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FLEXURAL TESTING MACHINE AS AN 
OFF-LINE CONTROL SYSTEM FOR 

QUALITY MONITORING IN THE 
PRODUCTION OF BENDED CERAMIC 

TILES 

 
Abstract: The capability to bend in a controlled manner Grès 
Porcelain stoneware tiles passing by a very exclusive process 
of pyroplastic deformation opens up entirely new opportunities 
in utilisation of this important family of ceramics. A bended 
tile can be exploited in innovative applications, such as stairs, 
shelves, benches and even radiators, turning this element from 
a simple piece of furnishing in a modern functional 
component. But this change in functionality also requires a 
different approach in the quality control, both at the product 
and process levels, that can no longer be limited to the use of 
tests specified in the regulations for traditional ceramics (e.g. 
colour, porosity, hygroscopic ...). This article describes the 
first device so far devised for the verification of resistance to 
bending of curved tiles, discussing the correct way of use. The 
adoption of this particular equipment as an off-line control 
device can represent a valid strategy for monitoring the 
product and process quality. 

Keywords: Grés Porcelain, mechanical tests, equipment 
design, international standard, quality control 

 
 
1. Introduction1 

 
Far from representing the current popular 
opinion, Grès Porcelain stoneware can be 
rightly considered as an very advanced 
material: compact, durable and economical, 
especially suited to meet the needs of the 
world of construction and civil buildings 
(ISO 14411, 2012). The porcelain stoneware 
slabs are obtained by a sintering process of 
ceramic clays, feldspar, kaolin and sand 
(Dondi, 1999). These basic materials are first 
milled into "slips" and then finely atomised 
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until a granulometrically homogeneous 
powder is obtained. At this point the mixture 
passes to the pressing phase where forces are 
applied by a mechanical compression of the 
order of 500 Kg per cm² before proceeding 
towards the oven for the thermal treatment. 
The firing takes place at a temperature of 
about 1150-1250°C in long kilns, up to 140 
meters, where the raw material is gradually 
brought to the maximum temperature, 
maintained there for about 25-30 minutes. It 
follows a gradual cooling down to the 
ambient temperature. The cooking process 
determines the transformation of powder in 
ceramic ("vitrification"), attributing the 
typical characteristics of abrasion resistance, 
water resistance and longevity. Extremely 



374           

popular, th
a valid coa
outdoor, ra
A deep 
regarding 
porcelain 
activity in
during the
progressive
processes 
importance
available in
several re
technologie
present on 
from 5x5 
tiles”) and
Nowadays,
perfect solu
practical a
bathrooms 
perfect for
as airports,

 

 
This proc
combinatio
secondary 
bend the p
Everything
On the inn
are realize
grooves h
extreme pr
guide durin

                       

he grès porcela
ating solutions 
anging from pu
analysis with
the global si
tile manufact
grès porcela

e last decad
e improvemen
and products

e of the ti
n (Sanchez et a
ecent develop
es, producers a
the market tile

to 100x300c
d thickness fr
, grès porce
ution in a extre
applications: fr

or swimming 
r coating large
 squares and p

cess is base
on of tool 
firing in an ov
orcelain stonew

g starts from a
er side of the t

ed using a to
have to be 
recision, since 
ng the bending

                      

ain stoneware 
for both indoo
ublic to the pr
h relevant d
ignificance of
ture, the scie

ain tile’s perfo
des (including
nt of quality
s) and the o
ile’s business
al., 2010). Than
pments in ce
are now availa
es with sizes ra
cm (“large f
rom 3 to 20 
elain represen
emely large ran
rom small tile
pools to huge 

e sized spaces,
ublic buildings

Figure 1.

ed on a p
machining 

ven which allo
ware tile (Figu
an ordinary fla
tile several inc

ool machine. T
modelled wit
they will serv
g phase. The 

C. Fragassa

offers 
or, and 
rivate. 
details 
f grès 
entific 
ormed 
g the 
y for 

overall 
s are 
nks to 

eramic 
able to 
anging 
format 

mm. 
nts a 
nge of 
es for 
slabs, 
, such 
s.  

Acc
by t
the 
tiles
con
sim
mor
porc
in t
elem
for 
com

On 
rela
Italy
200
com
prob
porc
dim
imp

Bending proce

proper 
and 

ows to 
ure 1). 
at tile. 
isions 
These 
th an 
e as a 
tile is 

then
refr
roll
tem
cali
has 
con
tem
thre
app

cording to a ro
the author, star
most recent 

s sales (Serri 
nsidering, as an

milar sectors, it
re than 750 mi
celain stonewa
the World. At
ments have the

application
mmercialized in

the contrary, 
ated to an innov
y more than 

03), but only 
mplete troubl
blems (Conti, 
celain tiles 

mensions, thus 
posed by the pl

ess for a tile 

n placed on sp
ractory materi
er kiln (Figure

mperature stag
ibrate the therm

to be subjec
ntrolled phase 
mperature of t
eshold, visc
pears in the m

 

ough estimatio
rting from data
investigation 
 and Luberto

nalogy, the mar
t is possible to
illions square m
are are produce
t the same tim

e same “intrins
n: they ar
n flat slabs. 

 some interes
vative process 
10 years ag

recently refin
leshooting o
 2014), allow

shaped in 
overcoming th

lanar form. 

special shaped 
ial, which sli
e 2). The oven,
es, is able t

mal profile to w
cted. There is 
of slow heatin
the tile reach
coplasticity 

materials, bette

on carried out 
a provided by 
available on 

o, 2011) and 
rket trends of 
o declare that 
meters of grès 
ed every year 
me, all these 
sic limitation” 
re entirely 

sting patents, 
developed in 

go (Fabbroni, 
ned toward a 
of technical 
w to produce 

the three 
he limitations 

 

supports, of 
ide inside a 
, divided into 
to accurately 
which the tile 
 a long, but 

ng. When the 
hes a certain 

phenomena 
er known as 



“pyroplasti
ceramic b
material i
modelled 

 
The potent
and bended
range of 
constructio
Luberto, 2
be used, fo
step, a skir
a shelf, a 
more (Figu

But this 
correctly im
and very
methodolog
Internation
 

Figure 4

 
The necess
both to 
processes, 

icity” (Berna
becomes duct
s deformed b

(by pyropla

Figure 2. Tile

tial of bending
d ceramic tile
applications f

on and archit
011). A bende

for example, to
rting board con

corner of the
ure 4). 

change in fu
mplemented, a

y different 
gy adopted i

nal standards, l

4. Advanced so

sitate to pay a
the control 
combined wi

ardi, 2006): 
tile, the mas
by gravity an
astic deform

es entering in o

g technology is
s can cover a 
from the wor
tecture (Serri
ed ceramic tile
o make a com
nnected to the 
e house, and 

unctionality, t
also requires a
approach to 
in quality co
largely used fo

olutions in arch
ext

particular atte
of products 

ith the almost

the 
ss of 
nd is 

mation) 

cou
proc
fina

 

     
oven            Fig

s huge 
wide 

rld of 
i and 
e may 
mplete 

floor, 
much 

to be 
a new 

the 
ontrol. 
or the 

qua
tiles
tiles
acco
mor
elem
the 
gen
enti
dec
limi
the 
(Fra

    
hitecture permi
terior edges in 

ention 
and 

t total 

lack
used
bee

uching the sha
cess ends wit
al exit from the

gure 3. Tiles ex

ality classificat
s, are too limi
s. In fact, these
ount how a ti
re to a mecha
ment of furnitu

ISO 13006 
neral EN 1441
irety, to ceram
orative coating
its of applicab

case of curv
agassa, 2015).

itted by bended
villas 

k of specific 
d as a valuabl
n the central 

ape which sup
th a slow coo
e oven (Figure 

xiting from ove

tion of traditio
ited in the cas
e standards do 
ile folded tent
anical compon
ture. On the c
and 10545 th
1 appear to r
mics for arch
g. A detailed an
ility of the exi
ved tiles is 

d tiles as steps 

standards whi
le reference fo
motivation fo

 

375 

pports it. The 
oling and the 
3). 

 
en 

onal ceramic 
se of bended 
 not take into 
t to resemble 
nent that one 
ontrary, both 

hat the more 
refer, in their 
hitectural, or 
nalysis of the 
isting rules to 
presented in 

 
& stairs or 

ich could be 
or testing, has 
or this study. 



376           

The need 
accurate t
bended ti
particularly
currently, n
studies 
transforma
bending ph
mechanical
analysis is
publication
where a 
proposed 
viscoelastic
during be
commercia
research i
marginal 
assumption
the materia
terms of ti
viscoelastic
relaxation 
unpredictab
This vari
application
especially 
accurate e
mechanical
Without a
TQM, invo
quality asp
(Fragassa 
different m
transform 
products.  
 
2. Qualit
 
In the cera
the implem
a multistag
the last d
traditional 
mechanical
already de
neural n
simulation 
several s

                       

of implemen
ests for the 
les and ben
y relevant als
neither theoret
specifically 
tions occurred

hase focusing t
l functionalit
s represented 
n of the autho

methodologi
aiming at 

c response 
ending proces
al Finite Elem
it is showed
changes in 

n in models, pa
al behaviour a
ime- and temp
city (e.g. shi

modulus), 
bility in tiles
ability reduc

ns where bende
limiting their 

estimation of
l proprieties

a different ap
olving a deepe
pects, as describ

et al., 2014
market sector
the bended t

ty in ceram

amic industry 
mentation of m
ge quality cont
decades, it is

industry (
l) where very r

eveloped even 
network-fuzzy 

(Azadeh et 
studies also 

                      

nting specific
quality contr

nding process
o considering
tical, nor num

investigate 
d in tiles durin
the attention of
ty. A prelim

by a very r
or (Fragassa, 
ical approac

modelling 
of grés porc
s by the us

ments codes. In
d how appa

inputs or 
articularly rega
and its respon
perature- depe
ifting function
lead to a 

s’ final propr
es the rang
ed tiles can be 

adoption whe
f dimensional
s is mand
proach towar

er comprehensi
bed, for instan

4) and referre
rs, it is har
tiles in large

ic industry

in general, ev
ethods and too
trol has advanc
s still behind
(as chemical
refined solution
involving art

algorithms 
al., 2010). A

investigated 

C. Fragassa

c and 
rol of 
es is 

g that, 
merical 

the 
ng the 
f their 

minary 
recent 
2016) 
h is 

the 
celain 
se of 
n this 

arently 
even 

arding 
nse in 
ending 
ns of 
large 

ieties. 
ge of 

used, 
en an 
l and 
datory. 
d the 
ion of 

nce, in 
ed to 
rd to 
-mass 

ven if 
ols for 
ced in 
d the 
l or 
ns are 
tificial 

of 
Adding 

the 

inte
vari
man
Her
201

Thi
cera
that
tech
kno
prog
app
whe
con
prop
qua
stru
prod
cha
sinc
tran
(de 
trad
mus
rang
(low
aest
rest
con
tech
indu
prod
Inte
to 
mec
hard
resi
poli
aspe
them
fina
tole
rega
trad
mon
(San
emp
mod
tiles

eresting aspect
iations along 
nufacturing p
redia and Gras
1).  

s methodolo
amic sector is
t it works w
hnologies cha
owledge in u
gressed far le

plications (as h
ere a detailed s

ntrolling unc
posed). An ad

ality control 
uctural and che
duct, makin
racteristics to 
ce the co
nsformations o

Noni et al.
ditional ceram
st meet a num
ge from purel
w porosity a
thetic qualities
tricting the im
ntrol systems.
hniques of co
ustry would b
ducts. In ge
ernational Stan
be characteriz
chanical stre
dness, chem
istance and 
ishing, glazin
ects are clearl
m contribute to
al product. At
erance of spec
arding the ge
ditionally used
nitoring the 
ntos-Barbosa, 
pirical relation
del for predict
s (diameter an

 

ts of the tran
the different 

process (as 
s, 2010; Hered

ogical backw
s partly related
with draft m
aracterized by 
unit operation

ess than in oth
highlighted in 
state of arts of 
conventional 
dditional aspec
difficult stem

emical nature o
ng the req

be multiple a
omplexity of
occurred durin
., 2010). In 

mic tiles, the 
mber of requi
ly technical c
and wear re
s (gloss and d
mplementation
 An implem

ontrol in the 
be justified fo
eneral, accord
ndards, a porc
zed by water
ength, frost 
mical resista

aesthetics (
ng, etc.). Ev
ly not homoge
o the overall q
t the same ti

cific properties
eometrical dim
d as a frontlin

quality of 
2013), fo

nships used 
ting the final d
nd thickness) 

nsmission of 
stages of a 
reported in 

dia and Gras, 

wardness in 
d to the fact 

materials and 
y a level of 
ns that has 
her industrial 
Edgar, 1996) 

f solutions for 
process is 

ct that makes 
ms from the 
of the ceramic 
quired end 
and complex, 
f chemical 

ng processing 
the case of 
end product 

irements that 
characteristics 
esistance) to 
design), often 
n of quality 
mentation of 

ceramic tile 
or high value 
ding to the 
elain tile has 
r absorption, 

resistance, 
ance, stain 
(e.g. colour, 
ven if these 
eneous, all of 
quality of the 
ime, a strict 

s, particularly 
mensions, are 
ne control for 

process. In 
or instance, 
to obtain a 

dimensions of 
in lab scale, 



taking into
experience
was develo
aspects r
implementi
type of ind
to the large

One of the
to the dime
and form)
control is t
tiles within
dimensiona
been broad
using diffe
fired bod
compositio
processing 
preparation
of these w
tentative a
future-auto
in the cer
pressing an
more deepl
of an indus
its particle
fired densi
al., 1984)
proposes 
excessive 
dimensions
the density
moisture, th
shrinkage, 
variations 
cause signi
and loss o
importance
under a s
similar r
methods/sy
monitoring
pressure, t
line measu
the applica
traditional 
be verified
nevertheles

o account the d
d along the m
oped. In the s
regarding th
ing automating

dustry is also d
e variety of pro

e main quality 
ensional unifor
. The challen
to produce the

n a standardize
al changes of 
dly studied in

erent approache
ies has bee

on of raw 
paramet

n, forming, and
works could b
approaches to
omated control
ramic tile ind
nd firing steps
ly. For instance
strial powder a
 size distribut
ities were stud
. This large 
corrective so

deviations 
s of the final 
y distribution o
he compacting
etc.. It is stat
of only 0.1%
ificant deform
of functionalit
e to keep the 
trict and stab
esearches al
ystems for 
g of powder m
emperature of

ures. Even if th
ation of a TQ
ceramic manu

d, as in (de N
ss, the influe

dimensional ch
manufacturing 
same work, se
he difficulty
g controls insid
iscussed and r

oducts. 

concerns is r
rmity of the tile
nge of dimen
e highest amou
ed specification

ceramic tiles 
n the last dec
es. The final s
n related to

materials a
ters, incl
d firing steps. 
be associated 

o provide dat
l of unit opera
dustry. Particu
s have been st
e, the character
and the influen
tion on the we
died by (Amor

investigation
olutions relate

from req
products adju

of basic eleme
g pressure, the 
ed that dimen

% can be enou
ations on large
ty. Considerin
process param

ble control, se
so propose 

the eff
moisture, compa
f fire, even wi
he positive eff

QM approach i
ufacturing is ea
Noni et al., 2
ence of the 

hanges 
steps 

everal 
y in 
de this 
elated 

elated 
e (size 
sional 
unt of 
n. The 

have 
cades, 
ize of 

o the 
and/or 
luding 
Some 

with 
ta for 
ations 
ularly, 
tudied 
ristics 
nce of 
et and 
ros et 

also 
ed to 
quired 
usting 
nts in 
firing 
sional 

ugh to 
e tiles 

ng the 
meters 
everal 

new 
fective 
action 
ith on 
fect of 
in the 
asy to 
2006), 

main 

proc
inte
(ma
acco
the 
Fur
dire

Out
gen
met
indu
be e
mon
effi
on 
indu
spec
proc
thre
dryi
and
clas
case
is 
con
to b
and
inde
com
plan
gam
As 
TQM
spec
mon
fort
ben
one
term
pres
con
con
 
3.

 
Thi
ana
equ

cess variable
ermediate cha
ass, size and
omplished in 
tile manufact

rther efforts 
ection. 

tside several c
nerically referab
thods and tool
ustry, addition
expressed rega
nitoring bendin
cient and func
processes an

ustry has to
cificities. The
cessing of gr
ee main stages
ing of the raw 

d decorating of
ssifying of the
e of bended til
also added: a

nsists in a furth
bend the flat sh
d gravity. This 
ependent by 

mmonly realiz
nt and can be a

mma of flat tile
a consequence
M for bende
cifically refe
nitoring the qu
th stage of 
nding) without
es (used for 
ms, in the fo
sent article, th

nstant basis 
nsideration. 

Internation
applicabili

s investigation
lysis of c

uipments used 

es on the 
aracteristics o
d thickness) h

the literature
turing process 

are necessa

concepts here 
ble to the appli
s in the traditi
nal considerati
arding the use 
ng processes. 

ctional, a qualit
nd products 
take in coun

e convention
rés porcelain 
s: milling/mixi
 materials; pre

f the green bod
e finished pro
les, another sta
as previously 

her tile firing in
hape by “pyro
additional proc
the previous 

zed in a diffe
almost applied
es available on
e, wherever th
ed tiles is m
ers to the n
uality paramete
treatment (us

t considering 
tile productio

following sect
he quality of 
for every fu

nal standar
ity 

n starts from a
common me

in ceramics 

 

377 

final and 
of the tiles 
has not yet 

e considering 
as a whole. 

ary in this 

detailed and 
ication of TQ 
ional ceramic 
ions have to 
 of TQM for 
In fact, to be 
ty monitoring 
in ceramics 

nt of several 
al industrial 
tiles covers 

ing and spray 
essing, drying 
dy; firing and 
oduct. In the 
age, the forth, 
 detailed, it 

n kiln, leading 
odeformation” 
cess is totally 

ones: it is 
erent process 
d to the whole 
n the market. 
he concept of 
mentioned, it 
necessity of 
ers along this 
sed for tile 
the previous 

on). In other 
tions of the 
flat tile is a 

urther TQM 

rds 

a preliminary 
ethods and 
tiles for the 



378           

evaluation 
resistance. 
10545 has 
standard ru
the qualify
function o
consists of 
test metho
Determinat
breaking s
and propri
grès porcel
(to be com
≥1300N an
as lower lim

These va
experiment
servohydra
machine, e
can be loa
and stress
acquired w
able to 
phenomena
selected/rea
the standar
is strictly d
reducing ex
For each 
permit to d
 
 
 

                       

of mechani
In this field,
to be recogni

uling the test m
ying characteris
of their use. T
f 17 different se
d. Anyway, o
tion of modul
trength refers 
eties. For insta
lain stoneware

mmercialized) 
nd a bending s
mits.  

alue can b
tal tests usin
aulic testing
quipped by a l
aded in contro
es measured. 

with an appropr
correctly mo

a. Grips and f
alized and pos
rds. Even the n
defined by stan
xperimental va
specimen, tes

determinate: 

                      

ical proprietie
, as first step
ized as the ess

methods provid
stics ceramic ti
This large sta
ections, one for
only the Part 
lus of rupture
to mechanical
ance, it report

e has to demon
a breaking str
strength ≥35N

be measured
ng, for instan
 frame fa
load cell. Speci
ol of displacem

Data have t
iate acquisition
onitor the f
fixtures have 
itioned accord
number of spec
ndard with the a
ariability.  
ts and calcula

C. Fragassa

es of 
, ISO 
sential 
ed for 
iles in 
andard 
r each 
4, on 

e and 
l tests 
ts that 
nstrate 
rength 

N/mmq 

d by 
nce, a 
atigue 
imens 
ments 
to be 
n rate, 
failure 
to be 

ding to 
cimen 
aim at 

ations 

In 
brea
used
brea
mod
ben
of t
con
The
stre
poin
but 
on-r
As 
thre
very
max
flex
grea
Thr
uses
to h
test
We
poin
for 

 the force
 the b

displacem
 the br

deformat
 the stress

the case of 
aking strength
d. It permits 
aking load, 
dulus of ruptu

nding force at a
the tile, the po

ntact with the p
ere are differe
ength, such as
nt and four-poi
also equibiax

ring and ball-o
reported in AS

ee-point test co
y small portio
ximum stress
xural strengths
ater than fou
ree-point flexu
s simpler test f
high temperatu
ing, and it 
ibull statistica
nt flexure is p
most character

 

e-displacement 
breaking l
ments 
reaking str
tion 
s-strain diagram
determination

h, a flexural te
the determin
breaking st

ure of a tile b
a specified rate
oint of applica
proper surface o
ent methods fo
s the most com
int flexural tes

xial disk flexu
on-ring are som
STM C1161, in
onfiguration ex
on of the spec
s. Therefore, 
s are likely 

ur-point flexur
ure has some a
fixtures, it is ea
ure and fractu
is sometimes

al studies. Ho
preferred and r
rization purpos

diagram 
oads and 

ength and 

m 
n of flexural 
est has to be 
nation of the 
trength and 

by applying a 
e to the centre 
ation being in 
of the tile.  
or measuring 
mmon three-

sts (Figure 5), 
ure test, ring-
metimes used. 
n general the 
xposes only a 
cimen to the 

three-point 
to be much 

ral strengths. 
advantages. It 
asier to adapt 

ure toughness 
s helpful in 
owever, four-
recommended 
ses.  



 
According 
(Fragassa, 
that ISO 1
point flexu
method f
flexural b
stoneware 
This test ha
monitoring
reported in

Using th
configurati

 br
to cau
read fr
 br
obtain
load b
rods)/(
 be
rupture
dividin
square
the br
rectang

 
4. Expe
 
This invest
providing a

 
Figure 5. A

to the prev
2015), it is p

0545/4 and, in
ural test repres
for measuring
behaviour of
even in the ca

as also been ap
g the process of
n Fragassa et al

he three-po
ion: 
reaking load is
use the test sp
rom the pressur
reaking streng
ed by multip
y the ratio (sp
(width of the te
ending strengt
e is the qua
ng the breakin
e of the minim
roken edge (
gular cross-sec

erimental eq

tigation aims, a
a precise and 

Application of l

vious investiga
possible to co
n particular, a 
sents an appro
g the mecha
f Grès Por
ase of bended

ppropriately us
f bending of til
l., 2014b) 

oint experim

the force nece
ecimen to bre
re gauge 
gth is the 
lying the bre

pan between su
est specimen) 
th or modulu
antity obtaine
ng strength b

mum thickness 
on the base 

ction). 

quipment 

as main objecti
detailed descr

loads with 3-po

ations 
onfirm 
three-

opriate 
anical 
celain 

d tiles. 
ed for 
les (as 

mental 

essary 
eak as 

force 
eaking 
upport 

us of 
ed by 
by the 

along 
of a 

ive, at 
ription 

of a
dev
tiles
use 
mea
mos
repr
usef
prod
proc
con

The
mod
with
of c
and
ana
eme
leve

It ap
to f
the 
is w
to 
alw
con
con
case
also
con

                    

oint and 4-poin

an experimenta
vised for the 
s. This validat
of this specifi

asurement of t
st stressed poin
resent an inno
ful not only fo
duction lot, b
cess paramete

ntinuous monito

e analysis wa
delling of me
h special regar
conditions adop
d constraints. 
lysis, a list
erged, includi
els.  

ppears immed
focus this inve
curved part of 

weakened by th
allow the fol

ways the po
ncentration in
nclusion is evi
es of broken til
o recognize ho
nditions of use

                    

nt flexural test 

al apparatus th
quality contro

tion test, perfo
ic equipment, p
the flexural str
nt for the tile. 
ovative opera

or the quality c
but also to o
ers and to 
oring. 

as initiated b
echanism and 
rds to the prop
pted in applica

From this 
t of design 
ing their effe

diately clear the
estigation on th
f the tile. This a
he incisions ma
lding, the oth
oint of gre
n exercise. 
ident by exam
les curves (Fig

ow this area, i
e, is subject p

 

              379 

 

he first so far 
ol of curved 
ormed by the 
passes by the 
trength in the 
It is meant to 

ational mode, 
control of the 
optimize the 
enable their 

by a careful 
movements, 

per evaluation 
ation of loads 

preliminary 
parameters 

ect of stress 

e opportunity 
he strength of 
area, one side 
ade on the tile 
her is almost 
eatest stress 

The same 
mining actual 
gure 6). It can 
in the normal 
redominantly 



380           

to a bendin
test equipm
pure bendi
additional 
 

 
The result
manually a
will compl
ISO 10545
of cerami
modulus of
failure. 

                       

ng stress. Con
ment was ima
ing moment in
requirement, e

t is a very 
activated, highl
ement what is 

5.4 on how to 
cs by calcul
f rupture and th

                      

nsequently, the
agined to prov
n the fold, wit
especially link

Fig

Figure 7. D

simple equip
ly functional, w
already requir
commission te

lating the fle
he effort of be

C. Fragassa

e new 
vide a 
th the 
ked to 

the 
dev
use

gure 6. Tile fa
 

Drawing of tes

pment, 
which 
red by 
esting 
exural 
ending 

In F
with

environment 
vice, to be robu
. 

ailure 

ting machine 

Figure 7 this 
h its main parts

1) supportin
2) fixing lev

tile 
3) gripping 

bended ti

 

of intended 
ust, reliable an

device is sho
s including: 
ng table 
ver for arrestin

system for 
ile 

use for the 
d of practical 

 

 

own, together 

ng the bended 

loading the 



4) en
tra

5) ba
al

6) lo
7) ha

of
8) ru

su
9) be

The tile i
where it is
by the fixi
tile through
binding to 
action of l
by the endl
translationa
When this
comes in c

 

 
A drafting 
8. 
 
5. Test m
 
With the a
faces sever

ndless screw
ansmission 
all joint for a
ignment of for
ad cell for eva

andlebar for a 
f loads 
ubber support i
urface contact 
ended tile unde

s lying on th
s blocked by t
ing lever. This
h the use of tw
the supporting
loading on the
less screw, the
al adjusting th
 movable par

contact with th

listed device is

methods 

aim at modelli
ral simplificatio

w for m

correct direc
rces 
luation of forc
manual applic

inserts for a c

er testing 

he supporting 
the pressure ex
s bar is close t
wo screws whic
g table. By a m
e handlebar, m
e operator impo
he gripping sy
rt of the equip
he curved secti

Figure 8

s available in F

ing force/cons
ons are possibl

motion 

ctional 

es 
cation 

orrect 

table 
xerted 
to the 
ch are 

manual 
moved 
oses a 
ystem. 
pment 
ion of 

the 
add
ope
tile.

The
read
join
and
of a
to th

All 
mad
inse
den
allo
of 
pres

8. Device techn

Figure 

strains 
le.  

As 
this
dim
cha
a b
free
alon

tile, the move
ditional load o
erator turns int
. 

e load cell h
ding the inten
nt, positioned b
d the gripping 
any misalignm
he contact surf

the structural 
de in construct
erts in ru
nsity=2170kg/m
ow to limit the
contact. In p
sent between:

1) tile and s
2) tile and g
3) tile and f

nical design 

first step, it i
s mechanism c

mensional pros
nges. In this ca
i-dimensional 

edom (instead 
ng the x axis, 

ement is no lon
on the handl
to a pressure 

has precisely 
nsity of this f
between the e
system, reduc

ment of the tile
face. 

parts of the e
tion steel (35C
ubber (a P
m3; G=500GP
e incidence of 
articular, rubb

supporting tabl
gripping system
fixing lever 

is worthy of a
can be consider
spective with
ase, the tile, no
bar, presents 
of 6): it can 
translated alon

 

381 

nger free: any 
lebar by the 

field on the 

the task of 
force. A ball 
endless screw 
ces the effect 
e with respect 

quipment are 
rMn5). Some 
PTFE with 
Pa; �=0.48) 
f local effects 
ber pads are 

le 
m 

attention that 
red in a two-

hout relevant 
ow reduced to 
3 degrees of 
be translated 

ng the y axis, 

 



382           

and rotated
point. Spec
support tab
screwed b
easily sche

 
Referring 
the handleb
to the endl
rigid flat 
gripping s
translation.
in contact
macroscop
and induc
ceramics 

where it is 
H til
h til
B til
b til
A  til

                       

d, as rigid body
cifically, the ti
ble by the pres
bar: this loadi
ematized by a 

Fig

to the device
bar the operato
ess screw, whi
abutment, is 

system in te
. When the grip
t with the 
ic displaceme
e a stress / 

defined 
le (external) he
le internal heig
le (external) len
le internal leng
le width 

                      

y, about one ro
ile is locked o
ssure exerted b
ing system ca
planar revolut

gure 9. Planar r

’s functionalit
or imposes a ro
ich, thanks als
transferred t

erms of horiz
pping system c
bended tiles

ents are prev
strain state i

Figure 10. M

eight 
ght 
ngth 

gth  

C. Fragassa

otating 
on the 
by the 
an be 
e pair 

(R-p
as r
perm
con

 

            
revolute and pl

ty, by 
otation 
o to a 
o the 
zontal 
comes 
, the 

vented 
n the 

In p
the 
tile 
pres
con
stre

The
forc

 

Modelling loads

 

pair) and a pla
reported in F
mitted with the

nditions. 

lanar prismatic

practice, the to
handlebar is 
by the gripp

ssure on the 
nsequence of 
esses in the ben

e simplified s
ces is represent

s and constrain
δ  tile thick
l distance 
R radius of
q distribute
hq height of

 

anar prismatic 
igure 9. No m
e tile in a isosta

 
c pairs 

orsional mome
directly trans

ping system a
vertical surfac
this, in terms

nding zone. 

system of con
ted in Figure 1

ns 
kness 

of fulcrum of t
f curvature 
ed load on surf
f loading area 

pair (P-pair) 
movement is 
atic boundary 

ent acting on 
ferred to the 
as a contact 
ce and, as a 
s of flexural 

nstraints and 
0. 

 

the lever 

face 



Figure 12. E

 
With refere
of Figure 
presence of
estimate (a
Paolacci, 2

JZ ~ 128 00

WZ ~ 3 200

The evalua
bending m
accordance

Figu

Evaluation sche

ence to the dia
11 and witho

f a bending rad
as reported by 
2010): 

00 mm4	          

0 mm3              

ation of reactio
moments can
e with th

re 11. Standard

eme of loads (F

agram of calcu
out considerin
dius, it is possi
Cesari et al., 

                       

                      

on forces, sheer
n be obtaine
he simplific

d formula for a
 

F), reaction for
(M) 

ulation 
ng the 
ible to 
2013; 

    (1) 

   (2) 

rs and 
ed in 
cation 

repr
con

ܯ

For 

ܨ ൌ

then

ܯ

ߪ ൌ

an “L” shaped 

rces (R), shears

resented in 
nsequence: 

ൌ
ிൈሺଶுିሻ

ଶ
   

r instance, in th

ൌ 	4.0	݇ܰ        

n, 

ൌ 140	ܰ݉    

ൌ
ெ

ௐೋ
ܽܲܯ	44	~

beam 

s (V) and bend

Figure 12 

                       

he case of 

                       

                       

ܽ	                     

 

383 

 

 
ding moments 

and, as a 

                (4) 

               (5) 

               (6) 

               (7) 



384           

6. Qual
 
The equipm
for a direc
of bended t
test aims a
new equip
quality m
 

This chec
implemente
manufactur
materials a

F
 
Specifically
care of hav

 ba
po

 pr
ki

                       

ity control 

ment is finally
t measures of 
tiles (Figure 13
at validating t
pment as testi
onitoring of 

Fig

ck on measu
ed testing c
red in stab
and process, i

Figure 14. Con

y, n. 60 tiles w
ving the same: 
asic material (
orcelain stonew
roduction plan
iln) 

                      

y assembled an
flexural resist

3). This prelim
the adoption o
ing device fo
bending proc

  
gure 13. Equip

ure sensibility 
ceramic speci
ble condition
in accordance

ntrol chart rega

were bended t

(a commercia
ware) 
nt (a specific t

C. Fragassa

nd use 
tances 

minary 
of the 
or the 
cesses 

inst
prod
the 
and
test
sim
ope
for 

pment used for 
 

was 
imens 
s of 
 with 

gen
(Mo
ana
200

 

arding the flexu

taking 

l fine 

tunnel 

The
dim
flex
the 
rupt

tead of inves
duction. Betwe
measures have

d repetitive wh
s and samples

mplicity of fun
erating mechan
the measureme

  
testing bended

neral theory on
ontgomery, 20
lysis of exp

01). 

ural resistance 

 time-dep
temperatu

ese samples 
mensions and, t
xural testing d

maximal load
ture) was reco

 

stigating spec
een other usefu
e to be, first of
hen referred t
s. According to
nctional princi
nisms, a high 
ents is suppose

 
d tiles 

n statistical qu
007) and on 

periments (Mo

 of bended tile

pending pr
ture. 

were firstly 
then, tested us

devices. For ea
ding force (lea
orded and co

cific lots of 
ul proprieties, 
f all, constant 
to analogous 
o the general 
iples and of 
repeatability 

ed. 

 

uality control 
design and 

ontogeomery, 

 
es 

rofile of 

verified in 
sing the new 
ach specimen 
ading to tile’s 
mpared. The 



ultimate fl
and compa

Generally, 
experiment
ceramics, w
several fa
processes..
quite unpr
According 
Fragassa 
investigatio
ceramics ca
A similar
instrumenta
range of v
(Figure 14)

The proble
measureme
variability 
matter to 
materials o
present. In 
unpredictab
to justify 
With the ai
measureme
validity of
FEM inves
presented 
complete 
equipment.
 
7. Conc

 
In the cas
facing an 
elements, 
convincing
range of 
porcelain 
renders ob
determinati
characteris
particular, 
applicabilit
the mode
proprieties 
modulus of

exural stress w
ared. 

a slight 
tal data is acce
which, due to
ctors (relative
.), tends to be
redictable mec

to (Palmonari
et al., 20

ons, mechani
an unsurprising
r inaccuracy 
al outputs. In t
variability was
). 

em of uncertain
ents, compared

of the mater
be considered
or unconventi
this case, both

bility surely co
the amplitude

im at assuring 
ent is suffici
f experimental
stigation is als
in (Pavlovic, 
qualification 

. 

clusions 

se of bended 
entirely new 
perfect for 

g architectural 
applications 

stoneware fa
solete the trad
ion of 
tics of the 

this limit 
ty of ISO 105
e for testing

of ceramics 
f rupture in be

was also calcu

variability 
eptable dealing
o a combinati
e to composi
e a material fr
chanical beha
i and Carani, 
014c) or si
ical proprietie
gly vary of 15-

is waited 
the current cas
s higher than 

nty on experim
d with the inh
rial, is a recu
d whenever n
ional processe
h of these aspe
oexist, and are
e of control 
that the accura
ent to ensure
l results, a sp
so implemente

2016) towar
of the te

tiles, designer
class of func
providing se

solutions in a 
where tradi

ails. The situ
ditional rules fo

the mecha
planar tiles
refers to 

545.4 that desc
g the mecha

by calculatin
ending and bre

ulated 

in 
g with 
on of 
itions, 
rom a 
viour. 
2005; 
imilar 
es in 
-18%. 
from 

se, the 
25% 

mental 
herent 
urrent 

natural 
es are 
ects of 
e able 
chart. 

acy of 
e the 

pecific 
d and 

rd the 
esting 

rs are 
ctional 
everal 
large 

itional 
uation 
for the 
anical 
s. In 

the 
cribes 
anical 

ng the 
eaking 

stra
this
con
evid
diff
ther
met

As 
dev
spec
stre
area
mon
prod
app
test 
perm
flex
exp
be 
part
tiles
exp
utili
tem
with
aspe
to a
qua

The
equ
ben
flex
Thi
vali
test
Reg
an 
Dur
app
invi
mea
dev
exp
rela
imp
in t
imp
dete

ain in bending. 
s standard even
ncentration of 
dent how the 
ferent respect 
refore, the ne
thods emerged

a direct con
vice was desig
cifically inten

ength of bended
a, as a fun
nitoring the 
ducts. The pre

paratus, the sp
procedure 

mitting to obt
xural strengt
perimental mea
indifferently a
ticulate- or w
s, when be

perimental equi
isation and c

mperature or 
hout particular
ects, the new 
assume a role 
ality certificatio

e paper also pr
uipment for th
nding process 
xural resistanc
s preliminary
idating the ad
ing tool inside

grettably, expe
unforeseen u

ring the desig
parent simplici
ited to the supp
asurements. T

vice highlighte
perimental dat
ated to the a
provements in 
the procedure 

plemented. O
ected variabil

In the case of 
n fails to addre
f tensions. In

test condition
to the workin
eed of new 

d.  

nsequence, a 
gned and real
nded to test 
d tiles in their 
ndamental pa

quality of 
esent article d
pecimen requi
and all the 
tain the maxim
th starting 
asures. The pr
applicable to m

whisker-reinforc
ended. Furthe
ipment is very 
can be used 
environmenta

r limitations. S
method of tes
of standard in

on of bended ti

roposed an init
he quality m
by a direct 

ces on some 
y test manl
doption of th

e a larger appro
erimental meas
uncertainty in 
gn of the equ
ity in operati
pose a high rep

The practical 
ed a strong v
ta. If this v
act of measur
design of the 
for testing c

On the contr
lity is related

 

385 

f bended tiles, 
ess the area of 
n fact, it is 
ns are totally 
g conditions: 
experimental 

new testing 
lized. It was 
the flexural 

r most critical 
arameter for 
process and 
described the 
irements, the 

calculations 
mal value of 

from the 
rocedure can 
monolithic or 
ced ceramics 
ermore, this 

y simply in its 
at ambient 

al conditions 
Since all these 
sting is ready 
n the case of 
iles.  

tial use of the 
monitoring of 

measures of 
lots of tiles. 
ly aims at 
he device as 
oach of TQM. 
sures showed 

predictions. 
uipment, the 
ing principle 
peatability of 
use of this 

variability in 
variability is 
ring, several 
equipment or 

can be easily 
rary, if the 
d to a real 



386           

unpredictab
bended til
perspective
application
those cases
mechanical
requested f

The proble
measureme
variability 
relevant m
ceramics a
that the ac
intended 
 
Referenc
 

Amoros, J
productio

ASTM C1
Ambient 

Azadeh, A
neural n
processo
715. 

Bernardi, A
Mater. S

Cesari, F., 
Bologna

Conti, P.P
WO/201

de Noni A
mechani
develope

de Noni, A
control o

Dondi, M.,
Composi
Mechani

Edgar, T.F
99–110. 

Fabbroni, 
Applican

Fragassa C
Practical
Internati

                       

bility of phys
es, it could r
e throughou
ns, especially l
s where a qua
l and dimens
for absolving sp

em of uncertain
ents, compared

of materials 
matter of in

are involved. It
ccuracy of me

both as p

ces: 

J.L., Escardino
on. Interceram

161 (2013). St
Temperature, 

A., Moghaddam
network–fuzzy 
ors. The Interna

A.M., Demede
ci. Eng. (A427

Dal Re, V., &
, Italy: Pitagor

P. (2014). A
4/064720; 01/0

A., Hotza D., 
cal behaviour
ed phases after 

A., Modesto, C.
of ceramic tile. 

, Ercolani, G.,
ition of Porc
ical Proprieties

F. (1996). Cont

R. (2003). A 
nt: Keser Diva 

C., Massimo S
l Approach f
ional Journal f

                      

sical proprieti
reduce their s
ut the pot
limiting their u
ality “assuranc
ional propriet
pecific functio

nty on experim
d with the inh
and processes
nvestigation 
t should be ve

easurement in 
precision of 

o, A., Beltrán,
m, 33(2), 50–54

tandard Test M
ASTM Interna

m, M., Geranm
simulation a

ational Journa

eiros, D.S., & 
7), 316-318. 

& Morelli, P. 
ra Editrice. 

An Improved 
05/2014; Appl

Soler V.C., &
r of porcelain
firing, Materia

., de Oliveira, A
American Cer

Marsigli, M.,
elain Stonewa

s. Interceram. 4

trol of unconv

Process for M
Design S.p.A.

S, & Pavlovic 
for Improving
for Quality Res

C. Fragassa

ies of 
spread 
tential 
use in 
ce” on 
ies is 
ns.  

mental 
herent 
s is a 
when 

erified 
itself, 

the 

inst
the 
relia
inve
the 
the 
vali
qua

In a
thes
with
TQM
repr

, V., & Enriq
4. 

Method for Fle
ational, West C

mayeh, P., & N
algorithm for 
l of Advanced M

Riella, H.G. (

(2013). Solutio

Method for 
icant: Brevetti 

& Vilches, E.
n tile—part 
als Science and

A.P.N., & Hot
ramic Society B

 Melandri, C.,
are Tiles and
48, 75-83. 

entional proce

Modeling Cera
 Faenza, Italy.

A. (2014a) U
g the Produc
search, 8(3), 29

trumentation u
procedure ado
able results 
estigated, at lea
typical size o
adoption of t

id strategy fo
ality and proces

any case, it is f
se bended tile
hout implemen
M in which 
resents a single

que, J.E. (198

exural Strength
Conshohocken,

Naghavi, A. (
scheduling a 
Manufacturing

(2006). Pyropl

ons in Structu

Bending Ce
2000 Srl, Italy

S. (2010). Inf
I: microstruct
d Engineering 

tza, D. (2006). 
Bulletin, 85(11

, & Mingazzin
d its Influence

sses. Journal o

amic Tiles, Pa

Using a Total 
ct Reliability 
97–310. 

 

used that as c
opted, is suffici

for the 
ast compared t
f the ceramic. 
this particular
or monitoring
ss. 

far away from 
es in large-m
nting an appr

the use of 
e step of contro

4). Quality co

h of Advanced
, PA. 

(2010). A flex
flow shop w

g Technology, 

lasticity in Por

ural Mechanics

eramic Tiles,
y. 

fluence of com
tural characte
A, 527(7-8), 1

Dimensional m
), 9201–9207. 

ni C. (1999). T
es on Micros

of Process Co

atent N. WO/2

Quality Strate
in Automoti

orrectness of 
ient to ensure 

parameters 
to the error of 
 In this case, 
r device is a 
g of product 

transforming 
mass products 

roach toward 
this devise 

ol. 

ontrol in tile 

d Ceramics at 

xible artificial 
with multiple 
50(5-8), 699-

rcelain Tiles. 

s (in Italian). 

 Patent N. 

mposition on 
erization and 
730–1735. 

modeling and 

The Chemical 
structure and 

ontrol, 6(2-3), 

2003/800302, 

egy in a new 
ive Industry. 



Fragassa, C
Solution

Fragassa, C
materials

Fragassa, C
Porcelai
Conferen

Fragassa, C
Deforma
Research

Heredia J.A
in a man

Heredia J.A
manufac
8), 789–7

ISO - Inte
Definitio
UNI EN 

ISO - Inter
Part 4: D

Montgome
York, NY

Montgome

Palmonari,
Centro C

Paolacci, F
Italy: Ac

Pavlovic, A
of bende

Sánchez, E
steady sc

Santos-Bar
Manufac
Material

Serri, A., &
Confindu

 

Cristia
Universi
Viale Ri
40136 B
Italy 
cristiano

 

C. (2015) Lim
s. Internationa

C. (2016) Meth
s by commerci

C., Conti, P.P
in Passing by 
nce Heavy Mac

C., Pavlovic, A
ation on Mech
h & Developm

A., & Gras M.
nufacturing pro

A., & Gras M
cturing process
795. 

ernational Org
ons, classificati

ISO 13006). 

rnational Orga
Determination 

ery, D.C. (200
Y, USA, 5th ed

ery, D.C. (2007

 C., & Carani,
Ceramico Bolog

F. (2010). Desig
cademia Univer

A., & Ubertini
ed ceramic tiles

E., Garcia-Ten,
cientific-techno

rbosa, D., Hot
cturing Process
s Science and E

& Luberto, L.
ustria Ceramic

ano Fragassa 
ity of Bologna, 
isorgimento 2 

Bologna 

o.fragassa@unib

mits in Applica
al Journal for Q

hodological de
al Finite Elem

., & Pavlovic,
a Bending Pro
chinery. Zlatib

A, & Ubertini
hanical Proper
ent in Heavy M

 (2010). Empi
cess. Quality E

M. (2011). Stati
. International

ganization for 
ion, character

anization for S
of modulus of 

1). Design an
dition. 

7). Introduction

, G. (2005). Ce
gna. 

gn of Pre-comp
rsa Press. 

i, F. (2016). Eq
s. FME Transa

 J., Sanz, V., &
ological evolut

tza, D., Boix, 
s Variables on
Engineering. 

 (2011). 23th 
a. 

bo.it 

 

ation of Intern
Quality Resear

etails in model
ents codes. FM

, A. (2014b). 
ocess In Proce
or, Serbia: Uni

i, F. (2014c). 
rties of Grés P
Machinery, 3(2

rical procedure
Engineering. 22

istical estimati
l Journal of Ad

Standardizati
istics, evaluati

Standardization
rupture and br

d Analysis of 

n to statistical q

eramic Tiles u

pressed Reinfo

quipment qual
actions, 44(2).

& Moreno, A. 
tion. Ceramics 

J., & Mallol,
n Dimensional 

Statistical Sur

national Standa
rch, 9(2), 279-2

lling the viscoe
ME Translation

Alteration in 
eeding of the V
iversity of Kra

Experimental 
Porcelain Ston

20), 77-85. 

e for modeling
2(3), 150–156.

ion of variatio
dvanced Manuf

ion. (2012). IS
ion of conform

n. (2014). ISO 
reaking strengt

Experiments, 

quality control

under Control 

orced Concrete

ification in tes

(2010). Porcel
International,

, G. (2013). M
Changes of Po

rvey on Grès 

ards to Innova
298. 

elastic respons
ns, 44(1), 58-64

Mechanical P
VIII Triennial 
agujevac 

l Evaluation of
neware. Journ

g the variation 
. 

on transmission
facturing Techn

ISO 14411. C
mity and markin

10545-4. Cer
th. 

John Wiley &

l. John Wiley &

(in Italian). Bo

e Beams (in Ita

sting the flexu

lain tile: almos
, 36(3), 831-84

Modelling the 
orcelain Tiles.

Porcelain. Sa

 

 

387 

ative Ceramic 

se of ceramic 
4. 

Proprieties of 
International 

of Pyroclastic 
al IMK-14 – 

 transmission 

n model in a 
nology, 52(5-

Ceramic tiles. 
ng (including 

ramic tiles — 

& Sons, New 

& Sons. 

ologna, Italy: 

alian). Roma, 

ural resistance 

st 30 years of 
45. 

Influence of 
 Advances in 

assuolo, Italy: 



388           

 
 
 
 
 
 
 
 
 
 

                                             C. Fragassa

 


