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Abstract. Brickwork masonry construction i6 an ancient craft I but the 
intr~duction of newer materiaIs and tignter desi gn specifications has led to 
potential problems . The quality af individual masonry c omponents i6 contro!led 
by var ious Standards which include phys ical and chemical tests . However, these 
components often show s ubtle interactions within the wa11, which may a lter thei r 
prope r ties Ri gnificantly . This paper considera a number of physical and chemical 
interactions which can have adverse ef fects on the aesthetic or structural aspeets 
of masonry. 'l'hese e ffee ts should he r ecognised when drawing up building speei fi­
eations and Codes o f Practice . 
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IN'I'RODUCTION 

The main emphasis 01' t his paper i 6 OU brick/mortar intcractions , but 
plasters, paints, renderings and cav ity insulating mat eriaIs are a1so briefly 
cons idert?d. 

Research OH mortar appears to have been a neglec t ed field in comparison 
wit h concrete research, for exampl e . However , a great deal of new work on 
mortars has been initiated in rec ent years. The following report review5 the 
"state af the art" at the present time. 

Many of the author's observations are based on experience of the behaviour 
of brickwork in the United Kingdom, whose climate can include hat, dry summer 
s pel ls and driving rain plus freeze/thaw cycling during wint er months. It 
will be shown that the weather conditions prevailing at the time of building 
can have an important influence on the physical properties of the masonry 
components. This in turn may lead to sue h problems as: efflorescence on 
facing brickwDrk or on internaI plastered walls; reduction of bond between 
bricks and mortar or rendering; frost-failure of mor tars; chemical attack on 
mortar, renderings and plaster; paint failure. 

Virtually alI the interactions considered are promoted by WATER. Dur ing 
the long evolution of brick masonry, it became r eeognised that good building 
des ign should incorporate feat~res to s hed rainwater from structures in order 
t o proteet the brickwork by avoiding saturation of the walls. However, some 
of these lessons were apparently forgotten in more recent years and many 
costly failures resul ted. It is hoped that the specific effects described in 
the following sections will help to emphasise the necess i ty for care in the 
des ign of brickwork and in the speci f ication and use of the individual building 
materiaIs. 

Ir brickwork is to maintain the suprernacy which it holds in many fields of 
building, it will be more than ever necessary to understand potential problems 
and t o devise the apprapriate material Standards and Codes of Practi ce to 
ensure sound, economic buildings with the low maintenance costs traditionally 
con ferred by brick masanry . 

2 PHYSICAL INTERACTIONS 
2.1 Bricks and Mortar 
2.1. 1. Water:cement ratio of mortar 

Dry porous bricks rapidly abaorb a large proportion of wa ter from mortar 
dur ing the bricklaying operation. A joint research programme carried out by 
a number of British Brickmakers showed that typically around 50% of the water 
was removed from the rnortar bed after 15 minutes, and about 70% after 6 hours 
(Figure 1). This 6-hour take-up was practically independent of the br ick 
absorption value or suction rate. In practice, the bricklayer makes some 
a llowanee for this fsctor by adjusting the water content af the mortar 
~ consisteney) to maintain workability. However, site contraI is variable and 
i t should be noted that mortar eubes cast in metal moulds and used for quality 
control ehecks will have higher water:cement ratios than mortar in the walls. 

Conversely, the absorption rate of wet bricks is very much reduced, and 
unless brick stacks are protected from r~ on site, they may take up large 
and variable amounts of water. I n extreme cases when the brieks are almost 
s aturated, the mortar does not stiffen 60 readily, and in winter building 
conditions ia prone t o frost damage . Saturated brickwork is also liable to 
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giv e e fflorescence problems , as discussed later~ 

In summary, t he wate r:cement rat i o of the mortar in the wall is markedly 
affected by the phys i cal state of the bricks , and particularly by t heir water 
contento It i u recognised that the water:cement ratio 01' the mix has ao 
i mpor t ant bearing on the subs equent strength of the mortar. 

2 .1 . 2 . Bond s trength between brick and mortar 

Laborat ory experiments with brick couplets and tripl ets jointed with 
mor t ar have demons trated that maximum bond strength is obtained at an optimum 
initial-s uc tion rate of the bricks. In most cases this optimum value does not 
coi ncide with the high"naturalll initial suction rate of the dry bricks nor 
wi th total (or near-total) saturation. In order to achieve the best bond­
strength, it ia necessary on site to partially wet dry bricks in a controlled 
manner and to prevent by suitable storage conditions, saturation or near­
s aturat i on of the bricks. 

Another possible approach ia the incorporation of water-retentive 
addi tives in the mortar mix, a procedure which has shown some promise in 
laboratory trials. 

2.1.3 Pore- size distribution in mortar 

During the winter periods of 1976/ 7 and 1978/9, Britain experienced 
s eve r e weather conditions charac terised by a high froat incidence allied with 
f r equent per i ods of heavy rainfall!~ Widespread frost-failures of mortar were 
r eported in addition to some brick spalling. The pore-size dis tribution wit hin 
cer ami c bodi es i s an important factor in determining their frost resi s tance, 
5 0 i t was ~9c ided to measure the aame parameter in a range of mortar 
compos it i ons. Samples of various mortars were cast into cubes (using metal 
moul ds) and mor t ar from the same batches was used to construct small panels 
of br i ckwork. After 30 days curing time, mortar spec imens were cut out of t he 
bed- joints o f the panels and together with the cube s amples were tested for 
total porosity, densi ty and pore size distribution. Resulta of these are 
s hown i n Tabl e 1 and Figure 2. 

The r e wer e some differences between the variolls mortar mixes , but the 
outs tanding difference was between spec imens cast in moulds and mortar removed 
from the bri ckwork panels. The latter showed a much higher proportion of 
coarse pores in alI cas es , which should be an indication of greater frost 
r es istance. Interestingly, the total absorption of the two classes of mortar 
was ve r y similar. 

The infer ence to be drawn from these results i5 very important - ir bricks 
a re saturated or near-saturated with water at the time of building, the mortar 
can be expected to have pore properties similar to those of the specimens cast 
in s teel moulds - and therefore to be less frost-resistant. Subsequent 
laboratory t es ts conducted by LBC tend to confirm this proposition . Small 
panels were built with Fletton bricks (average 24-hour absorption about 18%) 
using (a ) dry bricks and (b) soaked bricks. The mortar employed was 1:1:6 
Portland cement:lime:sand and the panels were placed in a deep-freeze cabinet 
a few hours after building, and frozen overnight. Surprisingly the green 
mortar in the panels built with dry bricks s~owed no damage, whereas the joint s 
in the pane l s incorporating near-saturated br~cks displayed typical frost 
damage i . e. cracking at the brick-mortar interface and spalling of the surface 
layer of mortar (Figure 3). 
2 .2. Renderings on Brickwork 

The interactions described above for bricks and mortar apply similarly 
to cement r enderings. It is particularly necessary to achieve the corr ect 
s uc tion rate for the backing brickwork and again this i6 primarily a question 



\ 

of partially wetting thc walls before applying the rendering. Toa wet a 
baekground may result in sliding of the cement itious mix, and poar band strength. 
Renderiflg anta a hat, dry background ean also lead to an impaired bond and 
results i n a rapid shrinkage of the rendering coat which frequantly causes 
hairline c r aze- cracking . Apart from the undesirable aesthet i c appearance of 
erazed renderings, fine cracks may subsequentIy aIlow ingress of rainwater 
which can lead to structural problems. 

2. 3 InternaI Plaster on Briekwork 

Modern gypsum-based plasters tolera te a wide range of background conditions 
and will set hard e.uen when applied to near-saturated brickwork. However, in 
the latter ease the wet walls feed water through the set pIaster and thJs 
frequently resul ts in pattern staining on the plaster surface under these 
eonditions . Soluble salts derived from bricks, ~ortar and the plaster itself 
form deposits of efflorescence on the surfaee, whieh can lead to serious and 
expensive deIays on the dee oration of internaI walls. 

2.1. Paint on Briek Masonry 

The ma in tequirement for the suceessful deeoration of fa irfaeed, rendered 
ar plastered brickwork is a dry baekground. This is diffieult to aehieve in 
new buiIdings, sinee the moisture of eonstruction may take up to one year 
before eompletely drying out. Interior emulsion paints and many modern 
exterior masonry paints are more t olerant of moisture than are solvent-thinned 
oil paints . However trapped moisture ean lead to blistering of the paint fi 1m 
and 1055 of bond. 

Painted exterior walls are liable to build up higher moisture leveIs than 
unpainted walls due to hindrance of evaporation and under eonditions of sever e 
exposure this ean lead to serious frost-spalling of the underlying bric~work. 

3 CHEMICAL INTERACTIONS 
~ .1 Brieks and Mortar 
3 .1.1. Efflorescenee problems 

Simple cases of efflorescenee on faeing briekwork may be due to the 
transfer of soluble salts from the brick.s or mortal' to the surfaee of the wall 
on drying . Hence the soluble-salt leveIs in the bricks may give some guidance 
on thcir liability to produee efflorescenee as may the "effloreseence test" 
included in some National Standards for bricks . However many cases of 
effloreseenee have been observed on exteri or faeing brickwork when the brieks 
eoneerned were knO""l~ to eontain virtually none of the more soluble salts 
(sulphate of magn es i um , sodium and potassium). They did contain some ealeium 
sulphate, which is so sparingly soluble that it produces no efflorescenee when 
the bricks ,are saturated with distilled water and allowed-ro dry from one (3) 
surface (as in the efflorescenee test deseribed in British Standard 3921 ) 

The cases of efflorescence noted were assoeiated with very wet building 
conditions - usually during the win ter - and on investigation the salts were 
found to be eomposed ,almost entireIy of sodium and potassium sulphates. The 
only logieal 80urce of the alkali-metal cations was the Portland eement in the 
mortar and laboratory testa in whieh an aqueou8 extraet of cement was fed through 
bricks reproduced the eff+orescenee (Figure 4). Alkalies in Portland 
cementare extraeted mainly in the form of hydroxides , although these react with 
atmospher ic carbon dioxide to form sodium and potassium earbonates. A solution 
of sodium earbonate was fed through a Fletton briek (containing only calci um 
suIphate as a soluble salt) and as the solution passed through the briek, a 
base- exehange reaetion occurred:-

Na
2
C0

3
+ caS0

4 
-+ Na

2
S0

4 
+ CaC0

3 
J-

A heavy layer of white salts formed on the surface of the briek which on 
analysis proved to be almost pure sodiurn sulphate . 
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Most clay bricks contain some calc ium sulphate and alI Portland cements 
contain about one percent of soluble alkali (Na20 equivalent) 50 this exchange 
I"eactian is always likely. In practice it i5 necessary to prevent undue 
wetness af brickwork during building tn prevent this type of effloreBcence. 

3.1. 2 . Chemica1 attac k on mortar 

The best known type af chemical attack on mortars i6 sulphation which may 
result from the ingress of 501uble salts into the joints ( the salte may be 
derived from &ricks, groundwater or other sources). In the " c l ass ical" form 
of sulphation4the sulphates reaet with tricalcium aluminate - ooe of the 
constituents of Portland cement - to form sulphoaluminates:-
3 CaO: A1 200 12H20 + 3(CaS0402H20) + 13 H20 .... 3~OoA1203 3 caS0 4 31 HzD 
( Ettr~ngJ. te" 
or 3CaOoA120y12 H

2
0+CaS0

4 
~3CaO o A1203 caS0

4
0 12H

2
0 (Calcium monosulpho­

alum~nate). 
The reaction products occupy a larger volume than the original reactants 

which may result in expansion, cracking and disintegration of t~e mortar joints. 

Another type oí reaction sometimes termed "ac idit" sulphate attacil:5"6ccurs 
when soluble sulphates react with calcium hydroxide present in the mortar, 
forming calc ium sulphate:-

Ca (OH)2 + S04
2

- + 2H
2
0 -7 caS0

4 
2H

2
0 + 2(OH)-

This is also an expansive reaction which can cause erosion and general 
s oftening of the mortar. 

Magnesium sulphate is a particularly damaging salt and reacts rapidly 
with tricalcium aluminate or with calcium hydroxide as described above. 
Additionally, magnesium sulphate may react with the ferrite phase, or even 
with the calcium silicate hydrate phase responsible for most of the strength 
developed by Portland cement pastes:-

H-.O 
C-S-H + MgS04 -4 

This form of attack can cause disintegration of set rnortars. 

3 .1. 3 . Crystallisation forces 

The previous section dealt with chemical reactions of soluble salts 
with compounds derived írom Portland cement. However , in at least one case 
expans ion and cracking of mortar can be produced by what appears to be simpl e 
forces of crystallisation (akin to freeze-thaw action). The phenamenan was 
abserved in the London Brick Campany Laboratories during an investigation into 
the effects of individual sulphates on mortars and plasters. Salt solutions 
were wick-fed into the underside oí mortar (or plaster ) plates and the nature 
of the efflorescence produced was noted (Figure 5) POTASSIUM sulphate 
caused swelling, curling and deep cracks through the test pieces (Fig ·~e 6). 
Similar tests were carried out using potsssium hydroxide solution but in this 
case on1y the gypsum-based plaster specimens cracked, implying conversion af 
potassium hydroxide to potassium sulphate. 

Further tests were conducted by feeding solutions of 8odium, potassium 
and magnesium sulphate into gypsum plaster and sand/lime pats cast into Le 
Chute1ier maulds and allowed to harden. The expansive effects were measured 
over a period of one month (Figure 7)e 

Potassium sulphate caused the greatest expansion - markedly more than 
magnesium sulphate even. Th1e ia believad to be an important finding, and I am 
unaware of the publication of any similar observations. Some warkers have 
noted potentially damaging crystallisation forces caused by changes in the 
leveIs of water of crys tallisation in sal ts!&~ut since potassium sulphate 
includes NO water in its crystal structure a different mechanism must be 
involvede 
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3.1.4. I ran staining af brickwork 

This problem i5 us ually seen on comparatively new brickwork which has 
become very wet during cons truction. It i 5 caused by the l eaching of 5maIl 
amounts af reduced iron compounds (typically f errous sulphate) from bricks. 
These salts are depos ited on the surface af the wall during drying and oxidise 
to form brown atains af hydrated iron oxide . The ferrous salts often run down 
ant a the alkaline mortar joints where it i6 precipitated and fixed as a 
deep brawn stain. 

Fully oxidised bricks do net us ually cause this effect. 
whic h are liable to produce the problern, extra care i8 needed 
as dry as possible during and after construction. 

3. 2 . Rendering on Brickwork 

When using bricks 
to keep the wal1s 

The chemical attack mechanisms listed for mortars apply equally to 
renderings, and .in some ways the situation is more criticaI. It i5 on1y 
necessary to disrupt the thin layer of rendering at the interface with the 
bric kwork in order to destroy bonding. . 

Furthermore, once rendering is damaged it allows the ingress of rain water 
to the backing brickwork, with the r isk of promoting problema such as sulphation 
of the mortar joints within the wall. 

3 .3 I nt ernaI Plaster on Bri ckwork 

Deposits of efflorescent salts on plaster s urfaces can cause considerable 
difficulties and delays with decoration. Excessive wetness of the backing wall 
i5 a major fac t or causing thes e problems, but the actual salta may be derived 
f rom the plast er (espec i ally gypsum-based materiaIs); from the bricks; or from 
t he mortar (espec ially the Portland cement component) . The salts are generally 
sulphates and specific compounds have very diffe r ent effec t s: -

Sodium s ulphat e us ually forms a loose, fluffy layer on the sur face of the 
plas ter:--rt may dis rupt paint films but rarely affec ts the plaster itself. 

Magnesium s ulphat e crystall ises on the surface of gypsum plasters causing 
er osion and can ser iously di s rupt paint films. 

Potassium sulphate cr ystallises mainly within the matrix of gypsum plasters 
and forms a dark "g1assy" stain on the s urface which appears to be due to the 
format ion of a double-salt with calc ium sulphate (probably syngenite KZCa (S04) 2 
2H2° 1. 

Higher concentrati ons of potassi urn sulphate can cause swelling and even 
cr acking of plaster as described previously. This phenomenon has been observed 
over mortar joints on internaI walls - it should be noted that alkalies derived 
f rom cernent in the mortar will be converted to suIphates within the pIaster . 

3 . 4. Paint on Brick Mas onry 

Older types of oi l-based painta were s ubject to attack by alkalies derived 
f r om the mortar joints of newly-constructed walls, but the development of aIkali 
resistant primers and modern polymer-based painta has largely overcome this 
problem. Apart f rom physical disruption by salts migrating from the background, 
s taini ng i6 t he chie f chemical ac tion. White paints are especiaIly sensitive 
to discoloura tion and mechani sms which have been identified include staining 
with traces of iran or vanadium compounds originating in masonry materiaIs. 
A more unusual cause was the reaction of hydrogen sulphide ( evolved from wet 
bricks which were incompletely oxidised) with traces of heavy metals like lead 
present in the white paint!7) 
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4 DISCUSSION AND CONCLUSIONS 

In view af the wide range of the sub jec t matter it has been necessary to 
deal broadly with the issues concerned j emphasis ing aspects which are 
considered to be espec ially important e Much of the research work ment ioned 
i6 still in progress . 

Mortar r endering and plaster have been treated as individual components 
af masonry, whereas of course they are compounded from various basie 
constituents which may themselves interac t . Furthermore, the specification 
for a material like mortar profoundly affects its properties and its ability 
to withstand the potent ially damaging physical and chemical agencies described 
in the body of t his reporte The strength, permeability, water retentivitYt 
pore s ize dis t ribution, chemical resistance and long-term durability or mortar 
can be altered by varying 6uch factors as cement and lime content, cement 
specifications , s ize grading of sand, degree of aeration and bricklaying 
technique. -

Brick masonry construction remain6 something of an art, and a skilled 
and experienoed bricklayer ins tinctively compensates for 8uch factors as the 
suc t ion rate of bricks, seasonal variations in drying rates and adjustment of 
the consistency of cementit ious mixes. 

The emphasis of much of the early research on mortars concentrated on t he 
aspec t s of workability and ease of use . In climatic condit ions such as those 
pertaining in the United Kingdom, it i s necessary to give more consideration 
to durability. Thi s is becoming increasingIy i mportant in view of the high 
cos t of remedial ar maintenance wor k on buildings. 

Finally, when considering Standards for individual building components or 
Codes of Practice for buiIding operations, it is important to bear in mind 
the ways in which the structural elemente may rea~ t with one another to affect 
the overall properties of the whole struc t ure . 
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Mor tar : Apparto:nt l-'ú l'ositv and Bulk eentÜ~ 
MLH'l'AH Sampl e 'l'aken From 

lPropor lions 
by Vo luml: ) JúIN'l' CUBE 

Appar (:ln t bulk Densi ty Apparent Bu lk Den s1 ty 
Porosi ly ~ gm/cm3 Porosi ty % gm/cm3 

Cemen t: Lime: Sand 
1 (1: t-: 3) 26.5 1.~55 2'1.9 1.~09 
2 (1: 1: 6) 2b.9 1.907 30.4 1.850 
3 (1:2:9) 31. '/ 1. 828 31.5 1.832 

Cement:Sand 
4 (1 :4) 30.1 1.890 31.0 1.83~ 
5 (l :4 aerated) 32.1 1. 835 33.1 1. '/88 
6 (l: 5 Masonry 37.2 1. 7CO 38.4 1.651 

CeUlent·) 
TABLE 1 

i'qNi 
~ I 

, . 
-------1 --1---: 

I I 
, 
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3 (d) 

The effect of freezing on newly built Fletton brick panels. 
(The left-hand paneI in each case W&S built with soaked bricks, the 
right- hand panel was built with dry bricks) . 

,1; Brick Aft er 3 SOaking!Dry1ng 
eyeles Usi ng Distilled Water. 

FIGURE 3 

4 lh) Brick After Feeding with 
an Aqueous Ext r act af 
Portland C~ment . 

FIGURE 4 
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( 11 ) 

NATlJRE OF SALTING CAUSED BY INDIVIDUAL SULPHATES 

5( ~) Dístilled Water 
Left: Gypsum Plaster Right:Mortar 

~~c) Sodium Sulphate 
Left: Gypsum Plaster Right:Mortar 

5(b) Magnesium Sulphate 
Left: Gypsum Plsater. Right: Hortar 

5{ d) Potsssium Sulphate 
Left: Gypsum Plaster . Right: Hortar 

FIGURE 5. 

CRACKj NG DF GYPSUM PLASTER AND 1:1:6 HORTAR BY POTASSIUM SULPHATE 

6(a) Left: Plaster Right:Mortar 
Specimens fed with K2S04 soIution 

Dense Gypsum Plaster 
fed with KzS04 601ution 

6(h) Left: Plaster Right: Hortar 
Specimens fed with KOH solution 

6(d) 1:1:6 Hortar fed 
solution 
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