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INTRODUCfION

While most ceramic tiling systems perform to expec tations, an y failure compromises
the repu tation and growth of the industry. This in directly has an adverse impact upon all
manufacturers. merch ants and install ers. Although there are several different typ es of tiling
sys te m failures , very few are directl y related to unforeseen cha rac teristics of the til e. An
exception would be the moisture ex pa ns ion of a til e. parti cularl y si nce th e accep ted
accelera ted test metho d may provide a poor indicati on of th e likely in -service long-term
behaviour. In the case of so me tile bodi es. the expans ion induced by a 24-ho ur boil. as used
in EN 155 and ISO 10545-10. corresponds to the natura l expans ion that occurs in about 12
to 24 months after production [1], rather than the estimated value of 3G mo nths that had
previ ously been assumed [21 . Since the kineti cs of natural moisture expans ion can gene ra lly
be expressed in terms ofa logarithmic fun ction . the acce lerated 24-ho ur boil may significantly
underestimate the total amo unt ofexpans ion that occurs over a long period of time. However.
mu ch of this expans ion may occ ur prior to the til e bein g install ed .

Although moisture expansion of the tile will contribu te to differential movement
failures , other factors are normall y involved and are often far more significant [2. 31. Th ese
include conc re te drying shrinkage. poor tile fixing practi ces an d th e use of unsu itabl e
fixatives. The system must also be able to tolerate th e addit ional s tresses that resu lt from
the reversible thermal and moisture movem ents that will occ ur as the sys tem is ex posed to
varying atmosphe ric conditions and usage situations.

Most other types of failures are du e to eithe r using first quality products in inappropriate
situa tions (poor specifi catio n of the tiling system). or to improper insta lla tion pra ctices
(failure to foll ow the specifi cation). Widespread ade quate speci fica tion of tiling syst ems is
a co mplex matter that has been partly addressed by the development of the existing (and
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pending) product and install ation Standards. It is also being addressed by the in trod uc tion
of computer-based expert sys tems [4 ) as previous ly ad voca ted [5). However. there is still
the fund amental un derlying requirement for comprehe ns ive enginee ring data to determine
appropriate compliance limits and to permit the development of engineering design codes
th at can support the proj ect decision-making process. Whil e there is an obvious need for
such informati on , it is expe ns ive to obtain, and there is no implicit requirement for any
individ ual part y to provi de it.

Compu ter modelling of til ing systems offers a cost-effective mean s of determi ning the
stra ins and stresses that may develop when the sys tem is subjected to specific loading
conditions, In some circumstances . partial analytica l models of tiling sys tems may provide
suffi cient understanding, and at a low cost. In addit ion. empirical re lations hips have also
been developed from experimental studies . for example the prediction of impact damage
due to rolli ng wh eel load s [6-9j . Th e advantage of any relati onship th at is expressed in
mathemati cal terms is that one can readily determine th e influence of a speci fic vari abl e.

This paper revi ews some of the published stu dies that relate to differentia l movements
withi n tiling sys tems, It broadly consi ders some of the aspects that have limited the more
widespread use of modelling techniques for developi ng enginee red solutions for specific
sce narios. It is important to recognise that while some sim ple theoretical models are adequa te
for spec ific purposes . othe rs ca n be mi sleading, Th ere is thus a co mpe ll ing need for
experimen tal verifi cation. altho ugh thi s may be hard to obtain for a number of reasons. For
instan ce. one may obtain very different results from experiments conducted under conditions
of co nstan t temperature and relative humidity, co mpare d to th e variab le con d it ions
experience d on site. Thus. one must exercise care in applyi ng laboratory-generated results
to pra cti cal situations.

There are a number of di fferent stra tegic approaches that can be taken in suc h work.
These incl ude using a macroscopic persp ecti ve or more detail ed ana lys is, and evaluation of
the stresses that are generated along or across the tiling system. Su ch work sho uld consider
the effects of structural movements. including any pre-existing stresses within the substrate.
One mu st particularly cons ider the time-dep endent nature of adhesive se tting reactions
and differential movem ents, Ultimately. most approaches are acce ptable and useful , as each
tend s to supply a partial solution to the overall problem.

MOVEMENTS CAUSING STRESSES IN TI LING SYSTEI\IS

The Building Research Establishment has published data on the estimation of th ermal
and moisture mov em ents and stresses in Digests 227 to 229 [10-12J. Recognition of the
location and exten t of mov ements in building material s and compone nts is essential for the
sa tis factory design of joints and fixings and the prevention of cracking [1ol, Th e presence of
restraint offered to potential movement s will determine wh ether differential movem en t
occurs or whether stresses result. In most cases both effects will be present. with partia l
restraint limiting the actual amount of movement and giving rise to a "balancing" stress. It
has been sugges ted 110) that sophistica ted methods are li ttle better tha n elementa ry ones for
estimat ing the res ultant s tresses. becau se of the diffi culty of acc ura tely predicting res tra int
and th e other variab ili ties in materia ls and conditions that occur in pra cti cal building
situations. Thus, the essential needs are to recognise wh ere inherent deviations are liable to
occur and to determine the order of magnitude of th eir effects. so that adequate provision
can be made for them in design. Th e Digests dis cuss mov ements, their so urces and design
strategies for acc ommoda ting them. and the causes of deformation and stress [10); analyses
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thermal an d m oi sture e ffec ts. an d
includes tabulat ed data to assess th e
change of size and sha pe of materi als
[11] ; and gives guida nce on es timating
deformati ons and associated forces and
s tresses give n va r ious s ta te d
assu mp tions [12]. While th e Digests
only cover thermal and moisture effects.
th ey note that oth er types of movement
also need to be conside red. th e most
wid el y rel evant he ing s truc tu ra l
defl ecti ons , cree p (es pecia lly creep·
s hortening of co lumns ) and foundati on
movem ents. Also . they do not dea l with
th e prac tical co nseq ue nces of
movemen ts in par tic u la r par ts o f
build ings .

PARTIAL A NALYSES OF
TILING SYSTEM STRESSES
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fig. 1. Stressdistributions in planartiling system
from differentia l shear analysis (--) a nd

concentrated shear and lysis (-).
Banks and Bowman [13] present ed

a br ief review of some of the publish ed
ana lyses for determining th e stresses within til ing sys tems . Th ese vary widely in the
approaches taken and as they are quite de pe nde nt on the ass umptions mad e . each meth od
has its limitation s. Vaughan ct al. [14] ana lysed the tensile and compressive stresses induced
by differential movement causing bending of an unrestrained layered sys tem (as subsequently
use d by Harrison and Dinsdale 115 )) assuming that th e thi ckness of the sys tem is small
compared with its lateral extent, and that displacements arising from the induced curva ture
are sma ll compared with th e th ickness. The an alysis does not include any derivati on of the
shear and pee l s tresses in an ad hesive layer.

Toakley and Waters [16] considered a tile run adhered to a thi ck so lid subs tra te . either
fully rest rained laterall y or unrestrained laterally. as a "bonded plate" subject to buckling
due to compression following tile expansion. They referred to prior work show ing that "the
stresses requi red to produce bu ckling in the bonded pla te were cons ide rably greater than
the compressive strength of the tiles" when "the significant effects of eccentricity of loading
are neglected ". Th ey determined the relation between the in- plane compression forces in
the tiling due to tile expans ion. the initial out-of-plane ness of the tiling. and the tensil e
(pee l) s tresses tending to ca use ad hes ion failure. Adhesive shea r stresses were discussed
but no t es tima ted.

Bernett [17] de termined the compressive stress induce d in a til e run by til e ex pansion ,
conside ring dryi ng shrin kage , elas tic deformati on and creep of th e gro ut, an d elas tic
deformation of the tile. He estimated adhesive shear stress by ass uming tha t thi s was confined
to the last til e in the run. Bowman 19] extende d thi s study. cons idering also th e shr inkage of
the substra te and compres sion of the movem ent joint ; while the deri vati on of adhesiv e
shear s tress requires rev ision, a ttention was given to the conseque nces of low levels of
adhesive coverage.

If th e in-plane deformation of tiling and substrate is neglected . the she ar stress in the

- 6 19 -



QUALI62V96
Ill!••n .
~.

CA STELL() :-J (SPA IN)

adhesive layer is cons tant and may be deduced simp ly. Th is is an unreali st ic ass umption .
and adhesive shea r s tress varies. being grea test at the ends of a til e run (at movem ent joints .
iffun cti oning) [13]. A first approx ima tion in estima ting thi s variation is to co nsi der that the
tili ng an d substra te remain planar and deform in tension or compression on ly. and that the
adhesive deform s in shear only, with no stress var iat ion normal to the plan e of th e tiling.
Th is "differential shear" ap prox imation was app lied many years ago to the lap joint between
adherends [18], and recently to the tiling sys tem (J . Blan chard , Ove Am p & Partners , London ,
1993, personal communication). Th e forces induced by differential movem en t in tiles and
substra te are not co-planar, so that moments are exe rted on th e tiling, caus ing tensil e (peel)
an d compressive stress es across the adhes ive layer, as sho wn in Figure 1. A res ult from the
differential shea r analysis (DSA) for the tiling system can be use d to provi de an estimate of
this peel and co mpress ive stress di stributi on , ass uming that th e shear s tress is highl y
concentra ted at the ends of a til e run (J. Blanchard ibid .). Banks and Bowman [13] have
referred to thi s estima tion of peel and compressive stresses as the "concentra ted shear"
ana lys is (CSAJ for the tiling sys tem.

Wagneur [19J has wa rne d of the dangers of the trend to fix wa ll til es on increasingly
young subs tra tes in the genera l context of the causes of debonding. He not only cons idered
the effect of thermal movements an d reversible and irreversibl e moisture movem ents, but
also the cree p of the substra te. He provided a simple sche matic rep resentation of stresses
and deform ations of a tiling sys tem wh ere the substrate shrinks. He ass umed that any size
cha nge in the til es was cons tant throughout their thi ckn ess, and that the fixati ve only took
up shear forces. This resu lts in the tile layer being put int o compress ion. If the til ing rem ains
bonded , the greatest deform ation of the fixative layer will occur in the vic ini ty of the til ing
borders , wh ere the maximum shear stresses will occur. Th e latt er stresses are a ll higher
wh en the ad hes ive is more rigid . There will be no compress ive stress in the til e layer a t the
point where the maximum shear stresses occur, but the compressive stress will in crease
furt her away from the perime ter as it substit u tes for th e adhes ive shea r stresses . Wagrieur
also sho we d how the presen ce of compress ive stresses in th e til e layer and shea r stresses in
the adhesive layer give rise to a bending moment. Man y of the above re lations hips are
cla ri fied in simple diagrams that generally agree with the more complex figures give n in
thi s paper. The latt er, having been derived from finite element ana lys is , are influenced by
the presence of grout joints. Wagneur used Hooke's Law to estimate the compressive stress
in the tiling, ass uming that the substrate deforms to the same ex tent as the fixati ve. Wagneur
also pro vided a simplified re lat ions hip to ca lculate the maximum shear stress es in the
adhes ive plan e.

Wagneur explained the debonding phenomenon in terms of progressive failure. wh ere
it is initiated at locations where the maximum shear stresses occ ur (free edges , flexible
joints, outgoing corners , a crack 01' movem ent joint in th e substra te). Once dehonding is
initiated at one of these locations, the segment in which the shear s tresses are concentra ted
displaces to the immediately ad jacent zone , explaining bow th e tiling cou ld gradua lly
debond. Where locali sed bul ging occurs away from the tiling edges an d di scont inuities,
failure will ha ve occurred du e to tensil e st resses . In such situat ions , the rows of adhered
til es not only cons titu te abutme nts for the debonded zone , hul also becom e more subject to
shea r, altho ugh they are parti all y restrained by being bonded (by grout) 10 the run of ad jacent
tiles, some of which are still bond ed and thus effectively res tra ine d. Wagncur indicated
that if the grout is strong, it has a crus hing res is tance very close to that of the til es , and that
the joints abso rb no deformation and undergo compressive stresses similar to th ose of the
til es, shear st resses being transferred 10 the periphery of th e tiling. Where the gro ut is more
compressible , it is more likely to absorb movement, while also subjecting th e til e edges to
some shear stress, albe it less than at the perimeter of the tiling.
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For th e lap joint . close d-fo rm ana lyses have been dev el oped th at re d uce th e
approximations in the differential shea r an alysis. However. the applications of these ana lyses
"are limited becau se only th e simp les t geometr ies and boundary co n di t ions ca n be
accommo da ted. For more complex situati ons . ap proximate numerical so lutio ns become
nocessarv" (20]. Finite element ana lys is (FEA) di vides the sys tem into sma ll elemen ts . and
is suitabie for adhe red systems because elemen ts with different material properties can be
int er faced. FEf\ is avail able in comme rcia l packages. and is widely app lied to the stress
ana lys is of adhesive/adhe rend systems [20. 21). The application of FEA to til ing systems
has been reported briefly by Van Den Berg [22J and Goto el aJ. [231.

In its simples t form. FEA is applie d assuming linear-elastic materi al properties. For
th ese prop erties . some peak stresses occ ur at adherend edges an d are theoret ically infinite
("singular") [20], so increase as FEA grid size is reduced . ap proaching infinity for zero grid
size. "In severa l ana lyses these sharp peaks were reduced to the level of the ex perimen tally
measured ultimate stress by assuming elas to-plastic or visco-plasti c beh aviour of the adhesive
material" [24). Practi ca l exp eri en ce has sho wn that adhesives in tiling systems creep to
reli eve peak stresses [16,17].

Stan dard test methods for ad hesives yield averag e failure stresses over the adhered
surface. which are no t suited for comparison wit h th eoret icall y obtaine d peak stresses to
predict fail ure. The actual loading causing failure of a tili ng sys tem, wit h singular or non­
singular peak stresses. can be determined from the mea sured failure loading of a simila r
physical ex perime ntal model. and the FEA peak stresses in system and mod el (computed
with the same FEA grid size) [20). Thu s, lin ear-elast ic FEA can be used to show the influen ce
of changes in sys tem parameters on maximum stresses. and thus prop ensity to failure. if the
same FEA grid size is used in the cases compared. as shown in Appendix 1.

Nan iwa el aJ. [25] used FEA to study the internal stress di stributi on ca used by
di fferentia l movem ents of ex terior wall tiling sys tems du e to the effects of two conditions:
co ld to hot . and wet to dry rep etitive cycles. Th ey also studied the effect of the characteristics
of the system compo ne nts on the stresses produced at th e interfaces between th em. while
noting that furthe r studies sho uld be un dert aken on the effec t of stress relaxat ion d ue to
creep.

The ir mod el consisted of a two-dimensi onal cross-section of a wa ll usi ng the half
width (30 mm) of a 9 mrn thi ck tile and a 4 mm wide grou t joint. The til es were applie d to
a 150 mm thi ck concrete wall with either normal mort ar or combina tions of normal and
lightweight mort ars.

They concl ude d that under both se ts of conditions there were two locati on s wh ere
delaminati on wou ld tend to occur due to the in -pl ane sh ear s tress: at the int er face between
the ti le and the bonding mortar at the til e edge. and behind th e tile edge at the interface
between the concre te and the subs tra te mortar . Under cold to hot conditions . the maximum
transverse stresses also occurre d at the same locations. However. under wet to dry conditions.
there were also significant in-plane ten si le stresses at the centre of the til es a t all in ter faces.
Unde r cold to hot conditions. it was found th at the stress cou ld be reduced by decrea sing
the elas tic modulus of the mortar (increa si ng its deformabili ty], es peci ally at the int erface
between the concre te an d the subs tra te mortar. Under we t to dry conditions . when the
dry ing shrinkage of both th e bonding and substrate (light weight ) mortars were high . the
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rig. 2. Finite element ana lytica l mode l for a horizontal
section of a tili ng system.

stress increased at the interface
hetween the substrate mortar and
the concre te . Thus . rep etitive
dry i ng cyc le s (after th e
infilt rati on of rainwa ter) would
create extreme stresses tha t could
resu lt in debonding.

Th e u se of lightwe ight
morta r reduced th e therma lly
induce d str esses but no t the
moisture-induced stresses. The
physical charac te ris tics of the
ideal mortar were found to be
low elastic modulus . low mas s
densit y. low thermal expans ion
coe ffic ien t. low th erm a l
conduc tivity and high specific
heat.

Tilerun
centre line

Mo"""ment-joint
centre line

Grout joint

Tiling system, horizontal section

Mcl.aren et al. [26] used FEA to studv th e beh aviour of different mat er ial s in Door
tiling systems subject to bend ing and deflection, Mod elling of several hundred variati ons of
three common fram ing systems was performed to identify the effects of Door thickn ess and
stiffness , continuity. location of expans ion joints . tile size and spa n length . Th ese parameters
were modulated for five permutations of ad hesiv es and gro uts , since there was par ticu lar
in terest in th e potential benefits of recen tly developed polym eric ma ter ials.

They used a finite element model of the composite act ion of three beam s (tile layer.
adhesive bed and substrate) restrained by hori zont al shear forces at th eir interfaces under a
load causing deflect ion of a simp ly supported Door system. Each model was loaded to
theoreti cal failure. defined as occurring whe n a stres s for any compone nt exceede d its
pred efined fail ure level.

Their initial findings includ ed the fact that there was a sign ificant corre la tion between
the shear st ress in the tiles and the stiffness of the grout. Th e shear stress distribution across
the tiles was concentrated at the edges of the tiles at the grout joints. Increasing the elastic
modulus of the grout reduced th is stress. They were thu s able to deduce that tbe in stallat ion

Fig. 4 Adhesive peel stress at sub strate surface for
uniform ti le expa nsion
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rig. 3 Adhes ive shear stress at tile surface for
unifo rm tile expansion .
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of expansion joints in th e middle third of aspan over a simply suppor ted substrate
would on ly contribute to th e failure of th e tile configuration . From their analysis. th e
allowable deflection increas ed if an expansion joint was positioned at each support.

They also found that as the propert ies of the elements changed so did th e stress
d istribution: smaller tiles (plan dimen si on) seemed to generate larger stresses with res pe ct
to less deflection ; thi cker tiles and thicker mortar beds decreased stresses; and a more nniform
mo dul us of e last ic ity betwee n ele me n ts d ecre ased the stress s ligh t ly . T he s tress
concentra tio ns tha t led to failure were due to the homogeneity of the composite sys tem: the
more dissimil ar the eleme nts. the great er the concentration of stresses. This exp lains wh y
the smaller tile sizes with more discontinuit ies fail ed at a lower deflection.

For simple spans. the mode of til ing system failure was gen era lly an initial compressive
failure of the gro ut leading to debonding of the til es through sh ear failure of the adhesive.
For continuous s truc tures. the tensile weakness of the gro ut was usually the incipient failure.
again followed by debonding. This is consistent w ith the inability of unmodified ceme nt-
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Fig. 12 Tile surface tensile stress for non-unifor m tile
expansion, with 50% adhesive coverage concentrated

at the tile centres

This work sugges te d that where til es
were pol ymeri ca ll y bonded. th e d esi gn
limitations for defl ecti on of s im ple span
struc tures could be relaxed since failure would
not occur until deflections occurred in exce ss
of the pra cti cal limitations of th e stru cture.
Th us the design w ould be covered by the
structural code and the strength of the concre te. However. for continuous substra te system s.
where failure is likely to be in it iated by ten sil e failure of the gro ut. the relaxa tion of the
defl ecti on limitations is more dependent on provi ding proof of the strength va lu es of
materials.

based mortars to achieve accep table results on
flexible subs trates. where th e gro ut failure
occurs due to th e stress concentra tions that
build up between the tiles. However. a notable
exce ption to this trend occurs with ceramic
mosaic til es that exhibit initial failure within
th e mortar layer. Th e thinner adhes ive layer
and the sm aller til e size would possibl y reduce
the ability of stres ses to distribute throughout
th e floor struc ture.

Laboratory tests were conducted on 8700 x 1220 x 200 mm rein force d conc re te s labs
til ed wi th zoo x 200 x 9.5 mm porcela in tiles. wit h two -poin t loading over a 8.1 m span. The
slabs were incrementally load ed un til failure. Between the load increments . the slabs were
in spected for in dications such as grout fail ure, tile debonding and slab crac king. This
provided valuable insight into the succession of events tha t lead to tile fail ure and confirme d
the FEA result s . In addition to the load tests , material tests were also conduc ted on the tile.
adhesive. grout an d conc rete in order to determine th eir compressive and shear streng ths.

Th e laboratory data enabled refinemen t of the finite element mod el. including true
modelling of a reinforced concre te slab. To verify the model. it was adapted to s imu la te one
of the labora tory tests, where a non-linear an alysis was approximated by loading th e sys tem
incrementall y. Where th e model output indicated that a grout joint had failed , a til e had
deb ondcd, or a tensile crack had develop ed in th e conc re te . th e model wa s cha nged
accordingly (by virtually eliminating the fail ed element) and the next increment was applied.
Th e curves predicted by FEA for the upper and lower bound of con crete stre ngth corre lated
well with tbe laboratory tes t results; they were especia lly accurate when representing
practi cal service load conditions .

The development of the refined mathematical model has enabled th e simulation of a
myriad of different installation situations without the cost an d tim e ass ociated with full ­
scale testing. Th e finite eleme nt modell ing has shown that the behaviour of ceramic tile
installations us ing advanced latex and epoxy compounds differs significantly from traditiona l
cemen t-based mortars and ad hes ives. and that th e des ign ru les for the tradit ional fixatives
shou ld not be applied to the polymeric materials. This work resulted in modifi cations being
suggested to the releva nt ins talla tion procedure. It also suggested severa l other areas wh ich
require further s tudy.

Banks and Bowman [13 ] cons idered a representa tive floor tiling sys tem subject to tile
moisture expa ns ion and substrate drying shrinkage , and compared the results obtaine d by
FEA with those obtained by DSA and CSA. Th e stress distributions predi cted by th ese
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Fig. 13 Exaggerated deformations in ,1 loaded single
lap joint, and resultant shear stress .

p-~~
e ....rondo _ PCompl ete adhesive co ve rage was

ass umed . the tile run was considered to be
restrained latera lly at the centre-line of a
mov ement joint and th e substra te was
unrest rained (Figure 2). The 100 mm thick
conc re te wa s modell ed as a 8 mm th ick
substrate . but with 12.5 times the elastic
modulus. due to a limit on the total number of finit e elements. Although til e expansion and
concre te shrinkage proceed wit h time. and creep also occurs. the effects of an y time variation
of system stresses and strains were purposely neglected. Figures 3-6 respectively show the
adhesive shear stress at the tile sur face . the adhes ive peel stress at the substrat e surface . the
adhesive peel stress at the tile sur face. and the til e surface tensile s tress . The latt er has
important implicati ons for th e pos it ioning of stra in gauges where they are used to monit or
the development of s tress es in the un derlyi ng adhes ive bed. Since the stress is tensi le rather
than compressive . it could cause crazing of the glaze if excessive. Figure 7 gives the peel
s tress contour plo t in the adhesive layer adjacent to the movement joint.

partial ana lyses are shown in Figur e 1. It
should be noted that differential movement
ca uses the force F, which is restrained by
sh ear on the base of the tile. resu lting in
th e moment M. This moment causes the
end of the tile to "dig in", resulting in peel
and compressive stresses in th e adhesive

Figures 1 and 3-5 allow a comparison of the general shape of the curv es obtained by
the d ifferent ana lyti ca l methods. FEA enables the effect of the grout joints to he determined.
For the representative system studied, the USA results for adhesiv e shea r stress and grou t
co mpress ive stress were 80-85°,.{, of the FEA res ults. Hence , in suc h systems. th ese stresses
might be inferred from DSA resu lts. Th e effect on adhesive peel and compress ive stresses of
cha nges in sys tem parameters could not be inferred from CSA res ults. Correc tions to Table
2 Banks and Bowman 113] are given in Appendix 2 to this paper.

It wa s found that halving the adhesive layer thickness significantly in creased the
adhesive sh ear stress while reducing the adhes ive peel s tress, and little cha nging th e other
stresses (except for a large increase in grout compress ive stress for the low modnlus adhesive).
Reducing the elastic modulus of the adhesive by a factor of 20 reduced all s tresses by factors
of about 3 to 7. However, Divisional test results had shown tbat the failu re shear s tress of
the low modulus adhes ive was about a tenth of that of the moderate modulus adhesive. In
suc h cases. the low modulus adhesive would appear more likely to fail. Th e parti al ana lyses
indicated that the adhesive shear. peel and compress ive stresses, and the grout co mpressive
stress all increased appreciably for the low mod ulus adhesive when the movem ent joint
spacing was increased by a factor of 4.

The au thors have also concluded from mainly unpublis hed asso ciated computations
for this case (including those for the append ed correctionsl. that while FEA provides a
general solut ion. the shear. compressive and pee l stresses obtain ed for the adhesive depend ed
on the finit e element grid size. Th us, the prediction of failure in a tiling sys tem requires the
test ing to failure of a similar phys ical experimental model . as well as FEA of both the system
and the model.

Bowman and Banks [2 7] considered a represen tative external wall tili ng system subject
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Fig. 14 Temperature profile in tilin g system.

Figures 8 and !l depict the adhes ive
shear a nd norma l s tresses at th e til e
sur face. Figure 10 gives the normal stress
con tour plot in the adhesive layer adjacent
to th e movement joint. Figure 11 gives a
simi lar p lot wh ere there is on ly 50 %
ad hes ive coverage conce ntra ted at the tile
ends . II ca n be seen that th e reduced
coverage significantly increases the stress
levels. Fur thermore, the loca tion of the maxima and minima di ffer from that induced hy
uniform different ial movement (Figure 7). Th e consequence of pa rtia l adhesive coverage
also res ults in a different tensil e stress distri bution at the tile surface. Unlike th e case for
uniform til e expansion [Figure 6), the st resses in Figure 12 are compressive . This is du e to
the tile surface ex pa nding more than the res t of the tile du e to the assumed temperature
profil e through the tile.

to th ermall y ind uce d non-uniform
differential movem ent (from tile tran sient
heating], with full and parti al adhesive
coverage, using similar cons traints to those
in Figure 2 and simila r ass umptions to
th ose in Ref. (13J.

Doubling the adhesive layer thi ckness significantly reduced the shear and compress ive
adhesive stresses at both the tile and su bstrate surfaces. Th e peel stresses decreased sligh tly.
unlike the cas e for uniform tile expans ion wh ere the peel stresses increased significantly.
Reducing th e elas tic modulus of the adhes ive by a factor of20 reduced the adhesive stresses
by a factor of about 5. It also reduced the grout compress ive stress by 20%, wh ile decreasi ng
th e compression in the sur face of the tile towards tension values.

Th e reducti on of th e adhes ive coverage to 50% significantly increased adhesive shea r
an d peel stresses, the increases being greates t when the par tia l coverage was at the ends of
each tile. Th e autho rs hav e concl ude d, from unpublished ass ociated compu tatio ns for thi s
case, that while FEA provides a general solution, th e compressive stresses obtai ne d for the
ad hesive depended on th e finit e eleme nt grid size [but not the shear and peel stresses).

Summary of past FEA studies

Th e above exa mples of finit e eleme nt modelling reveal quite different ap proaches . It
ca n be seen th at the trends that are evident in one loading condition may be qui te different
in another pra ctical situation. Fur thermore, in most pra ctical situat ion s, there will be several
differen t typ es of movements occurring simultaneo us ly. Tiling sys tems are very complex,
and it mu st be not ed that the past studies hav e mad e several s impli fying assumption s.
These include an assumption that the substra te is stress -free at the tim e of tiling, and that it
is planar and has uniform thermal and moisture movements . Th e adhes ive is ass umed to
have elas tic rather than viscoe lastic properties, and the assumed uniform characteristics
are those that are determined under laboratory conditions at one point in time. Adhesive
shrin kage is gene rally assumed to be negligible. The ceramic tile is assume d to be a stress­
free rectangular pri sm with plan ar sur faces and two pairs of parall el edges. It is assumed
th at th e grout joints are free of all adhesiv e. Movements du e to structural deflection s , cree p,
foundation movements and wiud loading have genera lly been neglected .
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McLaren et 01. [26) noted that there are great variati ons in the publish ed mech ani cal
proper ties and ultimate stresses of tiles. adhes ives and grouts. as is evide nt else where [11.
191 . Eve n wh ere th e properti es are determined for specific materials. one sho u ld recog nise
tha t laboratory preparati on and loading conditions are quite different to those that occ ur in
practice. and there may be a differen ce in performance.

ADHESIVE EVALUATION FOR TILI NG SYSTEMS

Ad hesive load ing in tiling syste ms

In tiling sys tems. differential movement between tiles and subs tra te may he caused by
irreversible movement of tiles or substra te. transient heating. wetting or structura lly induced
bending of the sys tem. Different patterns of shea r and ten sil e (peel) stresses are induced in
the adhesive layer. each resulting in adhes ive de formation and possib ly failure. Failure
predicti on requires predi cti on of maximum stresses or strai ns. and kn owl edge of failure
values.

Ad hesive testing

The re are standard tests for the shear and tensile strengths of adhes ives, whi ch produce
differentia l movem ent loading hy force. Neit her test produ ces pur e shear or tensil e strain .
and the resulting stresses are not un iform over the specimen, though these effects are small
for the ten sile lest. Figure 13 is a classic diagram for th e deformations and shear stresses
occ urring in a lap joint on shear loading. Average valu es of failure stresses over a specim en
are obtained. which arc not comparable wit h the peak shear valu es resulting in failure in
shea r tests or tiling sys tems.

These tests are useful for the comparison of adhes ives . This comparison is und er
idea l conditions and with sm all specimens. 1\ resulting ranking of adhesives dep ends on
th e ambient and othe r conditions used.

It sho uld be noted that the draft Europea n Norms for ceramic tiling adhesives do not
require the determination of the shear strength of cemen titious adh esives . or the tensile
strength of dispersion adhesives. The logic for this is hard to determine given some of the
conclusions tha t can be drawn from the mode lling of tiling sys tems . It see ms evide nt tha t
the primary cause for tiling sys tem failu res is related to both shear an d ten s ile stre ngt h. In
pra ctica l sit uations. failures probably occur when strain ra tes exceed cree p relief rates [171.

Prediction of stress and strain in tiling sys tems

Shear deformation method

Some adhesive manufacturers have used a compa rison of unrestrain ed differential
movement with the shea r deform ation of an adhes ive at failure to predict wh ether the
adhesive would fail in the system . This method is defici ent in several resp ects:

1. Adh esive shea r strain (deformation/thickness) determines failure. ra th er than
adhesive shear deformation.

2 . The unrestrai ned different ial movement of a tiling sys tem is mu ch greater than
the resulting shear deforma tion of the adhesive. because the tiles and substra te suffer tensile
or compressive deformation wh en restra ined . For example. in the case presented in lin e 2
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of th e Tabl e in Ap pendix 2 . the adhe sive shear deformation is 63 % of the system di fferential
movement.

3. Studies offailed tili ng systems suggest tha t tili ng ad hesive fails in a combina tion
of shear and pee l. indica ting that shea r strain is not the sole cri tica l factor determining
fail ure.

Differential movem ent determination

Adhesive manu facturers who are using the above shear deformati on method have
calcula ted differential movement using the length of a tile. whereas the distan ce between
movement joints determines differential movement. Th ese manufacturers have considered
di fferential movement induce d by heating of the tiles alone . This occ urs during a tran sient
period before the substrate is also heated. In such transien t heating. the tiles are non-uniformly
heated , with th e outer face heated an d the inner face unheated . like th e substrat e. As a
result . a transient temperature profile is set up through the til e. For exa mple. in Figure 14
the outer face of the tile is at 60°C. while the inner face and substra te are still at 20°C. The
average tem perature rise of the til e would then be near 20°C. not 40°C as assumed by the
adhesive manu facturers. When the substrate begins to heat . the differential movement may
reduce . becau se the thermal expansion coefficie nt of concrete is grea ter than that of the
ceramic tile. Therefore. manufacturers applying the shear deformat ion meth od incorrectly
es timate appli ed differential mov ement.

Finite element analysis

Th is nu merical meth od. available in commercial compute r packages. enables th e stress
and stra in distributi on in a tiling system to be determined for give n differen tia l movem ent
and assumed ma teri al properties . The computation is substantial even where only elas tic
materi al properties are considered. Some results depend on th e finite eleme nt grid size
used. Actuall y. the pl astic and viscou s prop erties of the adhesive need to be considered to
predict ad hesive failure. Furthermor e. it sho uld be recognised that many failures wil l tend
to occ ur due to an irreversibl e process of localised bond failure where there is a progressive
reducti on in the total bon ded area.

However. even assuming elastic properties . results can be quickly obtaine d for th e
effects of cha nges in sys tem parameters. showing propen sity to failure. These tren ds have
been found to differ between uniform tile expans ion [13] and non-uniform til e expa nsion
(from tran sient heati ng) [27]. but mixed modes of differential movem ent are likely to occ ur
in practi ce. When one cons iders all of the possible sources of movements . th e inherent
differences in material prop erti es , and the potential variations arising from differences in
co ns truc tio n tec hniq ues and installation practices. one can ap preciate the enormity of the
prob lem of predicting the performance of tiling syst ems. However. give n th is level of
complexity. the best approach appears to be to determine th e influen ce of di stinct aspects
of the overall behaviour. before developing a composite mod el to underst an d a parti cular
situation.

Physical experimental model

Tb e maximum stresses predicted using FEA wit h elastic properties can be used to
predict failure when a ph ysical expe rimental model simila r to the tiling system is test ed to
failure and similarly ana lysed [20]. as detail ed in Appendix 1.

The standard adhesive shea r test does not provide a similar ex perime ntal mod el .
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becau se it is load ed by force, producing a combina tion of shear and ten sil e stresses di fferen t
from that produced by direct differential movement , as occurs in a tiling sys tem. Hence a
pra cti cal physical experimental model for use in predicting adhes ive failure in tiling sys tems
rem ains to be devised.

In this con tex t, it is worth noting that since th e tensile stress on the til e surface is not
uni form (Figure 6). the use of s train gauges to determine the stresses occurring wi thin til ing
sys tems, as used in Refs [15, 28], might be influen ced by the location an d orienta tion of the
stra in gauges .

CONCLUSIONS

Partial analyti cal approaches can be used to estima te the shea r stress conce ntra tions
in tiling sys tems, but are presently ina dequate for predicting pee l stresses. The refore, FEA
becomes necessary for predic ting all the stresses that occ ur within tiling systems and their
concent rations, parti cularly in the critically load ed regions of tiling runs.

At the present stage of progress in the finit e element mode lling of til ing sys tems , it is
to be expected that particular investi gati ons will concentra te on specific aspects of the
overall complex compos ite probl em . Thus McLaren et a1. [26] have cons idered sys tems
with differential movement caused by bending of th e sys tem, while Naniwa et 01. [25] have
looked at a cross sec tion half a til e wid e in cons idering the effect of di fferential movement
on a tiling sys tem. Banks and Bowman [13, 27] have also cons idered differential movement ,
but over the dis tance between movement joints , finding that the stress distribution con tours
for un iform tile expans ion [13] and non-uniform til e expans ion (from tran sient heati ng)
[27] are quite different ; also, the adhes ive stresses increase from til e to til e suc h th at they
are at a maximum close to movem ent joints. Su ch modelling allo ws several conclusions to
be drawn about the design of tiling sys tems and the selec tion of materials. Naniwa e/ 01.
[25] have obtained data that can be used to improve the design of external wall tiling systems .
McLaren et 01. [26] were able to demons trate the role of the grout joints in the failure sequence
that occurs when a floor bends. Th ey showe d that the design ru les for tradition al ceme nt­
based adhesives shoul d no t be applied to recently developed polymeric adhes ives , and
sugges ted several modification s to the design guide lines. Thus, while the approaches taken
have been very differen t, all of th em are useful as each has provided fur the r in sight into a
speci fic as pec t of the overa ll (highl y complex ) problem .

Whil e parti al ana lytica l methods can be used to obtain an indication of the likely
ad hesive shear stresses, one has to be very aware of the ass umpt ions that have been mad e
and the limitations tha t thus apply. Such methods may provid e more cost-effect ive so lu tions
in some circums tances . Ass ump tions also have to be mad e with res pec t to finite clemen t
mod elling, and there are again limitati ons that one must recogni se. One mu st co mplemen t
th e FEA with test s to failure of a ph ysical experimental model , but suc h procedures have
st ill to be full y developed . FEA can ass ist in product developm ent as it provi des a means of
rapidly and cost-effective ly determining the re lative effect of modifying a sys tem param eter,
prior to confirmatory testing. A better knowledge of the time-dependen t beh avi our of the
sys te m co mpone n ts will allo w devel opment of more reli abl e mod els , ass is te d by th e
continue d development of more powerful finite element software.

FEA indicates that there is a potential deficien cy in draft European Nor ms for ceramic
tiling adhesives since th ey do not require th e determinati on of th e shear s trength of
cementit ious adhesives, or the tensil e strength of disp ersion adhesives. The logic for thi s is
hard to determine given some of th e conclus ions that can be drawn from the modell ing of
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The ident ification of locati on s whore crit ica l s tresses will occur is important , because
one can take particu lar care to ens ure th at hest work practices are foll ow ed at these locati ons.
However, thi s is on ly a partial so lu tio n.

Analysis of th e stresses in ad hesive joints is essen tia l for effic ien t design , particularl y
if rea listic factors of sa fety are to be used. In the des ign process it is important to kn ow
unambigu ousl y the mechanical propert ies of the materia ls used. Ad hesive manufacture rs"
produc t literature often extols th eir techni cal virtuos ity. Sad ly, the ir co n tribu tio ns to th e
sc ien tific lit erature are in consistent with th ese rai sed consumer ex pectations. If consumers
are to realise th eir expectations of improved li fe cycle performance , more information must
be made available to des ign ers. This sho uld in stil grea ter co nfide nce in arch itects , and
enable til es to be more widely used in applications suc h as hi gh-rise ex terna l facades.
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APPENDIX 1: METHOD FOR FAILURE PREDICTION IN TILING SYSTEMS (AF fE R [20ll

Th is method requires the ass ump tion of the particular peak stress in th e tiling sys tem
causing failure of th e sys tem. Making this ass ump tion is ass isted by the inspect ion of failed
cases of the tiling sys tem. A phys ical experimental model of the tili ng sys tem is cons tructed
that uses th e sa me materi als as the actual sys tem. Also. if the peak stress assume d to ca use
failure is "singular". then its st rength (defining peak sharpness) is made the same in the
mod el and the actua l sys tem. Consi dering sys tem load ing from differential movem ent and/
or bending effects. it follows that for the model (m) and actnaI sys tem (as):

(a) Th e failure peak stress (the actual peak stress for the failure load ing) is th e same, thns:

{actual peak stress for failure load ing)", = {actual peak stress for failure loading}", (1)

(h) Th e ra tio of ac tua l peak stress for load ing L to the lin ear-elast ic FEA (LE-FEA) predicted
peak stress for loading L is the same. where loading L is any given load ing, thus . from (1)
and (b):

ILE-FEA predi cted peak stress for failure loadingl",
= ILE-FEA predi cted peak stress for failure load ingl,

(c) The LE-FEA predicted peak stress at failure loading is given by:

(LE-FEA predi cted peak stress for loading L) (failure loading) I (loading L);

thus. from (2) and (c):

(2)

{(LE·FEA predicted pea k stress for loading L) (failure loading) I (loading LJI",
= {(LE·FEA predicted peak stress for loadi ng L) (failure loading) I (loading LlI" (:1)

The refore . the pred icted failure loading of the ac tual sys tem is given by:

(fail ure loading of model) x (LE-FEA predicted peak stress of model for loading L)
(LE-FEA predicted peak st ress of actual system for Loading L)

where the sa me FEA grid size is used in the LE-FEA of the model and the actual sys tem.
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There is a need to gain experience in applying the method to tiling systems. This will
involve designing and conduc ting expe rime nts suited to representative tiling systems and
LE-FEA.

APPENDIX 2: CORRECfIONS TO «PREDICflON OF FAILURE SYSTEMS" (13 )

1. Stresses for 3 mm adh esive-layer thickness

For the 3 mm ad hesive-layer th ickness, a FEA grid size of 2 x 1 mm was used instead
of the 2 x 0.5 mm size indicated in Table 1. The FEA determinations for thi s layer th ickness
have been rep eated with the indicat ed grid size, increasing adhes ive peel and com pressive
stresses significantly. The correc ted results are shown in the revised Tabl e 2 given below.
The effect of change in adhes ive-layer thi ckn ess is no longer qu alitatively the same in res ults
from hoth FEA and CSA for adhesive compressive stress. Th erefore, the effec t of changes in
system parameters on this stress can not be inferred from CSA results. Also , the red uction in
adhesive peel stress from halvin g adhes ive-layer thickness for th e low-modulus adhesive is
no longer small, bu t smalle r than for the moderate-modulus adhesive.

Corrected Tahl e 2

Maximum stresses (3D) in the representative ceramic floor tiling sys tem
(Table 1). with complete adhes ive coverage, 0.03% tile moisture expa ns ion

and 0.01% substra te shrinkage.
Results from FEA in bold type: results from DSA in italics;

and (results from CSA in bra ckets)

M ovement Adhesive Adhesive stresses Tile surface Grout
joint M odulus Layer Shear Prel Compressive tensile compressive

spacing E thickness stress stress
(m) (M ra) (mm) (Mra) (M P,,) (M Pa) (M Pa) (MPa)

1.215 25.0 6.0 0.325 (0. 143) (0.l\l!9) 8.9

3.0 0.533 0.637 1.119 1.16 11.8
0.469 <0.235) (1.132) IO.3

1.5 0.799 0.288 0.980 1.13 12.6
0.665 (0.355) (1.708) 1/. /

1.25 6.0 0.034 (0.005) (0.022) 1.3

3.0 0.074 0.103 U.I34 0 .29 2.8
0.064 (0.012) (0.057) 2.3

1.5 0.134 0.077 0.132 1).35 4.8
0.1/3 (0.028) (0.137) 4.0

4.851 25.0 3.0 0.462 (0.252) (1.2 15) 10.9

1.215 0.469 (0.235) (1.132) 10.3

4.85 1 1.25 0./03 (0.050) (0.24 1) 9.7

1.215 0.064 (0.012) (0.057) 2.3
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2. Modulus E of equivalent tile in DSA

The modulus E of the equiva le nt tile (combining til es and gro ut joint s) used in DSA
depends on the number of tiles in a tile run, becaus e the num ber of gro u t joi nt s is one less
than the number of til es. Th e valu e of equiva len t til e modulus used in the paper (15 .8 CPa)
applies for a tile run with vHry man y tiles, For the tile run with four ti les ana lysed . the
equivalen t ti le modulus is 5.5% greater . RlHI the stresses predict ed by DSA are grea ter by up
to the sa me proportio n for the moderat e-modulus ad hesive. For the low-modulus ad hesive ,
the predict ed s tresses are greater or less by up to a few per ce nt. The co rrected s tresses are
given in the above tab le.

3. Movemen t joint wid th and spacing

The movemen t joint width used was lJ mm, instead of the 3 mm ind icat ed in Tab le 1.
A check in one case showe d that red ucing this width from lJ /l 1l11 to 3 mrn had a negligib le
effec l on the maximum values of all stres ses, exce pt tile-sur face tensile stress, for which the
maximum in cr eased by 2.6% . Th e movement joint spaci ng has been correc ted in th e abo ve
tabl e.
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