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An improved Maxwell creep model for salt rock
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Abstract. The creep property of salt rock significantly influences the long-term stability of the salt rock
underground storage. Triaxial creep tests were performed to investigate the creep behavior of salt rock. The
test results indicate that the creep of salt rock has a nonlinear characteristic, which is related to stress level
and creep time. The higher the stress level, the longer the creep time, the more obvious the nonlinear
characteristic will be. The elastic modulus of salt rock decreases with the prolonged creep time, which
shows that the creep damage is produced for the gradual expansion of internal cracks, defects, etc., causing
degradation of mechanical properties; meanwhile, the creep rate of salt rock also decreases with the
prolonged creep time in the primary creep stage, which indicates that the mechanical properties of salt rock
are hardened and strengthened. That is to say, damage and hardening exist simultaneously during the creep
of salt rock. Both the damage effect and the hardening effect are considered, an improved Maxwell creep
model is proposed by connecting an elastic body softened over time with a viscosity body hardened over
time in series, and the creep equation of which is deduced. Creep test data of salt rock are used to evaluate
the reasonability and applicability of the improved Maxwell model. The fitting curves are in excellent
agreement with the creep test data, and compared with the classical Burgers model, the improved Maxwell
model is able to precisely predict the long-term creep deformation of salt rock, illustrating our model can
perfectly describe the creep property of salt rock.
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1. Introduction

Salt rock has a number of advantages, including the compact structure, low porosity, low
permeability, strong damage self-recovery capability, etc., which is internationally recognized as a
suitable medium for underground storage of petroleum, natural gas, etc. and underground disposal
of radioactive waste (Yang et al. 2013, Ozarslan 2012, Liang et al. 2011, Dethlefsen et al. 2014,
Wang et al. 2013). As one of the most important mechanical properties of salt rock, creep property
significantly influences the long-term stability, safety and availability of the salt rock underground
storage (Deng et al. 2014, Xing et al. 2014). Therefore, the study on creep property of salt rock is
of significance.

Dubey and Gairola (2008) studied the influence of structural anisotropy on creep of salt rock,
and found that at lower stress creep the development of tensile crack arrays and shear crack arrays
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was assisted by structural anisotropy, while at higher stress level creeps, the control of structural
anisotropy on deformation became negligible. Zhang et al. (2012) conducted triaxial creep tests to
the glauberite, anhydrite, and argillaceous rock salt, and found that the creep constitutive equations
of different kinds of rock salt are in good agreement with the Burgers model. Rahimi and Hosseini
(2014) conducted triaxial creep tests on thick-walled hollow cylindrical rock salt specimens, and
developed a mathematical equation to estimate the strain rate in various stress fields. Zhou et al.
(2013) constructed creep constitutive model by replacing a Newtonian dashpot in the classical
Nishihara model with the fractional derivative Abel dashpot. Nazary Moghadama et al. (2013)
utilized an elasto-viscoplastic constitutive model to describe dilatancy, short-term failure as well
as long-term failure during transient and steady state creep of rock salt. Wang et al. (2014) studied
the creep properties of salt rock under low-frequency cyclic loading, and established creep damage
model for salt rock. Wu et al. (2015) proposed a new method of building creep model for salt rock
based on variable-order fractional derivatives. The order of the fractional derivative is allowed to
be a function of time, rather than a constant of arbitrary order. Fuenkajorn and Phueakphum (2010)
performed a series of laboratory testing to assess the effects of cyclic loading on compressive
strength, elasticity and time-dependency of salt rock, and found that the compressive strength
decreases with increasing number of loading cycles, which can be best represented by a power
equation. Combined with the generalized Hoek-Brown model, Ma et al. (2013) formulated a
three-dimensional creep damage constitutive model, which enables both the three creep phases and
the deformation induced by vicious damage and plastic flow to be calculated. Ozsen et al. (2014)
conducted creep tests on the Tuzkdy salt rock, and proposed a mathematical model which
determines the total creep process as well as the first, second and third creep stages separately to
explain the creep behaviour of salt rock. By introducing the concept of “damage accelerating
limit” into Carter’s creep model, a new constitutive creep-damage model for salt rock was
established by Wang (2004). Chan et al. (1997) proposed a Multimechanism Deformation Coupled
Fracture (MDCF) model for salt rock by incorporating continuum, isotropic damage as a fully
coupled variable that enhanced the stress influence by reduction of the effective area and
contributed directly to the inelastic strain rate. In this MDCF model, the mechanisms of dislocation
creep, shear creep, tensile damage, damage healing etc can be considered. However, because this
model is quite complex and more than 30 parameters need to be determined, it is not convenient to
use.

Generally, the creep models for salt rock can be classified into 3 types, namely empirical
models, component models and damage models. The empirical models are empirical expressions
built on test results, with advantages of simple equations and only several parameters. However,
predicting the long-term deformation of salt rock with the empirical models tends to produce large
errors, for these models cannot reflect the creep mechanical mechanism of salt rock but purely
fitting mathematically. The component models are constructed through connecting the components
with basic functions (including elastic component, plastic component and viscosity component,
etc.) in series and parallel. These models can intuitively show the complicated mechanical
properties of salt rock, and the parameters of which have explicit physical meanings. Nonetheless,
as linear models, the component creep models cannot describe the nonlinearity of salt rock;
therefore, in most cases, the theoretical results from these models are not in good agreement with
the test data. The damage models serve as relatively ideal models, starting with the evolutionary of
tiny microcosmic defect inside the materials with time, taking the change of internal structure into
consideration and overcoming the disadvantage of empirical models and component models that
they only consider the macroscopic phenomenological behavior. However, during the creep of salt
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rock, besides the degrading mechanical properties caused by expanding damage, the creep rate
decreases gradually with time in primary creep stage, which indicates that the mechanical
properties of salt rock are hardened and strengthened. For this, damage and hardening exist
simultaneously during the creep of salt rock.

In order to precisely predict the long-term deformation behavior of salt rock, based on the
analysis of salt rock creep test results, an improved Maxwell creep model is proposed by
considering the degrading elastic modulus and hardening viscosity coefficient during creep, and
the reasonability and applicability of the model are verified in this study.

2. Creep test results

Salt rock sample used in the test was obtained from a salt mine in Huai’an, Jiangsu, China, with
a natural density of about 2.2 g/cm’. The sample was prepared as a cylinder with a diameter of 50
mm and a height of 100 mm, according to the International Society for Rock Mechanics
(Hatheway 2009).

The sample is loaded in a manner of echelonment during the creep test, namely applying the
axial stress step by step on the same sample in ascending order under the circumstance that the
confining pressure (o) is not changed, which is set to 15MPa. In order to avoid the influence of
ambient change on test results, the indoor temperature is kept at 25 + 1°C during the test.

When confining pressure (o3) is 15MPa, the triaxial strength (oy) of the salt rock is 94MPa
(Wang 2012). As the range of the deformation sensor of the rheology testing machine adopted in
this test has its limitations and salt rock has strong deformation ability, the axial stress levels
applied on the sample are relatively low. Otherwise, it may be caused that the creep deformation of
salt rock exceeds the effective measuring range of the testing machine. Based on the aforesaid
analysis, the axial stress levels applied on the salt rock sample in this creep test are determined as
20 MPa (0.210y), 25 MPa (0.2709) and 30 MPa (0.320y) respectively.

Fig. 1 shows the obtained axial creep curves of salt rock under three different axial stress levels.
The values (in MPa) in Fig. 1 represent the axial stress level. It can be seen from Fig. 1 that the
deformation of salt rock is composed of the instant deformation generated during loading process
and the creep deformation increasing with time; the creep of salt rock goes through primary creep
stage and steady creep stage in test duration; the creep rate of salt rock (the slope of the creep
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Fig. 1 Axial creep curves of salt rock
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Fig. 2 Isochronous stress-strain curves of salt rock

curves) decreases with time in primary creep stage, and mainly remains unchanged in steady creep
stage; the instant deformation, creep deformation at the same time and steady creep rate of salt
rock are all increased with the increase in values of axial stress level.

The isochronous stress-strain curves of salt rock can be plotted according to the creep test data
in Fig. 1, as shown in Fig. 2. From Fig. 2, we can see that the stress-strain curve approximates a
straight line when time is 0, so we can deem that the instant deformation of salt rock is mainly the
elastic deformation. When time is not 0, it has an obvious inflection point from a straight line to a
curved line for an arbitrary stress-strain curve; that is to say, the stress-strain curve actually a
straight line when axial stress level is relatively low; with the increase of stress level, it
increasingly bends to the strain axis. In addition, the stress-strain curve bends to the strain axis
more obviously and the slope of which gradually decreases with the prolonged creep time. This
indicates that the creep of salt rock has a nonlinear characteristic, which is related to stress level
and creep time. The higher the stress level, the longer the creep time, the more obvious the
nonlinear characteristic will be. This is similar to the observations from Dubey and Gairola (2005).

See Fig. 3 for the variation in elastic modulus of salt rock (namely the slope of the straight line
of isochronous stress-strain curve under a relatively low stress level in Fig. 2) with respect to time

3.0
a3 12:97]
-V
G}
\% Fitting curve
E 2.0 o Test data
<)
g
2
3 1.51
m
1.0 T T T T 1
0 15 30 45 60
Time/ h

Fig. 3 Variation in elastic modulus with respect to time
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when the confining pressure is 15MPa. As shown in Fig. 3, the elastic modulus of salt rock
decreases rapidly with the elapse of time at the beginning of the test; with the continuous elapse of
time, though the elastic modulus continues to decrease, the variation rate is lower and lower.

Through careful analysis, the variation in rock elastic modulus with respect to time can be
described with the following exponential function

E:(t) = Eyyexp(—at") (1)

where ¢ is the time, E1(?) is the elastic modulus at the moment of ¢, Ery is the initial elastic modulus,
and a and #n are the fitting parameters.

As can be seen from Eq. (1), E1(f) = E1o when ¢ = 0, and Er(0) = 0 when ¢ — . In addition, it
can be demonstrated that Eq. (1) has monotonicity. Fitting analysis is made to the test data shown
in Fig. 3 using Eq. (1), the parameters can be determined as Eto = 2.461 GPa, ¢ = 0.275 and n =
0.206. Fig. 3 simultaneously shows the comparison of test data and fitting curve. From the
comparison, we can see that Eq. (1) is able to preferably describe the variation in elastic modulus
with respect to time.

3. Creep model for salt rock

As analyzed in the previous section, the elastic modulus of salt rock is continuously decreasing
with the prolonged time under the action of load during creep, which indicates that the creep
damage has been produced for the gradual expansion of internal cracks, defects, etc., causing
degradation of mechanical properties and increase of creep deformation. Therefore, the damage
effect during the creep of salt rock can be described with the degradation of elastic modulus.

However, it is not adequate to consider the creep damage of salt rock only, because the
mechanical properties of salt rock are constantly degrading with the gradual expansion of damage,
and the creep rate should have been continuously increasing, but this is not the truth. From the
creep curves of salt rock under different stress levels shown in Fig. 1, we can see that the creep
rate of salt rock (the slope of the creep curves) is gradually decreasing with time, and can
approximate a constant value only when creep time increases to a certain extent. This indicates
that the mechanical properties of salt rock are hardened and strengthened in the primary creep
stage, causing decrease of creep rate.

Therefore, damage and hardening exist simultaneously during the creep of salt rock, and they
compete with each other. On the one hand, creep deformation will cause the expansion of internal
existing cracks and the generation of new cracks, which leads to damage evolution and
degradation of mechanical properties of salt rock; on the other hand, creep deformation will cause
the deactivation of internal crack tip, ease the stress field near the crack tip, delay the crack growth
and thus harden and strengthen the mechanical properties of salt rock, which are macroscopically
shown as the decrease in values of creep rate (Fan and Gao 2007).

Viscosity coefficient is an important physical parameter to describe the fluidity of materials,
defined by the ratio of stress and strain rate. So, the creep rate of materials can be represented with
the viscosity coefficient of the viscosity body in component combination creep models. With this
thought as reference, the variation in creep rate of salt rock with respect to time may be described
with a viscosity body which is gradually hardened over time. We assume that the variation in
viscosity coefficient of this viscosity body with respect to time conforms with the following
equation.
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(b+ct)?
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2

where #(¢) is the viscosity coefficient at the moment of ¢, and #,, b and ¢ are all the material
parameters.
The characteristics of Eq. (2) are analyzed as follows.

Based on Eq. (2), when ¢ = 0, we have
2

b
0)=17,——#0 3
n(0) Lyeww 3)

This shows the initial value of #(#) is not 0.
Taking the derivative with respect to ¢ in Eq. (2) to get

, 21,¢(b +ct)
H=—-0"" ~ 7
7o [(b+ct)2+l]2>

This indicates that Eq. (2) increases monotonically.
Eq. (2) can be rewritten as

0 )

() = —77"1

I+—— ®)
(b +ct)*

Eq. (5) shows that (o) = 5o when ¢ — oo. Therefore, Eq. (2) has its maximum value of #,.

It is clear that 5(f) increases monotonically from #7,b%/(b*+1) to 7o when ¢ increases from 0 to .
Theoretically, 7(¢) can reach 7, only when ¢ — . However, because the parameters b and c are
both constants, 1/(b+cf)* approximates 0 when ¢ increases to a certain extent, then #(f) has
approximated its maximum value of 7.

Under the condition of constant stress, the viscosity coefficient of materials gradually increases
with time, which will cause the decrease of creep rate. Therefore, the hardening effect of the
mechanical properties of salt rock can be represented with the increase of viscosity coefficient.

The Maxwell creep model is comprised by connecting an elastic body with a viscosity body in
series, as is shown in Fig. 4. Part | in Fig. 4 shows the elastic body (H body) and Party II, the
viscosity body (N body). In addition, £ and # represent elastic modulus and viscosity coefficient,
respectively.

Under three-dimensional stress state, the stress tensor o;; at a certain point inside salt rock can
be decomposed into the deviatoric stress tensor S; and the spherical stress tensor oy,,. Similarly, the
strain tensor ¢; can be decomposed into the deviatoric strain tensor e; and the spherical strain
tensor &p,.

The relationship of S, ¢,, and o;; can be expressed as

S,.j =0y, —é‘ijam
o, +0,+0, (6)
c,=—-"—>=
3

where 0J;; is the Kronecker function, and o, 0, and o3 are principal stresses in three directions
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Fig. 4 Maxwell creep model under one-dimensional stress state

respectively.
The relationship of e;;, em and ¢; can be expressed as

€j = €~ Ojm

£ +&, +& (7
m = f
where ¢1, &, and &3 are principal strains in three directions respectively.
It is generally recognized that the spherical stress tensor can only change the bulk of the
material, while the deviatoric stress tensor can only change its shape. Hence, it may be considered
that the creep deformation of salt rock is only caused by the deviatoric stress tensor (Wang et al.

2014).
For the Maxwell creep model, because the two bodies are connected in series, there is

{S,.j = Suy = Sny

€ = en; T ey

®)

where S; and e; are the total deviatoric stress tensor and total deviatoric strain tensor of the
Maxwell model, Sy; and ey; are the deviatoric stress tensor and deviatoric strain tensor of the
elastic body, and Sy; and ey; are the deviatoric stress tensor and deviatoric strain tensor of the
viscosity body.

For the elastic body, according to the generalized Hooke’s law, its constitutive relation is given
by

o, =3Kg,
Sy = 2Gey; ©)

where K is the bulk modulus, and G is the shear modulus, with

_E
3(1-2v)
_E
2(1+0)

(10)

where v is the Poisson’s ratio.
Based on Egs. (7) and (9), the strain tensor ey; of the elastic body can be written as
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Swi o
Epyy =— L 4 — 11
WG 3K (I
Substituting Eq. (10) into Eq. (11), we get

_ Sy(1+v)+0,(1-20)

E

Hij (12)

Eq. (12) is the final expression of the strain tensor of the conventional elastic body.

Here, an improved (softened) elastic body is proposed by introducing the damage effect to the
conventional elastic body. Based on the creep test results, the elastic modulus of salt rock (E7)
under three-dimensional stress state continuously decreases with the prolonged time, which can be
described with Eq. (1). We assume that the variation in elastic modulus of salt rock (£) under
one-dimensional stress state with respect to time conforms with Eq. (1), too. Then, substituting Eq.
(1) into Eq. (12), we can obtain the strain tensor of the improved elastic body as

_ SyI+v)+o,(1-2v)

i 13
o E,exp(—at") (13)
For the viscosity body, its constitutive equation is given by
dey;
SNg/ =2n dtj (14)

To describe the creep behavior of salt rock accurately, an improved (hardened) viscosity body
is proposed here by introducing the hardening effect to the conventional viscosity body. It is
assumed that the variation in viscosity coefficient with respect to time conforms with Eq. (2). Then,
substituting Eq. (2) into Eq. (14), we get the constitutive equation of the improved viscosity body
as
(b+ct)? dey;

Sy = !
Ni = G e v b dr (13)

Taking the integral with respect to ¢ in Eq. (15) and considering the initial condition ex; = 0
when ¢ = 0, the deviatoric strain tensor of the improved viscosity body can be determined as

Snis 1
ey = 2—;’{1 + j (16)

0 b+ct

Replacing the conventional elastic body and viscosity body in Maxwell model (Fig.4) with the
improved (softened) elastic body and improved (hardened) viscosity body respectively, an
improved Maxwell model can be constructed.

Combining Egs. (7), (13) and (16), the strain tensor of this improved Maxwell model can be
obtained as

(17

i

S,.1l+v)+o.(1-20) Sy
— sz( ) m( )+ Nij t(l-}- 1 j
E,exp(—at") 21, b+ct

For the conventional triaxial compression test, because of g, = 03, according to Eq. (6), the
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axial deviatoric stress of the improved Maxwell model can be expressed as

— +320-3 :2(0-13_0-3):SH11 =S\ (18)

S =0

Substituting Eq. (18) into Eq. (17), the axial creep equation of the improved Maxwell model
under three-dimensional stress state can be determined as

gz2(1+U)(01—0'3)+(1—2u)(0'1+20'3)+0'1—03t(1+ 1 J (19)
b+ct

3E,exp(—at") 3n,

4. Model verification

Triaxial creep test data of salt rock shown in Fig. 1 are used to evaluate the reasonability and
applicability of the improved Maxwell model proposed in this paper. Firstly, such 6 creep
parameters as Ey, 7o, a, b, ¢ and n in Eq. (19) need to be determined, and the Poisson’s ratio of salt
rock v = 0.3 (Wang et al. 2014). These creep parameters are inversed using the curve-fitting
method and 1stOpt mathematical optimization software based on the nonlinear least-squares
theory. The fitting method and steps are as follows:

(D) Compile Eq. (19) into the fitting code which can be identified by the software in the form
of self-defining function.
(IT) Take the creep parameters to be inversed as the design variable, namely

X = {Eo,no,a,b,c,n} (20)

(IIT) Construct the following target function

2

0=> [w(X,t)-w] (21)
i=1

where N is the number of test data pairs, Wi(X, ¢,) is the calculated strain value at the
moment of #;, w;is the measured strain value in the test at the moment of #, and Q is the
target function, namely the error-squared sum.

(IV) Set up the control precision of the target function Q and carry out the iteration solution. If
the value of Q satisfies the precision requirement, iteration ceases and the calculated
results are outputted; if not, iteration continues till the precision requirement is satisfied.

Table 1 lists the inversion results of creep parameters; Fig. 5 shows the comparison of fitting
curves and test data. The values (in MPa) in Fig. 5 represent the axial stress level. From Table 1
and Fig. 5, we can see that the errors are very small and the fitting curves are in excellent
agreement with the test data. Thus, our improved Maxwell model can perfectly describe the creep
property of salt rock.

The final target of establishing creep model is to predict the long-term deformation of salt rock
when the creep parameters have been gained. In order to evaluate the advantages of the improved
Maxwell model in prediction long-term deformation of salt rock, the uniaxial creep test data of salt



508 Jun-Bao Wang, Xin-Rong Liu, Zhan-Ping Song and Zhu-Shan Shao

Table 1 Creep parameters of salt rock

Axial stress/ MPa  Ey/ MPa 1o/ MPa-h a b c n (0]
20 1356 163 564 0.22 0.012 0.009 0.21 9.4x107"°
25 1503 155 685 0.25 0.021 0.007 0.25 1.4x10®
30 1 603 168 816 0.29 0.016 0.003 0.27 1.8x107
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Fig. 5 Comparison of fitting curves and test data

rock (Hou 1997) are utilized to illustrate it. The test conditions are as follows: axial stress — 14.1
MPa; duration — 1256 days, about 3.44a; and laboratory temperature — 22°C. The creep test data

are shown in Fig. 6.

As comparison of prediction effect, the creep test data within 1.14a in Fig. 6 (the first 11 data
points) are used to inverse the creep parameters of the improved Maxwell model and the classical
Burgers model respectively, while the creep test data after 1.14a are used to verify the prediction
effect of these two models. The axial creep equation of the classical Burgers model (Yang et al.

2015) is given by
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Fig. 6 Comparison of prediction curves and test data
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oo 2(1+v)(o, —oy)+(1-2v)o, +20;) N o, — o, - exp(—itJ N o, -0, ; (22)
3E 3G, ™ m

The creep parameters of these two models are determined as follows: improved Maxwell model,
Ey = 6175 MPa, 5o = 4370 MPa-a, a = 0.9, b = 0.002, ¢ = 0.415, and n = 0.18; classical Burgers
model, £ = 5187 MPa, G, = 1184 MPa, n, = 12 MPa-a, and 7, = 1763 MPa-a.

See Fig. 6 for the comparison of prediction curves and test data. As shown in Fig. 6, the
prediction curve from the classical Burgers model has a good agreement with the test data only
within 1.14a, while the difference between them becomes larger and larger with time increasing
after 1.14a, as shown in the elliptical region in Fig. 6; however, the prediction curve from the
improved Maxwell model favorably fits the test data from the beginning to the end. This indicates
that the improved Maxwell model can also precisely predict the long-term deformation of salt rock
even if the test duration is relatively short. Compared with the classical Burgers model, this model
has obvious advantages in predicting long-term deformation of salt rock.

5. Conclusions

e The instant deformation, creep deformation at the same time and steady creep rate of salt
rock all increase with the increase in values of axial stress level under the same confining
pressure. The creep of salt rock has a nonlinear characteristic, which is related to stress level
and creep time. The higher the stress level, the longer the creep time, the more obvious the
nonlinear characteristic will be.

e The elastic modulus of salt rock decreases with the prolonged creep time, which shows that
the creep damage is produced for the gradual expansion of internal cracks, defects, etc.,
causing degradation of mechanical properties; meanwhile, the creep rate of salt rock also
decreases with the prolonged creep time in the primary creep stage, which indicates that the
mechanical properties of salt rock are hardened and strengthened. That is to say, damage
and hardening exist simultaneously during the creep of salt rock.

e Both the damage effect and the hardening effect are considered, an improved Maxwell creep
model is proposed by connecting an elastic body softened over time with a viscosity body
hardened over time in series, and the creep equation of which is deduced.

e Creep test data of salt rock are used to evaluate the reasonability and applicability of the
improved Maxwell model. The fitting curves are in excellent agreement with the creep test
data, and compared with the classical Burgers model, the improved Maxwell model is able
to precisely predict the long-term creep deformation of salt rock. This shows that our model
can perfectly describe the creep property of salt rock.
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