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Thin rock panels are commonly used on exterior cladding walls in high-rise
buildings. However, it has been found that these rock panels on exterior clad-
ding may develop long-term time-dependent cracking, due to stress concentra-
tions induced by periodic wind load and sunshine, and stress corrosion due to
environmental effects (such as acid rain). This kind of cracking at stress level
lower than that required for overcoming fracture toughness can be explained
by using the concept of subcritical crack growth (SCG) of the pre-existing mi-
crocracks. However, existing design requirements of rock panel do not account
for SCG. The standard testing method for SCG is the double torsion test (DTT),
which does not simulate the failure condition of rock panel under wind and
sunshine. Thus, a new method is introduced to investigate the SCG in rock
panel under different environmental conditions: the four-point bending (4PB)
test. Rock panel specimens containing a central notch were immersed in water,
acid and air buffer during the loading test. For comparison DTTs were also
conducted. It was found that the crack growth rate increases drastically if the
cracked specimen is moved from a water buffer to a set-up with an acidic
buffer. The SCG index » (a larger value indicates a faster crack growth) ob-
tained by 4PB test is found consistently lower than that determined by DTT.
This may be due to the different fracture mechanisms activated. One distinct
feature of the 4PB test is that the SCG in rock panel is monitored through the
crack length measurement whereas no such measurement is possible in DTT.

fagade rock panel; subcritical crack growth; four-point bending test; granite;
double torsion test.

INTRODUCTION

Traditionally, rock panels have been used for fagcade cladding for their
aesthetic appearance. However, rock panels on exterior cladding walls are
subjected to mechanical loads due to wind pressure, thermal loads due to sun-
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Figure 1. Typical cracking on granite cladding panels (Chew et al.").

shine, and chemical corrosions due to polluted moisture air. Due to these
loading and corrosion, cracking is not uncommon on rock panels in exterior
cladding after several years of exposure to these external effects and loads.
This is particular so for the case of thin rock slabs (< 30mm). Figure 1 shows
some examples of cracking of rock panels on building fagade.

Although rock panels have been widely used on exterior cladding walls
and cracking in rock panels has been reported repeatedly worldwide, there is
still no internationally accepted design standard for rock panels or slabs”.
There are, however, various design codes in different countries for testing
the mechanical properties of dimensional stones for cladding installation, but
none of these codes requires testing the fracture properties of rock. In the
conclusion of Bayer and Clift’, they mentioned that the use of Fracture Mech-
anics might be important for designing rock cladding wall. Motivated by this
application, Chau and Shao* developed the first Fracture Mechanics based
model in predicting the life of rock panels subjected to periodic sunshine
using the concept of subcritical crack growth.

According to the classical theory of linear Fracture Mechanics, a crack is
considered to be stable and does not grow when the stress intensity factor K;
at a crack tip is smaller than the critical stress intensity factor K;c or the frac-
ture toughness. However, as summarized by Atkinson’ a crack can propagate
even at a value of K; smaller than that of the critical value (i.e. fracture tough-
ness, K;c). In geophysics, such crack growth phenomenon is referred as sub-
critical crack growth (SCG). Crack growth in rock panel appears only years
after its completion and crack propagation appears to occur under service
loadings. This indicates that crack growth in rock panels induced by periodic
thermal loading due to sunshine and corrosion may be considered as a kind
of SCG. This is the idea behind the model proposed by Chau and Shao®.
However, the existing SCG parameters have been obtained mainly under the
double torsion test which is quite different from the cracking mode in
external cladding. Therefore, it is worthwhile to investigate the fracture
behavior of rock panels under bending, which is believed to be the main
loading mode on rock panels.

The time for rock panel to crack substantially depends on the rate of SCG,
da/dt where da is the crack growth length and dr is the corresponding time
interval. The relation between the SCG rate and the K; can be determined by
the power law suggested by Charles® and modified by Miura et al.” and others:

da/dt = Vo (K] /K())n (1)
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where vy and n the crack velocity at K=K, and the SCG index respectively.
These two important parameters depend on the type of rock and on environ-
mental effects such as acidity and temperature of the atmosphere. Previous
experimental data® suggested that there are three regions of SCG for most
homogenous materials like ceramics and glass (Figure 2). The main factor af-
fecting the crack growth was explained by the chemical reaction near the crack
tip at low K; (region I), the diffusion of corrosive species to the crack tip at
intermediate K; (region II) and mechanical rupture at large K; (region III).
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Figure 2. Schematic stress intensity factor/crack velocity diagram (Evans®).

Atkinson® summarized a wide range of SCG studies on granitic rocks using
DTT method and the majority of the results indicated a linear log K; — log v
graph, which is different from that with three regions shown in Figure 2.
This crack growth behavior is investigated in the present study.

Although double torsion test has been adopted by many researchers™ *'*,
for testing the subcritical cracking parameters, as remarked earlier rock panels
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Figure 3. Linear log K — log v curve summarized by Atkinson”.
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are likely to bend under both thermal stress induced by sunshine and wind
loads. Thus, to simulate a more realistic condition of cracking, 4PB test is
proposed for subcritical cracking test in this study. It should be noted that the
bending stress is constant in the middle one-third of the rock panel under
four-point bending test. For comparison reasons, DTTs were also carried
out. Both the K — v curve and the SCG index » are compared.

2. EXPERIMENTAL DETAILS

In this section, the 4PB test method is first presented. Both the theory and
the experimental setup are described in details in the following sections.

2.1 Four-point bending test method

2.1.1 Specimen preparation

The rock samples used in this study are fine-grained granite purchased
from Fujian, China. The rock contains about 50-55% feldspar, 30-35% quartz,
8-10% mica, and 1-2% opaque minerals. The physical properties of the rock
specimen are: density, p=2630 kg/rn3 ; compressive strength, ¢.=197 MPa;
indirect tensile strength, 6,=9.6 MPa; Young’s modulus, £=54 GPa; Poisson’s
ratio, v=0.387; and porosity=0.9%. The dimensions of the specimens are
300 mm x 30mm x 20mm. Both top and bottom surfaces of all samples are
grinded and polished to within a deviation of less than 0.05 mm from the
target size using grinding machine. A notch is introduced by a cutting saw.
The notch depth (ay) to thickness (a/W) ratio is 0.5 and the notch width is
approximately 1 mm (note that a/W ratio should not be greater than 0.7
according to Murakami'®). Pre-cracking (a small natural crack is first created
at the notch by a small loading) is a general practice used in the double
torsion test in studying subcritical crack growth. However, as it was difficult
to obtain a stable pre-crack in the 4PB test (it is an inherent unstable test),
the specimen is not pre-cracked in this study.

2.1.2 Experimental setup

4PB tests are performed using a four-point bending fixture with inner and
outer spans of 200mm and 240mm respectively (Figure 4). Both for the
loading points and the supports steel rollers are used. The load P is induced
as dead weight and it is recorded by a load cell. A clip gauge is used to re-
cord the crack mouth opening displacement. Then the growth of crack length,
Aa can be determined by compliance calibration (which will be discussed in
§2.1.4). The experimental setup of the 4PB test is shown in Figure 5.
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Figure 4. Schematic diagram of rock specimen subjected to 4PB test.
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Figure 5. Experimental setup of 4PB test.
2.1.3 Determination of stress intensity factor (X))

The Stress Intensity Factor (SIF) K; at the central notch tip can be calcu-
lated in terms of the applied load P by the following formula (Murakami'®):

K;= (3PItW?) x (ma)"? xFp (o) )
Fiv(0)=1.122 — 1.1210 +3.740> + 3.873a’ — 19.05a* + 22.550°  (3)

where a=a/W and a is the current crack length defined as the sum of the
crack growth (4a) and the notch length (a,). The geometric parameters / and
t are defined in Figure 4. The fracture toughness can be determined by sub-
stituting the critical loading P. (when crack growth starts) in place of P in
Eq.(2) and setting K; to Kjc.

2.14 Crack length determination by using compliance calibration

The growth of crack length is monitored by the crack mouth opening
displacement (CMOD). The CMOD is measured as a function of time by a
clip gauge mounted at the two edges of the notch (Figure 5). The calibration
between CMOD and crack length is conducted according to the calibration
method proposed by Schmidt'.

The specimen with a notch length a; is loaded with dead weight using the
setup mentioned in §2.1.2. The CMOD is measured by a clip gauge and the
corresponding load is measured by a load cell. The initial slope of the load
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vs. CMOD curve, called compliance, is then obtained (see Figure 6 for various
a/W ratios). The notch is then cut deeper to a value a, and the process is re-
peated. The compliance is then determined for each a/W ratio and a calibra-
tion curve is plotted (Figure 7). Using this calibration curve, crack growth
length under 4PB can be determined by measuring the specimen compliance.

2.1.5 Subcritical crack growth (SCG) test

The fracture toughness of granite obtained by the method described in
§2.1.3 is 0.766 MPam'?. This value is used to estimate the pre-determined
load for subcritical crack growth test. Dead weight leading to 90% K¢ is ap-
plied to the specimen. The CMOD is recorded as a function of time through-
out the duration of the test. The compliance (mm/kN) can be calculated using
the applied load and the corresponding CMOD. Thus, the crack length growth
(a/W) at the corresponding time can be determined using Figure 7. The crack
growth rate v at each time interval can be calculated using Eq. (4).

v =da/dt ~ [(3.1 —ay )/(t1 — t2)] (4)
4 Initial slope for
different @/W ratios
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Figure 6. Determination of the initial slope of the load versus CMOD curve.
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Figure 7. Compliance calibration curve of granite specimen.
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where a; and a, are the crack lengths at times ¢, and #, respectively. The SIF,
K; is determined from the pre-determined load using Eqs.(2) and (3). There-
fore, K,/K;c versus v can be plotted. To study the environmental effects, the
experiments will be repeated by testing the specimens in water and in dilute
sulphuric acid (H,SO,) and air, respectively. The experimental results of the
environmental effect will be discussed in §3.1.

2.2 Double Torsion Test (DTT) method

2.2.1 Specimen preparation

The dimensions of granite specimens for the DTTs are: length 150 mm,
width 60 mm and thickness 4 mm, as shown in Figure 8. Both top and bottom
surfaces of the samples are grinded and polished to within a maximum toler-
ance of 0.05 mm of the specified size using a grinding machine according to
the criteria suggested by Atkinson’. They were parallel within 0.025 mm.

A central axial 1 mm width groove is cut along the length of each speci-
men to approximately one-third of its thickness, #, using a table-cutting saw.
A notch of about 10 mm long is cut in one end of each specimen along the
line of axial groove. An initial crack (or so-called pre-crack) from the notch
is first induced by using a displacement rate of 0.05 mm/min through a dis-
placement control loading machine. The onset of cracking is indicated by an
instantaneous slope change of the load-time curve.

2.2.2 Subcritical Crack Growth (SCG) test

SCG parameters from DTT are obtained from the load relaxation test. In
this test, a pre-determined loading P; (~90% P,) is applied at 1.0 mm/min so
that no significant crack extension occurs before relaxation. When the load
P; is reached and the crosshead is stopped, the load relaxation is recorded vs.
time (Figure 9). A more detailed description of the load relaxation test is
given by Henry et al.'” and Meredith & Atkinson''. The SIF X at the crack
tip is given by Williams and Evans'* as:

| W=60 |

*All dimensions are in mm
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Figure 8. Schematic drawing of the double torsion specimen.
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Ki=PWo[3(1 +v)/Wt't,]"? (5)

where P is the corresponding load, W,, is the semi-moment arm of the
specimen, v is Poisson’s ratio, W is the specimen width, ¢ is the specimen
thickness, and ¢, is the reduced thickness in the plane of the groove (see
Figure 8). The crack growth rate, v, is obtained as:

v = ~(agPy/P?) x (dP/dt) (6)

where dP/dt is the slope of the relaxation curve at load P. The constants ay
and P, are the initial crack length and the corresponding load. It is noted that
the determination of both K; and v is independent of crack length. This is
regarded as one of the advantages of the double torsion test. However, it
may also be viewed as a serious limitation as it is clear that stress intensity
factor must depend on the crack size, no matter how small is the change.

After the relaxation test, the specimen is fractured at a rapid speed of 10
mm/min. The critical load P for fracturing the specimen is used to determine
the fracture toughness K;c from Eq.(5). The experimental results of double
torsion test will be discussed in Section 3.2.

Load, P
A
’){ _______________________________________

Py fm====- Relaxation test

Determination of Ky

P prreofeeccccncaa

-

& Time, t

Figure 9. Schematic representation of load relaxation test. (Henry et al.'®).

3. RESULTS AND DISCUSSION

In this section, the SCG results of both four-point bending and double
torsion test are presented and compared.

3.1 Four-point bending test

The log-log plot of the crack growth rate, v, versus normalized SIF,
K/K,c, of 4PB tests on granite specimens in the environments of air, water
and dilute sulphuric acid (pH value of 2) are shown in Figure 10.
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Figure 10. Log (K; /K;c) — log v curve for granite using four-point bending test.

Three stages are observed in granite specimen under different testing
conditions from Figure 10. In Stage I, the crack growth rate v decreases after
the application of pre-determined dead weight has been just completed.
Then, v attained a minimum value when the normalized SIF (K;/K;c) reaches
about 0.73, that is, log (K;/K;c)=—0.137 in Figure 10. In Stage II, v becomes
roughly constant over a certain range of K;/K;c while the range of K; /K¢ for
constant v is shorter in acidic condition (Figure 10). In Stage III, v increases
and the crack propagates towards the lower edge, splitting the specimen into
two pieces. To the best knowledge of the authors such a crack growth
behavior with three different stages has not been reported in the literature on
SCG studies using the DTT method (Figure 2). This may be due to different
loading processes between 4PB test (constant loading during testing) and
DTT (load relaxation during testing).

To further examine the crack growth behavior in 4PB tests, the curves of
both CMODs against time are plotted (Figures 11-13), marking the three cor-
responding stages. It is observed that CMOD increases rapidly when apply-
ing dead weight. After weight has been applied, the CMOD increases in a
smoother manner than before. The smoother displacement rate of CMOD will
cause a decrease rate in crack growth velocity v in Stage 1. Moreover, for
testing condition in air (Figure 11b) and acid (Figures 12, 13), the difference
of CMOD growth rate during and after loading becomes smaller. This is due
to crack propagation during applying dead weight in both water and acidic
conditions (Figures 12 and 13). Thus, the decrease level of v in Stage I is
smaller in acidic condition than that in air condition. In Stage II, the CMOD
grows in a nearly constant rate. However, it was found that such time for
growth rate of CMOD in acidic condition is very short (Figure 13). When
the crack grows to a certain length (a/#=0.56~0.59), the increase of CMOD
becomes faster and such increase causes the linear increase of v in Stage III.
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Figure 11. Curve of CMOD against time of granite specimen in air.

From Figures 11-13, it is found that the time to failure of granite specimens
becomes shorter when the pH value decreases. According to Plummer et al."”,
the effects of acidic condition may be explained by the chemical weathering
of feldspar mineral changing to clay mineral at the crack tip as follows:

H:S{), e .?H . +.‘i'()’: (Acidic condition)
2KAISi 0, +H 0+ 2H" — ALSi,O,(OH), +48i0, + 2K
.\Ilumurn‘.\rlht.\fr minerals (feldspar) Kﬂﬁi;l‘li"ﬁ' (clay) .‘inhlLli' silica

Figure 14 shows the crack tip of the specimens after 4PB tests under
microscope. By comparing the specimens it can be concluded that in air con-
ditions (Figurel4a), the minerals along the tips are weathered in a lower de-
gree compared to those under water conditions (Figure 14b). The white colour
along the crack tip is the weathered mineral (Kaolinite). On the contrary under
acidic condition (Figure 14c), most of the minerals near the crack tip are
weathered and changed in white colour (dotted region in Figure 14c).
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Figure 12. Curve of CMOD against time of granite specimen in water.
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Figure 13. Curve of CMOD against time of granite specimen in H,SO4 (pH=2).

To determine the SCG indices n of granite specimens, the slope of the
linear fitting in Stage III (Figure 10) is used. Table 1 compiles the # values of
granite specimen under different environmental conditions from the 4PB test.

Table 1. The subcritical crack growth index 7 of granite using four-point bending test

Testing Conditions Subcritical crack growth index, n
Air 27
Water (pH=7.0) 19
H,SO, (pH=2.0) 16
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Figure 14. The crack tip of granite specimen after four-point bending test in a) air condition,
b) water condition (pH=7), and c¢) H,SO, (pH=2). Dotted region shows the weathering zone
(Kaolinite) of granite specimen.
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3.2 Double Torsion Test

The SCG data of load relaxation experiments on granite specimens under
air, and dilute sulphuric acid (pH value of 2) is presented by a log-log plot of
the crack growth rate v versus normalized K;/K;c (Figure 15).
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Figure 15. Log K;— log v curve for Granite using double torsion test.

Based on the log (K;/K;c) — log v curve, it is concluded the crack growth
behavior in granite rock panel (Figure 15) is similar to the behavior of
Westerly granite (Figure 3) the v of which decreases during load relaxation.
Furthermore, similarly to the result obtained from 4PB tests, it is found that
the pH value of the aqueous environment can influence the crack growth rate
at the same normalized SIF. To obtain the SCG indices » of granite speci-
mens under different environmental conditions, the slope of the linear part of
log-log plot is used (Figure 15). The SCG indices of the specimens are
shown in Table 2. From this table it is concluded that the DTT data are in
reasonable agreement with the upper bound of data for granitic rocks
summarized by Atkinson & Meredith'®.

On the contrary, by comparing the SCG data obtained from 4PB with
those from DTT, it is seen that the index » obtained from the latter is higher
than that obtained from the 4PB tests by a factor of around 3.5 (Table 3).
This may be due to the different fracture mechanisms activated in these test-

Table 2. The subcritical crack growth index 7 of granite using double torsion test

Testing Conditions SCG index, n SCG index, n of granitic rock
in this study summarized by Atkinson & Meredith'®
Air 92 30-90
Water pH=7.0) 69 37-68
H,SO4(pH=2.0) 49 Not available
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Table 3. Comparison of the SCG index » between four-point bending and double torsion tests

Testing SCG index, n Factor
Conditions 4PB test, ngpr DT test, npr (npt / n4pr)
Air 27 92 3.4
Water (pH=7.0) 19 69 3.6
H,SO, (pH=2.0) 16 49 3.1

ing methods. Furthermore, as the determination of the SIF K; from the DTT
is independent of the crack length (as shown in Eq.(5)), K; may be overesti-
mated or underestimated for different crack lengths', since the crack growth
length is an important parameter to determine K;. Thus, it is worth inves-
tigating further the influence of the crack length on the results of the DTT.

4. CONCLUSIONS

Both 4PB and DTT were used to investigate subcritical crack growth of
granite of rock panel under different environmental conditions. Furthermore,
this is the first study to investigate SCG of granite rock panel using four-
point bending test. The crack growth behavior and the SCG index 7 of both
testing methods were discussed. Based on the observation and findings of
this study, the following conclusions can be drawn:

e 4PB tests can be used for the study of subcritical crack growth in rock
panels. The advantage of this method is that the crack growth length can
be monitored by clip gauge throughout the whole test and the real situation
of rock panel can be simulated.

e Three stages of K—v curve are observed in granite specimens under four-
point bending test. In Stage I, the crack growth rate v decreased after the
pre-determined dead weight was applied and v attained a minimum value
when the normalized stress intensity factor K; /K;c reached a value of
about 0.73. In Stage II, v became roughly constant over a certain range of
K;/Kjc. Finally, v increased and the crack propagated towards the lower
edge, splitting the specimen into two pieces in Stage III.

e The crack growth behavior of granite specimens as obtained from DTT is
similar to that of Westerly granite presented in previous studies.

e The pH value of the aqueous environment can influence the crack growth
rate at the same normalized SIF according to the result obtained from
both testing methods. Under acidic condition, crack growth rate v be-
comes faster than under air condition. Moreover, the time to failure of
granite four-point bending specimen becomes shorter when the pH value
decreases. These effects may be due to the chemical weathering of feld-
spar mineral changing to clay mineral at the crack tip.

e Although the SCG index » obtained from DTT is in reasonable agree-
ment with the data for granitic rocks summarized in previous studies, this
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value is higher than that obtained from 4PB tests, by a factor of about 3
to 4. This may be due to the different fracture mechanism activated in the
two methods and the fact that the influence of the crack length on K is
disregarded in the DTT. Thus, it is worth to investigate further the in-
fluence of crack length on the results of the DTTs.
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