collapse mechanisms
of wall assemblies. According to their assumptions, failure of the masonry panel is assumed to be triggered by a crack
line and portion of failure is either sliding along the crack line or overturning. Angle of crack line could be varied, and
different angle of crack line resulted in different failure loading and mechanism. This analytical model is also known as
the Marco-block method and its assumptions included: (1) There is no tensile strength developed by bonding from mortar
joints and only gravitational acceleration acting as vertical load. Therefore, this method is considered relatively conserva-
tive, (2) The failure pattern is a diagonal crack from the toe and goes along the whole wall and any openings of the wall
are neglected for development of crack path, (3) Blocks are rigid elements, meaning that crack will not happen across the
block internally while it will only go along the block-block interface. (4) The diagonal crack divided the wall into two
portions and the mechanism of upper portion wall is whether sliding or overturning about the toe. (5) The collapse load
factor A is defined as the ratio between the lateral acceleration and the gravitation acceleration (a/g), therefore, the col-
lapse load can be obtained by multiplying the gravity of failure portion and the collapse load factor. With the same pa-
rameters showed in Table 1, the load factors of the masonry walls were calculated by using the Marco-block method and
the results were shown in Fig. 3. It is found that the results obtained by using the Marco-block method are very closed to
that obtained from limit analysis. Therefore, both methods were further applied to analyze masonry walls with (1) differ-
ent staggering ratio, (2) loading conditions and (3) geometric bond patterns and the results were shown in the following
sections.

Table 1. Basic information of masonry wall

Unit Weight Wall Size Brick Size Staggering Ratio s/h ~ Wall Ratio Frictional Coeff.
(mm) (mm) L/H u
18 KN/m?® 1920 x 2400 x 240 240 x h x 120 Vary from 0.6 to 3.0 0.8 Varied from 0 to 1.8
(Lx HxW) (I x hxb)

*s = half of the length of brick
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Fig. 1 Two layers masonry wall constructed in normal arrangement subjected to uniform lateral distributed loading

with different staggering ratio (s/h)
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Parametric Study

3

Masonry wall with different loading conditions

3.1

For masonry building, there are many structural elements composed with different materials. Besides brick elements,

timbers are most widely used material in masonry buildings such as slab, roof, curtain wall, wall ties, etc. Structural ele-

ments resist loading including permanent and live loads which are transferred to the masonry walls and eventually to the
foundation. In such situation, loading capacity of masonry structural wall is influenced by these existing loadings. In this
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section, additional surcharges are applied to the masonry walls to investigate how this factor affects wall’s lateral loading
capacity.

Four masonry walls with different loading conditions as shown in Fig. 4 were analyzed by both limit analysis and
Marco-block method. The dimension of walls is set as 1920 mm x 2400 mm x 240 mm (L X H X W) and brick size is
240 mm x 100 mm x 120 mm (I x h x b) with frictional coefficient (i) between brick as 0.7. The loading conditions
included: (1) wall with lateral load only, (2) wall with lateral load and fixed vertical load (2 kN/m) on top, (3) wall with
lateral load and fixed vertical load (5 kN/m) on top and (4) wall with lateral load and fixed vertical load (5 kN/m) on top
and middle height of wall. The corresponding results of failure mode and failure load predicted by both limit analysis
(LiABlock_3D) and Marco-block method were shown in Fig. 5. Taking limit analysis as reference, it is shown from the
results that the different of failure load varied from 0.69 to 0.93. The results predicted by Marco-block method were con-
versative for all four cases. When the vertical load is larger, the failure loads of masonry walls were increased as well due
to the additional resisting moment given by the vertical loading. As the staggering ratio (s/h) of the wall is the same for
all four cases, the failure angle predicted by Marco-block method is 50.2° for all four cases.

2 kN/m

Wall without surcharge Top surcharge with 2 kN/m

S kN/m

Top surcharge with 5 kN/m Surcharge on two floors with 5 kN/m each

Fig. 4 Masonry walls with different loading conditions



Limit Analysis
Wall (LiABlock 3D) Macro-block method
a Failuce mode | Failureload | o [ Failureload | Fy/F,
£y, (kIN) Fyy (KN)
Wall with 7
lateral load 9.99 = 2 6.92 0.69
only £ e
Crack angle:
502
Wall with —— Ii
lateral load | = =T & : %
and fixed = = - = =
vertical load | £ 11.57 E % 9133 081
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top Crack angle:
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Wall with : .
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502°

Fig. 5 Comparison of failure mode and failure load with different loading conditions

3.2 Masonry wall with different geometric bond order

Different principle of bricks laying and composing of masonry wall is very common which results in different geomet-
ric bond order. Currently, there are quite several different bond types which have unique characteristic. In Chinese tradi-
tion, it is believed that different construction of masonry wall and arrangement may have influence on the fortune and
geomantic omen. In respective of different purposes for brick bond pattern, this section studied how those type of bond
patterns would affect the failure load. Terms that are used in masonry composition can be classified as course, header,
stretcher and joints. As illustrated in Fig. 6, a stretcher is a horizontal laid masonry unit whose length is along or parallel
to the face of the wall while header is perpendicular to the face of the wall. Size and laying orders of stretchers and head-
ers formed different brick bond types of masonry wall. Three different types of geometric bond order are shown in Fig. 7,
which are identified as (1) Stretcher bond, (2) Flemish bond and (3) Common bond. Stretcher bond pattern is the most
common and simplest type of pattern in today’s masonry construction; therefore, it is named as normal arrangement
hereafter. Stretchers are the main elements while headers exist at two sides of the wall. Common bond is also known as
American bond in which headers are inserted every certain row of stretchers, e.g. three rows (also called “ =JH—T"”
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in Chinese). The pattern of Flemish bond was prepared by placing stretchers and headers alternatively in every course
and header is centrally between the stretchers immediately above and below to be evenly bonded. In Chinese, it is also
named as “H#Ef£ T 207 . Walls sizes are set as 1920 x 2400 x 240 mm (L x H x W) with different brick size and stag-
gering ratio (s/h). Frictional coefficient (p) is 0.6 and no vertical loadings were applied. Limit analysis and Macro-block
methods are conducted to obtain the failure load and mechanism. Results for both limit analysis (LiABlock_3D) and
Macro-block method are shown in Fig. 8, from which it was found that failure load predicted by Macro-block method are
all less than that predicted by limit analysis (LiABlock_3D) and the ratio varied from 0.61 to 0.76. Failure load and crack
angles for normal arrangement and common bond are closed to each other. From limit analysis (LiABlock_3D), the fail-
ure loads are 10.45 and 10.14 kN and from Macro-block calculation, they are 6.41 kN at 46.4° and 6.94 kN at 50° respec-
tively. As the staggering ratio (s/h) for normal arrangement and common bond are similar, their failure modes and failure
load were found similar as well. On the other hand, as sliding mechanism happened for Flemish bond pattern, it was
shown that largest value of failure load could be achieved for this pattern. The results of failure modes from both anal-
yses are close to each other with both sliding at staggering angle of 62.5°.

By both limit analysis approach and Macro-block calculation, lateral loading capacity for common bond and normal
arrangement are smaller than Flemish bond, indicating different block-block position and arrangement will have impacts
on the whole wall capacity. For Flemish bond, wall failed in sliding mechanism in largest failure loading. It is because
the wall has greater staggering ratio (s/h), and most importantly for Flemish bond pattern, there is an interlocking effect
between brick keeping them to be locked tightly with each other. In today’s construction of masonry wall, this factor
should be considered not only aesthetically but also in structural stability point of view.

Stretcher

Bed joint,

Head joint  «Stretcher course
+

+~Header course

«Stretcher course

Normal Arrangement ZE-T WRETH
(Stretcher Bond) (Common Bond) (Flemish Bond)
Total amount of Total amount of Total amount of
bricks = 384 bricks = 390 bricks = 324

Fig. 6 Masonry unit and composition Fig. 7 Three types of masonry wall patterns



Limit Analysis .
) LiABlock 3D Macro-block
Wall . - Fy/F,
Failure mode Failure load Failure mode Failure load
F; (kN) Fy (KN)
Normal
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46.4
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Fig. 8 Comparison of failure mode and failure load of wall with different geometric bond order

4 Summary and Conclusions

4.1  Parameters affecting stability of masonry structures

According to parametric study of masonry walls, several parameters which would affect the stability and correspond-
ing failure mechanism under lateral loading of the masonry were found. Those parameters are discussed as following:

(1) General geometry of the walls and block elements composition such as wall ratio (L/H) and block staggering ra-
tio (s/h) are very important parameters. As the wall is slender, overturning mechanism is easier to happen and vice versa.
On the other hand, when the block elements are very flat and with higher staggering ratio (s/h), overturning failure of the
wall could be prevented. With both consideration of L/H and s/h ratio for designing the preliminary sizing of the masonry
structures, the whole structure’s stability is mostly settled.

(2) The frictional coefficient (i) is another important parameter. The magnitude of p by roughness between brick
and brick interface would affect the sliding mechanism as well as corresponding collapse loading. However, the value of
1 would not be varied too much practically and is usually within a reasonable range.



(3) For typical masonry structures, gravity loading from slabs or roofs is usually transferred as vertical load on walls
supporting them. Permanent or impose loads are transferred vertically to the wall and foundation. As shown in the analyt-
ical solutions, masonry walls with vertical loading could resist larger lateral loading to collapse. When the vertical load-
ing is larger, the collapse load also became larger.

(4) Wall construction pattern could affect the collapse load capacity as well. As it is shown in this study, lateral
loading capacity for common bond and normal arrangement are smaller than Flemish bond, indicating different block-
block position and arrangement will have impacts on the whole wall capacity.

(5) For the limit analysis by using LiABlock_3D software, the failure mode of the masonry wall could be captured
more precisely. However, the computational cost and time is much higher than that of the Marco-block method. Alt-
hough the Macro-block method seems to be more conservative than that of limit analysis, it provides a faster way for
predicting the failure load capacity and failure mode of the masonry walls considered.
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