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Effect of Thermal Treatment on the Dynamic Behaviors at a
Fixed Loading Rate of Limestone in Quasi-vacuum and Air-filled

Environments

Abstract

Thermal damage in rock engineering occurs in the air-filled and quasi-
vacuum environments of rock mass located near or far from the free sur-
face. Meanwhile, dynamic loads are encountered frequently in engineering
practice. In this study, 39 limestone samples are prepared, and a series of
laboratory tests, including split Hopkinson pressure bar (SHPB), nuclear
magnetic resonance (NMR) and optical microscopy analyses, are conduct-
ed to investigate the effects of temperature and the environment on the
dynamic mechanical properties of limestone. The results show that the
macro-physical and dynamic mechanical properties of limestone after
thermal treatment can be divided into two stages by a critical temperature
of 450°C, at which the thermal damage factor is 0.71 and 0.75 in the quasi-
vacuum and air-filled environments, respectively. In the first stage, with
temperatures varying from 25°C to 450°C, the thermal damage due to ex-
pansion and fracturing slightly influences the related parameters, except
the P-wave velocity. However, in the second stage, with temperatures rang-
ing from 450°C to 900°C, the thermal damage caused by mineral decompo-
sition and hydration leads to a remarkable decrease in the dynamic bearing
and anti-deformation capacities. The environment plays a negligible role in
the first stage but an important role in the second stage, and the dynamic
compressive strength and modulus of samples after thermal treatment in
the air-filled environment are much lower than those in the quasi-vacuum
environment. Both the temperature and environment of thermal treatment
should be considered in engineering practice, especially when the temper-
ature exceeds 450°C.

Keywords

Thermal damage; Environment; Dynamic mechanical behaviors; SHPB;
NMR; limestone

1 INTRODUCTION

Liyuan Yua
Haijian Su 2
Richeng Liu #*
Hongwen Jing 2
Guanglei Li 2
Ming Li 2

a State Key Laboratory for Geomechanics and
Deep Underground Engineering, China Univer-
sity of Mining and Technology, Xuzhou 221116,
PR China. E-mail: liuricheng@cumt.edu.cn, yu-
liyuan@cumt.edu.cn, hjsu@cumt.edu.cn, liuri-
cheng@cumt.edu.cn, hwjingcumt@163.com,
751208714@qq.com, mingl@cumt.edu.cn

*Corresponding author
http://dx.doi.org/10.1590/1679-78254021

Received: May 13, 2017

In Revised Form: December 20, 2017
Accepted: January 10, 2018
Available online: February 05, 2018

Thermal effects are important environmental factors in rock engineering procedures, including rock drilling,

ore crushing, deep petroleum boring, geothermal energy extraction, deep burial of nuclear waste (Heuze 1983),
underground post-disaster reconstruction (Han et al. 2012) and underground coal gasification (Kapusta et al.
2013). These effects have interested many researchers because thermal treatments influence the physical (David
et al. 1999; Vinciguerra et al. 2005; Chaki et al. 2008; Nara et al. 2011; Ozguven and Ozcelik 2014) and static me-
chanical properties (Ferrero and Marini 2001; Balme et al. 2004; Koca et al. 2006; Heap et al. 2009; Brotons et al.
2013) of rocks. In addition, rock dynamics must be considered in earthquake, mining, energy, environmental and
civil engineering studies when dynamic loads are encountered, such as during explosions (Roy et al. 2016; Yu et al.
2017), impacts (Wang et al. 2009), seismic events (Grana and Rossa 2010) and microseismic events (Dai et al.,
20164a, 2017). The split Hopkinson pressure bar (SHPB) system, which is the only dynamic device recommended
(Zhou et al. 2012) by the International Society for Rock Mechanics (ISRM), has been widely used to conduct dy-
namic compression tests (Frew et al. 2001), dynamic Brazilian tests (Wang et al. 2009; Dai et al. 2008, 2010) and
dynamic notched semi-circular bend tests (Chen et al. 2009; Dai et al. 2016b) at a high strain rate (102 ~ 103 s-1).
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Thermal treatments firstly influence the physical properties of rocks such as density, P-wave velocity, porosi-
ty, permeability, water absorption, heat conductivity and so on. Ozguven and Ozcelik (2014) reported that bulk
density of limestone and marble decreases dramatically with the increase in temperature, especially after 400°C.
This is caused by the capillary cracks that occur in natural stones, expansion and materials left from the structure.
Nasseri et al. (2007) believed that both the number and average opening distance of microcracks increase after
the thermal treatment (up to 850°C) for Westerly granite. Xu et al. (2008) reported that granite remains stable at
temperatures below 800°C and that its carrying capacity is destroyed at approximately 1200°C. Sengun (2014)
measured the elastic modulus by heating the carbonate of six different material components to 600°C, reporting a
reduction of 62% ~ 82%. Recently, a few scholars have investigated the effects of thermal treatment on the dy-
namic mechanical properties of rocks. Liu and Xu (2014) declared that the growth factor of dynamic compressive
strength of Qinling biotite exhibits a continuous uptrend with increasing temperature, and reaches its maximum
at 1000°C. Yin et al. (2015) reported that the dynamic tensile strength of granite increases with temperature up
to 100°C, while it quickly decreases as temperature exceeds 100°C. X-ray Micro-computed tomography (CT) tech-
nique was utilized to quantify the damage of Longyou sandstone induced by the thermal treatment, then the dy-
namic compressive (Huang and Xia 2015) and tensile (Yao et al. 2016) strengths were obtained using the SHPB
system under different dynamic loading rates. Li et al. (2016) reported that the dynamic mechanical properties of
coal measures sandstone rapidly weaken due to the decomposition of kaolinite when the temperature exceeds
500°C. Based on the test data of heattreated granite specimens(up to 900°C), the dynamic behavior and failure
characteristics of the granite under the coupling action of temperature and impact loading were studied by Wang
and Hao (2017).

However, thermal damage to rock masses due to rock engineering occurs in different environments and dif-
ferent regions. Rocks near the free surface will be heated in an air-filled environment (AE) with various gases and
moisture in the atmosphere, while rocks far from the free surface will be heated in a quasi-vacuum environment
(QE) that lacks gases and moisture. Thermal treatments, such as tunnel fires (Li and Ingason 2013; Gong et al.
2016) and underground coal gasification (Bhutto et al. 2013), occur more frequently in the QE occurs than in the
AE. In this study, limestone samples were collected from both the QE and AE after thermal treatment and pre-
pared with temperatures ranging from 25°C to 900°C. Then, the macro-physical and dynamic mechanical parame-
ters of these samples were measured via a series of tests, in which the effects of thermal treatment were investi-
gated.

2 TESTS

2.1 Basic properties of limestone and sample preparation

A dark grey limestone is chosen in this study to demonstrate the influence of thermal treatment on its dy-
namic mechanical behavior under uniaxial compression. This type of limestone is mainly composed of calcite
(96%) and small amounts of dolomite (2%), montmorillonite (1%) and illite (1%) based on the results of X-ray
diffraction (XRD). A non-destructible method, X-ray computed tomography (CT), was used to verify the homoge-
neity of a typical sample. The Xradia MicroXCT-400 system provides a high-resolution scan with a 120 W X-ray
source of 148 kV. Figure 1a shows CT images at four equidistant cross-sections, and each scanned image consists
of 2048 x 2048 pixels with a resolution of 30 um. The grey level, which provides a visual representation of the
material density (Raynaud et al. 1989), displays good consistency between the four CT images.

The static mechanical behavior of a natural state sample (50 mm X 100 mm) was obtained via a uniaxial
compression test, as shown in Figure 1b. The physical and static mechanical parameters are listed in Table 1. A
post-peak falling stage in the stress-strain curve and the splitting failure mode reflect the hard brittle characteris-
tics of this limestone sample.

In the dynamic compressive test using the SHPB, 50-mm diameter cores were drilled into the limestone.
These cores were then cut into cylinders with a height of 50 mm for an appropriate aspect ratio (L/D = 1), as
recommended by the ISRM (Zhou et al. 2012). The precision control of samples was performed in accordance
with the standard requirements of the ISRM (Ulusay and Hudson 2007), with parallelism controlled within +0.05
mm and surface flatness within +0.02 mm.
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Figure 1: CT images (a) and static mechanical behavior (b) of a typical limestone sample under natural state.

Table 1: Physical and static mechanical parameters of a typical limestone sample under natural state.

Parameter Sym- Val- Unit
bol ue
Bulk density p 2.700 g/cm3
P-wave velocity 1) 4351 m/s
Porosity 17 0.23 %
Uniaxial compressive e 104.14 MPa
strength
Peak strain &ps 5.35 103
Elastic modulus Es 25.82 GPa

Note: Porosity was obtained using the nuclear magnetic resonance test as detailed in §4.4.

2.2 Thermal treatment

To study the effects of thermal treatment on the dynamic mechanical properties of limestone, the test tem-
perature was designed at seven levels: 25°C, 200°C, 300°C, 450°C, 600°C, 750°C, and 900°C. Two environments,

the QE and AE, were used for every temperature level except 25°C, resulting in 13 groups with a total of 39 sam-
ples prepared, as shown in Table 2.
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Table 2: Physical and dynamic mechanical parameters of [imestone samples after thermal treatment.

7/

oC Sample p/(g/cm3) v/ (m/s) opd/MPa &d/103 Ea/GPa
Al 2.701 4308 180.4 3.51 78.37
25 A2 2.696 4387 187.8 3.61 81.01
A3 2.702 4359 178.9 3.46 74.15
Average 2.700 4351 182.4 3.53 77.84
B1l-v/B1l-a 2.701/2.695 3396/3276 174.1/165.6 3.29/3.53 75.64/72.60
200 B2-v/B2-a 2.692/2.691 3330/3288 180.2/167.3 3.03/3.84 84.43/67.89
B3-v/A3-a  2.695/2.697 3321/3363 169.4/1768  3.98/3.65  69.96/77.53
Average 2.696/2.694 3352/3309 174.6/169.9 3.43/3.67 76.68/72.67
C1l-v/Cl-a 2.702/2.693 2963/2723 164.0/182.2 4.58/3.57 60.29/78.49
00 CZV/Cza  2698/2688  2917/2716  1739/1763  342/348  7627/73.13
C3-v/C3-a  2.695/2.695 2992/2608 174.7/165.7  3.60/424  70.25/62.75
Average 2.698/2.692 2957/2682 170.9/174.7 3.87/3.76 68.93/71.46
D1-v/D1-a  2.681/2.679 2315/2146 168.8/141.7 3.85/4.01 68.96/55.83
yco DZV/Dza  2687/2684 2308/2161 159.5/150.6  447/442  57.10/50.79
D3-v/D3-a 2.692/2.672 2366/2237 162.3/168.4 3.78/3.87 65.26/67.01
Average 2.687/2.678 2330/2181 163.5/153.6 4.03/4.10 63.77/57.88
El-v/El-a  2.667/2.626 2026/1699 107.2/107.7  7.14/654  23.72/26.58
600 E2-v/E2-a 2.668/2.629 1970/1680 120.9/95.4 6.61/7.47 30.18/21.07
E3-v/E3-a 2.658/2.640 2061/1791 117.1/102.3 6.25/7.16 29.97/23.15
Average 2.664/2.632 2019/1723 115.1/101.8 6.67/7.06 27.96/23.60
Fl-v/Fl-a  2.617/2.590 1795/1408  89.0/71.2 8.65/855  16.67/13.91
750 F2-v/F2-a 2.613/2.599 1792/1489 104.7/74.8 7.74/8.79 22.32/13.44
F3-v/F3-a 2.627/2.591 1727/1432 101.9/90.3 8.23/8.26 19.81/17.42
Average  2.619/2.593  1771/1443  98.5/788  821/853  19.60/14.92
Gl-v/Gl-a 2.580/2.518 1456/1233  59.9/39.0  9.37/10.24  10.22/6.21
oo CZV/G2a  2587/2517  1438/1163  704/379  798/1115  13.03/580

G3-v/G3-a  2.575/2530 1527/1121  58.4/31.8  9.25/1039  9.69/5.17
Average  2.581/2.522  1474/1172  62.8/36.2  8.87/10.59  10.98/5.73

- «_n

Note: The symbol “-v” means that the sample was heated in the quasi-vacuum environment, while “-a” means that the sample was heated in the air-
filled environment.

The thermal treatment was performed using a MXQ1700 box-type furnace (Figure 2a) produced by Shanghai
Micro-X Furnace. This device can provide several thermal environments, such as the QE (Figure 2b), AE (Figure
2¢), nitrogen atmosphere environment and so on. The air pressure in the QE was below 0.01 MPa throughout the
thermal treatment process. Each group was heated at a rate of 5°C/min, which was sufficiently slow to avoid
cracking due to thermal shock (Nasseri et al. 2007). The preordained temperature was held constant for 2 hours.
Then, the muffle furnace was powered off and samples were left in the furnace to cool to room temperature natu-
rally. Furthermore, samples heated in the QE were sealed using preservative film to provide insulation from the
external environment. Figure 2d and Figure Ze show typical samples after thermal treatment. Note that the color
of the limestone changes from dark grey (25°C ~ 450°C) to off-white (600°C and 750°C) and white (900°C) with
increasing temperature.

The bulk density (p) of limestone samples after thermal treatment was determined using the method rec-
ommended by the ISRM (Ulusay and Hudson 2007). The mass was measured using an electronic balance with an
accuracy of 0.01 g, and the bulk volume was obtained using a vernier caliper with an accuracy of 0.02 mm. Moreo-
ver, the P-wave velocity (v,) was tested using a RSM-SY5 nonmetal ultrasonic detector with a sampling precision
of 0.1 ps.
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Figure 2: The high temperature furnace and typical limestone samples after thermal treatment.

2.3 Dynamic uniaxial compressive test

An SHPB system was employed to conduct the dynamic uniaxial compressive test in this study. This system
mainly consists of a gas gun, a striker bar, an incident bar, a transmitted bar, a signal acquisition system (includ-
ing two strain gauges, a dynamic strain meter and an oscilloscope) and an energy absorption device (Xia and Yao
2015), as shown in Figure 3. A sample is sandwiched between the incident bar and transmitted bar. In our SHPB
system, the diameter of all bars is 60 mm, and the lengths of the incident and transmitted bars are 5000 and 3000
mm, respectively. All bars are made from high-strength steel (ASTM9260) with a high yield strength of 1.2 GPa.
Strain gauges were glued at 2000 and 1000 mm away from the bar-sample interfaces on the incident and trans-
mitted bars, respectively. A small rubber disc with a 12 mm diameter and 0.2 mm thickness was placed between
the striker and incident bar to eliminate the inertia effect inside the sample, i.e., to act as a pulse shaper. The pres-
sure of the gas gun was set to a fixed value of 0.25 MPa to maintain a constant average strain rate for all the sam-
ples.
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Figure 3: Schematics of a SHPB system and the x-t diagram of stress waves propagation in SHPB.

Damper

As an example, Figure 4 shows the incident wave (&), reflected wave (&) and transmitted wave (&) obtained
from the signal acquisition system for a typical sample. Due to the effects of the pulse shaper, a non-dispersive
incident wave was generated with a slow-rising front, and this wave facilitated the dynamic force balance across
the sample and constant strain rate during the loading process (Frew et al. 2001, 2002). The loading forces #; and
P> on both ends of the sample induced by the SHPB can be calculated as follows (Kolsky 1949, 1953):

R=A4E,(s.¢,) @
P, = AE,¢, (2)

where 4, and £ = 200 GPa were the cross-sectional area and Young’s modulus of the bars, respectively. As
shown in Figure 4, the forces P and P were almost identical during the dynamic loading process.

Based on assumptions of the one-dimensional stress wave and stress equilibrium state, the strain (£(£)) and
stress (o(£)) within the sample during the dynamic compression process can be calculated as follows (Gray, 2000;
Xia et al. 2008):

&(t) = —ZLﬁLI & dt )
G(t)zAbEbgt/A 4)

where @, = 5160 m/s is the P-wave velocity of the bars and Z and 4 are the initial length and cross-sectional area
of the sample, respectively. Then, the dynamic stress-strain curve can be obtained using Equations (3) and (4).
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Figure 4: Dynamic force balance check for a typical sample with pulse shaping.

As an important parameters in dynamic compressive tests (Zhang and Zhao 2014), the loading rate (&(¢))

can be determined from the time-dependent evolution of o(#). Figure 5 illustrates a typical dynamic compressive
loading history, in which a near-linear stage of increasing o(£) can be observed. The slope of this stage is the load-
ing rate, as suggested by the ISRM (Zhou et al. 2012). The strain rate (£(¢) ) in the test is the average strain rate
between the initial moment when stress equilibrium is reached and the failure moment corresponding to the
peak load. Then, the dynamic elastic modulus (£3) can be calculated (Zhou et al. 2012).

E,=c(t)/£(t) (5)

200

150 -
)
% 100 -
@ .

o (1 F4390GPals
50
I
0 T T p T v T 4
0 50 100 150 200
Time (10°s)

Figure 5: Determination of the loading rate for a typical SHPB test.

In all SHPB tests, £ was calculated using the aforementioned method.
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3. RESULTS AND ANALYSIS

3.1 Macro-physical parameters

The bulk density of the limestone samples is 2.700 g/cm3 at a room temperature of 25°C; however, it varies
with increasing temperature, as shown in Table 2 and Figure 6. The average p slightly decreases with increasing
temperature up to 450°C. Then, a significant reduction (3.94% and 5.83% in QE and AE, respectively) occurs from
450°C to 900°C due to the thermal expansion of minerals, capillary cracks that occur in natural stones and the
presence of various materials. These results are similar to those reported in previous studies (Yavuz and Topal.
2007; Ozguven and Ozcelik 2014). Compared to the QE, a more obvious decrease in the average p occurs in the AE,
especially when the temperature is greater than 450°C. When the temperature increases from 25°C to 900°C, the
average p decreases by 6.59% in the AE and 4.41% in the QE, respectively.

2.75
|
: Second stage
270 B— i | s
- s
;’” 2.65 7 First stage i
= - [ .
z : ) .
o
3 2.60 2
& u
255 Trial in quasi-vacuum environment
o Trial in air-filled environment
®— Average in quasi-vacuum environment &
Average in air-filled environment =
2.50 : — ' : ' . ' :
0 200 400 600 800 1000

Temperature T Gy

Figure 6: Variations in the bulk density with varying temperatures from 25°C to 900°C.

The P-wave velocity of rock is sensitive to microfractures induced by the thermal treatment. The average 1}
of limestone is 4351 m/s at 25°C. As shown in Table 2 and Figure 7, a sharp downward trend (>46%) in v; is
observed from 25°C to 450°C; then, a less significant decrease (approximately 20% of the initial value) occurs
from 450°C to 900°C. This variation is similar to the results observed in granite analyses (Liu and Xu 2014; Yin et
al. 2015). When limestone samples are subjected to a high temperature, protogenic defects such as microcracks
and microholes will further expand because of thermal stress or the thermal decomposition of minerals (Yin et al.
2012; Huang and Xia 2015). Therefore, the drastic decrease in v, (by 66.1% and 73.1% in QE and AE, respectively,
at 900°C) is mainly caused by the increase in the pore volume, which produces a barrier effect for P-wave propa-
gation (Nasseri et al. 2007; Heap et al. 2013; Ozguven and Ozcelik 2014). Similar to the p of limestone, a greater
decrease in 1, can be observed in AE compared to that in QE.
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Figure 7: Variations in the P-wave velocity with varying temperatures from 25°C to 900°C.

3.2 Dynamic mechanical behaviors

The dynamic stress-strain curves of limestone samples treated at different temperatures are shown in Figure
8. Unlike the static compression results (Figure 1b), the dynamic curves lack the obvious compaction phase and
display larger increasing slopes (£3 = 81.01 GPa and £ = 25.82 GPa for dynamic and static compression, respec-
tively, at 25°C) and higher peak stress (opqa = 187.8 MPa and ops = 104.1 MPa for dynamic and static compression,
respectively, at 25°C). Here, £ and o; are the elastic modulus and peak stress, respectively. These results are
mainly due to the much higher loading rate of dynamic compression using the SHPB system and the inherent iner-
tia of internal crystals (Li et al. 2005). Deformation increases with increasing temperature (especially greater
than 450°C) in both the QE and AE. A springback in the post-peak region of the stress-strain curves occurs when
the temperature is less than 450°C and disappears when the temperature exceeds 450°C. Figure 9 shows the fail-
ure characteristics of typical limestone samples after the SHPB test. The size and quantity of rock fragments
change distinctly with increasing temperature, and large-diameter fragments are not observed when the temper-
ature exceeds 450°C.

The peak stress (opq) of the stress-strain curves, namely, the uniaxial compressive strength in this study, re-
flects the carrying capacity of limestone, while the peak strain (&q) is the strain value corresponding to the peak
stress. The variations in opq and &4 in limestone samples after thermal treatment are presented in Table 2 and
Figure 10. Slight variations in both opq and &4 occur with increasing temperature up to 450°C regardless of the
thermal environment. Then, opq displays an obvious decrease (55.2% in the QE and 66.4% in the AE at 900°C),
while &q exhibits a distinct upward trend (137.1% in the QE and 183.9% in the AE at 900°C). This variation
agrees with the results of the static compression of limestone (Ozguven and Ozcelik 2014) and is similar to the
dynamic compressive result of biotite granite (Liu and Xu 2014). The limestone loses the majority of its carrying
capacity when it is heated to 900°C in both the QE (65.6%) and AE (80.2%).
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Figure 8: Dynamic stress-strain curves of typical limestone samples after thermal treatment
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Figure 9: Failure characteristics of typical limestone samples after the SHPPB tests.
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Figure 10: Variations in the peak stress (a) and peak strain (b) with increasing temperature.

The elastic modulus is an important index that measures the resistance capacity of elastic deformation. Fig-
ure 11 depicts the variation in £y in relation to temperature, and the detailed results are presented in Table 2.
Overall, the £j of limestone decreases continuously with increasing temperature, and a greater reduction occurs
in the AE compared to that in QE (85.9% in the QE and the 92.6% in AE at 900°C). Similar to the peak stress, an
evident turning point can be observed at 7= 450°C during the thermal treatment. The elastic modulus decreases
slowly before the turning point (18.1% in the QE and 25.6% in the AE), while a sharp decline occurs after the
turning point (67.8% in the QE and 67.0% in the AE).
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Figure 11: Variations in the dynamic elastic modulus with increasing temperature.

4. DISCUSSION

4.1 Stage division during the thermal treatment

Figures 6, 7, 10 and 11 show a concordant turning point 7= 450°C based on the variations in related param-
eters with increasing temperature. Parameters such as g, v, dpd, &4 and £y display different variation trends be-
fore and after this critical temperature. To investigate the aforementioned observation, four ratios associated
with these parameters are defined:

Ry =ty — Qs /s (6)
R, =y — oo/ tss (7)
R,y = (s = ) /(@ — gy ) (8)
R, = (s = Ol ) /(025 = Ol ) C)]

where a is any one of g, v, 0pd, &a and £y and the subscript of «a is the associated temperature of the thermal
treatment. The results of these four ratios are listed in Table 3 to clearly illustrate the inflection point. We can
divide the temperature range into two stages: the first stage from 25°C to 450°C and the second stage from 450°C
to 900°C.

Table 3: Ratios related to variations of physical and dynamic mechanical parameters.

Bulk density ~ P-wave velocity = Peak stress Peakstrain  Elastic modulus
QE AE QE AE QE AE QE AE QE AE
Ri/% 0.5 0.8 46.4 49.9 104 158 142 16.1 18.1 25.6
Ra/% 4.4 6.6 66.1 73.1 65.6 80.2 151.3 200.0 859 92.6
Ro1/% 109 124 70.2 68.3 158 197 94 81 21.0 27.7
R1/% 89.1 87.6 29.8 31.7 84.2 803 90.6 919 79.0 72.3

Ratio

4.2 Effect of the environment

When subjected to a high temperature, the transformation from calcite to calcium oxide and the subsequent
hydration of calcium oxide induce non-negligible changes in the internal microstructure of limestone. Sufficient
water vapor is available for the hydration of calcium oxide in the AE, while hydration is limited in the QE. There-
fore, a higher amplitude in the variation of related parameters is generally observed in the AE compared to that in
the QE. To determine the effect of environment, the variation in aqe/aag with increasing temperature is shown in
Figure 12. Notably, Figure 12 shows that the ratios of related parameters fluctuate in the first stage and continu-
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ously increase in the second stage. Thus, the influence that the environment exerts on the rock properties should
not be ignored in engineering practices, especially when the temperature surpasses 450°C.
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Figure 12: Variations in the ratios of parameters in the QE and AE with increasing temperature.

Note: aqe and aake represent parameters (the P-wave velocity, peak stress, or elastic modulus) of samples
after the thermal treatment in the quasi-vacuum and air-filled environment, respectively.

4.3 Damage factor

Numerous questions regarding the damage properties of rock mass that has undergone deformation and
other changes are encountered in rock engineering (Kawamoto et al. 1988; Kachanov, 1993; Hoxha and Homand,
2000; Eslami et al. 2012). Various changes occur in the internal microstructures and mineralogical compositions
of rocks after high-temperature exposure, thus altering the propagation path of ultrasonic waves due to refraction
and diffraction phenomena. Therefore, the P-wave velocity is sensitive to the thermal treatment, as shown in Fig-
ure 7. The damage factor Dis introduced and related to v as follows (Kawamoto et al. 1988):

D=l—(vpt/vpn)2 (10)

where vy and 14, are the P-wave velocities of samples after thermal treatment and in the natural state (25°C in
this study), respectively. Variations in D with temperature are shown in Figure 13. The damage factor
continuously increases with increasing temperature. At the critical temperature of 7= 450°C, the threshold of D
is 0.71 and 0.75 in the QE and AE, respectively. The regression relationships between Dand 7 can be expressed as
Langmuir power functions.

8.684x10 (T - 25)"""

D= 07 )1276 R*=0.9969 for the QE o
1+8.0x10* (T -25)"
1.607x10 (T —2 1.635

p_ 1:607x107(7 - 25) R? =0.9982 for the AE 4

1+1.6x10*(T-25

)1.635
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Figure 13: Variations in the damage factor with increasing temperature.

4.4 Micromechanisms

Microscopic technologies, including the nuclear magnetic resonance (NMR) test and optical microscopy im-
aging, are employed to analyze typical limestone samples. NMR is a physical phenomenon in which nuclei in a
magnetic field absorb and re-emit electromagnetic radiation (Vandersypen et al. 2001). Low-field NMR technolo-
gy has been widely used in studies of geological material for more than two decades (Kleinberg et al. 1994; Web-
ber et al. 2013, Kwak et al. 2016). The pore size distributions and NMR images are obtained using a MesoMR23-
060H-I NMR system with a resonance frequency of 23.423 MHz, as shown in Table 4. The pore size of limestone
falls into four classes based on divisions at 0.1 pm, 1.0 um and 10.0 pm. In increasing order, these classes are as
follows: I-pore, II-pore, IlI-pore and IV-pore. The brightness of an NMR greyscale image reflects the number of
water-filled pores, and a brighter image indicates a larger porosity in the sample. Table 4 also lists the optical
microscopic images obtained using a KH-3000 digital microscope with a magnification of 200 times.

Microscopic images provide local intuitive views of limestone in different conditions. A distinct fracture oc-
curs due to the thermal expansion of the sample after a temperature of 450°C is reached, while the apparent color
changes slightly compared to that in the natural state. The brightness of the global NMR images indicates that the
porosity ¢ in the sample increases significantly after 450°C is reached (from 0.23% to 1.35% (QE) or 2.36%
(AE)). The proportion of IV-pores (>10.0 pm) increases dramatically because of the opening of thermal cracks,
especially in the AE (from 5.0% to 69.0%). The thermal decomposition of calcite to calcium oxide plays the most
important role in the transformation of the limestone microstructure after 900°C is reached, as shown in Table 4.
More bright spots are well distributed in the global NMR image at 900°C, except for the distortions due to para-
magnetic material, compared to the image obtained at 450°C. The porosity increases from 1.35% to 4.15% in the
QE and from 2.36% to 4.87% in the AE when the temperature increases from 450°C to 900°C, which supports the
results of the NMR image analysis. The residual ultrafine particles after thermal decomposition will fill the open
thermal fractures to some extent. The proportion of IV-pores (>10.0 pm) decreases from 69.0% to 27.9% in the
AE, while the proportion of IlI-pores (1.0 pm ~ 10.0 pm) increases from 21.9% to 67.9%.
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Table 4: Results of the optical microscopic and NMR tests of limestone samples after thermal treatment.

State Optical microscopic image NMR image Pore size distribution
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Note: There are image distortions due to paramagnetic material in the last NMR image.
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Table 4 shows that in the first stage (25°C ~ 450°C), the thermal damage to the limestone is mainly attribut-
ed to volume expansion and crack initiation. Although this transformation of the microstructure leads to a re-
markable decrease in the P-wave velocity (see Figure 7), the damage degree is small and does not affect the dy-
namic bearing capacity (see Figure 10). The difference between related parameters in the QE and the AE is not
obvious in this stage (see Figure 12). However, in the second stage (450°C ~ 900°C), the thermal damage to the
limestone is primarily caused by mineral decomposition and the hydration of calcium oxide. The limestone sam-
ple gradually loses its dynamic bearing and anti-deformation capacities with increasing temperature (see Figures
10 and 11). Additionally, the environment of the thermal treatment has an increasing influence on the dynamic
mechanical behavior of the limestone in this stage (see Figure 12).

5 CONCLUSIONS

In this study, a series of laboratory tests, including SHPB, NMR and optical microscopy analyses, are conduct-
ed to investigate the influences of the thermal treatment with temperatures ranging from 25°C to 900°C and envi-
ronments (air-filled environment and quasi-vacuum environment) on the macro-physical and dynamic mechani-
cal properties of limestone. The results show that a critical temperature of 450°C exists, before which and after
which the macro-physical and dynamic mechanical properties of limestone exhibit different variations. The ther-
mal damage factor at the critical temperature is 0.71 and 0.75 for the quasi-vacuum and air-filled environment,
respectively. In the first stage (25°C ~ 450°C), the thermal damage due to expansion and fracturing slightly influ-
ences the related parameters of limestone except the P-wave velocity. However, in the second stage (450°C ~
900°C), the thermal damage caused by mineral decomposition and hydration leads to a remarkable decrease in
the dynamic bearing and anti-deformation capacities. The environment of thermal treatment plays a negligible
role in the first stage but an important role in the second stage, and the dynamic compressive strength and modu-
lus of samples in the air-filled environment are much lower than those in the quasi-vacuum environment. The
thermal damage should be fully considered in engineering practice associated with limestone, especially when the
temperature exceeds 450°C.
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