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Figure 7 Damages and deteriorations of rock-cut warehouse on the plan and in the section AA-BB
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Figure 8 Capillary water absorption of the samples: (a) BA4; (b) RO3; and (c) W1
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Figure 9 Water desorption of MHK-1-2-3

Table 1
Mean temperature, moisture, relative humidity and ultrasonic pulse velocity values
Rock Surface Space :
Place Mean Surface Mee_m Surface |Mean temperature Mean_R_eIatiue U‘I\Eigi?ﬁrwsl?e
Temperature(*C) Moisture (%) (°C) Humidity (%)
Winter |Summer| Winter |Summer| Winter |Summer] Winter |Summer] Winter |Summer
RO1 9 25 100 100 10,8 232 33 30 6105 16345
RO2 10,5 26 80 100 85 231 33 30 2099 597 6
RO3 10 26 58 56 7.3 228 34 31 5889 2985
BA1 15 28 90 100 13 27V 7 28 24 1777 236,5
BAZ2 11 26 90 100 8.7 239 30 £l 4959 5256
BA3 12 25 100 GA 10,9 24 2 32 28 1735 565,4
BAd 12 28 100 a0 9 252 28 27 4897 578
W1 2 25 100 100 0,7 215 67 41 2031 294 5
Table 2
Physical and mechanical characteristics of the samples BA4, RO3 and W1
. L Mechanical
Physical Characteristics P it
Sample Apparent density | Realdensity | Compactness | Totalporosity | Openporosity | Saturation Compression strength ,
(B.glcm’) (vaglem?) (k, %) (6, %) (B, %) G | Sibeel Nimm?
BA4 1.5 25 5987 40,13 26,08 65,00 |orange-yellow 3,32%
RO3 1,5 2,2 66.68 33,32 27,58 82,76 |orange-yellow 3,95
W1 1.6 2.4 66,58 33.42 24.73 7399 |orange-yellow 3,13

*Uniaxial compression strength of BA4 was defined with TS EN 699 [8] rules and result of TOPAL’s [9] study
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422 Chemical-petrographic and
characterization

Chemical, petrographic and mineralogical characteristics of
the RO3, BA4 and W1 samples were examined using thin
sections, x-ray diffraction (XRD) and x-ray fluorescence
(XRF) analyses.

BA4 macroscopic analysis: The sample has a speckled
appearance due to the presence of black minerals and it has
fine-medium grain sizes. There was no reaction when an
aqueous HCI solution was dripped onto the sample. This
means that there was little or no calcite and dolomite in the
material. Its hardness ranged between 4-4,5 Mohs [13].

BA4 microscopic analysis: The sample in the Figure 10(a)
has a volcanic porphyritic texture. The percentage of matrix
(binder) is higher than the percentage of mineral and crystal
(aggregate). Most of the matrix possess a similar
characteristic with volcanic glass and consists of microlite
that surrounds the phenocrystals (mineral and crystal
clasts). Minerals in the sample include quartz, feldspar (like
sanidine and plagioclase) and mica. Microlites within the
matrix are small parts of larger aggregates and the volcanic
glass part of the matrix has secondary conversions (Clay-
Zeolite-Chlorite conversion) (Figure 10(a)), [13].

RO3 macroscopic analysis: The sample has a speckled
appearance due to dark grey minerals and it has various
grain sizes. The sample is very breakable. The matrix
hardness is generally 1-2 Mohs whereas the minerals within
the matrix have a hardness of 6-6,5 Mohs. There was no
reaction when aqueous HCI solution was dripped onto the
sample meaning it contains little or no calcite and dolomite
[13].

RO3 microscopic analysis: The sample in the Figure 10(b)
has a volcanic tuff texture and a matrix that consists of
volcanic glass, and mineral-crystals. The minerals are
quartz, sanidine, plagioclase and biotite and comprise about
50% of the sample. There are secondary conversions in the
matrix’s glass and microlites within the matrix are small parts
of larger aggregates (Figure 10(b)), [13].

W1 microscopic analysis: The sample has a speckled
appearance due to black and beige minerals and it has fine-
medium sized grain sizes. The sample is friable and
weathering of the stone can be seen with the naked eye.

mineralogical

There was no reaction when an aqueous HCI solution was
dripped onto the sample meaning it contains little or no
calcite and dolomite [13].

W1 microscopic analysis: The sample in the Figure 10(c)
has a volcanic tuff texture and a matrix that consists of
volcanic glass, and mineral-crystals. The sample contains a
relatively low quantity of minerals (30-35%). The minerals
are quartz, sanidine, plagioclase and biotite. The sample is
a volcanic type rock. Plagioclases are coarse-grained. A
small quantity of green coloured hornblendes was observed
(Figure 10(c)), [13].

The major oxides within samples was determined using
XRF analyses as seen in Table 3. Mineral ratios of the rock
samples were obtained with XRD analyses as shown on the
Table 4.

According to the XRF analyses, SiO2 was the highest
proportion of the major oxides in the three samples of
Bahceli village. If rock has SiO2 in excess of 66% of total
major oxides, it is an acidic (felsic) rock according to the
igneous rock type classification of HELVACI and
ERSOY [14]. Based on this all samples are acidic. It is
assumed that albite (a kind of Na-Feldspar), opal, quartz,
illite or amorphous minerals that contain silica constitute the
SiO2 within the samples. Al203 was the second highest ratio
of the major oxides in the samples. It is supposed that albite
and amorphous minerals make up the Al2O3 ratio and the
proportion of other oxides in the samples.

Samples contain smectite, known to be swelling clay,
according to the XRD analyses. Also, according to XRD
analyses all samples have montmorillonite, which also has
the swelling characteristics. The samples do not contain
calcite or dolomite when checked with HCI during the
macroscopic analysis. lllite also can swell due to water or
cation exchange but the illite ratio of the samples is relatively
low at around 5-10% meaning any swelling from this
material can be ignored. It is thought that biotites in the
samples might be converted into illite.

BA4 has a porphyritic texture and this may induce or
accelerate processes of deterioration such as weathering
and spalling. Moreover, samples have low quartz contents.
A low quartz content indicates that the rock was formed at
various temperatures between 573°-1000°C [15].

Figure 10 Photomicrograph of the: (a) BA4; (b) RO3; and (c) W1 sample (double Nicol, width 4mm) [13]
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Rock-cut dwellings and warehouses in Cappadocia have
been used for thousands of years and many of them are still
in use. Although many problems are observed in these
structures, in the past interventions have been made without
investigation which damaged the structures. Minimalization
of the damage and deterioration in rock-cut structures is
necessary for increasing the quality of people’s life in
Cappadocia. Furthermore, ensuring these structures are
available to future generations is essential will ensure their
long-term heritage status. Hence the results of testing and
on-site studies, have led to recommendations for preserving
these buildings as well as appropriate interventions which
are summarized below.

UPV values are generally higher during the summer than
winter due to some minerals and crystals like smectite, illite
and montmorillonite. Because of the swelling feature of
these minerals, due to water or cation exchange, they are
more likely to retain the moisture in the rock. The layer of
earth on the roofs of rock-cut structures can also contribute
to moisture retention. While rock which retains more
moisture is preferred for warehouses, it is not desired in
dwellings. To carve a warehouse out of rock, the structure of
the rock must be appropriate, in that moisture is necessary
to keep fruits and vegetables fresh.

To minimize deteriorations like spalling, weathering
(erosion) and discoloration on rock structures, it is
necessary to check if there is any cation absorbent mineral
and/or water source within it. By contrast, water should be
minimised from non-warehouse buildings in particular
domestic human dwellings where water and damp should be
excluded. If damage to rock structures occurs on the
external face of the structure, no intervention should be
undertaken to protect oxidation shell, which occurs naturally
to protect rock surface [16]. For example applying water-
repellent agents to the rock surface is not beneficial for this
may cause other damage such as cracks and exfoliation
[17]. In addition, surfaces with harmless lichens may
mitigate spalling and weathering. Although lichens, mosses
and algae cause biological colonization on the rock-cut
structures, removing them from the surface is not
suggested. These biological formations especially lichens
penetrate into the rock, only 1cm thick in 300 years [18] and
they save the structure from spalling, exfoliation, crumbling
and weathering. Also, if the rocks’ saturation ratio is more
than 80%, some extra intervention might be suggested to
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Table 3
Major oxides of the BA4, RO3 and W1 samples
Formula Si0; | Al;0s|Fez0s] MgO | Ca0 | Na;O| Kz0 | TiOz | P:0s | MnO Ba LOI
BA4 |6746(1446) 242 | 217|209 | 142 | 431 | 0,28 | 0,07 | 0,09 | 880 PPM| 4,91
Sample| RO3 |6789|1436| 262 | 182 | 230 | 169 | 377 | 0,25 | 0,08 | 0,08 | 843 PPM| 4 87
W1 |6908(1418) 280 ) 1.01 | 264 | 1.98 | 380 | 027 | 0.09 | 0.09 |1185 PPM| 3.83
Table 4
Mineral ratios of the BA4, RO3 and W1 samples
Sample Opal Quartz Albite illite Amorphous | o fite
Mineral
BA4 ~5-~10 ~15 ~45 ~10 ~10 5~10
RO3 ~10 ~35 ~25-~30 ~5-~10 ~10 ~10
w1 ~10 ~25-~30 ~35-~40 ~5 ~10 ~7~8
5. RESULTS AND SUGGESTIONS save rocks from weathering during the freeze-thaw
cycles [5].

Efflorescence is a very common problem in warehouses in
Cappadocia. To prevent the rock from efflorescence and the
subsequent development of a crust, the presence of water
or cation absorbent minerals in the rock-cut structure has to
be investigated. Efflorescence occurs if nitrate and sulphate
salts exist in the moist rock. These salts must be removed to
save the structure from efflorescence. Further, exhaust
gases and fossil fuel gases must be avoided to decrease
crust forming on the structure.

Cracks in rock-cut buildings cause significant damage in
terms of degradation in the vicinity of the crack which can
affect adversely rock-falls. Cracks may occur due to intrinsic
properties of the rock, ground subsidence or natural
disasters. In dwellings, it appears cracks are due to the
intrinsic rock properties and overloading due to water
absorption. The condition of cracks whether the movement
continues or is stabilized should be monitored. If the cracks
are moving, temporary underpinning or partly grouting can
be carried out. It is not recommended that materials which
can corrode due to moisture such as steel be used, but in
addition the thermal expansion coefficient of these materials
is very different from that of rock [19]. Bolting or stitching
cracks with steel is not recommended due to the low
strength of rock compared to steel and the non-compatibility
between steel and rock [20]. If there is the risk of water
freezing inside cracks, as in a barn, it is suggested that
cracks should be filled with a compatible mortar. Both before
and after the process the cracks must be monitored.
Grouting, covering and other repairs made with gypsum and
cement should not be used in rock-cut structures if they
have any kind of salt content. Spalling (fragmentation)
usually occurs around the cracks as a result. Similar
methods to minimize crack spread and damage can be used
as for spalling (fragmentation). Controlled removal of
fragments should be the last option for spalling problems,
but in the barn in this study this option appears necessary.

Damage can be limited or avoided by taking appropriate
intervention decisions under the supervision of experts.
Further, repairs need to be reversible.

Rock-cut structures exist and are used in Anatolia and
other places in the word. Damage assessment and
appropriate interventions are needed for these buildings.
Therefore, rock-cut building regulations and standards must
be established to ensure their heritage value can be
transferred to future generations.
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ABSTRACT

Building without sufficient knowledge can entail risk
concerning structural safety and resource efficiency. The
authors of this paper share the view that mortar water
content are subject to large variations, and that the
consequences of these variations are unknown or
neglected. A literature review and a test program has
therefore been conducted in order to investigate how the
mortar water content influences the following strength
properties of masonry: flexural strength, initial shear
strength and compressive strength. Prior to the test
program, the first-author visited six different buildings sites
in order to document on-site mortar consistency. Based on
this, three mortar mixes (dry, medium and wet) were chosen
for the test program. The testing is conducted basted on NS-
EN 1052 series [1-3], and comparison is made to values
given in the Norwegian Annex of Eurocode 6 [4].

It is found that there is a lack of knowledge on this issue in
literature, and further that the guidelines for masons
regarding mortar water content is insufficient. The test
program showed that the structural properties vary
considerably based on the water content of the mortar.
Flexural and initial shear strength increases strongly with
increased water content, seven-fold for shear. The
compressive strength of masonry specimens show on the
other hand consistent strength that seems independent of
reduced mortar strength with increased water content.

The recommendation of using wet mortar ought to be
included in the curriculum of masons. Since the scale of the
presented research is rather limited, further testing ought to
be carried out.

KEYWORDS: Brick, mortar flow, masonry strength, shear,
flexural, compressive.

1. INTRODUCTION

Masonry quality depends in essence on three factors —
mortar, bricks and the workmanship involved in the
construction [5]. Further the masonry quality is complicated
by the interaction between the mortar and the bricks [6]. In
this paper, we address one of these factors — masonry
mortar, hereafter termed mortar — and investigate the
influence of one of the sub-qualities of mortar quality,
namely water content and its influence on masonry strength.
More specifically we examine the effect on hydrated
masonry specimens due to change in water content in
fresh mortar.

Mortar strength depends in turn on several factors. Of
these, the most important are the binder, water binder ratio,
composition of sand and additives. Further, the strength of
the mortar depends on the nature of the clay bricks used,
since the suction of the bricks affects the water content of
the mortar during curing.

Mortar strength forms the basis for masonry quality. With
weak mortar, the quality of the whole masonry ensemble is
left uncertain, if not to say dangerous. Based on the
experience of the authors, the implications of practical
masonry work on worksites are little understood, constituting
potential hazardous conditions. In addition, both pecuniary
and environmental concerns concerning the mortar qualities
are significant [7-8].

In Europe, Eurocode 6 [4,9] gives guidelines for designing
masonry structures, and tabulated values for masonry
strength on the basis of mortar and brick strength are given
in the national annex. What the standard does not include to
a significant extent, however, is the influence of actual
workplace conditions concerning the water content of the
mortar on the physical strength of the solutions chosen.
Some research has been carried out concerning factors
affecting the flexural strength of brick masonry [10]. Little
seems to have been done, however, within the field of
examining the influence of mortar water content for masonry
strength, since Baker published an article in 1982 [11]. A
notable exception to this is reported in COSTIGAN and
PAVIA [12]. This paper analyses the influence of the work-
site added level of water in factory-made designed (dry)
mortar, according to the specifications of NS-EN 998-2 [13].

The hypotheses that initiated the research behind this
article was the following: Use of fresh stiff mortar (mortar
with low water content) by masons leads to weak masonry
strength. In other words, we analyse the effect of the water
content of mortar on masonry strength, according to flow
properties. In order to operationalize this general idea, the
following research questions were outlined:

e What is the effect of mortar water content on flexural
strength?

e What is the effect of mortar water content on initial shear
strength?

e What is the effect of mortar water content on
compressive strength?

The analysis presented in this paper is based on an analysis
of designed mortar, specifically Weber masonry mortar M5
in combination with Wienerberger Haga Red perforated
clay bricks.
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2. THEORETICAL FRAMEWORK

2.1 Literature review

GOODWIN [14] carried out a comprehensive literature
review concerning the brick/mortar bond in 1982. Goodwin’s
summary states: “There is abundant evidence in the
literature to conclude that the rate of absorption of the
masonry units is the most important single factor affecting
the bond. ... The most desirable value of initial rate of
absorption (IRA) to achieve maximum strength would
appear to be in the range 0.8-1.2kg/m?/min, but an optimum
value less than this is required to provide walls resistant to
water penetration.” (p.33) “The water retentivity of the
mortar, which is a measure of the ability of the mortar to
resist the suction of the bricks, is considered by many
investigators to be the most important property of the mortar
affecting the bond. A considerable amount of work has been
carried out in an effort to increase the water retentivity of
mortars. There is, however, evidence that consistency, or
the quantity of water in the mortar, is as important as water
retentivity in obtaining good bond strength. This is
considered to be the case particularly with highly absorbent
masonry units.” (p.34)

Following GOODWIN’s [14] work, the main trend in
research on the effect of masonry/brick interaction on
masonry strength typically focused on the following four
aspects:

2.1.1 Properties of the mortar

Modified composite mortars have been developed by the
replacement of a certain percentage of lime with pozzolana,
such as burnt clay or fly-ash. This was found to be
advantageous [15]. GAZZOLA [16] for instance showed
significant decrease in tensile bond for mortars made with
Portland cement and masonry cement instead of Portland
cement and lime.

2.1.2 Properties of the brick

McGINLEY [17] showed that the IRA of brick units can have
a greater influence on the flexural bond strength of the
masonry assembly than is generally accepted by the
masonry industry. GROOT and LARBI [6] found that not
only the water flow from mortar to brick (which takes place
immediately after mortar-brick contact) but also a reversed
water flow from brick to mortar (occurring after compaction
and initial hydration of mortar) may significantly influence the
bond strength development. FRIED and LI [18] showed that
the tensile bond strength generally increased as the
maximum water absorption capacity of the units decreased.
The maximum bond strength occurred at an "optimum"
water absorption intermediate between the dry and fully
saturated state. YORKDALE [19], however, found the effect
of IRA not to be significant enough to include into the
standards. He recommends, however, further research, as
the relation between clay masonry units and mortar is not
well understood.

2.1.3 Workmanship

FRANCIS et al. [20] showed experimentally and theoretically
that the strength of four-brick prisms declines as the joint
thickness increases and as the lateral tensile strength of the
bricks diminishes in relation to their compressive strength.
Results  from  TABBAKHHA  and MODARESSI-
FARAHMAND-RAZAVI [21] indicate that mortar cohesion
has a considerable effect on wall strength under in-plane
loads. However, under combined loads, the

influence of workmanship quality on wall strength decreases
for the in-plane direction and increases for out-of-plane
direction.

2.1.4 Water content

Internationally, relatively few articles addressing the specific
question of water content in mortar on masonry strength
have been identified. One notable exception from this is
BAKER [11], who analyses bond strength of brickwork and
the effect of mortar flow. Baker’s first conclusion was that
“[tlhe flow of mortar is a sensitive and important parameter
influencing the flexural-bond strength of brickwork.
Maximum strength is obtained with mortars of wettest
workable consistency” (p.86). Baker use terms like “the
wettest workable mix” and “the driest workable mix” on the
flow of the employed mortar, however, he does not specify
flow values. In addition, the material properties of the brick
examined by Baker indicate that the IRA is high
(3.2kg/m?/min.). In light of this, the results presented by
Baker are not very surprising, since pre-wetting of bricks is a
well-known method of improving bond for high suction
bricks. A more recent study of COSTIGAN and PAVIA [12]
show many similarities to the paper of BAKER [11]. Costigan
and Pavia used, bricks with an IRA of 1.0kg/m?/min which is
equal to the bricks used in this study (IRA 1.0/m?/min), IRA
of 1.0 is low to moderate [22].

The findings and conclusions none the less coincide with
those of BAKER [11]. Costigan and Pavia focused on
mortars with a small flow value difference (165mm versus
170mm flow). The analysis presented, however, lack any
clear judgement of what the actual flow variation can be in
workplace conditions. In addition, their analysis focuses on
lime-based mortar, and not on cement-based mortar (being
most commonly used within the Norwegian AEC-industry).

2.2 Vocabulary

Though little actual research seems to have been carried
out on mortar water content impact on masonry strength, the
standards and the literature describes certain properties of
mortar, and properties influencing the interrelation between
mortar and bricks.

e Flow value — A measure of workability by slump or
spread for flow table test of NS-EN 1015-3 [23].

¢ Initial rate of absorption (IRA) (kg/m?/min) — The mass of
water absorbed by the brick’s bed-side in one minute in
5mm of water (note that this value is given with various
units and for 3mm [6,24] or 5mm of water [25].

o Water absorption (WA) — The total mass of water
absorbed by fully saturated brick as percentage of the
bricks dry weight [26].

e Cohesion of mortar — The ability of fresh mortar to stick
together/to itself and to the trowel or vertical surfaces.
Lack of cohesion could lead to
segregation/separation/bleeding (losing water) [27].

o Workability — Property of fresh mortar with main factors
consistence and plasticity [28].

e Consistence — That property of a mortar by virtue of
which it tends to resist deformation (capable of being
changed by the addition or removal of water) [28].

e Plasticity — That property of a mortar by virtue of which it
tends to retain its deformation after the reduction of
deforming stress to its yield point [28].

o Water retentivity — Ability of mortar to retain its moisture
under suction from a masonry unit [29].
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On a workmanship level, however, an additional level of

definitions is employed, which all express qualities of mortar

influencing its performance. The following definitions are
based on the experience of the authors:

e Short mortar — Poor consistency, unable to form a long
even mortar bed, typically thin (lacking in cohesivity)
(lacking in binder/lime, air and or filler).

e Creamy mortar — Mortar with a good workability/high flow
without losing the ability to maintain its shape after
placing. Like whipped cream, it is easy to spread without
need of force, still not fluid so it could maintain a slender
shape (like a spike) or carry a brick.

e Wet mortar — Referring to mixed fresh mortar with a
high-water content looking and feeling wet to the touch,
typically having a high flow value.

e Dry mortar — Referring to mixed fresh mortar with a low
water content looking and feeling dry to the touch,
typically being stiff.

e Stiff mortar — Mortar that in the following is denominated
as stiff and is characterized by a relatively low
workability, requiring more force in handling and placing.

2.3 Guidelines for mortar consistency
2.3.1 The codes
Eurocode 6 [4,9] describes to a large extent the physical
properties of brick and mortar, providing detailed technical
calculation models for assessing the strength of the brick
masonry. The interaction between mortar and bricks is not,
however, described thoroughly, other than in a general
recommendation to follow the design specifications of the
suppliers. Part 1-1 (3.2.3.2) [4] simply states that the
“adhesion between the mortar and the masonry units shall
be adequate for the intended use”. Part 2 [9] recommends
somewhat more elaborately, yet still leaving much to the
judgement of the reader: “Satisfactory adhesion should be
achieved by proper preparation of the masonry units and
mortar. The necessity for wetting masonry units before use
should be obtained from the design specification. Where
there are no requirements in the design specification, the
recommendations from the manufacturer of the units and,
where appropriate, from the manufacturer of factory made
mortar, should be followed.” [9] 3.5.1 (1). However, the
Danish code Tegl 24 [30] has requirements for minimal
mortar flow.

In sum, the standard leaves the final considerations
concerning the interaction between the mortar and the bricks
to the design specifications of the producers.

2.3.2 Wienerberger bricks

According to their web page, Wienberger is the world’'s
largest producer of bricks. In their technical brochure [31]
(translated from Norwegian by the authors of this paper)
page 4, they outline the following instructions concerning the
interaction between the bricks and the mortar: “The mortar
shall have a composition adapted to the initial rate of
absorption of the bricks in order to obtain the intended
interaction between the mortar and the bricks. Pre-batched
dry mortars shall be in accordance with NS-EN 998-2:2016.
The properties of the mortar, and the bond between the
mortar and the bricks shall be documented by the
manufacturer of the mortar.”

For on-site constructed lintels with adapted mortar,
Wienerberger recommends pre-wetting of the bricks units
according to prescribed specifications or priming in
combination with water. Further, the bond between the
bricks and the mortar ought to be controlled according to
NS-EN 1052-3 before start-up.

In sum, however, the responsibility for defining the
brick/mortar interaction properties is left mainly to the

manufacturer of the mortar. The exception to this concerns
the specifications of lintels.

2.3.3 Weber mortar

The main supplier of mortar in Norway is Weber. Their most
commonly used mortar is M5, used in a majority of masonry
construction in Norway. In addition, Weber supplies
designed mortar according to distinct brick properties, be
they highly or little absorbent.

In their product data sheet [32] (in Norwegian), Weber in
general recommends using stiff mortar in order to reduce
spilling during the construction of masonry structures.
Equally, the use of stiff mortar is recommended for easing
the cleaning of the fagade. There are no considerations of
what stiff mortar actually implies for the masonry quality, like
strength properties.

The vocabulary used, however, proves surprisingly vague.
Concerning the use of the mortar M5 as described in their
product data sheet, the term used for describing the
consistency of the mortar is “correct” (“riktig’). The
interpretation of the term “correct” consistency is in fact left
undescribed. In addition, no descriptions of the impact on
the structural properties (shear strength, compressive
strength, flexural strength) of “correct” consistency are
provided.

The question of what “correct” actually means in work-
place conditions is thus left to subjective interpretation of the
personnel conducting the construction of the masonry work
— that is, the mason him/her-self.

2.3.4 Curriculum for masons

If the responsibility for obtaining the “correct” consistency of
the mortar is left to the mason, the basis for this judgement
needs being addressed. The curriculum of the masons’
education therefore needs scrutiny.

The textbook wused nation-wide in Norway is Mur
[‘Masonry”] [33]. In this document (chapter 2), the
interaction between mortar and bricks is described in the
following manner (translation by the authors of this paper):
“It is [...] the adhesive properties of the interface between
the mortar and the bricks that determine the shear strength,
determining rain resistance and the risk of cracks and micro-
cracks. The interaction between the mortar and the bricks is
determined mostly by the IRA of the bricks and the
resistance to water loss of the fresh mortar. A favorable
relationship between these two properties is a condition for
good adhesion”.

The lack in semantic precision observed in the producer’s
technical specifications can again be observed in the context
of the textbook’'s description. To describe that the
relationship ought to be “favorable” so that “good adhesion”
is obtained is of little help to the practitioner seeking to know
how to carry out the masonry work in an adequate manner.

2.3.5 Conclusion to guidelines

In the authors’ opinion, little actual advice is provided for
practitioners in Norway concerning the consistency of the
mortar with regards to assuring the interaction between
bricks and mortar.

The workplace experience of the main author of this paper
indicates that this corresponds both to observed prior
practice and focused observation. Prior to the research
reported on in this paper, seven work-place visits were
conducted. At these, it was observed that — rather than
following any predetermined prescriptions — the mortar was
mixed according to the preferences of the individual team of
masons. Mortar was mixed wet in order to obtain speed, or
dry to enable less spill and an increased accuracy.
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The research presented in this paper thus differs from
existing research by focusing on workplace conditions and
actual mason’s understanding of mortar, bricks and their
interrelation.

As observed in the literature, there seems to be little
knowledge concerning the effect of mortar water content on
initial shear strength, flexural strength and compressive
strength.

3. METHODOLOGICAL APPROACH

3.1 Literature review

The research presented in this paper was initiated by a wide
literature review, carried out along the guidelines presented
by ARKSEY and O’MALLEY [34]. The literature review
focussed on 1) identifying the main trends existing within the
literature, and 2) on establishing the knowledge gaps
existing. Based on this, a further study of the literature found
to be of particular interest to the research presented here
was conducted. Key words used in the search for literature
included brick, mortar flow, masonry strength, and shear-,
flexural- and compressive strength. Search engines used
included Google Scholar and Oria (Norwegian Library
database). In addition, a comprehensive scrutiny of the
scientific journals and conference proceedings considered
most pertinent to the analysis — in particular Masonry
International and the International brick and masonry
conference — was carried out. The literature review was
carried out during the period August 2016-April 2017.

3.2 Test program

The test program was designed to isolate the effect of water
content in the mortar and be relevant to bricklaying in
Norway today. The mortar Weber M5 was selected on the
basis of it being the most commonly used mortar in Norway.

Haga Red perforated bricks from Wienerberger were chosen
because of its properties in terms of color, WA, IRA and that
it is perforated, characteristics that are typical for bricks
used in Norway. See Table 1 for brick and mortar data.

The spectrum of the mortar mixes’ workability in the test
program corresponds closely both to the spectrum observed
during building site tests performed in the autumn of 2016,
and with the recommended spectrum for water content from
producer Weber [32]. The wet mix is close to the wettest
workable consistency and the dry is close to the stiffest
workable consistency, based on the experience of the
authors. The mixing procedure and time was carried out
according to Weber's recommendations. After mixing each
batch, the flow table values were determined according to
NS-EN 1015-3 [23]. See Table 2 for test specimen
characteristics.

Tests are based on the European norms, specifically the
NS-EN 1015 [1-3] series. Previously mentioned building site
visits and all mixing, bricklaying, conditioning and testing
was performed by the first author of this article.

Bond and strength of masonry depend on good curing
conditions. NS-EN 1052 [1-3] specify that the specimens
should be covered for three days in order to avoid rapidly
drying out. The laboratory is characterized by higher
temperatures and lower relative humidity for the main part of
the year than outdoor conditions, thus forming a harsher
curing environment for masonry specimens. Even so, the
sun and wind of the outdoors environment can dry out
masonry faster than the laboratory air. In order to render the
test conditions closer to outdoor conditions (in accordance
with observed work-place conditions in summer) than what
is described in the standard, it was decided not to cover any
of the specimens during curing. Such non-covering of the
specimens is considered by the authors to result in
conservative testing results.

Table 1
Properties of brick and mortar

Brick Wienerberger Haga Red Mortar Weber M5
Catedo 1 Water added Flow Compressive and flexural
gory mortar [kg/25 kg] average strength
Dimension LWH 228 x 108 x 62mm? Declared Masonry 3.6 — 4.0 Declared** Compressive >5N/mm?
T1, R1* value (4.2 for rendering) Flexural >2.2N/mm?
Compressive . 2% _ Comp. 16.3N/mm?
strength Declared: 35N/mm Dry 3.60 -3.75 149 mm Flex. 3.15N/mm?
Water P . Comp. 13.4N/mm?
absorption Declared: 8% Medium 3.90-4.00 169 mm Flex. 3.02N/mm?
Initial rate of Declared: 0-1.6 [kg/m?/min]* _ Comp. 10.2N/mm?
absorption Measured: 1.2 [kg/m2/min] Wet 4.15-4.30 193 mm Flex. 2.19N/mm?
. Portland Cement 11.7%, Lime 1-5%, Filler 11.4%
0/ * ] ) )
Holes 22% Proportions Chemicals 0.5% Natural sand 0-2mm 60-100%"***

*Product Data Sheet Wienberger Haga Red [42]
** Weber M5 DoP [40]
*** Weber M5 EPD [43], Weber M5 DoP [40]
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Table 2
Overview of test specimens
Height x Flow values: Number of Curing conditions and age of
Specimens Length Dry, Medium, Wet* specimen 9¢ 9
2 specimens when tested
[mm?] [mm] [pcs]
o = o,
Flexural NS-EN 1052-2 362 x 469 148, 171, 189 15 19'8(2 (=07 3())'52)é i;fsA)RH
Approx. 22°C, 30% RH
Shear NS-EN 1052-3 212 x 228 148, 165, 196 21 27 days (6pcs) and 28 days (9pcs)
o = 0,
Compression NS-EN 1052-1 | 212 x 469 152,172, 195 15 19.7 (C(;(:ﬁ 80)'42)5%28'33/°RH
Flexural and compression 40 x 40 x 148. 171. 189 9 Flexural 19.8°C (o = 0.5), 90-100% RH,
NS-EN 1015-11 160 ’ ’ 18 Compression 28 days

*Flow table values after mixing, prior to building. If more than one batch (approximately 14 I) was made to complete the series,
weighted mean value for the batches is given.

3.2.1 Specimens for four-point flexural bending test

NS-EN 1052-2 [2] specify spacing of inner bearings to be
0.4-0.6 of the outer bearings spacing. Initially, a ratio of 0.5
was selected. This resulted in breakage outside the inner
bearings. Therefore, the rig was rebuilt to a ratio of 0.4 in
order to maximize the moment between the inner bearing.
After this adjustment, all breakage occurred in-between the
inner bearings as required [2].

3.2.2 Specimens for initial shear strength

The specimens were not preloaded after production (that is,
contrary to the procedure [3]). The specimens where jointed
(front and one end) and brushed to a typical concave finish.

3.2.3 Specimens for compression

The compression specimens were three courses high
(212mm), less than the five courses demanded by NS-EN
1052-1 [1]. The main reason for this deviance was
limitations in material availability and time restrictions. The
testing was, however, considered to be adequate, since its
main purpose was comparing the relative compressive
strength of the three sample series.

Specimens where made on a plane surface. Prior to
testing, both sides received a quick hand grinding to remove
any protruding parts before being placed between 12mm
wood fiber plates. Y2-stones where cut on a diamond saw,
washed and dried before construction.

4. RESULTS

Table 3 and Figure 1 provides an overview of the results.
They show a clear impact of water content on the flexural
and initial shear strength. Shear strength is clearly the most
affected structural parameter, with characteristic values
ranging from 0,04 to 0.28N/mm? for the three mortar mixes,
that is a factor of seven. The specimens made using the wet
mortar resulted in the strongest masonry. Also, the flexural
strength is clearly influenced by water content. The wet
mortar gave specimens 1.6 times stronger than specimens
built with dry mortar.

The measured average compressive strength on mortar
prisms, tested according to NS-EN 1015-11 [35] (without
absorbent filter paper), decreases when the flow value
increases. The compressive strength of masonry specimens
is, however, negligible with respect to the flow values. The
variation within each of the compressive

strength series was low, with a relative standard deviation
ranging from 2.3% to 4%. Results from the flexural, initial
shear and compression tests on masonry specimens were
calculated as characteristic values according to NS-EN 1052
[2,3] and Eurocode 0 [36]. This procedure was followed to
compare them with the tabulated characteristic strength
values in the Norwegian annex of Eurocode 6 [4].

Since the tested specimens were two courses lower than
required by NS-EN 1052-1, the characteristic compressive
strengths were multiplied by a shape factor of 0.84.
Researcher’s [37,38] claim that the shape factor in NS-EN
772-1 [39] is uncertain and that the slenderness is the key
factor. The shape factor of 0.84 was obtained from
converting table 1A in [39] to slenderness. Even after this
correction, the compressive strengths measured are
considerably higher than the tabulated values in the
Norwegian annex of Eurocode 6 [4].

5. DISCUSSION

5.1 Effect of water content on flexural and initial shear
strength

The results concerning shear strength, flexural strength and
the relation of these two to water content are in agreement
with  BAKER [11]. Equally, they add to the validity of
COSTIGAN and PAVIA’s [12] conclusions, both by type of
mortar and flow range of the fresh mortar.

Further, the results confirm the general challenge in
achieving designed flexural strength [5], none of the
masonry specimens achieved the flexural strength values
tabulated in the Norwegian annex of Eurocode 6 [4]. The
specimens built with wet mortar were, however, closest.

Only the specimens built with wet mortar achieved the
tabulated initial shear strength from Eurocode 6 [4]. The
declared initial shear strength from Weber of 0.15N/mm?
[40] is achieved by specimens built from both medium and
high flow mortar.

The characteristic values achieved are in general on
the safe side. Since there are relatively few (5-7) specimens
in each series, characteristic values may be low. In other
words, the characteristic strength is likely to be higher
than reported here, and this could have been proved by
testing more specimens. The relationship between the
different series is more accurate than the characteristic
values, since they would not be as affected by the number of
specimens.
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Table 3
Results of tests

Flexural strength Initial shear strength Compressive strength
NS-EN 1052-2 NS-EN 1052-3 NS-EN 1052-1
Mix Range Fact™ Range fuko™* Range fiy™™*
[N/mm?] [N/mm?] [N/mm?] [N/mm?] [N/mm?] [N/mm?]
Dry 0.24 -0.35 0.19 0.08 - 0.34 0.04 17.2-19.2 13.6
Med. 0.25-0.46 0.23 0.16 - 0.35 0.15 16.9 - 181 13.9
Wet 0.33-0.57 0.31 0.36 - 0.58 0.28 16.6 —17.6 13.5
Characteristic **** 0.36 0.28 6.0
Design***** 0.19 0.15 3.2

* Characteristic strength calculated from NS-EN 1052-2 [2]
** Characteristic strength calculated from NS-EN 1052-3 [3]
*** Characteristic strength calculated from NS-EN 1990 [36], corrected with shape factor 0.84 based on NS-EN 772-1 [39] Table
A1
**** Tabulated values from NS-EN 1996-1-1 [4] Norwegian annex Table NA.904
**** Design strength (incl. material safety factor ym = 1.9) calculated from NS-EN 1996-1-1 [4] Norwegian annex based on
Normal control class 3 and M5 designed mortar
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5.2 Effect of water content on compressive strength
The water content has a negligible influence on the
compressive strength of the masonry specimens, while the
mortar prisms lose almost 40% of their compressive
strength from the same variation in water content. This could
be explained by the fact that there are two contradicting
effects here. First stronger mortar provides stronger
masonry, and second, higher bond strength provides
stronger masonry. SARANGAPANI et al. [41] concluded that
“[a] four-fold increase in flexural bond strength resulted in a
doubling of the masonry compressive strength” (p.237). In
accordance with this, the low water content results in strong
mortar, while leading to weak bonding. Correspondingly, a
high water content gives weaker mortar but stronger bond.
The effects consequently cancel each other out, and
compressive strength is left seemingly unaffected by the
large variations in flow and water content.

The first crack on the masonry specimens was logged.
They seem to appear randomly between 40% and 90% of

failure load, thus not providing any valuable information. The
specimens appeared to resist the loads almost unaffected
until approximately 95% of ultimate loading. At this point the
specimens showed clear signs of being close to failure.

6. CONCLUSION

Results reported on in this paper have identified a lack of
knowledge concerning water content on masonry mortar in
Norway. Equally the guidelines for masons on mortar water
content are found to be insufficient.

Structural properties are found to vary considerably
according to the water content of the mortar within the
typical building site. Bond strength (as the combination of
flexural and initial shear strength) increases significantly with
increasing water content, seven-fold for shear, whilst mainly
still not achieving the values prescribed by Eurocode 6 [4].
This can, in effect, create potential hazardous conditions.
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The compressive strength of masonry specimens show,
however, consistent strength seemingly independent of
reduced mortar strength by increased water content, and
well within the prescriptions of Eurocode 6 [4].

ACKNOWLEDGEMENTS
We would like to present our gratitude to Klima 2050 Centre

for

Research-based

Innovation, its partners and the

Research Council of Norway as the founding participant of
the research presented in this paper. Likewise, support by
Saint-Gobain Weber has been very welcoming.

REFERENCES

1.

10.

11.

12.

Standard Norge. NS-EN 1052-1:1999 Method of test
for masonry. Part 1: Determination of compressive
strength, 1999.

Standard Norge. NS-EN 1052-2:2016 Method of test
for masonry. Part 2: Determination of flexural strength,
2016.

Standard Norge. NS-EN 1052-3:2002 + A1:2007
Method of test for masonry. Part 3: Determination of
initial shear strength, 2007.

Standard Norge. NS-EN 1996-1-1:2005 + A12012 +
NA:2013 Eurocode 6: Design of masonry structures.
Part 1-1: General rules for reinforced and unreinforced
masonry structures, 2013.

CURTIN, W., SHAW G., BECK, J., BRAY, W. and
EASTERBROOK, D. ed. (2008) Structural Masonry
Designers’ Manual. 3rd ed. [ebook] Hoboken: John
Wiley &  Sons, Incorporated.  Available  at:
http://ebookcentral.proquest.com/lib/ntnu/detail.action?
docID=351469 (accessed: 6 April 2017].

GROOT, C.JW.P. and LARBI, J. The influence of
water flow (reversal) on bond strength development in
young masonry, Heron, 44(2), pp. 63-78, 1999.
Available  at: http://citeseerx.ist.psu.edu/viewdoc/
download?doi=10.1.1.470.7216  &rep=rep1&type=pdf
(accessed: 6 April 2017).

RODRIGUEZA, A., MANSOB, M., ARAGONB, A. and
GONZALEZC, J. Strength and workability of masonry

mortars manufactured with ladle furnace slag,
Resources, conservation and recycling, 52(11),
pp.645-651, 2009. doi: 10.1016/j.resconrec.
2009.04.015.

FRIDRICHOVA, M., GEMRICH, J., STACHOVA, J.
and MAGRLA, R. Reduction of CO2 emissions at firing
of binders type Portland cement, Advanced Materials
Research, 897, pp.25-29, 2014. doi: 10.4028/
www.scientific.net/AMR.897.25.

Standard Norge. NS-EN 1996-2:2006 + NA:2010
Eurocode 6: Design of masonry structures. Part 2:
Design considerations, selection of materials and
execution of masonry, 2010.

EDGELL, G.J. Factors Affecting the Flexural Strength
of Brick Masonry, International Masonry Society, 1(1),
pp.16-24, 1987. Available at:
https://www.masonry.org.uk/ downloads/factors-
affecting-the-flexural-strength-of-brick-masonry/
(accessed: 12 May 2017).

BAKER, L. Some Factors Affecting the Bond Strength
of Brickwork, Fifth International Brick Masonry
Conference. Washington DC: VIBMaC, pp.62-72,
1982.

COSTIGAN, A. and PAVIA, S. Effect of mortar water
content in the properties of masonry, 9th International
Masonry  Conference. — Guimaraes Escola de
Engenharia. Universidade do Minho: IMS, 2014.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Standard Norge NS-EN 998-2:2016 Specification for
mortar for masonry. Part 2: Masonry mortar, 2016.
GOODWIN, F. and WEST, H. A Review of the
Literature on Brick/Mortar Bond, Proceedings of the
British masonry society. Load Bearing Brickwork (7).
Stoke-on-trent: British Ceramic Society, pp.23-37,
1982.

MALHOTRA, S.K. and DAVE, N.G. Investigations into
the effect of addition of flyash and burnt clay pozzolana
on certain engineering properties of cement
composites, Cement and Concrete Composites, 21(4),
pp.285-291, 1999. doi: 10.1016/S0958-9465(99)
00006-2.

GAZZOLA, E., BAGNARIOL, D., TONEFF, J. and
DRYSDALE, R. Influence of Mortar Materials on the
Flexural Tensile Bond Strength of Block and Brick
Masonry, Masonry: Research, Application and
Problems, ASTM International, pp.15-26, 1985, doi:
10.1520/STP345448S.

McGINELY, W.M. IRA and the flexural bond strength
of clay brick masonry, Masonry: Components to
Assemblages, ASTM International, pp.217-229, 1990.
doi: 10.1520/STP24988S.

FRIED, N. and LI, S. The influence of unit moisture
content on masonry flexural strength, Prox of 10t
International Brick/block Masonry conference. Calgary,
July 5-7, 1994. Calgary: Masonry Conference,
pp.935-945, 1994.

YORKDALE, A. Initial Rate of Absorption and Mortar
Bond, Masonry: Materials, Propetrties, and
Performance, ASTM International, pp.91-98, 1982. doi:
10.1520/STP301178S.

FRANCIS, A., HORMAN, C. and JERREMS, E. The
effect of joint thickness and other factors on the
compressive strength of brickwork, Proceedings of the
second international brick masonry conference.
Stoke-on-Trent: British Ceramic Research Association,
pp-31-37, 1971.

TABBAKHHA, M. and MODARESSI-FARAHMAND-
RAZAVI, A. Analyzing the effect of workmanship
quality on performance of unreinforced masonry walls
through numerical methods, Computers & Structures,
167, pp.1-14, 2016. doi: 10.1016/j.compstruc.
2016.01.013.

HISDAL, J. and KVANDE, T. Murverk. Materialer, typer
og egenskaper [Masonry. Materials, Types and
Properties], 2011. Byggforskserien 571.201, SINTEF
Available at: https://www.byggforsk.no/dokument/574/
murverk_materialer_typer_og_egenskaper#i236
(accessed: 6 April 2017).

Standard Norge NS-EN 1015-3:1999 + A1:2004
Methods of test for mortar for masonry. Part 3:
Determination of consistence of fresh mortar (by flow
table), 2004.

American Association State Highway Transportation.
ASTM C67 — 16 Standard Test Methods for Sampling
and Testing Brick and Structural Clay Tile, 2017 .
Standard Norge. NS-EN 772-11 Methods of test for
masonry units. Part 11. Determination of water
absorption of aggregate concrete, autoclaved
aerated concrete, manufactured stone and natural
stone masonry units due to capillary action and the
initial rate of water absorption of clay masonry units,
2011.

Journal of the International Masonry Society Masonry International Vol 30. No 3. 2018 97



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

98

F. SLAP@, T. KVANDE, K. V. HGISETH, J.-M. HISDAL and J. LOHNE

Standard Norge. NS-EN 772-21:2011 Method of test
for masonry units. Part 21: Determination of water
absorption of clay and calcium silicate masonry units
by cold water absorption, 2011.

BOWLER, K., JACKSON, J. and MONK, G. The
measurement of mortar workability, International
Masonry Society, 10, pp. 17-23, 1996. Available at:
https://www.masonry.org.uk/downloads/the-
measurement-of-mortar-workability/ (accessed: 12 May
2017).

Reunion internationales des laboratories défais et de
recherches sur les materiaux et les constructions
(1982) Testing methods for mortars and renderings
RILEM recommendations MR 1-21.

International Standard. /ISO 9652-5:2000(E) Masonry -
Part 5: Vocabulary, 2000.

Danish  Technological Institute - Building and
Construction. TEGL 24 Nye styrker for murveerk,
Murvaerkscenteret (New strengths for masonry), 1996.
Wienerberger AS. Technical brochure for brick
masonry, 2010. Available at: http://wienerberger.no/
downloads/20151216124953/teknisk-brosjyre-for-
teglmurverk.pdf (accessed: 29 May 2017).

Weber Saint Gobain. Masonry mortar M5 — Product
data sheet, 2016. Available at: https://www.weber-
norge.no/uploads/tx_weberproductpage/printable_shee
t Weber_Murm_rtel_M5.pdf (accessed: 15 May 2017).
JULIEBG, E. Mur [Masonry]. Oslo: Gyldendal Norsk
Forlag, 2008.

ARKSEY, H. and O'MALLEY, L. Scoping studies:
towards a methodological framework, International
jJournal of social research methodology, 8(1), pp.19-32,
2005. doi: 10.1080/1364557032000119616.

Standard Norge. NS-EN 1015-11 Methods of test for
mortar for masonry. Part 11: Determination of flexural
and compressive strength of hardened mortar, 2000.

36.

37.

38.

39.

40.

41.

42.

43.

Standard Norge. NS-EN 1990:2002 + A1:2005 +
NA:2016 Eurocode: Basis of structural design, 2016.
BEER, |. and SCHUBERT, P. Determination of shape
factors for masonry units, 13th International Brick and
Block Masonry Conference. Amsterdam, July 4-7,
2004. Amsterdam: IB2MaC.

GREGOIRE, Y. Compressive Strength of Masonry
According to Eurocode 6: A Contribution to the Study
of the Influence of Shape Factors, Masonry
International, 20(2), pp.69-75, 2007. Available at:
http://www.cstc.be/homepage/download.cfm?dtype=res
earch&doc=masonry-
compressive_strength_masonry.pdf&lang=en
(accessed: 31 May 2017).

Standard Norge. NS-EN 772-1:2011 + A1:2015
Methods of test for masonry units. Part 1:
Determination of compressive strength, 2015.

Weber Saint Gobain. Declaration of Performance, Nr.
DoP-NO-M418972222, Version 2, 2016. Available at:
https://www.weber-
norge.no/uploads/tx_weberproductpage/dop-
1_Weber_Murm_rtel_M5.pdf (accessed: 31
2017).

SARANGAPANI, G., REDDY, B. and JAGADISH, K.
Brick-mortar bond and masonry compressive strength,
Journal of Materials in Civil Engineering, 17(2), pp.229-
237, 2005. doi: 10.1061/(ASCE)0899-
1561(2005)17:2(229).

Wienerberger AB. Declaration of Performance, DoP-
number: 21115190-A1W2111, 2016.

Saint-Gobain Byggevarer as (2014) NEPDO00130E
Rev1, weber Murmartel M5, dry mortar. Available at:
https://www.weber-
norge.noffileadmin/user_upload/EPD/NEPD00130E_R
evl_weber_murmoertel M5 GODKJENT.pdf
(accessed: 31 May 2017).

May

Journal of the International Masonry Society Masonry International Vol 30. No 3. 2018



Printed by: Sherwin Rivers Ltd, Waterloo Road, Stoke on Trent ST6 3HR
Tel: 01782 212024 Fax: 01782 214661 Email: sales@sherwin-rivers.co.uk



SUPPORTING THE CONSTRUCTION INDUSTRY

)
D
B s
Emr S
[ s ) ()
O ) )

T T
S L e

Materials * Products ¢ Systems « Structures

We are experts in all things construction thanks to
our extensive testing facilities, knowledge of current
regulations and industry experience.

Our services include: materials classification, testing
to international standards, product development,
resource efficiency, structural and environmental
testing and failure analysis. And this year we have
added dynamic wind load testing.

Lucideon - helping clients to improve performance,
solve problems, comply with regulations, meet
specifications, realise projects, develop novel
products/processes, and improve existing ones.
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