Characterization and damage of brick masonry
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Abstract Clay brick is among the oldest used masonry materials. Given the
technological evolutions since the industrial revolutions, old brick are much dif-
ferent from todays’ bricks. This chapter provides a review on the chemical, physi-
cal and mechanical properties of mortar, brick and masonry. In addition, a discus-
sion on the possible causes of damage and the usage of expert systems in building
diagnosticsis also given.
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3.4.1 Introduction

Clay brick masonry, often in combination with stone masonry and timber floors, is
well distributed all over the world. Clay brick, in its forms of sun dried and burnt,
has been around since the beginning of civilization. Brick was easily produced,
lighter than stone, easy to mold, and formed a wall that was fire resistant and du-
rable. The characterization of old clay bricks is a hard task due to the difficulties
in collecting samples, the scatter in the properties, and the lack of standard proce-
duresfor testing [1]. Still, characterization is relevant to understand damage, to as-
sess safety, to define conservation measures, and even to make a decision on reus-
ing or replacing existing materials, as modern materials can be unsuitable from a
chemical, physical or mechanical perspective. Information about old and hand-
made bricks is scarce. Ancient materials generally differ from modern ones and,
frequently, exhibit high porosity and absorption, and low compressive strength
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and elastic modulus. The mechanical properties of brick are relevant for the per-
formance of historical constructions, as this is the main influence factor on the
compressive strength and durability of masonry. Here, the properties of historical
brick masonry and its components are addressed in detail.

In addition, existing buildings often exhibit damage and knowledge based di-
agnostic systems are much helpful for practitioners. Through a damage atlas, inte-
grated in a diagnostic part, visual observation can be extensively used and a cor-
rect definition of the observed degradation and damage can be made, or at least
one or more hypotheses can be proposed. Possible intervention techniques are not
usually automatically generated by a diagnostic module, but can be available in a
background information section. These aspects are also addressed next.

3.4.2 Chemical, physical and mechanical characterization of old
mortars

Mortar isa material composed of one or more inorganic binders, aggregates, water
and admixtures used in masonry to provide bedding, jointing and bonding of ma-
sonry units, or used for functions like plasters and renders. Main focus here is on
lime mortars, as the most diffused type of mortar found in historic buildings. Fig-
ure 1 shows a thin section of a mortar, with binder and aggregates clearly visible.

Fig. 1 Thin section of a lime mortar, originating from an early 18" C canal bridge in Amsterdam.
B=binder, Z=aggregate.

The use of lime, Ca(OH),, dates back to pre-historic times even if the Egyp-
tians used burned gypsum (CaSQO,.%2H,0) as a mortar in between the limestone
blocks for the construction of the pyramids [2]. The first examples of lime as a
binder in mortar date back to the 6™ century BC in Greece [3]. The Romans devel-
oped a new type of (pozzolanic) mortar, a sort of concrete, with hydraulic proper-
ties. Vitruvius [4] describes the Roman knowledge of lime technology, with de-



tails on different types of lime binder, process of calcination and slaking as well as
recipes for mortar composition and origin of the best sand.

In the end of the 19" century, these mortars were replaced by cement based
mortars. This occurred mainly because cement binders can harden and develop
strength much quicker than lime binders. Incompatibility problems in the use of
cement based mortars for conservation lead to the re-discovery of lime based
products. Currently lime mortars are increasingly popular in conservation because
of their good compatibility (physical, chemical and mechanical) with materials
present in ancient buildings.

A binder can be defined as a material with adhesive and cohesive properties,
which bonds mineral fragments in a coherent mass. A first distinction can be made
between air-hardening (non-hydraulic) binders, which slowly harden in air, and
hydraulic binders, which set and harden by chemical interaction with water. Air-
hardening binders include air lime and gypsum. Hydraulic binders include hydrau-
lic lime, lime-pozzolan, lime-cement, lime-cement-pozzolan and cement. The lime
binder is obtained by a calcination process, the burning of (pure) limestone at ca.
900°C. The obtained quicklime is slaked with water to become dry hydrated lime
or, in case of an excess of added water, putty lime.

Natural hydraulic lime is obtained by calcination of limestone containing a cer-
tain amount of clay. Lime pozzolan binders are obtained by the addition of a poz-
zolan (natural or artificial) to the lime while mixing mortar. A natural pozzolan is
a volcanic material, which originally derives from Pozzuoli, an Italian region
around Vesuvius. Pozzuoli earth was used in the Roman mortars but other natural
pozzolans are Santorini earth (Greece) and trass (Germany). Artificial pozzolans
include metakaolin, silica fume, brick dust (preferably low fired brick) and others
such as fly ash.

An aggregate can be defined as particles of rock, from natural origin or artifi-
cially crushed, with a range of particle sizes from 63um to 4mm, or even 8mm.
Apart from rock aggregates, light aggregates exist such as expanded clay, vermic-
ulite or perlite. The most common aggregate used in lime mortars is calcareous or
siliceous sand, which is constituted by grains of minerals and stone. The role of
sand in mortar is to make the mortar less fat, to reduce crack formation due to
shrinkage during drying, and to give strength, hardness and porosity to the mortar.
The grain size distribution of the sand has a great influence on the final porosity
and pore size distribution of mortar. For example, the presence of both fine and
coarse grains results in a low porosity. Porosity strongly influences hardening,
mechanical strength, physical properties and durability. The ratio between the
mortar components may vary depending on the quality of lime, sand and on the fi-
nal use of the mortar. Historical mortars have a binder-sand ratio which may vary
between 2:1 and 1:4 by volume.

Air lime hardens by reacting with carbon dioxide from the air to form a car-
bonate. Gypsum hardens by hydration of the hemidrate form to the di-hydrate
form. Hydraulic lime contains a mix of hydrated lime, silicates and aluminates.
Hardening occurs through reaction with water and by carbonation. Pozzolans,



used in combination with air lime to obtain a hydraulic mortar, have in common a
considerable content of silica and alumina. The knowledge of the chemical proper-
ties of a mortar is important for understanding damage processes and for designing
a repair mortar, chemically compatible with the existing one. For example a gyp-
sum based repair mortar is chemically not compatible with a dolomitic lime mor-
tar, since, in presence of water, harmful magnesium sulphate may be formed.

Moisture transport behavior is one of the most relevant physical properties of
mortar, since it strongly influences its durability. Moisture transport behavior
mainly depends on the porosity and the pore size distribution, which can be subdi-
vided into sorption pores (< 100nm), capillary pores (between 0.1xm and 100xm)
and coarse pores (>100um), see Figure 2. Small capillary pores (< 1um) result
from evaporation of water from the binder fraction. Wider capillary pores are
formed by the intergranular space that is not completely filled by the binder. Fig-
ure 3 shows the pore size distribution of a mortar with a bimodal distribution.
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Fig. 2 Classification of pores and moisture transport mechanisms.

o 35 1,5

E 30 [

3 TI——— £

sg® 4 ‘1 3g
-5 20 i o=

=9 >0©o

= ; 15 =2

g2 10 / R

E 5 s

3 0 i 0o £

0,001 0,01 0,1 1 10 100 1000

Pore diameter (um)

Fig. 3 Pore size distribution of a mortar, assessed by mercury intrusion porosimetry (MIP). The
total porosity (ca. 29%) can also be obtained by this technique.

Air lime mortars are known to have a low mechanical strength, in comparison
with hydraulic lime and even more in comparison with cement based mortars.



However, their capability of deformation is much higher than that of cement mor-
tars. The strength of air lime mortars develops due to carbonation. This process
may take several years, especially in very thick masonry. Therefore the strength of
air lime mortar will be very low, especially in the first period after brick lying.
However, if good conditions for carbonation are present, sufficient strength is de-
veloped over time guaranteeing a long service life. The strength of a mortar is
greatly affected by the porosity and decreases with an increase in porosity. Com-
pressive strength of air lime mortars ranges around 1.5-2N/mm?, whereas hydrau-
lic lime mortars may reach ca. 10N/mm?. Apart from the mechanical strength of
the mortar joint, the bond strength between the masonry unit (brick or stone) and
the mortar joint is important. A low binder/aggregate ratio, poor grading of the
aggregate or inadequate tooling of the mortar may limit the bond strength.

3.4.3 Characterization of old bricks

Clay bricks aso exhibit different properties, which are important in the evaluation
of the strength, durability and resistance to deterioration processes. These proper-
ties are closaly related to the quality of the raw clay and the conditions of manu-
facture, namely drying and firing processes. The properties of construction materi-
als can be grouped as chemical, physical and mechanical. Progressive ageing of
bricks and permanent loads lead to material deterioration such as cracking, peeling
or efflorescence, meaning that the properties exhibited currently by old clay bricks
are affected in some degree and are not necessarily the original properties.

Bricks are constituted by a mixture of raw clay and water. The first step to
characterize the raw clay is by means of chemical and mineralogical studies [5],
[6], which are fast to perform and only require small amounts of material. Thisin-
formation can be also used to identify suitable raw materials for the production of
missing parts or the replacement of deteriorated ones, as long as the production
processes are as close as possible from the original.

The chemical composition of brick samples can be determined by x-ray fluo-
rescence spectrometry, much used for old ceramics [7], which allows the identifi-
cation of the following abundant chemical oxides and elements: silicon oxide
(Si0,), aluminum oxide (Al,O5), iron oxide (Fe,O3), potassium oxide (K,0), tita-
nium dioxide (TiO,), sodium oxide (Na,0), calcium oxide (CaO) and magnesium
oxide (MgO). Silicon and aluminum oxides constitute the base elements of the
clay. As an example, clay bricks from the 12-13" century presented 38% of silicon
oxide, 21.5% of aluminum oxide and 32.5% of ferrous oxide, in weight [8]. In
Portugal, several samples from clay bricks (Figure 3) from monuments spread
through the country and from the 12"-19" centuries were studied in [9]: Outeiro
(OU, 17" century), Pombeiro (PO, 12-16" century), Salzedas (SA, 12-18" centu-
ry), Tarouca (TA, 12-17" century), Tibaes (T1, 17" century) and Tomar (TO, 18-
19™ century). The results reported in Table 1 show that the base chemical compo-
nents of the raw clay used on the bricks is relatively uniform, consisting of 54 to



61 % of SiO, and 22 to 32 % of Al,Os. The presence of CaO and Na,O is often
due to contamination by lime mortars or salt, respectively.

)

Fig. 3 Photographs of typical old Portuguese bricks: a) Salzedas (SA), b) Outeiro (OU), ¢c) Pom-
beiro (PO), d) Tarouca (TA); e) Tibées (TI) and f) Tomar (TO).

Table 1 Average chemical composition of old Portuguese bricks (coefficient of variation in
square brackets).

SlOZ Alzog Fe;0, K,0O Na,O TlOZ CaoO MgO
ou 56.2 25.3 114 3.5 0.5 1.0 0.3 15
[9%] | [5%] | [41%] | [14%] | [40%] | [10%] | [47%] | [29%]
PO 575 251 8.4 4.9 0.5 13 0.4 1.6
[5%] | [10%] | [18%] | [12%] | [33%] | [10%] | [106%] | [19%]
SA 54.4 322 41 5.1 2.0 0.3 0.8 0.9
%] | [8%] | [61%] | [17%)] | [35%] | [87%] | [66%] | [41%]
TA 55.6 30.9 41 5.0 19 0.4 0.9 1.0
[7%] | [13%] | [22%] | [15%] | [41%)] | [26%] | [84%] | [29%]
TI 53.8 294 8.1 4.4 0.5 12 0.9 14
6%] | [9%] | [18%] | [11%] | [31%] | [8%] | [60%] | [20%]
TO 60.8 21.6 7.0 3.6 0.4 0.8 3.6 2.2
4% 10% % % % 12% 1% 15%
[4%] | [10%] | [9%] | [22%] | [23%] | [12%] | [81%] | [15%]

These results were processed using statistical analysis, which compares the
chemical composition the bricks with the chemical composition of known ceramic
samples [7]. The analysis revealed that SiO, contributes very little to the distinc-



tion between old samples and that no single component was found to strongly in-
fluence the provenance of the old bricks. The chemical composition of the clay
found in bricks is different from ceramics and suggests that the raw clays used in
the manufacture were obtained locally.

Firing of clay bricks produces a series of mineralogical, textural and physical
changes that depend on many factors and influence the porosity [6],[8]. Porosity is
again an important parameter concerning clay bricks due to its influence on prop-
erties such as chemical reactivity, mechanical strength, durability and quality of
the brick. Generally, the quality of the brick, both in terms of strength and durabil-
ity, increases with the decrease of the porosity. Commonly, historic clay bricks
exhibit high porosity values, ranging between 20 and 50% [10],[11]. The dimen-
sion and distribution of the pores are influenced by the quality of the raw clay, the
amount of water and the firing temperature. If the firing temperature increases, the
proportion of large pores (3 to 15um) increases and the connectivity between
pores is reduced, whereas the amount of thin pores diminishes [6],[12]. This has a
strong impact on the durability of the bricks as it has been shown that large pores
are less influenced by soluble salts and freeze/thaw cycles. Several studies [1],[6],
[13] reported that the formation of thin pores (< 1.5um) is promoted by carbonates
in the raw clay and by a firing temperature between 800 and 1000°C. Such a pore
size influences negatively the quality of bricks as their capacity to absorb and re-
tain water increases. The density or bulk mass is related with mechanical and du-
rability properties, and typical values range between 1200 and 1900kg/m® [5], [8],
[10]. Table 2 presents the results from old Portuguese clay bricks, with resulted in
average values for the bulk mass of 1750kg/m® and 29% for porosity. No correla-
tion can be found between the physical or chemical properties and the mechanical
properties.

Table 2 Average porosity, bulk mass and compressive strength for old bricks from Portuguese
monuments and the coefficients of variation between square brackets [7].

Porosity (%) | Bulk mass (kg/m®) | Compressive strength (N/mm?)
OU | 33.0[13.9%] 1742 [1.7%] 8.5 [28%]
PO | 26.3[25.5%] 1754 [2.2%)] 9.2 [54%]
SA | 28.2[10.6%] 1800 [1.9%)] 145 [32%)
TA | 29.2[14.5%] 1747 [1.8%)] 8.7 [41%)]
TI | 30.4 [14.7%] 1739 [1.5%] 6.7 [55%]
TO | 27.5[14.2%] 1656 [3.0%] 21.8 [31%]

The evaluation of the mechanical strength of olds bricks is difficult due to their
scatter. They may also be deteriorated by weather or chemical agents such as sol-
uble salts, ice-thawing cycles or load-unload cycles. Additionally, the experi-
mental test set-up conditions (dimensions and moisture content of the sample,
boundary conditions, temperature, etc.) can also influence the results. Typical val-



ues of the compressive strength of old clay bricks are reported in Table 3, with a
wide range of values (from 4 to 32N/mm?). The average compressive strength of
Portuguese old clay bricks as well as its dispersion is reported in Table 2. A large
variability on the compressive strength was obtained, with coefficients of variation
up to 50%. It is possible to observe that the bricks with lower f. exhibit also a
higher dispersion. The wide range of strengths found is between 6.7 and
21.8N/mm?, with an average of 11.6N/mm? considering the total sample and
8.3N/mm? considering the four weakest bricks.

Another relevant mechanical parameter is the modulus of elasticity. It is not
always clear how authors measured the values presented, even if most standards
refer the use of the linear part of the stress-strain curve in a range of 10 to 50% of
the maximum stress value, which is also characterized by a large variability. The
values found range from 1 to 18GPa, which represent between 125 and 1400 f,
where f; is the compressive strength. Most common values are in the range of
200 f,, with an average for the values in Table 3 of 350 f.

Table 3 Typical average values for the compressive strength and modulus of elasticity of old
bricks found in the literature.

Date Local Compressive strength | Elastic modulus
(century) (N/mm?) (kN/mm?)
gt \Walls, pillars, vaults and ovens| ) )
-5 from the Byzantine period 9.2-18.0 [10] 2.6-10.8 [10]
_1ath Vaults of Our Lady Monas- i i
11-13 tery, Magdeburg, Germany 131-14.1[14]
13-17" Siena’s exterior wall, Italy 27.9[14] -
Colle Val d’Else exterior wall, 19.9 [14]
Italy 30.0 [15] 4.1[14]
15th
Pienza Episcopal Palace, Italy - 1 2;18[164%15]
th Monastery of Monte Oliveto
16 Maggiore library wall, Italy s11[14] 6.3 [14]
th Salzedas monastery vaults,
17 Portugal 5.2 [16] 7.3[16]
18" Lazzaretto de Ancona, Italy 18.5 [14] 5.8 [14]
18-19 Centenary chimney from the 20.8 [15] i
ceramic industry, Spain '

It is difficult to relate the tensile strength of the masonry unit to its compressive
strength due to the different shapes, materials, manufacture processes and volume
of perforations. For the longitudinal tensile strength of clay, calcium-silicate and



concrete units, Schubert [17] carried out an extensive testing program and ob-
tained a ratio between tensile and compressive strength ranging from 0.03 to 0.10.

3.4.4 Mechanical characterization of brick masonry

The properties of brick masonry are strongly dependent upon the properties of its
constituents. Traditional masonry is subjected to compressive stresses and the
compressive strength of masonry in the direction normal to the bed joints is re-
quired for design and safety assessment purposes. Experimentally, this property
can be obtained according to the European norm EN 1052-1 [18], see Figure 4a.
This configuration seems to return the true uniaxial compressive strength of ma-
sonry. Mann and Betzler [19] observed that, initially, vertical cracks appear in the
units along the middle line of the specimen, i.e., through the vertical joints. Upon
increasing deformation, additional cracks appear, normally vertical cracks at the
smaller side of the specimen that lead to failure by splitting of the prism. This per-
suaded researchers to investigate semi-empirical and analytical relations to predict
masonry strength based on the components characteristics and on the type of ma-
sonry. Several semi-empirical relations can be gathered from the literature, e.g.
[20],[21],[22], and from the codes [23],[24].
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Fig. 4 Uniaxial compressive behavior of masonry: (a) test specimen according to the European
standards (for units with I, <300mm and h, < 150mm) [17] and (b) schematic plane representa-
tion of stresses in masonry components.

Masonry compressive failure is mainly governed by the interaction between
units and mortar. A relevant factor is the difference in elastic properties between
the unit and mortar. Assuming compatibility in the deformation of the components
and a mortar that is more deformable than the units, the difference in stiffness
leads to a state of stress characterized by compression/biaxial tension of units and
triaxial compression of mortar, see Figure 4b. In the pioneer work of Hilsdorf
[25], this phenomenon was described and an equilibrium approach was developed
to predict the masonry strength, assuming that failure of mortar coincides with
failure of masonry. Later [26], this hypothesis is overcome by considering a limit
strain criterion based on the lateral strain exhibited by brick units at failure. Other
contributions were given in [27],[28],[29].



The bond between unit and mortar is often the weakest link in masonry. The
nonlinear response of the joints, controlled by the unit-mortar interface, is related
to two different phenomena that occur at the unit-mortar interface. One associated
with tensile failure and another one associated with shear failure. Different test
set-ups have been used for the characterization of the tensile behavior of the unit-
mortar interface. These include flexural testing, (three-point, four-point, bond-
wrench) [29], indirect tension testing (splitting test) [31] and direct tension testing
[32].

Experiments on the biaxial behavior of bricks and blocks are scarce. The influ-
ence of the biaxial stress state has been investigated up to peak stress to provide a
biaxial strength envelope, see Figure 5. Basically, two different test set-ups have
been utilized, uniaxial compression orientated at a given angle with respect to the
bed joints [33] and true biaxial loading at a given angle with respect to the bed
joints [34],[35].
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Fig. 5 Biaxial strength of solid clay units masonry [36],[37].

3.4.5 Deterioration and damage mechanisms

The most important factors influencing degradation and damage to masonry are
related to: environment; materials; building’s design; craftsmanship in the con-
struction of the building and its maintenance.

Environmental factors include, for example, the presence of moisture and salts,
air pollution, temperature changes, dynamic loads and soil settlements. Moisture
may come from sources like rain penetration, capillary rising damp or flooding.
Salts may be originally present in the material (for example, a mortar which has
been made using sea water or beach sand), they may come from the environment
(aerosol, de-icing salts, etc.) or from the use of the building in the past (for exam-
ple, chloride from salt storage, nitrates in the case of stables). Temperature varia-
tions may give rise to degradation phenomena in masonry due to differential ther-



mal dilation, whereas dynamic loads resulting from earthquakes and vibrations
provoked by wind or traffic may cause crack patterns.

Material factors are mainly related to the composition of the mortar (bind-
er/sand ratio, grain size distribution of the aggregate) and the properties of the ma-
sonry unit/mortar combination (porosity, capillary moisture transport, adhesion,
mechanical strength). Many degradation processes may only occur in the presence
of water; consequently the speed at which a material absorbs and releases water
has a strong influence on its risk of degradation. Therefore, moisture transport
properties, which are related with porosity and pore size distribution, are of prima-
ry importance when considering the durability of a mortar and the masonry as a
whole.

The design of the building, i.e. its shape, orientation and above all the details,
may strongly influence the occurrence and the severity of the degradation. Also
craftsmanship in the form of quality of the execution and of adequate conditions
for hardening of mortars is an important factor that affects the susceptibility of the
mortar to damage.

The degradation processes (chemical, physical and mechanical) exert stresses
on the materials, which weaken the material until it fails and damage becomes vis-
ible. Degradation can be defined as an increase in decay, which corresponds with
a decreasing performance of the material. Thus, damage can be defined as an un-
acceptable reduction of the performance of the material, affecting its durability.
An overview of the factors influencing the durability of masonry is given in Ta-
ble 4 while Table 5 gives an outline of the most important damage processes af-
fecting masonry and damage types related to those processes.

Some of the most important damage processes are discussed next. For process-
es in which water is involved, the crystallization of soluble salts is probably the
most widespread process causing damage to historical masonry buildings. Salt
damage can only occur in the presence of both salt and water. Salt moves in the
capillary system of the material and accumulates where evaporation occurs. Salt
accumulation and crystallization create pressures, which can exceed the mechani-
cal strength of the material and consequently lead to damage.

As the mortar (e.g. bedding or pointing mortar, plaster, render, etc.) and brick
or stone are used in masonry in combination with each other, the risk and location
of salt damage will depend on the pore size distribution of the mortar/substrate
combination [38]. Since moisture (and salt) transport by capillarity moves from
larger to smaller pores, a fine porous mortar applied on a coarse porous material
will have a larger risk of decaying than a coarse mortar applied on a fine porous
substrate (this does however not necessarily imply that a fine porous mortar on a
coarse porous substrate would be the wrong choice). Important damaging salts are
sulphates (for example Na,SO,4) and chlorides (for example NacCl). Salts precipi-
tating in the pores of a mortar may create pressures, which may lead to damage
[39],[40]. As a consequence of salt crystallization, a mortar can show damage in
the form of sanding, scaling, exfoliation or crumbling, whereas the masonry units
may show damages like powdering, exfoliation and spalling. Sometimes salt crys-



tallization causes damage to a lime bedding mortar because a physically incompat-
ible pointing mortar was chosen. This is the case of a too dense pointing applied
on a more porous lime mortar (Figure 6). Because of the hindering of the drying
caused by the new cement pointing, crystallization of salts that were already pre-
sent in the masonry occurs at the bedding mortar-pointing interface. This results in
the detachment of the pointing (also called push-out) and also in a form of loss of
cohesion (crumbling or sanding) of the underlying lime bedding mortar.

Table 4 Overview of factors influencing the durability of mortars and masonry.

Environment

Moisture supply

Rain, snow

Ground water

Surface water

Floods

Salt supply Soil or surface water
Use of the building (e.g. stable, salt storage)
Air (aerosol)
Floods
De-icing salts
Cleaning, surface treatments
Air pollution
Exposure to fire
Temperature Variations
Extremes
Dynamic loads Earthquakes
Wind
Traffic
Vibrations
Differential settlements
Materials Mortar composition Binder type

Binder/aggregate ratio

Grain size distribution of the sand

Properties brick/stone and
mortar system

Porosity

Moisture transport properties

Adhesion/bond

Presence of salt in materials

Design of the
building

Original structural design of
the building or modification

Choice of combinations of
materials

Detailing of the building

Choice of repair methods
and materials

Workmanship
and construc-
tion procedures

Quality of the execution

Quality of execution

Mortar mixing on site

Way materials are cured and curing condi-
tions

Protection of fresh mortar




Lack of knowledge on (tra-
ditional) workmanship

Maintenance Lack of maintenance

Inappropriate maintenance
program

Table 5 Overview of the most important damage processes and related damage types.

Physical / chemical Most important damage types
Moisture Biological growth
Salts Efflorescence
Frost Spalling
Pollution Exfoliation
Powdering
(Black) crust
Structural
Overloading, creep Crack patterns
Settlement Displacement / deformation
Thrust arches / vaults
Earthquakes

Fig. 6 Push-out of cement re-pointing due to crystallization of salts at the interface of new point-
ing and old bedding mortar.

Apart from pure crystallization, the formation of expansive compounds due to
the reaction of salts with mortar components may also cause considerable damage,
not only to mortars, but to the masonry as a whole. Sometimes the resulting crack
patterns may be mistaken for structural damage (Figure 7a), where only after drill-
ing cores from the masonry it became clear that the cracks originated from swell-
ing of the mortar inside the pier. Additional investigations with optical and elec-
tron microscopy revealed the presence of secondary ettringite concentrations, ini-
tiating the cracks. Sometimes the pointing mortar is bursting, i.e. it looks like it
swells because of an increase of volume (Figure 7b). In this last example, the




damage in the form of bursting of the pointing was shown to be due to the for-
mation of trichloride.

Other examples of such expansive compounds, which may cause damages, are
thaumasite and ettringite [41]. Thaumasite and ettringite are the results of the reac-
tion of sulphates (coming for example from the air or from bricks) with compo-
nents of the hydraulic mortar. Thaumasite (CaCOj3-CaS0O,-CaSiOs-15H,0) may
form by the reaction of water with calcium carbonate, calcium sulphate and hy-
drated calcium silicate, which again are present in concrete or mortar mixtures as
binders. The composition of hydrated calcium silicates, which may vary within a
relatively wide range, is indicated by the generic formula C-S-H. Ettringite
(3Ca0-Al,03-3CaS0,4-32H,0) may form by the reaction of water with calcium
sulphate and the alumina bearing hydration products (4CaO-Al,03-13H,0,
3Ca0-Al,03-6H,0, C3A-CaS0,4-12:18H,0, etc.). These products, sometimes in-
dicated as C-A-H, are formed by hydration of Portland cement or other binders,
such as hydraulic lime or mixtures of lime and pozzolan [40].

Hydrated lime (air lime) mortar cannot be affected by the reactions described
above. In this case another form of expansive reaction, the one consisting in the
conversion of the CaCOj; into CaSO,-2H,0 (gypsum), can take place. Sulphates
present in the polluted air or coming from the brick react, in the presence of mois-
ture, with the CaCOjs in the mortar to form CaSQO,4-2H,0, i.e. gypsum.

(@) ()
Fig. 7: Crack pattern in masonry, looking like structural damage but caused by expansive reac-
tion in the internal part of the mortar (a). Bursting of pointing mortar due to the formation of
Ca0.Al;,03.3CaCl;.31H,0 (trichloride) (b).

Damages due to structural causes are generally showing as cracks, often in
combination with deformations. The first important step to make a diagnosis of
structural damages is the survey and interpretation of the crack pattern. However,
the possibility of occurring damages due to non-structural causes has also to be
taken into account. The signs of damages given by the crack direction and opening
have to be well evaluated.

The crack patterns may be caused by structural failures like overloading, set-
tlements or due to extreme events like earthquakes. The main structural failures



that may cause damages affecting the structural stability include: (i) dead load in
heavy massive structures; (ii) soil settlements; (iii) horizontal actions due to thrust
in arches and vaults; and (iv) extreme events like earthquakes or landslides. The
position, the direction and the width of the cracks indicate where the local stress
value reaches the strength of the material and hence, indirectly, the type of stress
to which it is subjected. Knowing typical causes, which can produce damage to
the structure such as vertical and horizontal actions, soil settlements, interactions
between walls and floors, roofs and walls, can help understanding the visible ef-
fects (cracks, deformations, leaning, etc.) of these actions on the structure.

3.4.6 Diagnostic systems and expert systems

The use of expert systems for diagnosis in building practice or for mitigation of
the effects of decay and damage to buildings belonging to the cultural heritage is
still not very common. The development started fifteen years ago, when the first
version of MDDS (Masonry Damage Diagnostic System) was delivered as the
outcome of an EU project [38], [42]. The approach concerning the assessment of
damage to (historic) masonry buildings is quite comparable to the one used in
medicine. In medicine it consists of three steps: anamnesis, diagnosis and therapy.
In building diagnostics, generally, steps like survey, (visual) assessment, diagnosis
and intervention are commonly used.

Such an approach was already adopted in the early MDDS, although this sys-
tem would be very restrained in proposing interventions. The MDDS contained a
damage atlas, a series of damage processes and a reasoning mechanism that made
use of essential conditions to assess whether the occurrence of a certain damage
process might be possible or probable. Already in the original system, the damage
atlas was a very important tool, initially limited to damages concerning brick. Re-
stricted as that was, it certainly had an important function: the use of a common
language (damage terminology). Figure 8 gives an overview of the damage pro-
cesses included in MDDS. A process is defined by a number of “essential condi-
tions” that would allow the process to occur; together with a set of well-defined
damage types (damage atlas), this constituted the backbone of the original system.

In the practical situation of conservation works, an assessment of the state of
the building condition is the first and necessary step to properly define the prob-
lem that is to be solved. This step also includes the decision on which investiga-
tions have to be performed. An assessment will usually start with a visual inspec-
tion, or survey, of the building. A correct diagnosis is the “conditio sine qua non”
for a proper assessment of the damage phenomenon and, subsequently, for the def-
inition of the intervention. The part on structural damages in MDDS was initially
underdeveloped, as the system main focus was on damage related to the interac-
tion between materials and environmental factors.



Quite some additions have afterwards been made to the initial system: the rea-
soning has been very much refined; it is possible to introduce measurement data
such as moisture content, salt content, etc. in the reasoning process in order to
have a more refined hypothesis and diagnosis. Moreover, other materials have
been introduced, like natural stone, mortars, renders and concrete as well as com-
posite constructions such as masonry structures. Systems such as the current
MDDS (Monument Damage Diagnostic System, successor of the Masonry Dam-
age Diagnostic System) intend to facilitate multidisciplinary teamwork by offering
a structured, transparent and consistent method for analyzing and diagnosing dam-
age [43],[44]. Additionally, several additions and improvements have been made
into this extended system, such as those following from the EU COMPASS pro-
ject [44]. Although MDDS does not fully cover structural damages yet, a structur-
al damage atlas is already available on the basis of the research of de Vent
[45],[46] and a more complete structural analysis module will be added.
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Fig. 8: Tree structure of damage processes contained in the first MDDS.



An investigation carried out with the help of MDDS will start, like any investi-
gation, with the survey: gathering data and performing a visual inspection of the
building showing damage. The aim of this first phase of the work is to enable the
inspector to acquire more insight in the situation and to structure his observations
with the help of the system. The system helps in handling each situation found in a
building as part of a context. Its approach is based on the way of reasoning of an
expert. All information considered relevant may be inserted in the system, which
is structured in such a way that at three levels, building, construction and material,
descriptions can be made and data can be added. The user is free to make annota-
tions on the building, even if they are not directly related to its decay, but will
serve other purposes (e.g. statistics). Pictures and drawings can also be inserted in
the consultation file, which will eventually be part of the dossier of the building.

The assessment of the type of damage found can be done at distinct levels in
the system: at the level of the construction (for example a wall as a whole) and/or
at the level of each constitutive material/construction system (for example mason-
ry unit, brick, stone, plaster, bedding mortar, paint, etc.). With the support of the
damage atlas, which has been integrated in the diagnostic part, a correct definition
of the observed damage type at both levels is possible (Figure 9) and the results of
the visual observation (i.e. descriptions, photos, drawings, etc.) can be included.

Fig. 9: MDDS damage atlas at construction level (left) and at material level (right).

The damages related to environmental conditions and material properties are
mainly caused by environmental causes like water, frost, salts, pollution, flooding,
etc., generally in combination with material properties. See also chapter 3.4.5. All
degradation processes that take place under those conditions are related to the
presence of moisture. The system will, apart from assessing the correct damage
type and coming with a hypothesis on the basis of the observations, also allow to
insert measuring data, for example on moisture and salt distribution in a wall, for a
more precise diagnosis.

The damages due to structural causes are generally perceived as large isolated
cracks or as a diffused pattern of cracks, as addressed above. In the identification
process of a structural damage pattern, the following characteristics should be tak-
en into account: width of the crack(s) and variations over length; as far as possi-
ble: depth of the crack(s); direction of the crack(s); combination of crack(s) with



deformations or displacements. Together with the visual characteristics of a pat-
tern, the following should also be considered: the behavior of the crack(s) in the
course of time: comparisons of the actual damage found with previous damage
and monitoring of its behavior; the building materials constituting the construc-
tion; the building techniques used; the building element showing damage (e.g.
wall, column, arch); and conservation measures performed over time (previous
history).

For the time being, MDDS works with an integrated atlas in the diagnostic part
of the system, which makes it possible to suggest one or more hypotheses, on the
basis of the structural damage pattern that was assessed (Figure 10). Investigations
should also be carried out to ascertain whether the damage pattern has appeared
together with other forms of deterioration: for example, a crack may occur togeth-
er with a displacement or other non-structural types of damage. There are also
damage types that appear to be structural, but are actually caused by salt or frost
damaging mechanisms. An interesting example is that of the church tower of
Noordwijk, the Netherlands (Figure 11) [47]. The damage pattern is constituted by
vertical cracks running along the corner of the tower. They are crossed by less ev-
ident horizontal cracks, running through the mortar joints. This damage pattern
appears, at first sight, likely to be caused by a structural deterioration process, but
it was in fact due to the formation of swelling compounds in the mortar.

i Darmage iagransibc Spoem

Fig. 10: Structural damage atlas, integrated in the diagnostic section of MDDS.



Fig. 11: Damage pattern that may at easily attributed to a structural mechanism.

3.4.6 Conclusions

The present chapter addresses the properties of historical brick masonry and its
components. Firgt, historic mortars are discussed with respect to binders, aggre-
gates, the role of porosity and mechanical strength. The strength of a mortar is
greatly affected by the porosity and decreases with an increase in porosity. Com-
pressive strength of air lime mortars ranges around 1.5-2N/mm?, whereas hydrau-
lic lime mortars may reach ca. 10N/mm?. The bond strength between the masonry
unit (brick or stone) and the mortar joint is aso important and a low bind-
er/aggregate ratio, poor grading of the aggregate or inadequate tooling of the mor-
tar may limit the bond strength. Subsequently, old bricks are characterized in
terms of chemical composition, average porosity, bulk mass and mechanical prop-
erties. The compressive strength of old clay bricks have a wide range of values
(from 4 to 32N/mm?), with some concentration between 7 and 20N/mm?. For the
modul us of elasticity, values range from 1 to 18GPa, with an average value of 300
times the compressive strength. The ratio between tensile and compressive
strength ranges from 0.03 to 0.10. Finally, the strength theories and experimental
results of brick masonry under uniaxial and biaxial compression are briefly re-
viewed.

With respect to deterioration and damage, the most important influencing factors
are discussed: environment; materials; building's design; craftsmanship in the
construction of the building and its maintenance. The use of expert systems for di-
agnosisin building practice or for mitigation of the effects of decay and damage to
buildings belonging to the cultural heritage is still not very common. In building
diagnostics, generaly, steps like survey, (visual) assessment, diagnosis and inter-
vention are commonly used. With the support of a damage atlas in expert systems,



a correct definition of the observed damage type is possible, providing a more ob-
jective and user-independent result.
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