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1. Introduction and objectives

Many ground movements can occur due to different natural and
manmade hazards (subsidence, landslides, consolidation. . .) and
induce a differential settlement of the buildings. As many existing
and new recent structures are composed of masonry, this paper
focuses on the damage of the masonry buildings caused by such
movements. As a result of the differential settlement of the build-
ings, these masonry structures may be subjected to damage, whose
levels may vary from simple cracking to partial or total collapse.
The severity of the damage is assessed relative to many parameters
noted in terms of the threshold parameters. The damage category
may be estimated after the damage occurs in the building using
different parameters, such as crack widths. As a consequence, cor-
relations are observed between the damage category and the
building movements, as the deflection ratio and some threshold
values of those movements may be provided to categorise the
damage and qualify the level of damage. These values may then
be used to assess the damage due to a predicted future ground
movement. However, many different threshold values can be
found, and the selection of the good ones for a given building is a
challenging problem. The first objective of this paper is to show



the consistency of the threshold values of the deflection ratio and
to justify some of the relationships used to define the threshold
values of this parameter in relation to the building properties. As
a consequence, the damage assessment for a given deflection ratio
must be seen as uncertain. The problem raised by the uncertainties
for the assessment of building damage is addressed in other fields,
such as in seismic engineering [1,2], volcanic engineering [3], min-
ing engineering [4] and risk analysis related to floods. In these
fields, vulnerability and fragility curves are used to assess the aver-
age damage, and the damage distribution for all buildings with
similar characteristics, as a function of the event intensity. This
approach has proven to be a good compromise between the accu-
racy of the results and the investment of time and money required
for the studies. The development of such a method in the field of
differential settlement would represent a significant innovation.
It is the second objective of this paper.

The methodology developed in this paper is as follows:
First, a comparison between the threshold values of the deflec-

tion ratio for different damage categories given in the literature is
presented to show their consistency. A figure summarising the
threshold values of the deflection ratio given by many authors is
provided.

Next, a sensitivity analysis is performed to highlight the range
of variation of the threshold values of the deflection ratio relative
to the properties of the structure. The analytical method of Burland
et al. [5] was adopted to calculate the values of the deflection ratio
thresholds as a function of the building properties. In this analyti-
cal method, Burland et al. [5] assimilates the masonry wall to a sin-
gle simply supported beam subjected to a differential settlement. A
relation is then provided between the deflection ratio and the max-
imum tensile strain in the building. The damage categorisation is
based on the thresholds of the limiting tensile strain.

Finally, this paper will provide a new diagram of thresholds of
the deflection ratio with a wide range of variation, depending on
the building properties. The question of uncertainties when assess-
ing the building damage is then addressed. The fragility curves are
developed. These curves may then be used for a probabilistic
assessment of the building damage category as a function of its
deflection ratio.
2. Damage assessment methods – thresholds of the deflection
ratio

2.1. Introduction

Many authors have studied the subject of the masonry building
damage due to ground movements [5–9]. Refs. [5–7] studied the
damage of the buildings in function of the deformation in the
structure. This damage was related to many parameters relative
to the movement of the building. Burland et al. [5] related the dam-
age to the deflection ratio, Boscardin and Cording [6] related the
damage to the distortion of the building, and Boone [7] related
the damage to the cumulative length of the cracks appearing in
the building. Giardiana et al. [8] studied the effect of the soil struc-
Table 1
Comparison between the different damage scales – [10].
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ture interaction, the building, and the profile of the settlement on
the structural damage in terms of cracking and distortion. Hong [9]
investigated the effect of the infill masonry on the damage. Due to
these studies and many other authors, different categories of dam-
age of the masonry structures are also provided. The number and
the description of these damage categories may vary from an
author to another, depending on the parameters used to assess
the damage. Table 1 presents a comparison of the scales of damage
proposed by numerous authors [10]. Burland et al. [5] gave a sys-
tem of classification based on ‘‘ease of repair” and crack width in
order to assess the damage. It must be specified that the key factor
in defining damage is ‘ease of repair’. The crack width is only one
aspect in determining the level of damage and should not be used
as a sole measure of it. In addition, Burland et al. [5] used the lim-
iting tensile strain as a serviceability parameter. Bhattacharya and
Singh [11] distinguished the functional and the structural degrada-
tions, while Pellisier et al. [12,13] used the crack width without
distinguishing those cracks related to the structural elements of
the building. Ji-Xian [14] and Bruhn et al. [15] studied the repara-
tion required after the damage relative to the cracks appearing in
the structure.

This paper will consider the scale of Burland et al. [5]. The ana-
lytical method developed by Burland et al. [5] is based on the rela-
tionship between the deflection ratio thresholds and the principle
strain in the building, which indicates the onset of cracking in the
structure.
2.2. Thresholds of the deflection ratio

When settlement occurs, the building represented by AB in
Fig. 1 will adopt a new position, represented by the curve A0B0,
and deflection D is observed. The deflection ratio is the ratio
between the maximal building deflection and the building length,
with the straight line between the two building edges considered
as the reference of the zero deflection case (Fig. 1).

Many threshold values of the deflection ratio were provided in
the bibliographic references, depending on the type of the building.
Mine subsidence engineering [16] gathered, for 17 types of build-
ings, the allowable values of the deflection ratios provided by a
number of sources. As a result, the allowable deflection ratio for
the masonry buildings may vary from a maximum of 1/300 for
reinforced masonry to a minimum of 1/4000 for solid masonry.
This allowable deflection ratio is the deflection ratio that causes
only a slight impact (D2 in Table 1, Burland’s scale).

Fig. 2 compares the different threshold values of the deflection
ratio reported by different sources, such as Burland [17], Bhat-
tacharya and Singh [11], Ricceri and Soranzo [18], Mine Subsidence
Engineering [16], and Kleipikov [19] relative to each damage cate-
gory. This figure shows that these threshold values for the deflec-
tion ratio vary by author. These threshold values of the deflection
ratio change as a function of the building properties. In fact, the
relationship between the properties of the building and the dam-
age category is rarely studied. This paper addresses this issue to
[13] Ji-Xian [14] Bruhn et al. [15] Burland [5]

1 Slight Negligible (D0)
2 Very slight (D1)

eak Slight (D2)

rtant 3 Moderate Moderate (D3)
Severe Severe (D4)

t 4 Very severe Very severe (D5)
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AB: initial position 
A’B’: final position 
∆: deflection 
∆/L: deflection ratio 

Fig. 1. Definition of the deflection ratio of a structure due to a deferential settlement.
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Fig. 2. Thresholds of the deflection ratio for building structures.
clarify the relationship between the properties of the building and
the deflection ratio.
2.3. Burland’s method – approach of a simple beam

Burland and Wroth [20] noted that the tensile strain might be a
fundamental parameter in determining the onset of cracking,
based on the concept of the simple elastic beam, which can be used
to develop deflection criteria for the onset of visible damage. This
approach based on a simple beam provides considerable insight
into the mechanisms of controlling cracking. Therefore, in many
circumstances, it is both reasonable and instructive to represent
the facade of a building by means of a simple homogeneous rectan-
gular beam of length L and height H (Fig. 3).

Burland et al. [5] replaced the concept of the critical tensile
strain by that of the limiting tensile strain. This limiting tensile
strain is used as a serviceability parameter that can vary to take
into account the different serviceability states. The authors have
distinguished two extreme modes of deformation of the beam in
the definition of the strain distribution within it. These two
extreme modes are bending about a neutral axis and shearing.
Fig. 3. Principle of Burland’s method of da
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They provided equations relating the deflection ratio to the maxi-
mal tensile strain in the bending area (mid-span section) and shear
area (near edges) with respect to the building properties (Eqs. (3)
and (4)). The maximal strain is then calculated (Eq. (6)) and com-
pared with the limiting tensile strain values (Table 2). At this point,
the assessment of damage of the masonry buildings is conducted.

Eqs. (1)–(6) are related to this method. These equations are also
used in the sensitivity analysis performed in this paper:
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where D/L (bending and shear) is the deflection ratio that respec-
tively leads to the maximal tensile strains in the bending ebmax

and the shear areas edmax, I the inertia of the section, ʎ a parameter
to describe the position of the neutral axis, L the length of the build-
ing, H the height, E the Young’s modulus, G the shear modulus and a
the ratio of the maximum shear stress and the average shear stress
(a = 3/2 for a rectangular section). Eqs. (3)–(5) are relative to bend-
ing (3 and 4) and shear (5) strain; the use of these equations is
based on Burland’s differentiation between two critical areas in
the building: the shear critical area and the bending critical area.
Fig. 4 shows the position of the neutral axis in the beam; it is
described by the parameter ʎ. Here, ʎ = 0.5 corresponds to a neutral
mage assessment – after Saeidi [21].



Table 2
Severity of building damage – after Burland et al. [5]

Damage category Description of typical damage Typical Crack width Limiting tensile
strain elim (%)

Negligible (0) (D0) Hairline cracks <0.1 mm 0–0.05
Very slight (1) (D1) Very slight damage includes fines cracks that can be easily treated during normal decoration,

perhaps an isolated slight fracture in the building, and cracks in the external brickwork that
are visible on close inspection

1 mm 0.05–0.075

Slight (2) (D2) Slight damage includes cracks that can be easily filled and probably require redecoration,
several slight fractures that may appear to show the inside of the building, cracks that are
visible externally and may required some re-pointing, and doors and windows that may stick

<5 mm 0.075–0.15

Moderate (3) (D3) Moderate damage includes cracks that require some opening up and can be patched by a
mason, recurrent cracks that can be masked by suitable linings, re-pointing of external
brickwork (and possibly requiring a small amount of brickwork replacement), doors and
windows that stick, service pipes that may fracture, and impairment of weather-tightness

5–15 mm or a number of
cracks >3 mm

0.15–0.3

Severe (4) (D4) Severe damage includes large cracks requiring extensive repair work involving breaking-out
and replacing sections of walls (especially over doors and windows), distorted windows and
door frames, noticeably sloping floors, leaning or bulging walls, some loss of bearing in
beams, and disrupted service pipes

15–25 mm depending on
the number of cracks

>0.3

Very severe (5) (D5) Very severe damage often requires a major repair job involving partial or complete
rebuilding, beams lose their bearing, walls lean and require shoring, windows are broken
with distortion, and a danger of structural instability exists

>25 mm

Fig. 4. Beam section and the position of the neutral axis.
axis situated at the middle axis, and ʎ = 0 represents a neutral axis
situated at the bottom. The position of the neutral axis depends on
the real geometry and homogeneity of the structure and the soil
structure interaction. K is a factor that depends on the position of
the neutral axis defined by ʎ. emax is the maximal tensile strain in
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the beam used to assess the damage, when compared to the limit
tensile strain noted in Table 2. When the maximal strain emax

matches a given value of the maximal allowable strain elim (Table 2),
the equivalent threshold of the deflection ratio is the minimum
value between the values of bending and shear computed using
Eqs. (3)–(5).

Burland et al. [5] provided six categories of damage with the
associated value of the limiting tensile strain. These categories
are the same as those presented in Table 1 and are numbered from
0 to 5. These categories are divided among the slight damage cat-
egories 0 and 1, the aesthetic damage category 2, the serviceability
damage in categories 3 and 4, and finally category 5, which repre-
sents the damage affecting the stability (Table 2). Note that the
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the thresholds of the deflection ratio for the different damage categories.
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Fig. 6. Thresholds of the deflection ratio D/L as a function of L/H for different
damage categories and for different values of E/G.
damage categories 4 and 5 are relative to the same value of the ten-
sile strain elim. Note that the main factor is the ease of repair, when
the crack width noted in this table is just one aspect of the damage.
3. Analytical analysis

This section focuses on an analytical method to study the
threshold values of the deflection ratio of a masonry building rela-
tive to its properties.
3.1. Description of the sensitivity analysis

The analytical study of the paper is based on the method of Bur-
land et al. [5]. The analysis of Eqs. (1)–(6) and Fig. 4 enables the
identification of the geometrical and mechanical parameters that
can be studied to assess their influence over the deflection ratio
of a masonry building associated with a given damage category
level ranging from D0 to D5.

The sensitivity analysis is based on the variation of the geomet-
ric properties (length-to-height ratio, L/H) and the variation of the
mechanical properties of the masonry buildings (ratio of the
Young’s modulus to the shear modulus, E/G) [22–25]. The effect
of the position of the neutral axis in the beam section is also
studied.
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Fig. 7. Thresholds of the deflection ratio diagram and the dama
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The Young’s-to-shear modulus ratio E/G may vary within a very
large range. Son and Cording [22] presented the results of a 2D
numerical analysis using the distinct element method to assess
the equivalent bending stiffness and the shear stiffness of a
masonry wall, taking into account the anisotropy of the masonry
and the percentage of openings in the wall. They studied the effect
of the ratio of shear stiffness to normal stiffness of the joints
between the masonry elements (blocks) and the percentage of
openings on the ratio of the Young’s modulus to the shear modulus
of the equivalent beam. They compared the results with field data
and analytical calculations using the method of Singh [24]. The
results demonstrated that increasing the percentage of openings
decreases the value of the equivalent Young’s modulus and the
equivalent shear modulus. They concluded that the ratio of the
equivalent Young’s modulus to the equivalent shear modulus E/G
may vary greatly, reaching up to a large value of 52. Such a value
is impossible if considering an isotropic behaviour of the equiva-
lent beam because the E/G should then be limited to 2(1 + m) in iso-
tropic behaviour, where m is the Poisson ratio of the beammaterial.
However, it is possible if a transversely isotropic behaviour is con-
sidered. Thus, Saeidi et al. [23] justified that the formulas of Bur-
land et al. [5] may be used for large values of the ratio E/G. In
addition, Son and Cording [22] demonstrated that shear deforma-
tion controls the onset of cracking for low ratios of length to height
(L/H). Details of the study of Son and Cording [22] are presented in
the sections below when describing the methodology used to draw
the fragility curves. L/H and E/G respectively variations of up to 8
and 52 were considered in this sensitivity analysis. Note that ratios
of L/H less to 2 are not taken into account because this sensitivity
analysis is based on beam theory.

In addition, because this method uses beam theory, the position
of the neutral axis may be questionable. Burland and Wroth [20]
and Boscardin and Cording [6] argued that if the building is sub-
jected to a hogging deformation, then the neutral axis can be
located at the bottom of the beam due to the low tensile strength
of the building upper floors and its value at the foundations. Boone
[7,25] noted the influence of the floors and the roof, which may
increase the tensile strength and thereby the position of the neu-
tral axis to the middle axis. In the case of a sagging deformation,
the neutral axis is in fact the same as the average fibre position.
To understand the effect of the position of the neutral axis, two
positions of the neutral axis are taken into account in this
Not tolerable
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Fig. 8. Steps followed to draw fragility curves.
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Fig. 9. Example of fragility curves drawn for: (a) both bending (subscript b) and
shear states (subscript s) for case 1-a and (b) the resulting envelope.
3.2. Results of the sensitivity analysis

Fig. 5 presents the results of the sensitivity analysis. The pre-
sented curves in Fig. 5 are the thresholds of deflection ratio relative
to each damage category. All these curves present a maximum
peak point for each damage category. This peak point represents
the transition between the two critical areas of bending and shear.
The position of this peak point and its significance (from the critical
shear area to the bending critical area and vice versa) will be
described in the following paragraphs.

The sensitivity study on the effect of the ratio of the Young’s
modulus to the shear modulus E/G showed that, beyond a specified
value of the E/G ratio, this ratio no longer has an effect on its dam-
age categorisation. In other words, a horizontal plateau of the
deflection ratio curves as a function of E/G was observed
(Fig. 5A). However, this specified value of E/G varies with respect
to the L/H ratio of the building. As the L/H ratio of the building
increases, this specified value of E/G – that at which the effect of
E/G becomes negligible – is found to increase. Beyond this value,
E/G remains meaningless for the deflection ratio values, i.e., the
Young’s modulus to shear modulus ratio of a masonry building is
increasingly influential as the length to height ratio increases. For
example, no influence of E/G is found for E/G > 2.6 for L/H = 1,
and no influence of E/G is found for E/G > 20 for L/H = 5 (Fig. 5A).

The variation of the length to height ratio, L/H, showed that the
geometry of the masonry building has a great effect, especially
when increasing the severity of the damage (D2 and D3)
(Fig. 5B). In other words, the greater is the L/H ratio, the greater
is the influence of the bending state of the building on its threshold
of deflection ratio. The curve of the deflection ratio as a function of
the L/H ratio appears to have a vertical slope for increasing L/H.

The peak point represents the passage between the two critical
areas of bending and shear. In Fig. 5A, the peak point is related to
the passage from the critical bending area to the critical shear area
with increasing the E/G ratio. In Fig. 5B, the peak point relates the
passage from the maximal strain in the shear area to the bending
area. This peak point occurs at higher values of E/G ratio as the L/
H ratio is increased. The position of this peak point was affected
by the position of the neutral axis. This peak point occurs for equal
values of E/G and L/H for a neutral axis positioned at the bottom of
6

the beam (Fig. 5A). For a neutral axis positioned at the middle axis
of the beam (Fig. 5C), this peak point occurs when the value of E/G
is twice that of L/H.

The position of the neutral axis has a small influence on the val-
ues of the deflection ratio. The neutral axis position mainly affects
the position of the maximum peak point of each curve, as noted
previously. This result, which shows the effect of the position of
the neutral axis on the position of the peak point, can be obtained
analytically as well by equating the equations relative to the com-
putation of the deflection ratio in the shear area and the bending
area, once for a neutral axis at the bottom of the section of the
beam and once for a neutral axis at the middle axis of the beam
section.



Table 3
Geometrical description of the buildings relative to the L/H ratio.

L/H ratio Description

2–4 Medium horizontal slenderness
4–6 Large horizontal slenderness
6–8 Very large horizontal slenderness
>8 Buildings of exceptional horizontal slenderness
3.3. Intersection of damage scales due to the sensitivity analysis

As a result of the sensitivity analysis (E/G, L/H, and the position
of the neutral axis), for the same value of the deflection ratio, many
damage categories seem to occur, depending on the mechanical
and the geometrical properties of the building. In other terms,
two buildings having different properties may exhibit a different
level of damage severity, even if they are subjected to the same set-
tlement. In addition, for the same value of the L/H ratio, many
thresholds of deflection ratio are found to exist relative to the value
of the E/G ratio. Fig. 6 shows the curves of the threshold of the
deflection ratio values for each damage category for three chosen
values of the studied interval of E/G that reaches 52. The three cho-
sen values of E/G in Fig. 6 are 0.5, 2.6 and 12.5. Saeidi [21] sug-
gested that the smallest value of E/G represents a building with
reinforced load bearing walls and a very small percentage of open-
ings. He also suggested that a value of E/G equal to 2.6 represents
an isotropic assumption of the masonry, with a Poisson’s coeffi-
cient equal to 0.3. In addition, a value of E/G equal to 12.5 repre-
sents a masonry building with a number of openings (windows
and doors) or a frame building. Lastly, a comparison of the mini-
mum and the maximum threshold values obtained by this para-
metric study with those shown in (Fig. 2) is conducted. A
correlation is observed between the thresholds of the deflection
ratio of the literature and those obtained by the present parametric
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study. In addition, an overlap appears in Fig. 7. This overlap indi-
cates that the properties of the building have a great importance
in assessing its damage category. The thresholds of the deflection
ratio provided in the bibliographic references must be considered
as particular values relative to specific buildings properties, i.e.,
for each damage category, a range of variation of the thresholds
of the deflection ratio appears, depending on the mechanical and
geometrical properties of the masonry building. In addition, two
buildings having different properties exhibit different damage
severities, even if they are subjected to the same settlement. How-
ever, both dimensions and mechanical properties of the beam used
to assess the damage of a real building may be seen as uncertain
values. A possible means of accounting for this uncertainty is to
develop fragility curves associated to different building types.
These curves provide the probability of reaching each damage cat-
egory related to the values of the deflection ratio as a function of
the uncertain properties of the building type. These curves are pro-
vided in the next section of this paper.
4. Fragility curves for damage assessment

As previously seen, a variability of the damage for the same
deflection ratio can be observed. This is the consequence of hetero-
geneities in the mechanical and geometrical properties of the
masonry structures. As a consequence, the damage assessment
for a given deflection ratio must be seen as uncertain and fragility
curves are an effective way to represent this uncertainty. Such a
way was already investigated by Giardiana et al. [26], who devel-
oped damage functions of masonry buildings based on numerical
modelling. They particularly investigate the influence of the per-
centage of opening in the building and some mechanical properties
of the masonry as the Young’s modulus and tensile strength. Their
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results appear very useful to assess influence of parameters. How-
ever, they didn’t address the question of uncertainties which is the
goal of this section.

Consequently, this section presents the methodology followed
to draw fragility curves that estimate the probability of a building
being classified in a specified category of damage, once the deflec-
tion ratio and the building typology are known. After that, a typol-
ogy for masonry structures is defined in Section 5, and the fragility
curves relative to different cases of masonry buildings are pre-
sented and discussed.
Table 5
Intervals of E/G and L/H used for determining the fragility curves – values of Ks/Kn and th

Description of masonry (bricks and joints) Ks/Kn Percentage of
openings

Interval

Solid bricks with cement mortar 1 0–10% 3.4 < E/G
10–20% 5 < E/G <
20–30% 8 < E/G <

Solid bricks with cement lime mortar 1/10 0–10% 10 < E/G
10–20% 12 < E/G
20–30% 16 < E/G

Joints with a reduced resistance–shear
displacement

1/20 0–10% 17 < E/G
10–20% 19 < E/G

20–30% 24 < E/G

Joints with a very weak resistance–shear
displacement – sliding joint

1/50 0–10% 36 < E/G
10–20% 39 < E/G

20–30% 46 < E/G

Table 4
Values of Ks/Kn relative to different types of materials used in the masonry structure.

Units of E and G in GPa Mortar

Cement mortar

Blocks Eu Gu Em Gm

12 5.9
Ks/Kn

Clay bricks 20 8.7 0.611
Granite 50 19 0.539
Limestone 45 18.7 0.526
Concrete 30 11.5 0.603
Hollow bricks 5 1.9 0.333
Solid brick 16 6.7 1.069
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4.1. Concept of the fragility curves – intervals of E/G and L/H

Fragility curves provide the probability P(D > Di) for each
known value of the deflection ratio, where D is the building dam-
age and Di refers to each damage category. The fragility curves may
be developed for different building types and can be used to take
into account some uncertainties about the damage assessment.

The development of fragility curves is first based on the defini-
tion of a building typology. Each building type must be described
over a range of variation of each parameter used in the analytical
method. The choice of the range of variation is important because
each real building of a given type will eventually be assessed using
the same fragility curve. Fragility curves will be developed using
Monte Carlo simulations. For a given building type, a set of random
theoretical buildings from this type are defined and studied using
the analytical method. Because each building is different, each
building has a different set of threshold values associated to each
damage category. Thus, the fragility curves represent a synthesis
of these results.
4.2. Methodology of drawing the fragility curves

Fragility curves were drawn via the Monte Carlo method using
MATLAB software. Four steps were followed to draw the fragility
curves for each building type. The first step is to generate ran-
domly, for each combined intervals of E/G and L/H, n values (gen-
erally taken as 1000) of L/H and E/G, assuming a uniform
distribution for both E/G and L/H ratios. The second step is to vary
the values of the deflection ratio from 0 to 0.01 to sweep over all
the damage categories, using a step size of 10�5. The third step is
e percentage of openings relative to each value of E/G.

of E/G Used interval
of E/G

Interval of
L/H

Geometrical description
(horizontal slenderness)

Case
name

< 5 2.6 < E/G < 11 2–4 Medium 1-a
8 4–6 Large 1-b
11 6–8 Very large 1-c

8–12 Exceptional 1-d

< 12 10 < E/G < 19 2–4 Medium 2-a
< 16 4–6 Large 2-b
< 19 6–8 Very large 2-c

8–12 Exceptional 2-d

< 19 17 < E/G < 28 2–4 Medium 3-a
< 24 4–6 Large 3-b

6–8 Very large 3-c
< 28 8–12 Exceptional 3-d

< 39 36 < E/G < 52 2–4 Medium 4-a
< 46 4–6 Large 4-b

6–8 Very large 4-c
< 52 8–12 Exceptional 4-d

Cement lime
mortar

Lime mortar Cement lime
mortar reinforced

Em Gm Em Gm Em Gm

14 5 1.8 0.64 11.5 4
Ks/Kn Ks/Kn Ks/Kn
0.252 0.349 0.273
0.347 0.354 0.338
0.335 0.353 0.329
0.336 0.353 0.328
0.402 0.341 0.418
0.178 0.349 0.244
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Fig. 12. Fragility curves for case 1 (2.6 < E/G < 11) for all intervals of L/H.
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Fig. 13. Fragility curves for case 2 (10 < E/G < 20) for all intervals of L/H.
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Fig. 14. Fragility curves for case 3 (17 < E/G < 28) for all intervals of L/H.
to calculate the value of the maximal tensile strain of the structure
(in bending and shear areas) for each value of the deflection ratio
using Eqs. (3)–(5). This value of the tensile strain will allow us to
define the damage category by comparison with the limit values
of the tensile strain presented in Table 2. For each deflection ratio,
1000 damage values are then obtained. The probability of occur-
rence of each damage category is then calculated using Eq. (7):

PðDiÞ ¼ NðDiÞ
n

ð7Þ

where N(Di) is the number of buildings appearing in the damage
category Di, and n is the total number of buildings (1000). The
fourth step is to plot the fragility curves for each combined interval
of E/G and L/H by computing the probability P(D > Di) using Eqs. (8)
and (9):

PðDamage P DiÞ ¼ 1� PðDamage < DiÞ ð8Þ

PðDamage < DiÞ ¼
Xi�1

j¼1

NðDjÞ
n

¼
Xi�1

j¼1

PðDjÞ ð9Þ

Fig. 8 represents the steps followed to draw the fragility curves.
The fragility curves were then drawn for both bending and

shear areas. The drawn curves correspond to a neutral axis situated
at the middle height of the beam section. This choice is taken
because in the sensitivity analysis, the position of the neutral axis
only slightly affected the values of the thresholds of the deflection
ratio. First, the curves are drawn for the two critical areas of bend-
ing and shear, as shown in the example in Fig. 9a that corresponds
to buildings with 3.4 < E/G < 5 and 2 < L/H4. The final curves are
then the envelopes of the maximum probability between the two
critical states (Fig. 9b).
10
5. Typologies of masonry structures – fragility curves for
different masonry building cases

To develop a building typology, we chose to divide the intervals
of E/G and L/H used in the sensitivity analysis into several intervals
so that each combined interval of E/G and L/H may represent a
specific typology of in-situ masonry buildings.

5.1. Intervals of the L/H ratio

For the choice of intervals of L/H, various references divide the
typologies of buildings according to their length and height.

Saeidi [21] developed a typology for buildings in a mining sub-
sidence area using different parameters, where length is one of
these parameters. He divided the buildings into five categories
according to their length: small (<10 m), medium (11–20 m), large
(21–30 m), very large (31–40 m) and exceptional (P41 m). In addi-
tion to the length of buildings, he noted that, according to proper-
ties of the basin of Lorraine (France), most of the buildings have
one or two floors, i.e., a height of 5–9 m. This information leads
to the ratios of horizontal slenderness L/H, as presented in Table 3.

5.2. Intervals of the E/G ratio

The partition of the interval of E/G was based on a numerical
study performed by Son and Cording [22]. Son and Cording [22]
presented the relationship between the equivalent E/G ratio of a
homogeneous and elastic beam and the opening percentage (win-
dows and doors) of the total wall area for different values of the
shear to normal joint stiffness ratio Ks/Kn (a joint corresponds to
mortar in the masonry structure). They used UDEC (Universal
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Fig. 15. Fragility curves for case 4 (36 < E/G < 52) for all intervals of L/H.
Distinct Element Code, ITASCA, 2000) and an analytical method to
estimate the stiffness of masonry structures with controlled
parameters of window opening and brick/mortar joint properties.

Before explaining the choice of the intervals, this paragraph
briefly describes the distinct element method to explain the signi-
fication of the shear and normal stiffness of the joints. At each con-
tact between two blocks, the mechanical interaction between
blocks is represented by force–displacement relations with normal
stress (rn) and displacement component and shear stress (s) and
tangential displacement component. Contact displacements are
defined as the relative displacement between two blocks at the
contact point. In the elastic range, contact forces and displace-
ments are related through the contact stiffness parameters (normal
and shear) (Fig. 10); in addition, for failure or elasto-plastic beha-
viour, a failure criterion is considered, with the Mohr–Coulomb cri-
terion being a function of the cohesion and friction angle. Many
authors studied numerical, physical and experimental models of
masonry structures in order to characterise their behaviour due
to different load cases (in plane loads, out of plane loads) [27–
31]. Bui [27] discussed the behaviour of masonry walls in the load-
ing case of a uniform out of plane pressure, due to, experiments
and numerical modelling. Ngheim et al. [28,29] studied the effect
of sinkhole on the building, by using a physical model, taking into
account the soil structure interaction. Anastasios et al. [30] studied
the numerical prediction of the compressive response of masonry,
by considering a typology that consists of solid units, brick, and
mortar of lower strength and higher deformability. Haach et al.
[31] studied the behaviour of masonry walls subjected to horizon-
tal loadings, due to the influence of flanges. He carried out a para-
metric analysis to define the influence of some parameters on the
behaviour of the masonry wall, such as geometry, boundary condi-
11
tions, and the angle of the horizontal loading application. In fact,
the focus of this part is not the behaviour of the masonry structure;
it is the values of the shear and normal stiffness of the joints that
will be used to define the typologies in order to draw the fragility
curves.

Son and Cording [22] demonstrated that the value of Ks/Kn and
the percentage of openings affect the values of E/G. For example, E/
G varies between 3.4 and 11 for Ks/Kn equal to 1 and a percentage
of openings increasing from 0% to 30%. For Ks/Kn equal to 1/50, E/G
varies between 36 and 52 for a percentage of opening area increas-
ing from 0% to 30%.

From Fig. 11, four intervals of E/G can be used to draw the fra-
gility curves: (3.4; 11), (10; 19), (17; 28) and (36; 52). Each interval
represents a case of the Ks/Kn ratio, with a variation of the percent-
age of openings from 0% to 30%.

To be more descriptive, we proceed with a study of the choice of
the ratio of Ks/Kn to explain its significance. Table 4 presents the
meaning of each value of Ks/Kn ratio.

Lourenço [33] suggested the following equations to evaluate the
values of Ks and Kn as a function of the properties of the masonry
blocks and of the mortar used (Eqs. (10) and (11) [33]).

Kn ¼ EuEm

hmðEu � EmÞ ð10Þ

Ks ¼ GuGm

hmðGu � GmÞ ð11Þ

where Eu and Gu represent the Young’s modulus and the shear mod-
ulus, respectively, of the block units. Eu, Gu and hm represent the
Young’s modulus, the shear modulus and the thickness of the mor-
tar, respectively.
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Fig. 16. Effect of E/G and L/H on the dominant fragility curves between the bending (b) and shear (s) critical states.
The equations provided by Lourenco [33] are used hereafter to
compute the ratios of Ks/Kn for different masonry models (various
mortar types or block types). Many types of mortar (cement,
cement lime, lime, and reinforced) and of blocks (clay bricks, gran-
ite, limestone, concrete, hollow bricks, and solid bricks) used in the
construction of masonry buildings were found. Table 4 presents
the values of the ratio Ks/Kn for a selection of blocks with different
types of mortar. The ratio Ks/Kn was obtained using Eq. (12). This
ratio appears to be independent of the thickness of the mortar.
Ks
Kn

¼ GuGmðEu � EmÞ
EuEmðGu � GmÞ ð12Þ

From Table 4, a value of Ks/Kn equal 1 refers to a masonry build-
ing constructed of solid bricks and cement mortar, and the value of
Ks/Kn equal to 1/10 refers to masonry constructed by solid bricks
and cement lime mortar. To explain the low values of Ks/Kn of
1/20 and 1/50, one can consider that these values represent a
masonry building having a weak resistance to the shear displace-
ment. In other words, these low values may refer to a masonry
building for which the shear displacement may be obtained with
low effort (Raffard [34] used the term of ‘‘sliding interface” for a
Ks/Kn = 1/100).

Finally, we proposed implementing the intervals of E/G and L/H
presented above to draw the fragility curves and determined the
significance of each interval. As a result, Table 5 presents the final
assumptions used to draw the fragility curves. The columns of the
intervals of E/G and L/H of Table 5 were then used to proceed in our
probabilistic study. The choice of 2.6 for the lower value of E/G for
12
the first case corresponds to an isotropic behaviour with a Poison’s
ratio equal to 0.3 for the masonry building.

After defining the four cases of masonry buildings, fragility
curves are drawn, using the methodology presented in Section 4,
for each case (Figs. 12–15). The presented curves in Figs. 12–15
are the resulting curves related to the critical bending and shear
area, obtained by taking the maximum probability for each dam-
age, relative to each value of deflection ratio, between the two
cases of bending and shear.
5.3. Discussion of the fragility curves

Many important findings can be obtained from these fragility
curves. These curves allow the visualisation of the probability of
being classified in a specified damage category once knowing the
values of the deflection ratio of the masonry building (i.e., the dif-
ferential settlement subjected by the building) and the typology of
the building.

First, the threshold value of the deflection ratio at which the
probability P(D > Di) becomes greater than zero can be found.

When increasing the ratio E/G, P(D > Di) is observed to become
greater in the shear area than in the bending area for the same
value of the deflection ratio. In other words, when E/G increases,
these curves refer to the deflection ratio due to the tensile strain
in shear area, which becomes more critical than in the bending
area. This result agrees with the result obtained by the sensitivity
analysis described previously for the effect of E/G on the critical
state between the bending area and the shear area.
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Fig. 17. (a) Effect of E/G for a constant L/H – (b) effect of L/H for a constant E/G.
For the first two intervals of E/G (2.6 < E/G < 11 and 10 < E/
G < 20), the increase of L/H corresponds to the bending area becom-
ing more critical. In other words, as long as the interval of E/G is
low, the probability of being in a defined damage category is
greater for the bending area than that of the shear area (Fig. 16,
case of 2.6 < E/G < 11).

By increasing the interval of E/G (17 < E/G < 28, and 36 < E/
G < 52), the shear strain becomes critical. In other words, the prob-
ability of each damage category is greater in the cases of shear than
of the bending for high ranges of E/G, even with an increasing ratio
of L/H (Fig. 16, case of 36 < E/G < 52).

To study the effect of L/H and E/G separately, the curves of cases
1-a and 2-a are drawn to show the effect of E/G (Fig. 17a), and the
curves of cases 1-a and 1-b are drawn to show the effect of L/H
(Fig. 17b). From Fig. 17a, when the ratio E/G increases, the proba-
bility to reach each of the damage categories increases for the same
value of deflection ratio. Additionally, from Fig. 17b, when the ratio
of L/H increases, the probability to reach each of the damage cate-
gories decreases for the same value of the deflection ratio.

These fragility curves may be compared with other studies that
try to relate the effect of the building properties on the damage
assessment, and try to study the uncertainty of this assessment.
Giardiana et al. [26] recently used numerical models to assess
the damage as a function of the maximum crack width noted in
Table 2. Most of their models are characterised by a L/H ratio
between 1 and 2, with percentage of façade openings between
0% and 30%, Young’s modulus of 3000 MPa. Several other parame-
ters are used that cannot be easily compared with parameters used
in this study as the tensile strength, behaviour of the base inter-
face, orientation of the building. On the whole, the building types
that are the most comparable with their models are case 1-a and
2-a with an L/H ratio between 2 and 4 and E/G ratio between 2.6
and 19 because of the joints stiffness or percentage of openings.
First Giardiana et al. [26] find that the maximum damage occurs
for deflection ratio between 1 � 10�3 and 3 � 10�3 that may be com-
parable with those got in this study (Fig. 7). Secondly, they found
that the percentage of openings is a significant factor since for a
given deflection ratio of 1 � 10�3, the damage increases from grade
1 to grade 6 when the percentage of openings increases from 0% to
30%. In the actual analytical model, the percentage of openings is
correlated to the E/G ratio. This variation of E/G is entirely taken
into account when developing fragility curves for each case, and
as the variation of E/G in this analytical study implicitly indicates
the variation of the percentage of openings, it is not possible to
directly compare the influence of this single parameter between
the two studies. However, sensitivity analysis presented in Fig. 6
shows that for the same given deflection ratio of 1 � 10�3, for a L/
H ratio between 1 and 2 and E/G between 3.4 and 12.5 (influence
of openings, cf. Fig. 11), the damage is between category 2 and 4
(Fig. 6) which is a comparable range that the one got by Giardiana
et al. [26].
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Finally, in this paper, we covered a large ratio of building typol-
ogy allowing the assessment of damage category.
6. Conclusion

First, this paper presented different threshold values of the
defection ratio used to evaluate the damage level of the masonry
buildings due to differential settlements.

Second, to study the variation of the threshold values of the
deflection ratio, a comprehensive sensitivity analysis of the effect
of the properties of the masonry buildings on this parameter was
conducted. The analytical method of Burland et al. [5] based on
beam theory was used. The threshold values of the deflection ratio
were observed to have a range of variation that depends on the
mechanical and geometrical properties of the masonry building.
The length to height ratio and the ratio of the Young’s modulus
to the shear modulus of the masonry structure were demonstrated
to have a considerable effect on the thresholds of the deflection
ratio. The critical areas of shear and bending were observed, and
the effect of the length to height ratio and the ratio of the Young’s
modulus to the shear modulus on these critical areas was high-
lighted. In addition, a transition from a critical area of shear to a
critical area of bending was observed when increasing the L/H
ratio. The opposite transition was noted when increasing the E/G
ratio. The sensitivity study demonstrated that each value of the
deflection ratio might refer to different categories of damage as a
function of the properties of the masonry building. The variability
of the threshold values of the deflection ratio obtained from the
analytical study was found to be consistent with the observed in
the literature. As a result, it can be concluded that two buildings
having different properties may be damaged differently, even if
they are subjected to the same settlement. These results will be
useful for draw fragility curves in future probabilistic studies.

The objective of the fragility curves is to provide the probability
to suffer a damage category for each building that falls into a given
typology developed in this paper, once knowing its deflection ratio.
These typologies refer to the geometrical properties of the building
(length-to-height ratios from 2 to 8) and the mechanical properties
of the building (equivalent ratios of the Young’s modulus to the
shear modulus from 2.6 to 52) in relation to the masonry compo-
nents (blocks and mortar) that govern its mechanical behaviour.
From these curves, the minimum value of the thresholds of the
deflection ratio to achieve a probability of damage greater than
zero (i.e., P(D > Di) > 0) can be determined as a function of the
building properties. These fragility curves will cover the uncertain-
ties related to the geometrical and mechanical properties used to
model a real masonry building as a simple anisotropic beam. The
final results provide the probability of occurrence of each of the
damage categories and thus provide a more accurate assessment
of the damage category of the masonry buildings.
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