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To study the effect of wetting-drying cycles on dynamic tensile strength of rock, dy-
namic indirect tension test of sandstone samples after 0, 1, 3, and 5 wetting-drying
cycles was conducted. Tensile failure was observed by digital image correlation.
The result shows that failure appears in the center of the samples initially, con-
sistent with tensile strain field results obtained by digital image correlation. An
empirical formula was derived to link loading rate and dynamic tensile strength of
rock after wetting-drying cycles. As the loading rate increases, tensile strength in-
creases significantly. Tensile strength reduces as the number of wetting-drying cy-
cles increases. These results provide reference data for complex engineering prob-
lems such as those that occur in coal mining, tunneling and water conservancy.
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Introduction

Water influences the weakening of rocks in some geotechnical engineering applica-
tions, such as slope construction for dams, mining, and tunnel excavation, in which rock masses
experience alternating dry and wet cycles caused by rain or river water levels rising and falling
[1, 2]. In addition, dynamic loads caused by events such as earthquakes, blasting, and rock
bursts result in many natural hazards. Therefore, the studies on dynamic mechanical properties
of rock after wetting-drying (w-d) cycles are meaningful.

Recent studies have focused on the effect of w-d cycles on the effect of w-d cycles
on the mechanical and physical properties of rocks. These studies have revealed that certain
physical properties of density, weight, etc. decrease after cyclic wetting and drying, while po-
rosity increases [3-7]. Mechanical properties including uniaxial compressive strength, tensile
strength, and fracture toughness are also reduced after w-d cycles [8-14]. Hua et al. [8, 14, 15]
analyzed the impact of w-d cycles on Mode I fracture toughness K;-and Mode II fracture tough-
ness K¢ found that both K¢, and K¢ decrease as the number of cycles increases.

There is a significant difference between the dynamic and static mechanical behav-
ior of rocks [16-18]. Only a few investigations have been conducted on dynamic mechanical
properties of rock after w-d cycles. For instance, Yuan et al. [19] studied its effect on uniaxial
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compressive strength of rock under dynamic loading, and found that dynamic uniaxial com-
pressive strength reduces when the number of cycles rises. Zhou et al. [2, 7] conducted dynamic
compression and tension experiments on rocks and established a relationship between strain
rate, the w-d cycle and the dynamic strength. Du et al. [20] conducted dynamic tensile test of
red sandstone after w-d cycles and obtained the relationship between the fractal characteristics
of rock fragmentation and the number of cycles.

However, there currently exists the contradiction the effect of w-d cycles on the dynam-
ic and static mechanical behavior of rocks and the treatment methods and the number of cycles
greatly affect the mechanical properties of rocks. Yuan et al. [19] found dynamic compression
strength of sandstone is maximum after one w-d cycle, while Zhou et al. [2] found it increas-
es with the number of w-d cycles using a different treatment method. In the research of Zhou
et al. [2, 7], the numbers of cycles are 0, 10, 20, 30, 40, and 50; one cycle consists of samples
placed into water for one day, and then air dried at 25 °C for at least six days. In the research
of Du et al. [20], the numbers of cycles are 0, 5, 10, 15, and 20 and the samples are dried at
60 °C for 24 hours. In these experimental results, tensile strength changes fastest when the number
of cycles changes from 0-10. Other researchers [8, 14, 15] adopted different treatment methods for
w-d cycles, and the results of those experiments show that K¢ and K¢ decrease as the numbers
of cycles increase, for 0, 1, 3, 5, and 7 cycles. Thus, based on these treatment methods in [8, 14,
15], the dynamic tensile properties of rocks after 0, 1, 3, and 5 w-d cycles are studied in this work.

In this study, dynamic tensile tests of rock are carried out to study the influence of w-d
cycles on dynamic tensile strength of sandstone. The digital image correlation (DIC) method
was used to analyze tensile failure. The relationship between the loading rate and the tensile
strength of sandstone after w-d cycles was obtained to provide a reference for complex engi-
neering problems that arise in coal mining, tunneling, and water conservancy.

Sample preparation

Sandstone from Pingdingshan city, Henan Province, China, was used in this ex-
periment. The main composition is quartz and feldspar. The density of the sandstone is
2.56 g/cm?®. The samples were made into discs recommended by the International Society for
Rock Mechanics and Rock Engineering (ISRM) [21].

Based on previous research [8, 14, 15], sandstone samples were prepared after 0, 1, 3,
and 5 w-d cycles. A w-d cycle included saturation and drying. First, to achieve saturation, the
samples were placed in water for 24 hours. Second, an oven set at 105 °C was used to dry the
saturated samples for one day. Finally, the dried samples were cooled to room temperature. Af-
ter the cycles, the samples were placed in water for two days for testing. In this work, sandstone
samples without w-d cycles were considered to have gone through 0 cycles.

strain gauges Experimental set-up

. %_/ “p : s % A 38-mm diameter split Hopkinson pres-

i sure bar (SHPB) system, as shown in fig. 1 was

Striker bar  Incident bar Sample Transmitted bar applled to carry out dynamic Brazilian disc

Figure 1. The schematic of the SHPB system (BD) experiments on the sandstone samples

after 0, 1, 3, and 5 w-d cycles. The SHPB sys-

tem, initially developed by Kolsky [22], has been recommended by the ISRM as a standard test

facility [21]. It consists of three parts: striker, incident, and transmitted bar. After the incident

waves enters the interface of the incident bar and specimen, some of them will be reflected back
and the rest will pass through the sample and propagate through the transmitted bar.




Li, S., et al.: Impact of Wetting-Drying Cycles on Dynamic Tensile ...
THERMAL SCIENCE: Year 2019, Vol. 23, Suppl. 3, pp. S815-S820 S817

Through the strains obtained from the stress waves, we can calculate the forces P, and
P, on two sides of specimens using the following formula:

A :EA(gi-i-gr) (1)
P, = Ede, @

where £ and 4 are Young’s modulus and the cross-sectional area of the bars, respectively, [23].
The ¢, ¢, and ¢, are the incident, reflected and transmitted strains, respectively.
Based on the theory of elasticity, the tensile stress is:

2P
oty =220 3)
nDB
where P(?) is the diametrical load, D and B are diameter and thickness of the specimen, respec-
tively. The maximum value of o(f) is dynamic tensile strength 7.

Results and discussion

Dynamic force equilibrium and
determination of loading rate

Dynamic force balance in the specimen is a precondition for dynamic testing. The
pulse shaping technique was applied to achieve this equilibrium by using copper sheets [24-26].
According to egs. (1) and (2), the dynamic forces, P, is proportional to the total of the incident
(In) and reflected (Re) stress waves, and the dynamic forces, P,, is proportional to transmitted
(Tr) stress waves. As is shown in fig. 2, the dynamic forces P, and P, are nearly same during the
dynamic loading period, indicating that dynamic force equilibrium is achieved.

The loading rate is determined through the time evolution of tensile stress in the mid-
dle of the BD sample. A typical tensile stress history is shown as fig. 3. There exists a region of
approximately linear variation of stress with time from 125 to 175 ps in fig. 3. The slope of the
linear phase was determined as loading rate [25]. Using this method, we can determine that the
loading rate of the typical tensile stress history, o, is 190 GPa/s.
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Figure 2. Dynamic force balance for a Figure 3. Typical tensile stress history
typical dynamic BD test

Tensile strength results

Figure 4 shows that the dynamic tensile strengths of samples, where N represents
w-d cycles. It indicates that the tensile strengths of sandstone after different w-d cycles are



Li, S., et al.: Impact of Wetting-Drying Cycles on Dynamic Tensile ...
S818 THERMAL SCIENCE: Year 2019, Vol. 23, Suppl. 3, pp. S815-S820

rate dependent. Besides, dynamic tensile strength is greatly influenced by w-d cycles. Strength
reduces gradually as the number of cycles increases, which is consistent with static tensile
strength results of Hua et al. [8]. After w-d cycles, internal micro-cracks in sandstone gradually
increase as a result of the increase and decrease of water content, leading to the degradation of
the dynamic tensile strength [2, 15].

Linear fitting curve are obtained to describe the variation of strength with loading rate.
The fitted equations are given:

T, =0.03156+13.241, R* =0.990 (N =0)
T, =0.03016+12.706, R> =0.973 (N =1)
T, =0.02876+11.385, R* =0.912 (N =3)
T, =0.02536+11.024, R> =0.976 (N =5)

where T, is dynamic tensile strength, o — the loading rate. Although the parameters in the equa-
tions for different cycles are different, the same form, 7,= 4o + B is used for all five w-d cycle
conditions. Considering the relationship between 4, B, and N, an empirical formula is proposed:

, (125< 6 <350) 4)

T, =(0.0316-0.0012N)5 —0.4624N +13.129, (125 <6 <350) (5)
2 As shown in fig. 4, this empirical formula
- v " matches the data trend well.
S »t AN=3 - . . .
= vN=5 Using DIC with a high-speed
5 20l P e i B camera to record tensile failure
3 o The DIC technique has been widely used
§ L - .; . A g for non-contact deformation measurements
A [27]. In this work, a high-speed camera was
6 - /r, . used to investigate fracture processes during
v “ dynamic tensile testing. The DIC technique
uE v was applied to analyze stress and strain of sam-

. . . . ' ples. The dynamic split failure process and the
100 150 200 250 300 350 : AL .
Loading rate [GPas ] tensile strain distribution of sandstone speci-
mens are presented in fig. 5.

Figure 5 shows that tensile failure occurs
initially at the center of the specimen, and ex-
pands to both sides of the specimen
along the loading direction until the
specimen undergo a split failure. This
indicates that the dynamic split tests

X % satisfy the assumption of Griffith
Ops 30ps 40ps 50ps 310ps strength. The results are also consis-
i tent with those results reported by
other researchers [17, 28-30].

From the tensile strain distribu-
tions obtained by the DIC analysis, it
Ous 30ps 40 us 50 us is observed that the tensile strain ex-

Figure 5. Dynamic split failure process of sandstone tends from the area near the incident
samples and tensile strain distribution bar to the area near the transmitted

Figure 4. Tensile strength results for sandstone
after cyclic wetting and drying
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bar. The maximum tensile strain occurs in the center of the disc, which proves that the validity
of the dynamic indirect tensile test.

Conclusion

In this work, we studied the influence of w-d cycles on dynamic tensile strength of
rock. After 0, 1, 3, and 5 w-d cycles the sandstone specimens underwent dynamic tensile loading
using the SHPB system and the BD method. Tensile failure was observed by the DIC method.

The tensile failure appears initially in the center of the BD samples, which is consistent
with the tensile strain field obtained by the DIC. As loading rate increases, tensile strength increases
significantly. The cyclic treatments degrade the dynamic properties of sandstone. An empirical for-
mula links the loading rate and the tensile strength during w-d cycles. The results provide reference
data for complex engineering problems that occur in coal mining, tunneling, and water conservancy.
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Nomenclature
A - cross-sectional area of the bars, [mm?] T, —dynamic tensile strength, [MPa]
B — the thickness of the BD specimen, [mm]
D — diameter of the BD specimen, [mm] Greek symbols
E  —Young’s modulus of the bars, [GPa] & —incident strain, [—]
N — the number of wetting and drying cycles, [-] g, —reflected strain, []
P, - force on the incident end of the BD &  — transmitted strain, [—]
specimen, [kN] o(t) — tensile stress at the center of the BD
P, — force on the transmitted end of the BD specimen, [MPa]
specimen, [kN] ¢ —loading rate, [GPa/s]
P(t) — time-varying load recorded in the
test, [kN]
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