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Viscoelasto-plastic properties of deep hard rocks under water environment
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Abstract: Using a circular incremental step load and unload method, a set of rheological experiments were performed to study the
viscoelasto-plastic properties of amphibolite in Jinchuan No.2 diggings under different environments. Based on the scientific analysis
on rheological experimental data, the viscoelasto-plastic properties of amphibolite under different environments were studied. The
results show that the instantaneous elastic modulus and viscoplastic properties of amphibolite are affected little, the viscoelastic
properties of amphibolite are significantly affected. Based on the experimental results and characteristics of recovered rock
specimen, a generalized Kelvin model was chosen to simulate rheological properties of amphibolites and key parameters were
obtained. It is found that the creep deformation modulus E| is significantly influenced by the water, while the instant elastic modulus
E, is not significantly affected. The discreteness of the viscosity coefficient # is large, the influence of water on # is not clear and

needs to be further studied.
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1 Introduction

It is well known that rocks possess viscoelasto-
plastic properties and exhibit time-dependent behavior
during deformation, engineering practice shows that the
long-term stability of rock engineering is closely related
to the rheological deformation characteristics of rocks
[1-4]. In practical engineering, many rock engineers are
immersed in water, such as the dam and underground
engineering in groundwater. Water has a significant
influence on the long-term stability of rock engineering,
the failure of support usually appears on the site with
large moisture content or in water [5]. In order to ensure
the long-term stability of rock engineering in water
environment, it is necessary to study the rheological
characteristics of rocks in water environment.

At present, the maximum mining depth of Jinchuan
mining area is about 1 000 m. According to the stress
measurement in-situ and the geological survey, the
maximum in-situ stress is up to 30—40 MPa and all rocks

are immersed in groundwater or water of construction [6].

The deep tunnel engineering was destroyed seriously and

the failure characteristics were time-dependent [7]. The
tunnel cross section shrank continuously with time until
the support was destroyed. A lot of human and material
resources had been devoted to maintaining tunneling
support, and the stability of the deep tunnel seriously
affects safe production and economic benefit of Jinchuan
mining area. To improve the long-term stability of the
deep tunnel, it is necessary to study mechanical
characteristics of rocks at depth. CAO et al [6—9] have
studied the influence of water on fracture mechanics
characteristics of deep rocks in the Jinchuan mining area.

Highly porous tuff and rock whose porosity has
increased as a result of weathering have different
strengths in air-dried (dry) conditions compared with
water-saturated (wet) conditions [10]. Some researchers
have researched the rheological -characteristics of
water-saturated rocks. BOUVARD and STUTZ [11],
YANG et al [12] have researched triaxial rheological
deformation and failure mechanism of hard rock. LI et al
[13] and OKUBO [10] have studied and compared
rheological properties of granite in air-dried and
saturated states, and they found that the long-term
strength of water-saturated granite decreased significantly
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and the rheological rate and deformation increased
obviously. XIE and SHAO[14], ZHU and YE [15] have
studied mechanical properties of rock creep in saturation
and discussed the effect of water on instantaneous elastic
modulus, limit creep deformation modulus and viscosity
coefficient. ZHOU and CHENG [16] have studied the
influence of water content on creep characteristics of
xylonite and studied the failure characteristics of F1
faulty clay in Jinchuan open-pit. At present, these studies
were on saturated rocks, not on rocks in water
environment. Only OKUBO [3] studied the long-term
creep characteristics of tuff under the water environment
and YAN et al [17] have studied seepage-rheology
coupling of rocks by self-developed experimental
equipment. As rocks under the water environment are
closer than saturated rocks to engineering practice, the
results of studying rocks under the water environment
should be more practical significance. In this work, by a
circular increment step load and unload method, the
author studied rheological characteristics of deep rocks
in Jinchuan No.2 diggings with RYL—600 rock-shear-
rheometer and analyzed differences of instantaneous
deformation and creep characteristics of air-dried and
water-saturated rock specimen. The results can provide
references for designing and monitoring the deep rock
engineering practices in Jinchuan No.2 diggings.

2 Experimental

2.1 Rock specimens

The rock specimens are fabricated from amphibolite
blocks, quarried from 850—978 m horizontal section
ramp in Jinchuan No.2 diggings. Amphibolite is a
weakly weathered brittle rock with good integrity and
high uniaxial compressive strength. The dimension of the
rock sample and its mechanical properties are listed in
Table 1.

2.2 Experimental apparatus

The experiments were conducted in the rock
shear-rheological laboratory of Central South University,
China. The computer-controlled rock shear-rheometer
RYL-600 was used for this test which was produced by
Rising Sun Testing Instruments company. This apparatus
was controlled by electro-hydraulic servo. It features
simple operations highly controlled precision, accurate
measurements, excellent durability and high reliability.
The precision of force and displacement measurement

Table 1 Test specimen size and mechanical properties

and the fluctuation range of long time controlling was
within +0.5%.

The loading equipment is shown in Fig. 1. In order
to ensure rock specimens in water environment, we
added a container with a stiffness bearer between loading
equipments. According to the results of multiple tests, we
found the specimens would be failed when the loading
displacement reached 7-8 mm. Therefore, 10 mm in
distance was kept between the upper of container and
loading end to guarantee enough loading displacement.

Loading
10 mm 7 end
distance ~= ~=
Water—— | Specimen

V A—Steelplate

Base

Fig. 1 Experimental device for rheological experiment in water
environment

2.3 Experimental process

In order to accurately analyze the viscoelasto-plastic
properties of rock specimens, a circular increment step
load and unload method (see Fig. 2) was used for all tests.
This method can reflect the deformation features of rock
specimens during loading and unloading [18]. Test
results of rocks creep can be decomposed to
instantaneous  deformation and  viscoelasto-plastic
deformation. Then we can obtain all data of rock
specimens about instantaneous elasticity, instantaneous
plasticity, viscoplasticity and viscoelasticity. We also can
apply an appropriate rheological model and identify the
parameter of rheological model.

We determined load increment of step load
according to experimental process. The initial increment
of load was 5.09 MPa. The load increment decreased
when the stress was close to compressive strength of
rocks. The initial loading rate and the unloading rate
were 300 and 1 000 N/s respectively. The duration of the

Rock Size/mm Tensile strength,

Compressive strength, o./MPa

Modulus, £/GPa  Poisson ratio, v

Amphibolite ~ d50x100 16.58

132.65 (Air-dried) 14.98

0.29

123.58 (Water-saturated) 11.45
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loading steps are determined with the strain rate of
specimen. As the axial deformation of specimen was less
than 0.001 mm within 24 h, the deformation of specimen
was assumed to be stable. When there is no lagging
recovery within 24 h, the next loading circulation would
be started until the failure of the specimen. The loading
and unloading curves of specimens are shown in Fig. 3.
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Fig. 2 Circular incremental step load and unload
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Fig. 3 Loading and unloading creep test curves of amphibolites:
(a) Water-saturated specimen; (b) Air-dried specimen

3 Data processing and analysis

3.1 Test data processing
The loading and unloading creep test curves of

specimens (Fig. 3) show the features of elasticity,
viscosity and plasticity. The total deformation should
consist of instantaneous elastic deformation, viscoelastic
deformation, instantaneous plastic deformation and
viscoplastic deformation. Correspondingly, the total
strain ¢ should consist of recoverable instantaneous
elastic strain g, viscoelastic strain g,, unrecoverable
instantaneous plastic strain &;,, and viscoplastic strain &y,
The total strain ¢ can be written as

E=E HE &, TE, (D

In the loading process, the instantaneous strain
under the nth level stress o, is composed of two parts:

o =l + o

where ¢;. is the instantaneous elastic strain under the nth
level stress o, Aei(]f) is instantaneous plastic strain
increment under the nth level stress increment Ag,. The
instantaneous elastic strain can be recovered immediately
after the unloading, and thus its value is equal to
instantaneous recoverable strain.

The creep strain ™

.’ under the nth level stress g,

is given by
M =glm 4 Aegg) 3)
where £ is the viscoelastic strain under the nth level

ve
stress o,; Aegg) is the viscoplastic strain increment under

the nth step stress increment Ag,. The viscoelastic strain
will be completely recoverable with time, so the
unloading curve and creep curve are assumed to be
symmetrical. Then we found that
viscoelastic strain was equal to the value of lagging
recovery after the unloading.

the value of

Then we obtained the measured viscoelasto-plastic
value of specimens, as shown in Table 2 and Table 3.

3.2 Experimental results and deformation form of
specimen

The experimental results showed that the stress
(76.39 MPa) of air-dried failure specimen was lower than
the stress (106.95 MPa) of water-saturated specimen.
This is probably due to the inhomogeneity of rock
specimens. The examination of the recovered failure
specimens exhibits that the air-dried specimen has more
development joints and the dominant failure mechanism
is shearing; while the water-saturated specimen has less
joints but more micro-fissures.

The results of tests showed that the stress of the
air-dried failure specimen was 76.39 MPa, 0.576 times
uniaxial compressive strength; the failure stress of the
water-saturated specimen was 106.95 MPa and 0.865
times saturated uniaxial compressive strength. This
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Table 2 Testing results of visco-elastic-plastic strain of water-saturated specimen

Stress’/MPa  &/107° &/107 &p/107 /107 £,/107 £p/107 Ag;y/107 Aey,/107
509 03045941 03018775 0.0027166 0.1098561 0.0969665 0.0128895 0.0027166 0.012889 5
2546 0.7707076 0.4830235 0.2876840 12379797 0.4042334 0.8208567 0.2849674  0.807 967 1
4584 1.0922256 0.6663780 0.4258475 14568077 0.6070465 0.8497611 0.1381635 0.028 904 4
66.21 1426231  0.884664  0.541567 1482617  0.610882  0.871735  0.115719  0.021 973
76.39 1.5569 0.919 011 0.637 89 1.804054  0.907069  0.896985  0.096323  0.02525
96.77 1.737486  1.028382  0.709105 1973096  1.000641  0.972455  0.071215  0.07547
106.95  1.8743440 - - 6.929 809 2 - - - -

Table 3 Testing results of visco-elastic-plastic strain of air-dried specimen

S;/rfl’f;/ /107 &:/107 &,/107 £/107 £/107 £p/107 Ag;y/107 Aey,/107

5.09 0.641560621 0.397 59519 0.243 965 431 0.407 655311 0.001 61503 0.406 040 281 0.243 965 431 0.406 040 281
25.46 1.45032996 0.705921 844 0.7444 081 16 0.908 372 685 0.136 557 816 0.771 044 128 0.500 442 685 0.365 003 848
45.84 1.865 685188 1.008 774 62 0.856 910 567 1.045 238 159 0.185 700 303 0.859 537 856 0.112 502 451 0.088 493 728
66.21 2.198 489 383 1.290 733 968 0.907 755415 1.100 711 519 0.222 194 956 0.878 516 563 0.050 844 847 0.018 978 707

76.39  2.578 663 - -

7.527 697

shows that the strength of amphibolites decreases
significantly under long-term load. We should not ignore
it in practical engineering.

At a low stress (5.09 MPa), the creep deformation
of the water-saturated specimen was very small (only
0.011 mm) and the deformation could be almost
recovered, which showed that the specimen was in
elastic state under low stress level; the creep deformation
of the air-dried specimen was 0.041 mm and 3.73 times
that of the water-saturated specimen, and the residual
deformation of the air-dried specimen was 0.006 5 mm
and 4.33 times that of the air-dried specimen. The
reasons were that the fissure and void of the
water-saturated specimen were full of water and water
could not drain under low stress, the void water thus can
bear parts of the stress, which makes the water-saturated
specimen more integrated in macro-level and shows
stronger resistance against deformation.

At higher stress (25.46—66.21 MPa) level, the
instantaneous deformation of the air-dried specimen was
larger than that of the water-saturated specimen. The
creep deformation of the water-saturated specimen was
larger than that of the air-dried specimen, which showed
that water could increase the creep deformation of
amphibolites like as the deep tunnel deformation in
Jinchuan No.2 diggings. The convergence deformation of

the tunnel in water was larger within the same time range.

Under the instant loading the void water could not timely
diffuse and drain, and it was close to solid and had a very
high compressive strength. However, the air-dried
specimen had no characteristics as the water-saturated
specimen. Therefore, the instantaneous deformation of
the air-dried specimen was larger than that of a air-dried

specimen. In the long term, the void water was drained
gradually with time. The water corrosion mineral was
carried away by the void water which made the space of
the fissure and void larger. Under a higher stress, the
water in the fissure and void diffused and the split effect
of pressure water made the specimen generate some new
fissures and increase the space of fissures. These fissures
of the air-dried specimen were closed and the
compression space became smaller. So, the creep
deformation of the water-saturated specimen was larger
under the same stress level.

As shown on creep curves in Fig. 3, after loading,
specimens had instantaneous elastic response and then
had growth creep deformation with time. Before failure
of the sample, the rate of creep deformation decreased
gradually under every levels of stress and tended to be
stable at last. Under the failure stress, the rate of creep
deformation increased and specimens damaged quickly.
As shown in Fig. 4, the elapsed time of specimens from
loading to failure was less than 0.8 h and the time of
accelerating creep was very short, which showed the
failure of amphibolites was brittle.

It can be seen from Fig. 3 that the time of the
air-dried creep deformation specimen reaching stability
increased with the increasing stress; the water-saturated
specimen had no law, but its creep deformation reaching
stability needed much longer time than the air-dried
specimen at the same stress level. Specimens would have
new damage and fissure with the increasing stress, then
water permeated into the new fissure and corroded the
peripheral minerals around fissure. The corrosion is a
long and slow process. Besides, water in fissure and void
is more difficultly compressed than air in fissure and
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void. These reasons determined that the creep
deformation of the water-saturated specimen needed
much longer time.

10

+— Water-saturated, 106.95 MPa
= — Air-dried, 76.39 MPa

Strain/1072

0 0.2 0.4 0.6 0.8
Time/h

Fig. 4 Accelerating creep curves
4 Viscoelasto-plastic properties

4.1 Instantaneous deformation and elastic modulus
As shown in Fig. 5, Fig. 6, Table 2 and Table 3,
specimens had linear relationship between step stress and
instantaneous elastic strain and the slopes were 0.0146
(air-dried) and 0.008 (water-saturated) respectively. The
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Fig. 5 Relation curves of step stress and instantaneous strain: (a)
Water-saturated specimen; (b) Air-dried specimen

9
@ -
8r + — Total strain increment
= — Creep strain increment
+ 77 4 — Instantaneous strain
= increment
2 o — Instantaneous elastic
g5t strain increment
o * — Instantaneous plastic
24r strain increment
=]
g 3L
N
1 -
0 1
20 40 60 80 100
Stress/MPa
0.25
(b) .
+ — Total strain increment
0.20 L = — Creep strain increment
D 4 — Instantaneous strain
= increment
2 015 - o — Instantaneous elastic
g : strain increment
2 * — Instantaneous plastic
2 strain increment
=010
k=
»n
0.05 -
] | | |\'j=|—l
0 10 20 30 4 50 60 70
Stress/MPa

Fig. 6 Strain increment under unit stress increment:

(a) Water-saturated specimen; (b) Air-dried specimen

instantaneous plastic strain of the two specimens
increased with the increasing stress, but the
instantaneous plastic strain increment decreased with the
increasing stress. This showed that the fissure of
specimens was compressed gradually and the resisting
deformation ability of specimens increased gradually.
The instantaneous plastic strain increment of the
air-dried specimen decreased to 0.050844847x10° from
0.500442685x10 and reduced by about 90%. The
instantaneous  plastic  strain  increment of the
water-saturated specimen decreased to 0.071215x107°
from 0.2849674x107 and reduced by about 75%. This
shows that water made the instantaneous plastic
deformation decrease. The void water of water-saturated
specimen cannot timely diffuse and drain under the
instant loading, and water in fissures and voids is more
difficultly compressed than in air, which delayed closing
of fissure. As shown in Fig. 7, the stress—instantaneous
elastic modulus curves of the specimens are similar to
logarithmic curve. The formula (4) is used to fit curve
and two fitting correlation coefficients are more than
0.90. This shows that water has little influence on
instantaneous elastic modulus and the specimens have
the trend of strain-hardening under circular increment
step loading and unloading.
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E =alno,+b “4)

where E; is instantancous elastic modulus; o, is the nth
level stress; a and b are constants.

4.2 Creep deformation

The creep strain of specimens is very small under
the first step stress (5.09 MPa), so the creep strain under
the first step stress is not discussed. As shown in Fig. 8,
Table 2 and Table 3, the creep strain includes viscoelastic

100
< | |
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2 801
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g 601
2
°
2 401
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§ 20 — Fiting curve
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Fig. 7 Fitting curves of instantaneous elastic modulus with
stress
1.8
(a)
1.5+
+ — Total creep strain
1.2 4 — Visco-plastic strain

= — Visco-elastic strain

Strain/1072
o
)

0.6+

e — Visco-plastic

0.3F strain increment

1
0 20 40 60 80 100

Stress/MPa

12

(b)
1.0F
0.8}

+ — Total creep strain
4 — Visco-plastic strain
= — Visco-elastic strain
e — Visco-plastic

strain increment

Strain/1072
o
>

1 1
0 10 20 30 40 50 60 70
Stress/MPa

Fig. 8 Relation curves of step stress and creep strain:

(a) Water-saturated specimen; (b) Air-dried specimen

and viscoplastic strain and its value increases with the
increasing stress. Under every step stress, the creep strain
of the air-dried specimen accounts for 33.4%—38.5% of
the total strain and the creep strain of the water-saturated
specimen accounts for 50.9%—61.6% of the total strain.
This shows that water increases the creep strain of the
specimen.

As shown in Fig. 8, the viscoelastic strain increases
with the increasing stress. Under every step stress, the
viscoelastic strain of the air-dried specimen accounts for
15%-20% of the total creep strain and that of the
water-saturated specimen accounts for 32.7%—50.71% of
the total creep strain. After stress increasing, the
viscoplastic strain of the water-saturated specimen
increases slowly and the increment tends to be stable; the
viscoplastic strain of the air-dried specimen also
increases, but the increment decreases with the
increasing stress. As shown in Table 2 and Table 3, under
three step stresses (25.46, 45.846, 66.216 MPa) the
viscoplastic strains of two specimens are similar. Based
on the above analysis, water increases the viscoelastic
strain and has little influence on the viscoplastic strain.

5 Rheological model of rock and parameter
identification

5.1 Rheological model of amphibolites

The results of testing (Fig. 3) show that under every
step stress the creep strain values of two specimens tend
to be stable before failure and water has little influence
on the viscoplastic strain. Based on the above analysis,
the influence of water on rheological characteristics of
amphibolite the viscoplastic strain can be ignored.
Therefore, we selected the generalized Kelvin model (see
Fig. 9) to describe rheological characteristics of
amphibolites.

Constitutive equation:

E
S/ & o=né+Ee %)
E, £,
Creep equation:
e=ﬂ+ﬂ{l—exp[—£tﬂ (6)
E, E n
El
E,
g —— ~—0
T1111
|11
n

Fig. 9 Generalized Kelvin model
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Table 4 E, E,, 5 of air-dried and water-saturated specimens under different stress levels
Step E\/GPa E,/GPa 7/(10*MPa-h)
stress/MPa Air-dried Water-saturated Ratio  Air-dried Water-saturated ~ Ratio Air-dried  Water-saturated ~ Ratio
25.478 2.303 2.57 1.36 5.03 4.67 1.077 1.01 1.91 0.53
45.860 4.385 3.14 1.39 7.18 6.89 1.042 8.06 4.87 1.66
66.242 6.015 4.47 1.35 8.94 8.83 1.012 13.27 5.87 2.26
Unloading equation: enhance resisting deformation ability of rocks. But water
E, has little influence on the instantaneous elastic modulus.
€= exp[—;t] Q) 3) Under every step stress, the creep strain of the

where ¢ is the strain of Kelvin model; E1 is the creep
deformation modulus; E2 is the instant elastic modulus;
n is the coefficient of viscosity; oy is the initial stress; &y
is he initial strain when the Kelvin model is relaxing; ¢ is
time.

According to the results of specimens, the
parameter of rheological model is identified by the curve
fitting method [19]. The parameters are shown in
Table 4.

5.2 Parameter comparison of rheological model

As shown in Table 4, the ratio of the parameter £,
of two kinds of samples is between 1.012 and 1.077,
which shows that water has little influence on
instantaneous elastic modulus and it is consistent with
the results in Section 4.1. The parameter E; of the
generalized Kelvin model is to control the final creep
strain amount of specimens. As shown in Table 4, the
ratio of the parameter E; of two kinds of samples is
between 1.35 and 1.39, which shows that water has a
large influence on E;. This means that water has a large
influence on the final creep deformation amount of
amphibolites and raises the aging characteristics of
amphibolite, and it is consistent with the results in
Section 4.2, showing that the generalized Kelvin model
can simulate the experimental results of amphibolites.
The viscosity coefficient 7 increases with the increasing
stress, but there is no obvious variation law and the
viscosity coefficients # of specimens are discrete.
Because rocks not only have viscosity but also have
elasticity of resisting external force deformation and the
rheological characteristics of rocks are codetermined by
viscosity and elasticity.

6 Conclusions

1) The results of rheological test with a uniaxial
compression circular increment step load and unload
method clearly show the viscoelastic-plastic law of rocks
and can provide complete basic data for identifying
parameters of the rheological model.

2) Water reduces the instantaneous deformation of
amphibolites because water cannot timely drain and

air-dried specimen accounts for 33.4%—38.5% of the
total strain and the creep strain of the water-saturated
specimen accounts for 50.9%—61.6% of the total strain,
which shows that water increases the creep deformation
amount.

4) The influence of water on the creep deformation
of amphibolites mainly embodies the influence on
viscoelastic deformation and water has little influence on
the viscoplastic deformation.

5) The generalized Kelvin model can simulate the
rheological characteristics of amphibolites; water has a
significant influence on the parameter E; and has little
influence on the parameter E,.
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