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ABSTRACT: This paper mentions two major studies on the delamination of external wall tile structures.
External wall tile structures are usually made of tile, adhesive mortar, and concrete, and the interfaces be-
tween layers are considered to be a weak location against delamination. First, from the viewpoint of reac-
tion, the heating experiment of a small scale tile structure was conducted. The temperature distribution in the
through-thickness direction was measured with a thermography, and, based on the measured temperature, the
stresses at the interface are estimated with simple analytical models. Next, from the viewpoint of resistance,
the measurement of interfacial fracture energy and fatigue strength between concrete and polymer cement
mortar were carried out. The interfacial bond strengths and their S-N diagrams are obtained. Based on the
studies of reaction and resistance, the mechanisms of interfacial failure observed in external wall tile struc-

tures are discussed in order to achieve the durability of the interface and the tile structures.

1 INTRODUCTION

This paper mentions preliminary studies under a re-
search program that has been conducted for the pur-
poses of understanding the mechanisms of interfa-
cial failure observed in external wall tile structures
and achieving the durability of the interface and the
tile structures.

The external wall tile structure of a building is
composed of three different materials: ceramic tiles,
adhesive mortar, and concrete.  Therefore, bi-
material interfaces are inevitable in the tile structure.
Under service conditions, these interfaces are sub-
jected to environmental actions such as temperature
cycles, dry and wet cycles, UV radiation, chemical
pollutants, and so on, and it is observed that the in-
terfaces are the location where the failure of the tile
structure initiates (Kumagai 1991).

Among these environmental actions, temperature
cycles, which lead to the cycles of interfacial
stresses in the normal and shear direction, are con-
sidered to be important.  If these interfacial stresses
are significant compared to their static strength, it is
possible that interfacial delamination takes place and
its fatigue propagation leads to the failure and fall-
off of the tile structure. Therefore, in order to un-
derstand the mechanisms of interfacial failure, the
current study conducts the thermal stress analysis of
the interface via temperature measurement with a
thermography, and also conducts the experimental
measurement of interfacial fracture energy under

static loading and of fatigue strength under fatigue
loading. Namely, these studies are conducted in
order to clarify the “reaction” and “resistance” of the
interface in the tile structure

First, the heating experiment of a tile structure
will be explained. The experiment was carried out
in order to obtain the temperature distribution of a
tile structure in the thickness direction. Using the
measured temperature distribution, thermally in-
duced interfacial stresses are calculated based on
simple analytical models.

Next, the fracture energy and the fatigue strength
measurement of the bi-material interface between
concrete and polymer cement mortar will be ex-
plained. Based on interfacial fracture mechanics,
bi-material interface specimens were tested under
the mixture of normal and shear stress, and the inter-
facial fracture energy was measured by taking into
account the mismatch parameters of two materials.
The interfacial fracture energy is also analyzed with
finite element analysis so that the tensile and shear
bond strengths can be calculated. Furthermore, the
fatigue test was carried out for the same type of bi-
material interface specimens in order to grasp the fa-
tigue strength characteristics in terms of S-N dia-
grams.

Finally, based on the thermal stress estimate as
reaction and the bond strengths and the S-N dia-
grams as resistance, the possible failure mechanisms
of the bi-material interface in the tile structures will
be discussed.



2 THERMOGRAPHIC MEASUREMENT OF
THE TILE STRUCTURE AND THERMAL
STRESS ANALYSIS AT THE INTERFACE

First, this chapter explains the thermographic meas-
urement of temperature distribution of the tile struc-
ture under monotonic thermal loading, where the
thermal loading was given simulating the real build-
ing environmental conditions.

Second, in this chapter, using the measured tem-
perature distribution, thermal stresses at the interface
are estimated based on simple analytical models for
shear and normal stress.

2.1 Material and specimen

The tile structure is made of three layers: concrete
substrate, adhesive mortar, and tiles. A small scale
specimen was fabricated for the current measure-
ment purpose (Figure 1). The specimen has the
thickness of 110 mm, and its tile surface side has the
area of 200 mm by 100 mm.

The concrete layer of the specimen is made of
normal strength concrete. The adhesive mortar of
the current experiment is polymer cement mortar,
the mix proportion of which is given in Table 1.
The thickness of the adhesive mortar is 5 mm, which
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Figure 1. Specimen geometry and dimensions. The arrow
shows the line along which the surface temperature is meas-
ured.

Table 1. Mix composition of adhesive mortar. W: water, C:
cement, S: sand, P: Ethylene-vinyl acetate copolymer, MC:
Methylcellulose (kg/m®).

S/IC WiIC W C S P MC
50 30 335 1117 559 45 1.69

is commonly used in practice. The tiles are glazed
porcelain with gray color, and they are 45 mm in
length and width and 5 mm in thickness.

First, the adhesive mortar was mixed with water
by hoe until achieving buttery consistency. Sec-
ondly, the fresh adhesive mortar was applied on a
concrete plane.  After five minutes of opening time,
the glazed porcelain tiles were laid in. The open
time may lead to reducing the wettability and also
make the fresh adhesive mortar more effective in
spreading over. Finally, the specimen was stored
for 28 days at room temperature before thermo-
graphic temperature measurement.

Since the specimen has to represent a real tile
structure in a building where heat flows only in the
wall through-thickness direction, the four side sur-
faces of the specimen were covered by a heat insula-
tion material. The heat insulation material is made
of glass wool, and it prevents the heat from neither
entering nor leaving the specimen. This was con-
firmed by comparing the heating experiment with
and without the heat insulation.  The results
showed that the current heat insulation was satisfac-
tory enough to achieve its purpose.

2.2 Heating experiment

Monotonic thermal loading was applied to the tile
surface of the specimen by using two lamps. The
tile surface of the specimen was heated from room
temperature, about 29 degrees Celsius, up to around
50 degrees Celsius, and the measurement of tem-
perature distribution was done with a thermography.

For the thermographic measurement, one side of
the heat insulation material was opened for five sec-
onds (the side shown in Figure 1), and the measure-
ments were carried out at the interval of ten minutes,
so that the heat loss could be minimized.

For the justification of these measurement proce-
dures, a measurement was carried out without open-
ing the side until the tile surface reached 50 degrees
Celsius, and its result was compared with that of the
current method. The difference of the measured
temperature was less than 1 degree Celsius. This
implies that the error of the current method is less
than around 2 %, and also supports that the meas-
urement on the side surface substitutes that of inside
specimen.

Figure 2 shows the thermal image of the speci-
men side surface at 40 minutes after heating. It
shows uniform enough temperature distribution
horizontally.  The thermographic measurements
were done before heating was applied, and at 5, 10,
20, 30, and 40 minutes. At 40 minutes, heating
was stopped, and the measurements were continued
at 10 and 20 minutes after heating was stopped.

Figure 3 shows the temperature profile on the
side surface of the specimen in the thickness direc-
tion (along the arrow in Figure 1). Before heating,



the temperature was around 28.5 degrees Celsius
through the thickness. It can be observed that the
tile surface temperature quickly increased up to 37
degrees Celsius at 5 minutes after heating was ap-
plied. From 5 to 40 minutes, the temperature of
concrete increased due to the heat conduction. At
40 minutes, the heating was stopped, and soon the
tile temperature dropped from 48.6 to 41.2 degrees
Celsius. By 20 minutes after the stop of heating,
the heat conduction took place in the reverse way,
resulting in the temperature decrease of concrete on
the tile surface side.

For the later thermal stress analysis, the average
temperature of each layer, i.e. tile, adhesive mortar,
and concrete, is calculated and plotted with time in
Figure 4. Also, the temperature at both sides of the
tile is plotted with time in Figure 5. In Figure 4, it
is seen that the temperature difference is more sig-
nificant between adhesive mortar and concrete, and,
in Figure 5, the maximum difference between both
sides appears at 5 minutes, although it is rather
small. These figures will be used for shear and
normal stress estimate in the next section, respec-
tively.

2.3 Analytical models for thermal stress analysis

Stresses arise at the interfaces due to the mismatch
of elastic and thermal properties of three layers. In
this section, shear and normal stress are estimated by
using simple analytical models proposed by Kuma-
gai (1994).

The shear stress model consists of three linear
elastic materials: tile, adhesive mortar, and concrete
(Figure 6). The main assumptions of the model are
no bending moment and no shear deformation in tile
and concrete.

The shear stress, 7, can be expressed as

C(alTl _asz) Bx
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where «; = thermal expansion coefficient of con-
crete; a; = thermal expansion coefficient of tile; 7, =
average temperature of concrete; 7, = average tem-
perature of tile; £; = Young’s modulus of concrete;
E> =Young’s modulus of tile; #; = thickness of con-
crete; and ¢, = thickness of tile. C and f; are given
as follows:
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where G = shear modulus of adhesive mortar which
can be obtained with E = Young’s modulus of adhe-
sive mortar and v = Poisson’s ratio of adhesive mor-
tar and where #; = thickness of tile and L = the

longer side length of tile. Details of the derivation
can be found elsewhere (Kumagai 1994).

Figure 2. Thermal image of the specimen side surface at 40
minutes after heating.
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Figure 3. Temperature profile in the tile structure in the thick-
ness direction.
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Figure 4. Average temperature of each layer.
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Figure 5. Tile temperature at both sides.



The normal stress model consists of two layers:
tile and lamped layer of adhesive mortar and con-
crete (Figure 7). It is assumed that the adhesive is
very thin compared to concrete thickness and that no
bending exists in concrete, meaning that tile bends
over elastic foundation.

The normal stress, o, can be expressed as

o=yK (3)
where
cosh B, xcos B, x + ¢sinh B, x sin ,x

y=
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AT, is temperature difference between upper and
lower side of tile. Furthermore, K is normal stiff-
ness of the lamped layer per unit length and can be
obtained as

K=t (6)
mLalzil—u1 )

where d; is the shorter side length of tile and m is
tile shape coefficient, which is equal to 0.95 for
square shape. Again, details can be found else-
where (Kumagai 1994).

2.4 Thermal stress analysis

Using the temperature distribution by a thermogra-
phy and material properties in Table 2, shear and
stress distribution is plotted with time in Figure 8,
and normal stress distribution in Figure 9.

It is observed that the maximum shear stress oc-
curs always at the edge of the tile. The shear stress
rapidly increases up to 20 minutes, and slowly in-
creases after 20 minutes. This coincides with the
temperature distribution in Figure 4. Namely, the
temperature difference between tile and concrete
produces the shear stress in the observed way.
Heating was stopped at 40 minutes, and the observa-
tion continued up to 20 minutes after heating
stopped. The decrease of the shear stress after 40
minutes is fast, again in relation to the decrease of
the temperature difference between tile and con-
crete. During the observation, the maximum shear
stress is estimated to be 2.625 MPa for the tile sur-
face temperature 48.64 degrees Celsius.

For the normal stress, the maximum value in
compression is observed at the edge of the tile, while
the maximum value in tension is at the center of the
tile. Both maximum values happen at 5 minutes.
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Table 2. Material properties.

Concrete Adhesive  Tile
mortar
Young’s modulus 30.7 21.6 80.0
(GPa)
Poisson’s ratio 0.207 0.212 -
Thermal expansion  0.000006 - 0.000008

coefficient (/°C)




This again coincides with the temperature differ-
ence between both sides of the tile, which can be
seen in Figure 5. Heating increases the tempera-
ture difference up to 5 minutes, but it soon decreases
the difference after 5 minutes. Following this be-
havior, the normal stress becomes close to zero
along the interface at 40 minutes. Furthermore, the
stress direction changes after 40 minutes, meaning
that the tile bends upwards. This is due to the fact
that the lower side of the tile becomes hotter than the
upper side in cooling process, as is seen in Figure 5.
During the observation, the maximum normal stress
is estimated to be 0.008 MPa in compression at the
edge and 0.004 MPa in tension at the center. Both
happen at 5 minutes for the tile surface temperature
37.12 degrees Celsius.

Although it has to be admitted that the current
simple models have a lack of accuracy due to their
assumptions and that a more rigorous analysis such
as finite element analysis is necessary to analyze this
kind of crack problem, the current models together
with thermographic measurement yield the estimate
of interfacial stresses under thermal loading. It es-
timate the shear stress on the order of 1 MPa and the
normal stress on 10~ MPa. The interface is sub-
jected more severely to shear stress, if we assume
the strengths in shear and normal are also on the or-
der of 1 MPa. With this estimate of stresses and
the fatigue strength characteristics

3 MEASUREMENT OF FRACTURE ENERGY
AND FATIGUE STRENGTH OF BI-
MATERIAL INTERFACE

3.1 Determination of interfacial fracture energy
under mixed mode fracture

The evaluation of bond at the interface is usually
made either in tension or flexure.

The tensile bond test is common, and is widely
used for the evaluation of the interfacial bond
strength evaluation between adhesive mortar and
concrete (Austin et al. 1995). The interfacial bond
is evaluated as tensile bond strength of the bonded
area.

The evaluation method in flexure is also reported
(Kunieda 2000).  In this method, beam specimens
made of two kinds of materials are fabricated, and a
notch is introduced at the bi-material interface
(Figure 10). The beam specimens are loaded under
four point flexure, and the observed interfacial frac-
ture is treated as a mode | fracture problem. There-
fore, the interfacial bond is evaluated in terms of
fracture energy and bridging stress-crack opening
displacement relation.

The current study aims at the evaluation of inter-
facial fracture under the combination of tension and
shear stress, since the bi-material interface of a tile
structure is subjected to the various combination of

tension and shear stress depending on the environ-
mental conditions. Hence, in addition to symmetric
four point loading in Figure 10, asymmetric four
point loading in Figure 11 was applied.

Under the mixture of tension and shear stress, the
interfacial fracture has to be treated as a fracture un-
der the combination of mode I and Il, and the inter-
facial fracture energy is expressed as a function of
phase angle, which represents the relative proportion
of shear to normal stress at the interface.

Following O’Dowd (1992), interfacial fracture
energy, 7, and phase angle, v, can be calculated as
follows:

and @)

¢/=wo+eh{éj, (®)

where K. = critical stress intensity factor; E+ = effec-
tive modulus of the bi-material system; a = crack
length; and e = (I2n) In [(1 - p) 1 (1 + p)]. pis
one of Dundurs parameters, which represent the mis-
match of elastic properties (Dundurs, 1969). [ is
arbitrary reference length (Rice 1988), and normally
200 um is used for the interface between cementi-
tious materials (Lim 1996).

The critical stress intensity factor and the effec-
tive modulus of the bi-material system can be de-
termined as

K, =YT.~Ja and (9)

1 1)1 1
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where Y = geometric correction factor; 7, = critical
nominal stress occurred at the interface; and
E:Ei/(l_vi) (11)

for plane strain elastic modulus of material ;.
For the symmetric loading in Figure 10,
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For the asymmetric loading in Figure 11,
czﬂ[B‘A] (15)
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Y =,Y2+Y}  and (16)

Y.
W, = arctan(—zj . (17)
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In Equation 12 — 17, P. is the maximum load,
which takes place at the onset of fracture and is ob-
tained from the experiment; ¢ is thickness of the
beam at the interface; 7 is height of the beam; 4 and
B are explained in Figure 10 and also in Figure 11;
Yi=(6sfil W)= 2¢&g;; Yo=fr+ 12(seg, | W); s is the
loading offset that is the distance between the inter-
face and the loading line as shown in Figure 11; and
f1, f>, g1, and g are the calibration factors given in
O’Dowd (1992). By having symmetric as well as
asymmetric loading cases, the phase angle can be
covered from 0 (mode I, pure tension) to 80 degrees
(mixed mode, but mostly shear).

3.2 Fracture energy measurement

Fracture energy was measured based on the proce-
dures in the previous section.

Figure 12 shows specimen dimensions. The
specimens have a notch of 5 mm height at the inter-
face, and they have a reduced cross section in the
middle so as to avoid the unwanted cracks in other
locations. The materials are concrete and polymer
cement mortar (PCM) to simulate the bi-material in-
terface of a tile structure.

The specimens were fabricated in the following
manner. First, the concrete part was cast, and the
specimens were cured under water for 28 days and
in air for 7 days. The notch was made with a plas-
tic tape, and the interface was roughened with water
jet, causing the undulation of the interface to be 0.5
mm at maximum. Next, the PCM part was cast to
complete the specimens, and they were cured under
water for 28 days. The material properties are
shown in Table 3. The Dundurs parameters are
calculated with these values.

The phase angles tested in the current study were
0, 30, and 60 degrees. For O degree, symmetric
loading was applied, and, for 30 and 60 degrees,
asymmetric loading was applied. All the loadings
were executed under the displacement control of
0.005 mm/sec.

By using the equations in the previous section, in-
terfacial fracture energy is calculated. All the ex-
perimental results are plotted in Figure 13. At 0
degree, fracture propagated along the interface. On
the other hand, at 30 and 60 degrees, fracture ini-
tially propagated along the interface, but in the mid-
dle of the interface, it kinked out to PCM. Since
the initial fracture was along the interface, these
cases can also be considered as interfacial fracture.
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Figure 11. Asymmetric four point loading.
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Figure 12. Specimen dimensions.

Table 3. Material properties.
Young's modulus

Material (GPa) Poisson's ratio
Concrete 30.7 0.207
PCM 21.6 0.212
Interfacial fracture energy (J/m?2)
30 1
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o
20 4
o o
121 o Interfacial O |Interfacial
10 - fracture ) fracture
i $ - followed by followed by
5% } Interfacial 0 kink out to kink out to
0 ! fracture PC'YI . PCM
0 20 40

60
Phase angle (degrees)
Figure 13. Interfacial fracture energy between concrete and
PCM plotted with that between concrete and FRC measured by
Lim (1996).



Figure 13 shows the increasing trend of interfa-
cial fracture energy with phase angle. As a refer-
ence, the interfacial fracture energy between con-
crete and fiber reinforced concrete (FRC) is taken
from Lim (1996) and plotted together.

For the phase angle from 0 to 60 degrees, the in-
terfacial fracture energy between concrete and PCM
was found to vary in the range of 0.5 to 11.2 J/m?,
while Lim (1996) shows that the interfacial fracture
energy between concrete and FRC varies in the
range of 2 to 24 J/m? for the phase angle from 0 to
70 degrees.  Although these bi-material systems are
different from each other, it can be observed that the
interfacial fracture energy of the current system is
lower than the one between concrete and FRC, espe-
cially at high phase angle.

Based on the fracture energy measurement, finite
element analysis is conducted where the interface is
modeled with interface elements (Mahaboonpachai
& Matsumoto 2005, Mahaboonpachai et al. 2006).
Interface element is a four node element with zero
thickness, and its constitutive law is defined in nor-
mal and shear direction. According to the finite
element analysis, the tensile bonding strength is cali-
brated as 2.5 MPa, and the shear bond strength 5.6
MPa. These values with the thermal stress analysis
in the previous section confirm that the interface is
subjected more severely to shear stress.

3.3 Fatigue strength measurement

Fatigue strength was also measured by testing the
specimens of the same dimensions and fabrication
processes.

The phase angles are also 0, 30, and 60 degrees.
Under either symmetric or asymmetric loading,
whichever is appropriate for each angle, fatigue
loading was applied under load control at the fre-
quency of 0.1 Hz. The ratio of maximum load to
ultimate load was varied from 0.65 to 0.85, where
ultimate load had been already obtained in the inter-
facial fracture energy measurement as P.. In all the
fatigue tests, the ratio of minimum load to maximum
load was kept 0.2.

As a result of fatigue tests, S-N diagrams can be
obtained, and they are shown in Figure 14, 15, and
16 for the phase angle of 0, 30, and 60 degrees, re-
spectively. Ultimate loads are plotted at 1 cycle,
and fatigue life of specimens is plotted in the manner
of S-N diagram. In the case of 30 and 60 degrees,
one specimen was observed to fail prematurely at 1st
cycle of fatigue test.  Also, some specimens did not
fail before the prescribed number of cycles, and they
are labeled with “Not failed” on the plot at the pre-
scribed number of cycles.

Although there are not enough data points to per-
form a regression analysis, the following two obser-
vations can be made generally.

First, the higher the phase angle, the shorter the
fatigue life. At the phase angle of 60 degrees, it is
seen that the average fatigue life is on the order of
100 cycles for the ratio of 0.8, and 10,000 cycles for
0.7. On the other hand, at 0 degree, fatigue life
ranges from 1000 to more than 10,000 cycles, exhib-
iting a longer fatigue life at higher load level. And,
at 60 degrees, fatigue life is possibly shorter than
that at 30 degrees. This implies that fatigue
strength is weaker under shear dominant loading
conditions.
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Second, although it is considered that bi-material
interface is generally a weak location, the S-N dia-
gram of the current system is not significantly dif-
ferent from those of cementitious materials. It is
generally observed that fatigue life data points of
most cementitious materials lie along a line which
connects ultimate load level at 1st cycle and half the
ultimate load level at one million cycles. The data
points of fatigue life at 30 degrees also lie along this
line. Therefore, it can be said that the current bi-
material interface has similar fatigue strength char-
acteristics in terms of S-N diagram.

4 CONCLUDING REMARKS

This paper presented preliminary studies for the pur-
poses of understanding the mechanisms of interfa-
cial failure observed in external wall tile structures
and achieving the durability of the interface and the
tile structures. The studies are conducted from the
viewpoints of reaction and resistance of the interface
in the tile structure.

For the former part, the temperature measurement
in the through-thickness direction has been con-
ducted with a thermography, and the interfacial
stresses under thermal loading are estimated with
simple analytical models. It estimates the shear
stress to be 2.625 MPa and the normal stress in com-
pression 0.008 MPa.

For the latter part, the bi-material interface be-
tween concrete and polymer cement mortar was
tested to measure interfacial fracture energy and also
to measure fatigue strength.

The measurement of interfacial fracture energy
shows that, for the phase angle from 0 to 60 degrees,
the interfacial fracture energy between concrete and
PCM varies from 0.5 to 11.2 J/m?.  The values are
smaller than the literature values of the interface be-
tween concrete and fiber reinforced concrete, espe-
cially at high phase angle.

The interfacial fracture energy was analyzed with
finite element analysis in order to obtain the shear
and tensile bond strength. The obtained strength
values are 5.6 and 2.5 MPa, respectively.

Fatigue strength characteristics of the bi-material
interface under different phase angles are summa-
rized in terms of S-N diagrams. The results show
that higher phase angle seems to exhibit shorter fa-
tigue life and that the S-N diagram is similar to those
of other cementitious materials.

Overall conclusions are as follows. The bi-
material interface of a tile structure under thermal
loading is subjected more severely to shear stress di-
rection, and the shear stress is on the same order of
shear strength.  On the other hand, the S-N diagram
shows that the interface is not so weak and is com-
parable to other cementitious materials, while the

diagram shows that the interface is slightly shorter
life at higher phase angle.

In order to understand the interfacial failure of a
tile structure, a finite element analysis is necessary
to estimate the interfacial stresses more accurately.
The finite element analysis should include the con-
stitutive law of the interface elements in fatigue, and
it should conduct the delamination propagation
analysis under thermal cyclic loading.
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