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Unexpected viscoelastic 
deformation of tight sandstone: 
Insights and predictions from the 
fractional Maxwell model
Xiang Ding  1, Guangqing Zhang1,2, Bo Zhao1 & Yan Wang  1

Tight gas is one important unconventional hydrocarbon resource that is stored in tight sandstone, 
whose mechanical property greatly influences the tight gas production process and is commonly 
believed to be simply elastic when designing the stimulation plan. However, the experimental evidence 
provided in this work surprisingly shows that tight sandstone can deform in a viscoelastic way. Such an 
unexpected observation poses a challenge in accurately modelling the deformation process. We solve 
this problem by adopting the fractional Maxwell model to successfully derive the constitutive equation 
of tight sandstone, based on which not only all the experimental data can be interpreted quantitatively, 
but also reasonable and consistent predictions as to tight sandstone’s long-term deformation behaviour 
can be made. We then investigate the typicality of our results in China’s Changqing oilfield, which is 
one major centre of tight gas production and where the rock samples for experiments are obtained. 
It is estimated that a non-negligible portion of 18% tight sandstone samples in this area will probably 
display viscoelasticity. Finally, our work implies that the mechanical properties of other materials may 
also need further scrutiny to possibly uncover any unexpected behaviour, overlooking which may result 
in misleading predictions.

Unconventional hydrocarbon resources are nowadays playing an important role in the global energy industry1. 
As one major constituent of them, the so-called tight gas is successfully exploited in many regions of the world 
by hydraulic fracturing, a technology that creates artificial fractures in low permeability reservoirs by injecting 
high pressure fluids into the reservoir rock2. These fractures serve as pathways for gas flow, and the maintenance 
of such fractures under the in situ stress condition is of paramount significance to the long-term recovery of tight 
gas. That is, most of the fractures should not close during the whole production process that typically lasts for 
some tens of years. The closure of fractures in tight gas reservoirs is determined by the mechanical response of 
tight sandstone3. A natural question thus arises that, once created, to what extent will the fractures close due to 
the deformation of tight sandstone, especially in a relatively long period of time? It is a common way to simply 
model the sandstone as an elastic body when designing the plan of hydraulic fracturing in which the elasticity 
parameters (such as the Young’s modulus E) are obtained using conventional tri-axial experiments and then fed 
into the simulator. A tacit assumption here is that these parameters do not vary appreciably with time, i.e., the 
tight sandstone is purely elastic. This assumption is plausible partly due to the naïve perception that the tight 
sandstone is hard and brittle, and should behave in a simple way. Assuming this may not cause any big problem in 
designing the stimulation plan because the hydraulic fracturing process only takes a very small amount of time as 
compared with the whole production process. However, are these parameters really time independent? Or, is the 
deformation behaviour of tight sandstone really entirely elastic? Despite many operations of hydraulic fracturing 
in tight sandstone reservoirs, to date and to the best of our knowledge, there seem to be few studies addressing 
this issue, and there is no conclusive or convincingly supportive evidence that tight sandstone can be modelled 
as an elastic body in a time span of several years. It is one of our central tasks here to investigate whether such an 
assumption is generally valid.

1College of Petroleum Engineering, China University of Petroleum, 102249, Beijing, China. 2State Key Laboratory of 
Petroleum Resources and Engineering, 102249, Beijing, China. Correspondence and requests for materials should be 
addressed to G.Z. (email: zhangguangqing@cup.edu.cn) or Y.W. (email: ywang197@gmail.com)

Received: 15 June 2017

Accepted: 25 August 2017

Published: xx xx xxxx

OPEN

http://orcid.org/0000-0002-9940-9257
http://orcid.org/0000-0002-8937-3000
mailto:zhangguangqing@cup.edu.cn
mailto:ywang197@gmail.com


www.nature.com/scientificreports/

2Scientific REPORTS | 7: 11336  | DOI:10.1038/s41598-017-11618-x

To this end, we perform a series of creep experiments for tight sandstone samples, which are obtained from 
the Changqing oilfield, one of the major tight gas development centers in China. Our result surprisingly shows 
that an unexpected viscoelastic deformation can be observed for some of our rock samples, indicating the fail-
ure of the elastic assumption. Moreover, the observed deformation behaviour is even beyond the prediction of 
several classical viscoelastic models such as the Maxwell model, which applies to “simple” viscoelastic materials 
with only a single relaxation mode. In order to quantitatively explain the experimental data, we adopt the frac-
tional Maxwell model4–8, which however has been successful in describing the rheological dynamics for such soft 
matters as polymers9–11, foods12, 13 and fluids14, seems not a candidate for tight sandstone modelling by far within 
the geomechanical science and petroleum engineering communities. One striking difference between “soft” and 
“hard” materials is that the latter deform in a seemingly quasi-memoryless way, i.e., their deformation is almost 
simultaneously finished due to a fast (compared with the loading rate) relaxation towards a quasi-equilibrium 
steady state. While the former deform at a finite rate, and they slowly but persistently respond to previous driving 
as a result of the local microstructure reorganization process that spans several spatial and temporal scales to 
reach equilibrium. Rocks other than shale and salt rock are commonly considered as hard. Nevertheless, based 
on this fractional Maxwell model typically for “soft” materials, we find an excellent correspondence between 
theory and experimental results of the “hard” tight sandstone. This counter-intuitive fact implies that the relax-
ation dynamics of tight sandstone can be much more complex than previously thought. In particular, the strong 
memory effect should be taken into account to arrive at a satisfactory modelling of the mechanical response 
behaviour of tight sandstone. Although the exact underlying physical mechanism is still elusive to date (due 
to the notoriously complex nature of tight sandstone as a kind of natural composite materials usually with the 
presence of inhomogeneity and anisotropy), we believe the phenomenological fractional Maxwell model serves 
well as a way to understand the mechanical response of tight sandstone. We then use this model to predict the 
strain rate and the stress relaxation of rock samples in the long run, which are of great importance in assessing to 
what extent the fracture closure will be, and it turns out that such predictions are fully consistent with previous 
results. Therefore, reasonable conclusions can be made as to the durability of the hydraulic fracture system15, 16 as 
pathways for gas flow.

By presenting experimental data that demonstrate tight sandstone’s unexpected viscoelasticity and the cor-
responding fractional Maxwell model that quantitatively describes such a property, our work sheds new light on 
the understanding of tight sandstone’s mechanical response behaviour. Our findings also provide useful insights 
into the fracture closure problem, and hopefully will help with the development plan, as well as the profitability 
assessment, of a tight gas reservoir. Moreover, in light of this work, we call for a careful scrutiny of the mechan-
ical response behaviour of other materials. For example, more testing experiments performed to other kinds of 
reservoir rock are suggested to possibly uncover some counter-intuitive property just like tight sandstone’s vis-
coelasticity, which can be pivotal for an accurate long-term prediction of oil recovery, but has long been, and will 
otherwise continuously be overlooked by both academia and industry.

Results
Experimental results. We perform standard uniaxial compression creep experiments for four tight sand-
stone samples obtained from the Changqing oilfield. The corresponding axial stress for each sample ranges from 
5 MPa to 30 MPa. (Experimental details are given in Methods). As shown in Fig. 1, in each case, the axial strain 
of the sample ε increases with time t as the axial stress σ is fixed. Since purely elastic deformation means a fixed 
strain under a given stress condition, the experimental observations thus reject the assumption that such tight 
sandstone samples can be effectively modelled as an elastic body. Rather, the time dependent strains clearly signal 
the creep nature of these samples’ deformation behaviour that is to be quantitatively described in the following.

Fitting experiment data to the fractional Maxwell model. Besides its role in determining the effec-
tiveness of the hydraulic fracture system as pathways for tight gas flow, creep is a central issue in many other 

Figure 1. Experimentally obtained axial strains (ε) of four tight sandstone samples (denoted as H20-6, C3-2, 
G5-6, W1-1, respectively) under corresponding axial stresses (σ) are plotted versus the experiment time. In each 
case, ε is found to be time dependent, indicating the creep nature of the sample’s deformation behaviour.
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geoscience and petroleum engineering related problems. For example, it may cause reservoir compaction, result-
ing in damage to wellbores, the overlying caprock and natural fault/seal systems17. Creep of rock on a geological 
scale is still poorly understood presently, and there are unresolved debates over the creep rate of rock under 
certain geological conditions18. In many cases, it is even practically prohibitive to accurately predict the creep rate 
due to scant data. Nonetheless, a reasonable model that is both capable of interpreting experimental results and 
consistent with previous independent findings seems to provide useful information as to the rock deformation 
process that is otherwise intractable. In this work, we develop a reliable quantitative description of the creep 
behaviour of tight sandstone by fitting our experimental data to the fractional Maxwell model.

There have been some widely used models for creep, such as the Maxwell model19, the three-parameter gen-
eralized Kelvin model20, and the Burgers model21, each of which has been successful in dealing with some time 
dependent physical problems22–31. The Maxwell model can be considered as a minimal rheological model suitable 
for physical processes that are governed by just one underlying relaxation mode. That is, it describes the defor-
mation behaviour with only a single characteristic time scale τc, and such a deformation process consequently 
manifests itself as a constant strain rate and an exponential type of stress relaxation. Graphically, the Maxwell 
model is composed of a Hooke spring (serving as the driving elastic force) and a Newton dashpot (representing 
the damping), as illustrated in the inset of Fig. 2. The Maxwell model can be modified to take more relaxation 
modes and/or more complex physical interactions into consideration; graphically this is represented by adding 
more Hooke springs and/or Newton dashpots to the traditional Maxwell model. The three-parameter generalized 
Kelvin model consists of two Hooke springs and one Newton dashpot, and the Burgers model is constructed by 
two Hooke springs and two Newton dashpots (see the inset of Fig. 2). With more elements, the generalized mod-
els may fit the data accurately, but at the expense of becoming more complicated formally. There are more model 
parameters need to be estimated numerically. If the underlying creep dynamics contains multiple modes, then 
from a statistical inference point of view, the task of parameter estimation itself can become awkwardly prohibi-
tive, let alone the selection of a proper model.

Alternatively, the fractional Maxwell model seems to be a promising candidate for describing complex creep 
dynamics. It is qualitatively different from the Maxwell model, as well as any model that is graphically constructed 
by a finite combination of Hooke springs and Newton dashpots. The fractional Maxwell model can be simply con-
structed by only replacing the Newton dashpot in the Maxwell model by a Scott Blair dashpot32 (sometimes also 
referred to as Abel dashpot33 or spring-pot34, 35), which is a fractional order dashpot with the physical meaning 
of history dependent damping. In theory, the fractional Maxwell model is suitable for describing the behaviour 
of a system with an infinite number of relaxation modes, and by adopting this model for data fitting, only three 
model parameters need to be estimated. Note that the Maxwell model contains two parameters, thus the extra one 
parameter in the fractional Maxwell model plays a paramount role in accounting for the history dependent damp-
ing effect. In fact, the fractional Maxwell model is reminiscent of the fractional advection-diffusion equations, 
which are found to be successful in quantitatively interpreting experimental and numerical results of transport in 
porous media, also by simply introducing a fractional order of time derivative to the classical advection-diffusion 
equation. In some sense, all such fractional counterparts with one more parameter (the time fractional order) 
serve as a minimal model for the corresponding history dependent dynamics. Meanwhile, it is also practically 
feasible to handle these fractional approaches with just one more parameter than the classical models.

Figure 2. Fitting experimental data of the H20-6 sample to four rheological models. The Maxwell model 
(with two parameters) predicts a constant creep rate, however, the apparent nonlinear evolution of ε indicates 
the failure of the Maxwell model. Three-parameter generalized Kelvin (with three parameters) and Burgers 
(with four parameters) models perform increasingly better since they are capable of describing more complex 
dynamics with increasingly more parameters. However, the prediction based on the fractional Maxwell model 
agrees best with the experimental data in the full range of time, and there are only a moderate number of 
parameters (three) in this model, implying the model’s success in describing the underlying physics of the creep 
behaviour of tight sandstone.
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It is worth noting that there are other types of fractional models36, 37 which might also be used to interpret 
the experimental data, such as the fractional Kelvin-Voigt model, which has the same level of simplicity as the 
fractional Maxwell model does, and the more sophisticated Giusti-Colombaro model38, from which either the 
fractional Maxwell or the fractional Kelvin-Voigt model can be obtained as a much simplified special case. In par-
ticular, the fractional Kelvin-Voigt model is sometimes believed to be suitable for the viscoelastic solid, whereas 
the fractional Maxwell model for the viscoelastic liquid39. However, as a kind of natural composite, tight sand-
stone may be too complex to be fully represented by one single model. In fact, its deformation dynamics as 
stated above is still poorly understood to date. Moreover, since our major concern in this work is to effectively 
capture the main features of the observed unexpected time-dependent deformation process of tight sandstone, 
rather than to understand this behaviour from a fundamental level of physics, we do not intend to select a “best” 
fractional model. Actually, this task may not be easily achieved without more available data. (We have indeed 
compared the result from the fractional Maxwell model and that from the fractional Kelvin-Voigt model based on 
our experimental data, but no decisive conclusion can be made as to which fractional model is intrinsically more 
proper.) From a somewhat practical point of view, the fractional Maxwell model as a feasible approach serves 
well to our purpose, which, by taking into account the memory effect, better describes the deformation process 
qualitatively and quantitatively than classical models.

Concretely, we will show in the following that the fractional Maxwell model is superior to all other three 
classical models with increasing model parameters. (As listed in Table 1, the Maxwell model has two parameters, 
the three-parameter generalized Kelvin model has three, and the Burgers model has four). The superiority of the 
fractional Maxwell model is even visually evident in Fig. 2.

We will omit the well-known constitutive equations for the Maxwell, three-parameter generalized Kelvin, and 
Burgers models, and will only briefly introduce the relevant basics of the fractional Maxwell model here. (Details 
are given in Methods). The constitutive equation for the fractional Maxwell model7, 40, 41 is

σ η ε σ
=



 −
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α

αt E
d
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where α ∈ (0, 1) is the fractional order of the Scott Blair dashpot, E is the elastic modulus of the Hooke spring, ηα 
is the generalized viscosity of the Scott Blair dashpot, and 
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 indicates fractional differentiation. Fractional cal-
culus can be defined in different ways7, 42–45, such as the Riemann-Liouville and Caputo calculus. However, in this 
work we are dealing with initial conditions that will make no difference between these two commonly adopted 
methods of differentiation35, 46–48. For clarity, we in the following adopt the Caputo calculus, whose definition is 
given in Methods. Note that the traditional Maxwell model is restored by replacing α with 1 in equation (1). 
Moreover, under the condition of constant axial stress, the time dependent creep compliance J(t) of the fractional 
Maxwell model is expressed as follows:
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where Γ is the Gamma function, whose definition can be found in Methods. Again, the creep compliance of the 
Maxwell model is obtained by replacing α with 1 in equation (2). On the other hand, as α approaches 0, both η 
and ηα will tend to infinity, so that the time-dependent deformation becomes vanishingly small, and the Hooke’s 
law for pure elasticity ε = σ/E will be restored.

For each of the four rheological models considered in this work, we estimate the parameters in the corre-
sponding J(t), respectively. In Table 1, all the J(t)’s, as well as the estimated parameters and the goodness of fit 
R2 are listed. Although R2 is as high as 0.99 in each case, we can see visually in Fig. 2 that the fractional Maxwell 
model captures the full trend of the experimental data in a more accurate manner than all the other three models.

In Fig. 2, the experimental results of the H20-6 sample are fit to the four rheological models aforementioned. 
Our first observation is that the traditional Maxwell model is not proper for the description of the creep behaviour 
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Table 1. Fitting of creep compliance J(t) with different rheological models.
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of tight sandstone. The Maxwell model predicts a constant creep rate, hence a linear relation between strain ε and 
time t is expected. Nonetheless, ε is apparently nonlinear in the whole range of experimental time, indicating 
the failure of the Maxwell model in this case. That is to say, the underlying creep dynamics of tight sandstone is 
not a process with a simple relaxation mode. One can consider more complex models and expect more accurate 
predictions, however, at the expense of more parameters to be estimated. The three-parameter generalized Kelvin 
and Burgers models generalize the Maxwell model by introducing one and two more parameters, respectively, 
and it is not surprising that their performances are enhanced as the number of model parameters is increased. In 
particular, the Burgers model takes into account two relaxation modes and thus makes more realistic predictions 
than the Maxwell model. But even for the Burgers model, there is still an obvious discrepancy between the the-
oretical prediction and the experimental data at early times, see Fig. 2. In our case, it means the creep dynamics 
of tight sandstone can be much more complicated than naively considered, possibly involving a large amount of 
relaxation modes. If we approximately take the number of relaxation modes to infinity, then we are not arriving at 
a model with an infinite number of parameters, rather, we are confronted with a model that minimally possesses 
only three parameters, i.e., the fractional Maxwell model. It is visually evident that the prediction based on such a 
model almost perfectly agrees with the experimental data in the full range of time, outperforming all other three 
models. We believe the success of the fractional Maxwell model provides strong evidence that the creep dynamics 
can be history dependent for tight sandstone.

We also emphasize that the superiority of the fractional Maxwell model to other three models can be observed 
not only for the H20-6 rock sample case; it persists in all our four rock sample cases that display viscoelastic defor-
mation. In Fig. 3, the predicted ε by the fractional Maxwell model is plotted along with the experimental data for 
each sample. In each case, we observe satisfactory match between theory and experiment.

Prediction of long-term strain rate by the fractional Maxwell model. We have shown above that 
the fractional Maxwell model can be used to essentially reproduce our experimental data. However, the lab-
oratory creep experiment is inevitably subject to relatively short experimental time. Therefore, before we can 
propose this model as a reasonably reliable approach to modelling tight sandstone deformation under in situ 
stress conditions, we should check its long-term consistency with both existing experimental data and theoretical 
estimations.

To this end, we systematically compare the strain rate of tight sandstone obtained from the fractional Maxwell 
model and those of other kinds of sandstone obtained from both experiments and theoretical considerations. 
Based on equation (2), the axial creep strain rate ε t( ) under constant load is

ε σ ασ
η α

= =
Γ +α

α−


t J t t( ) ( )
(1 ) (3)

1

Figure 3. Fitting experimental data of all samples to the fractional Maxwell model. (a) Sample H20-6 under 
5 MPa axial stress. (b) Sample C3-2 under 10 MPa. (c) Sample G5-6 under 20 MPa. (d) Sample W1-1 under 
30 MPa. For each rock sample, the predicted value (blue line) of the axial strain ε is plotted, and they are all in 
good agreement with experimental data (red dot).
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which decreases in a power-law manner (note that 0 ≤ α ≤ 1)). Also note that the traditional Maxwell model is 
recovered when α = 1, and in this case ε t( ) is indeed a constant. We in Fig. 4 plot the strain rate predictions from 
both the fractional and the traditional Maxwell models. Also plotted are various experimental results for sandstones 
(not necessarily tight sandstone) that span a time interval from several hours to more than a month. We are not able 
to find experimental results up to several years, however, there have been estimations about sandstone’s long-term 
strain rate. The prediction from the fractional Maxwell model agrees well with all these experimental results and 
estimations. It is also worth noting that since tight sandstone is typically “harder” than other kinds of ordinary 
sandstone, its predicted strain rate seems to reach the lower bound of the strain rate of sandstone as a whole.

With such long-term qualitative consistency with previous independent findings, as well as with its capability 
of quantitative interpretation of our laboratory data, we believe the fractional Maxwell model is thus reasonably 
qualified to serve as a basis for the analysis of tight sandstone creep behaviour. In hydraulic fracturing, it is key 
to maintain the high fracture conductivity. However, if rock deforms in a viscoelastic way, then the fracture will 
close under the constant stress condition and the conductivity will decrease. Our work can be used to simulate 
this process and help to design the re-stimulation plan.

Stress relaxation process. Having justified its validation, here we use the fractional Maxwell model to 
analyze the stress relaxation of tight sandstone. A key quantity that characterizes the stress relaxation process is 
the relaxation modulus G(t). We also omit the mathematical details and only demonstrate our main theoretical 
results here. G(t) can be obtained as

η
= ⋅




−




α α

αG t E E t( ) E
(4)

,1

where Eα,1 is the generalized Mittag-Leffler function55–57, see Methods for its definition.
As a comparison, we also calculate the relaxation modulus of the Maxwell model by replacing α in equation 

(4) with 1. Note that E1,1(x) = exp(x), we have

η= ⋅ −G t E Et( ) exp( / ) (5)

Clearly, the relaxation modulus obtained from the fractional Maxwell is qualitatively different from that 
obtained from the Maxwell model. Under the condition of constant strain, the latter indicates an exponential 
decrease of stress, while the former corresponds to a much slower rate of decrease. This means for the latter, 
there exists a definite time scale τc = η/E, and when t ≥ τc, the stress rapidly becomes negligibly small. Contrary 
to it, in the former case, there is no such characteristic time scale, and the stress decrease at a much slower pace, 
hence it will keep at a relatively high level for a long time. As an example, in Fig. 5, we plot the stress relaxation 
process for the H20-6 sample, based on the fractional and traditional Maxwell model, respectively. At the early 
stage of the relaxation process, the fractional Maxwell model predicts a larger stress relaxation than the traditional 
Maxwell model; while in the following time, the Maxwell model outpaces its fractional counterpart. We ascribe 
this observation to the multi-mode nature of the fractional Maxwell model. At later times, the contribution from 
slow modes dominates the relaxation process. The single-mode Maxwell model, however, fails to predict this 
slowing-down relaxation process. For other samples, we find similar observations and we do not show them here.

As hydraulic fracturing is operated, high pressure fluids with proppants are injected into the tight sandstone. 
When the fracture network is created, the fluids are recovered and a layer of proppants will be left in the subsurface 

Figure 4. Comparison of the strain rates. The strain rate of tight sandstone49–54 obtained from the fractional 
Maxwell model is plotted against time for each sample. It is represented by a straight line on a log-log scale as 
a result of its power-law dependence on time. Also plotted are various experimental data (filled squares) and 
estimations (squares) for general sandstone (not necessarily tight sandstone). The factional Maxwell prediction 
is consistent with these results up to several years; the observation that it seems to reach some lower bound of 
sandstone strain rate is also in accord with the fact that tight sandstone is typically “harder” than many other 
kinds of ordinary sandstone.
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to keep the fracture open. Consider for a segment of a fracture with proppant support, the normal strains of the 
fracture’s two surfaces are essentially fixed, then equation (5) is supposed to help calculate the instantaneous stress 
level of this part of the fracture. (Of course, we have to make some assumptions to simplify the realistic in situ sit-
uations which are formidably complicate. For example, we will assume the axial stress σ in our work can be inter-
preted as the differential stress when the circumferential stress is present). As the stress is relaxed, this part of the 
fracture will possibly deform and consequently push the adjacent portion of the rock without proppant support to 
expand, i.e., the un-supported segment of the fracture is likely to close as a result of the stress relaxation process of 
the rock with proppant support. Fracture closure in this way is complementary to that purely due to stress-induced 
strain increase as studied above. Our work thus provides a reasonably reliable approach to modelling the long-time 
behaviour of the fracture-closure process that is pivotal to tight gas recovery. Relaxation models can also be uti-
lized to estimate the stress magnitude as a function of depth in sedimentary formations, as proposed by Sone and 
Zoack58. They built a reasonable profile of the principal stress magnitudes from the geophysical well logs by their 
stress relaxation model59. Our stress relaxation model can also provide the variations of vertical stress from well 
logs, which would be of great help in identifying the intervals that could (or could not) serve as barriers during 
hydraulic fracturing. Nonetheless, these are beyond the scope of this work, and we will leave them for future study.

Discussion
In our work, we have performed creep experiments for four samples of tight sandstone from the Changqing oil-
field in China. The unexpected creep behaviour is observed in each case. One question one might ask is whether 
the results of our experiments are typical. Although it is unlikely for us to perform such an experiment to each 
sample that we collect and then assess the typicality of the tight sandstone’s viscoelasticity property, we can never-
theless gain some useful information indirectly and make plausible estimations accordingly.

The mechanical properties of a certain sample mainly rely on two factors: its mineral contents and the geom-
etry of the pore space. Prior to the creep experiments, the mineral contents of four samples are quantified by the 
XRD (X-ray diffraction) test, and the results are shown in Table 2. Are our samples typical in contents? We notice 
there has been a systematical content analysis conducted for 122 tight sandstone samples in the same oilfield60. 
Then, a widely used triangle classification map of sandstone in this region is adopted to demonstrate the results, 
and we highlight our four sample points on the map. See Fig. 6. It turns out that the samples we use to perform 
creep experiments are lithic arkose, which is the most common sandstone type in this area. Hence, from the 
mineral content perspective, our samples are definitely not outliers and do represent some portion of the tight 
sandstone regionally.

We further know that the porosities of the sandstone samples in this area are narrowly distributed between 
5.0~11.0% with an average of 7.9%. To the lowest order of approximation, i.e., neglecting more complex struc-
tural features such as the spatial variation and/or correlation of porosity, we can roughly say the sandstone in this 
region is very weakly heterogeneous. That is to say, our samples are also reasonably typical in structure.

We are now at a stage to evaluate how typical our experimental results are. There are roughly 22 sample points 
in the vicinity of our sample points on the classification map, then based on the reasoning above, we estimate that 
roughly 18% tight sandstone samples are expected to behave (more or less) in a viscoelastic manner. Thus, the 

Figure 5. Stress relaxation process of the H20-6 sample as predicted by the fractional and traditional Maxwell 
models, respectively. For the latter, there is a characteristic time scale τc, and the stress rapidly decreases towards a 
vanishing value when t ≥ τc. On the contrary, the former undergoes a much slower rate of decrease at later times.

Sample

Clastic Contents Filling 
Contents/%Quartz/% Feldspar/% Lithite/% Others/%

H20-6 30.1 43.0 10.2 5.3 11.4

C3-2 22.6 43.9 12.6 7.3 13.6

G5-6 23.0 39.9 10.2 9.2 17.7

W1-1 31.2 42.1 9.3 5.6 11.8

Table 2. Mineral contents of four tight sandstone samples.
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viscoelasticity should be taken into account when modelling the tight sandstone’s mechanical properties in the 
Changqing oilfield.

Moreover, the results presented in this work also suggest that a further scrutiny is necessary for materials 
whose mechanical properties are conventionally taken for granted as simply elastic. Just like that we do not expect 
the tight sandstone’s viscoelasticity until we find it experimentally, it is also possible that some other materials, not 
necessarily rock, will behave in an unexpected way that can only be uncovered by direct experimentation rather 
than intuitive perception.

Methods
Experimental Procedure. Four cylindrical samples for uniaxial creep experiments are prepared first, each 
with diameter of 25 mm and length of 50 mm. Each of these samples is drilled from a sandstone core with diam-
eter 100 mm, which is obtained from a tight sandstone reservoir in the Changqing oil field, China. The samples 
are homogeneous, isotropic, and free of bedding and cracks in appearance. The uniaxial creep experiments are 
conducted with a servo-controlled apparatus in the rock mechanics laboratory at China University of Petroleum, 
Beijing. A pair of LVTD displacement transducers is installed to record the axial deformation, and a chain type 
strain transducer is used to measure the lateral deformation. See Fig. 7 for the pictures of sandstone samples and 
the experimental apparatus.

Four experiments are conducted, and in each of them the creep behaviour of one sample is measured under 
a given axial stress. Four axial stresses are set to be 5 MPa, 10 MPa, 20 MPa, and 30 MPa, respectively. There is no 
circumferential stress. In each experiment, the axial stress is rapidly increased from 0 to the predetermined value, 
and then kept as a constant for 7200s. All the experiments are conducted under room-dry, room-temperature 
conditions. The loading stage, in which the axial stress is increased, always lasts for less than 50 seconds. Hence 
it is negligibly short compared with the total experiment time, and the sample’s viscoelastic deformation in this 
stage is small and neglected when fitting data to the rheological models considered in this work.

Constitutive equation of the fractional Maxwell model. The constitutive equation of ideal elastic 
materials is described by the Hooke’s law, which states that strain and stress are linearly correlated. While for the 
Newtonian fluid, stress is a linear function of the rate of strain, rather than strain itself, and this is the so-called 
Newton’s law: εσ ~ td /d1

v
1, where the superscript 1 is used to highlight the fact that the order of time derivative 

here is 1, and the subscript v denotes that strain is time dependent. Similarly, we can also formally rewrite the 
Hooke’s law as εσ ~ td /d0

v
0, where the superscript 0 denotes the order of time derivative is 0 (indeed there is no 

differentiation and strain is time independent). For materials whose time-dependent deformation behaviour is in 
between these two cases, it is natural to formally propose the corresponding constitutive relation as 

ε ασ < <α α~ td /d (0 1)v . The superscript α denotes the order of the fractional derivative, and the operator 
α αd dt/  is  understood in the sense of  Caputo61,  which is  general ly  def ined as  ≡α αd f t dt( )/  

∫=α
α

τ τ

τΓ − − α− +D f t( )C
t n

t f d
t0

1
( ) 0

( )
( )

n

n

( )

1 , where n is an integer and α− ≤ <n n1 . The symbol Г is the Gamma func-
tion62, defined as ∫Γ =

∞ − −z e t t( ) dt z
0

1 . Mathematically, the fractional order time derivative can be understood via 
the Laplace transform: the operator α αtd /d  is essentially transformed to αs , where s is the complex frequency in 
the Laplace domain. Then the constitutive equation in the Laplace domain is σ εα~s s s( ) ( )v . Physically, the frac-

Figure 6. A widely used triangle classification map of sandstone in the Changqing oilfield. The gray dots 
represent the data of 122 samples in a previous study60, and we highlight our 4 sample points with red stars. 
There are almost 22 gray dots near the stars. Partly based on this fact, we estimate the viscoelasticity property is 
likely to be possessed by approximately 18% samples.
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tional time derivative plays a central role in a good approximation of some process-specific memory kernel func-
tion M(t)63. To see this, let us consider the most general situation that stress at some time is related to the whole 
history of the process. We can write ∫σ τ ε τ τ= −t M t( ) ( ) ( )dt

0 v , and then by Laplace transform, we have 
σ ε=s M s s( ) ( ) ( )v . However, the precise form of M t( ) usually is not known because it is not likely to gain the infor-
mation of the process in question in a quantitative way. Besides that, in many times it is also unnecessary to know 
the details of the process, especially when we are only interested in the system’s long time behaviour of deforma-
tion response to external driving, which is reflected in the scaling behaviour of M t( ) in the long time limit, or 
equivalently, in that of M s( ) in the small s limit. Therefore, if it turns out that α~M s s( )  for small s, then the gen-
eral stress-strain relation can be well approximated by the fractional constitutive equation. Not surprisingly, due 
to its close relation with the memory kernel M t( ), the fractional derivative can be utilized as a powerful tool for 
describing time-dependent deformations. Similar reasoning also leads to the fractional derivative’s application in 
other situations. For example, fractional advection-diffusion equations have become one popular approach to 
modelling non-Fickian transport in biological and geological systems64–66.

Now, let us derive the constitutive equation of the fractional Maxwell model, which is graphically represented by 
a Hooke spring and a Scott Blair dashpot that are connected in serial; see the inset of Fig. 1. The Scott Blair dashpot 
is an element which describes the rheological behaviour of materials in between elastic solid and Newtonian fluid. 
Unlike the classical integer order dashpot that is characterized only by one damping parameter η, the Scott Blair 
dashpot is characterized by two parameters η and α. For given stress σ, the corresponding strain ε can be divided into 
two parts: ε ε ε= +e v, where εe denotes the elastic strain which is time independent, and εv as above denotes the 
time-dependent deformation. We know ε σ= E/e  as a result of the Hooke’s law, where E is Young’s modulus. For the 
time-dependent εv, a fractional constitutive equation σ η ε= α α αt td ( )/dv can be established. Combing these results 
together, and after some algebra, we arrive at the fractional Maxwell model’s constitutive equation (1).

Based on it, two quantities that are of fundamental importance in characterizing the fractional Maxwell mod-
el’s response dynamics can be derived. The first is the time-dependent creep compliance J t( ) under the condition 
of constant axial stress, which is defined via ∫ε τ σ τ= −t J t( ) ( )d ( )t

0
. In our experimental setting, the loading 

period is very short, then we have σ σ≈ Θt t( ) ( ), where σ denotes one of the prescribed constant axial stress and 
Θ t( ) is the Heaviside step function. The time derivative of Θ t( ) is the Dirac delta function δ t( ). Therefore, we find 

ε σ=J t t( ) ( )/ . Then by Laplace transform of equation (1), we know in the Laplace domain = +J s Es( ) 1/( )  
ηα α+s1/( )1 . Note that the Laplace transform of > −t q( 1)q  is Γ + +q s(1 )/ q1 , then the expression (2) of J t( ) is 

obtained directly by inverse Laplace transform of J s( ). In our work, J t( ) is used to help estimate the parameters in 
the fractional Maxwell model; see Table 1.

The other quantity of interest is the time-dependent relaxation modulus G t( ) under the condition of constant 
strain, which is defined via ∫σ τ ε τ= −t G t( ) ( )d ( )t

0
. Similarly, in this case ε ε≈ Θt t( ) ( ) with ε being a constant, 

and we have in the Laplace domain that η= +α α α−G s s s E( ) /( / 1/ )1 . To obtain G t( ), however, let us rewrite G s( ) 
as =G s A s E s( ) ( ) / , where η η= + = ∑ −α α α α−

=
∞A s E s E s( ) (1 / ) ( / )n

n1
0 . Then G s( ) can be expressed in terms of 

an infinite series as η= ∑ − α α
=

∞ − −G s E E s( ) ( / )n
n n

0
1,  whose inverse Laplace transform is =G t( )  

η α∑ − Γ +α α
=

∞E Et n( / ) / ( 1)n
n

0 . Taking advantage of the Mittag-Leffler function α β zE ( ), , which is defined as 
α β≡ ∑ Γ +α β =

∞z z nE ( ) / ( )n
n

, 0 , we finally reach η= ⋅ −α
α αG t E Et( ) E ( / ),1 , and this is equation (4). We in this 

work use G(t) to predict the stress relaxation process of our tight sandstone sample; see Fig. 4.

Figure 7. Servo-controlled rock testing apparatus. (a) The servo-controlled rock testing machine that is used to 
conduct our experiments. (b) A pair of LVTD displacement transducers installed to record the axial deformation 
and a chain type strain transducer used to measure lateral deformation. (c) Tight sandstone samples.
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Data availability statement. All raw data used in this work are available upon request to Guangqing 
Zhang (email: zhangguangqing@cup.edu.cn).

References
 1. World Energy Council. World Energy Resources 2016. http://www.worldenergy.org/wp-content/uploads/2016/10/World-Energy-

Resources_SummaryReport_2016.pdf (2016).
 2. Gandossi, L. An overview of hydraulic fracturing and other formation stimulation technologies for shale gas production. Eur. 

Commisison Jt. Res. Cent. Tech. Reports, doi:10.2790/99937 (2013).
 3. Bai, M. & Elsworth, D. Modeling of subsidence and stress-dependent hydraulic conductivity for intact and fractured porous media. 

Rock. Mech. Rock. Eng. 27, 209–234, doi:10.1007/BF01020200 (1994).
 4. Mainardi, F. Fractional calculus and waves in linear viscoelasticity: an introduction to mathematical models. (World Scientific, 2010).
 5. Diethelm, K. The analysis of fractional differential equations: an application-oriented exposition using differential operators of Caputo 

type, doi:10.1007/978-3-642-14574-2 (Springer Berlin Heidelberg, 2010).
 6. Pipkin, A.C. Lectures on Viscoelastic Theory, doi:10.1007/978-1-4615-9970-8 (Springer-Verlag, 1986).
 7. Mainardi, F. & Spada, G. Creep, relaxation and viscosity properties for basic fractional models in rheology. Eur. Phys. J. Special 

Topics. 193, 133–160, doi:10.1140/epjst/e2011-01387-1 (2011).
 8. Carpinteri, A. & Mainardi, F. Fractals and Fractional Calculus in Continuum Mechanics, doi:10.1007/978-3-7091-2664-6 (Springer 

Vienna, 1997).
 9. Jiménez, A. H., Jara, B. V. & Santiago, J. H. Relaxation modulus in the fitting of polycarbonate and poly (vinyl chloride) viscoelastic 

polymers by a fractional Maxwell model. Colloid. Polym. Sci. 280, 485–489, doi:10.1007/s00396-001-0624-5 (2002).
 10. Hu, K. X. & Zhu, K. Q. A note on fractional Maxwell model for PMMA and PTFE. Polym. Test. 30, 797–799, doi:10.1016/j.

polymertesting.2011.06.008 (2011).
 11. Palade, L. I., Verney, V. & Attané, P. A modified fractional model to describe the entire viscoelastic behavior of polybutadienes from 

flow to glassy regime. Rheol. Acta. 35, 265–273, doi:10.1007/BF00366913 (1996).
 12. Del Nobile, M., Chillo, S., Mentana, A. & Baiano, A. Use of the generalized Maxwell model for describing the stress relaxation 

behavior of solid-like foods. J. Food. Eng. 78, 978–983, doi:10.1016/j.jfoodeng.2005.12.011 (2007).
 13. Xu, Z. & Chen, W. A fractional-order model on new experiments of linear viscoelastic creep of Hami Melon. Comput. Math. Appl. 

66, 677–681, doi:10.1016/j.camwa.2013.01.033 (2013).
 14. Qi, H. & Xu, M. Unsteady flow of viscoelastic fluid with fractional Maxwell model in a channel. Mech. Res. Commun. 34, 210–212, 

doi:10.1016/j.mechrescom.2006.09.003 (2007).
 15. Fan, T. G. & Zhang, G. Q. Laboratory investigation of hydraulic fracture networks in formations with continuous orthogonal 

fractures. Energy 74, 164–173, doi:10.1016/j.energy.2014.05.037 (2014).
 16. Fan, T. G., Zhang, G. Q. & Cui, J. The impact of cleats on hydraulic fracture initiation and propagation in coal seams. Petrol Sci 11, 

532–539, doi:10.1007/s12182-014-0369-7 (2014).
 17. Hangx, S., Der Linden, A. V., Marcelis, F. & Bauer, A. The effect of CO2 on the mechanical properties of the Captain Sandstone: 

Geological storage of CO2 at the Goldeneye field (UK). Int. J. Greenh. Gas. Con. 19, 609–619, doi:10.1016/j.ijggc.2012.12.016 (2013).
 18. Urai, J. L., Spiers, C. J., Zwart, Amp, H. J. & Lister, G. S. Weakening of rock salt by water during long-term creep. Nature 324, 

554–557, doi:10.1038/324554a0 (1986).
 19. Maxwell, J. C. On the Dynamical Theory of Gases. Philos. T. R. Soc. B. 157, 49–88 (1867).
 20. Flfigge, W. Viscoelasticity. (Blaisdell Publishing Co., New York, 1967).
 21. A., E. N. D. C. First Report on Viscosity and Plasticity. Nature 136, 697–699, doi:10.1038/136697a0 (1935).
 22. Khan, I., Shah, N. A. & Dennis, L. A scientific report on heat transfer analysis in mixed convection flow of Maxwell fluid over an 

oscillating vertical plate. Sci. Rep-UK 7, doi:10.1038/srep40147 (2017).
 23. Vidhate, S., Chung, J., Vaidyanathan, V. & D’souza, N. A. Resistive–conductive transitions in the time-dependent piezoresponse of 

PVDF-MWCNT nanocomposites. Polym. J. 42, 567–574, doi:10.1038/pj.2010.44 (2010).
 24. Karner, G. D., Steckler, M. S. & Thorne, J. Long-term thermo-mechanical properties of continental lithosphere. Nature 304, 1–4, 

doi:10.1038/304250a0 (1983).
 25. Chauveau, B. & Kaminski, E. Porous compaction in transient creep regime and implications for melt, petroleum, and CO2 

circulation. JGR: Solid Earth 113, doi:10.1029/2007JB005088 (2008).
 26. Savage, J., Svarc, J. & Yu, S. B. Postseismic relaxation and transient creep. JGR: Solid Earth 110, doi:10.1029/2005JB003687 (2005).
 27. Pollitz, F. F. Transient rheology of the upper mantle beneath central Alaska inferred from the crustal velocity field following the 2002 

Denali earthquake. JGR: Solid Earth 110, doi:10.1029/2005JB003672 (2005).
 28. Hines, T. & Hetland, E. Rheologic constraints on the upper mantle from 5 years of postseismic deformation following the El Mayor‐

Cucapah earthquake. JGR: Solid Earth 121, 6809–6827, doi:10.1002/2016JB013114 (2016).
 29. Wang, K., Hu, Y. & He, J. Deformation cycles of subduction earthquakes in a viscoelastic Earth. Nature 484, 327–332, doi:10.1038/

nature11032 (2012).
 30. Wang, Z., Li, Y., Wang, S. & Yang, Z. Numerical simulation of the geomechanical processes in rock engineering. Int. J. Rock. Mech. 

Min. 37, 499–507, doi:10.1016/S1365-1609(99)00076-3 (2000).
 31. Wang, H., Utili, S. & Jiang, M. An analytical approach for the sequential excavation of axisymmetric lined tunnels in viscoelastic 

rock. Int. J. Rock. Mech. Min. 68, 85–106, doi:10.1016/j.ijrmms.2014.02.002 (2014).
 32. Blair, G. S. The role of psychophysics in rheology. Journal of Colloid Science 2, 21–32, doi:10.1016/0095-8522(47)90007-X (1947).
 33. Zhou, H. W., Wang, C. P., Han, B. B. & Duan, Z. Q. A creep constitutive model for salt rock based on fractional derivatives. Int. J. 

Rock. Mech. Min. 48, 116–121, doi:10.1016/j.ijrmms.2010.11.004 (2011).
 34. Koeller, R. C. Applications of Fractional Calculus to the Theory of Viscoelasticity. J. Appl. Mech. 51, 299–307, doi:10.1115/1.3167616 

(1984).
 35. Heymans, N. & Podlubny, I. Physical interpretation of initial conditions for fractional differential equations with Riemann-Liouville 

fractional derivatives. Rheol. Acta. 45, 765–771, doi:10.1007/s00397-005-0043-5 (2005).
 36. Colombaro, I., Giusti, A. & Mainardi, F. On the propagation of transient waves in a viscoelastic Bessel medium. Z. Angew. Math. 

Phys. 68, 62, doi:10.1007/s00033-017-0808-6 (2017).
 37. Colombaro, I., Giusti, A. & Mainardi, F. A class of linear viscoelastic models based on bessel functions. Meccanica. 52, 825–832, 

doi:10.1007/s11012-016-0456-5 (2017).
 38. Giusti, A. & Colombaro, I. Prabhakar-like fractional viscoelasticity. Comm. Nonlin. Sci. Num. Sim. 56, 138–143, doi:10.1016/j.

cnsns.2017.08.002 (2018).
 39. Joźwiak, B., Orczykowska, M. & Dziubinski, M. Fractional Generalizations of Maxwell and Kelvin-Voigt Models for Biopolymer 

Characterization. PLoS ONE 10, e0143090, doi:10.1371/journal.pone.0143090 (2015).
 40. Schiessel, H., Metzler, R., Blumen, A. & Nonnenmacher, T. Generalized viscoelastic models: their fractional equations with 

solutions. J. Phy. A: Math. Gen. 28, 6567, doi:10.1088/0305-4470/28/23/012 (1995).
 41. Friedrich, C. Relaxation and retardation functions of the Maxwell model with fractional derivatives. Rheol. Acta. 30, 151–158, 

doi:10.1007/BF01134604 (1991).

http://www.worldenergy.org/wp-content/uploads/2016/10/World-Energy-Resources_SummaryReport_2016.pdf
http://www.worldenergy.org/wp-content/uploads/2016/10/World-Energy-Resources_SummaryReport_2016.pdf
http://dx.doi.org/10.2790/99937
http://dx.doi.org/10.1007/BF01020200
http://dx.doi.org/10.1007/978-3-642-14574-2
http://dx.doi.org/10.1007/978-1-4615-9970-8
http://dx.doi.org/10.1140/epjst/e2011-01387-1
http://dx.doi.org/10.1007/978-3-7091-2664-6
http://dx.doi.org/10.1007/s00396-001-0624-5
http://dx.doi.org/10.1016/j.polymertesting.2011.06.008
http://dx.doi.org/10.1016/j.polymertesting.2011.06.008
http://dx.doi.org/10.1007/BF00366913
http://dx.doi.org/10.1016/j.jfoodeng.2005.12.011
http://dx.doi.org/10.1016/j.camwa.2013.01.033
http://dx.doi.org/10.1016/j.mechrescom.2006.09.003
http://dx.doi.org/10.1016/j.energy.2014.05.037
http://dx.doi.org/10.1007/s12182-014-0369-7
http://dx.doi.org/10.1016/j.ijggc.2012.12.016
http://dx.doi.org/10.1038/324554a0
http://dx.doi.org/10.1038/136697a0
http://dx.doi.org/10.1038/srep40147
http://dx.doi.org/10.1038/pj.2010.44
http://dx.doi.org/10.1038/304250a0
http://dx.doi.org/10.1029/2007JB005088
http://dx.doi.org/10.1029/2005JB003687
http://dx.doi.org/10.1029/2005JB003672
http://dx.doi.org/10.1002/2016JB013114
http://dx.doi.org/10.1038/nature11032
http://dx.doi.org/10.1038/nature11032
http://dx.doi.org/10.1016/S1365-1609(99)00076-3
http://dx.doi.org/10.1016/j.ijrmms.2014.02.002
http://dx.doi.org/10.1016/0095-8522(47)90007-X
http://dx.doi.org/10.1016/j.ijrmms.2010.11.004
http://dx.doi.org/10.1115/1.3167616
http://dx.doi.org/10.1007/s00397-005-0043-5
http://dx.doi.org/10.1007/s00033-017-0808-6
http://dx.doi.org/10.1007/s11012-016-0456-5
http://dx.doi.org/10.1016/j.cnsns.2017.08.002
http://dx.doi.org/10.1016/j.cnsns.2017.08.002
http://dx.doi.org/10.1371/journal.pone.0143090
http://dx.doi.org/10.1088/0305-4470/28/23/012
http://dx.doi.org/10.1007/BF01134604


www.nature.com/scientificreports/

1 1Scientific REPORTS | 7: 11336  | DOI:10.1038/s41598-017-11618-x

 42. Podlubny, I. Fractional differential equations: an introduction to fractional derivatives, fractional differential equations, to methods of 
their solution and some of their applications. Vol. 198 (Academic press, 1998).

 43. Samko, S., Kilbas, A. & Marichev, O. Fractional integral and derivatives-theory and applications. (Gordon and Breach, Switzerland, 
1993).

 44. Kilbsa, A., Srivastava, H. M. & Trujillo, J. Theory and Applications of Fractional Differential Equations. (Elsevier, Amsterdam, 2006).
 45. Hilfer, R. Applications of fractional calculus in physics. (World Scientific, 2000).
 46. Gurtin, M. E. & Sternberg, E. On the linear theory of viscoelasticity. Arch. Rational Mech. Anal. 11, 291–356, doi:10.1007/

BF00253942 (1962).
 47. Bagley, R. On the equivalence of the Riemann-Liouville and the Caputo fractional order derivatives in modeling of linear viscoelastic 

materials. Fract. calc. appl. anal. 2, 123–126 (2007).
 48. Giusti, A. On infinite order differential operators in fractional viscoelasticity. Fract. Calc. Appl. Anal. 20, 854–867, doi:10.1515/fca-

2017-0045 (2017).
 49. Shengqi, Y. & Jiang, Y. Triaxial mechanical creep behavior of sandstone. Mining Science and Technology (China) 20, 339–349, 

doi:10.1016/S1674-5264(09)60206-4 (2010).
 50. Baud, P. & Meredith, P. Damage accumulation during triaxial creep of Darley Dale sandstone from pore volumometry and acoustic 

emission. Int. J. Rock. Mech. Min. 34(24), 1–10, doi:10.1016/S1365-1609(97)00060-9 (1997).
 51. Jiang, Q., Qi, Y., Wang, Z. & Zhou, C. An extended Nishihara model for the description of three stages of sandstone creep. Geophys. 

J. Int. 193, 841–854, doi:10.1093/gji/ggt028 (2013).
 52. Fujii, Y., Kiyama, T., Ishijima, Y. & Kodama, J. Circumferential strain behavior during creep tests of brittle rocks. Int. J. Rock. Mech. 

Min. 36, 323–337, doi:10.1016/S0148-9062(99)00024-8 (1999).
 53. Jiang, Y. D., Xian, X. F., Xiong, D. G. & Zhou, F. C. Study on creep behaviour of sandstone and its mechanical models. Chinese Jounal 

of Geotechnical Engineering 27, 1478–1481 (2005).
 54. Wawersik, W. Time-Dependent Rock Behavior In Uniaxial Compression. The 14th U.S. Symposium on Rock Mechanics: New 

Horizons in Rock Mechanics 85–106 (1972).
 55. Kilbas, A. A., Saigo, M. & Saxena, R. Generalized Mittag-Leffler function and generalized fractional calculus operators. Integr. 

Transf. Spec. F. 15, 31–49, doi:10.1080/10652460310001600717 (2004).
 56. Prabhakar, T. R. A singular integral equation with a generalized Mittag Leffler function in the kernel. Yokohama. Math. J. 19, 7–15 

(1971).
 57. Gorenflo, R., Kilbas, A. A., Mainardi, F. & Rogosin, S. V. Mittag-Leffler Functions, Related Topics and Applications, doi:10.1007/978-

3-662-43930-2 (Springer Berlin Heidelberg, 2014).
 58. Sone, H. & Zoback, M. D. Time-dependent deformation of shale gas reservoir rocks and its long-term effect on the in situ state of 

stress. Int. J. Rock. Mech. Min. 69, 120–132, doi:10.1016/j.ijrmms.2014.04.002 (2014).
 59. Sone, H. & Zoback, M. D. Viscous relaxation model for predicting least principal stress magnitudes in sedimentary rocks. J. Petrol. 

Sci. Eng. 124, 416–431, doi:10.1016/j.petrol.2014.09.022 (2014).
 60. Yao, Y. T., Li, S. X., Zhao, Y. D., Chen, S. J. & Lu, J. G. Characteristics & Controlling Factors of Chang 7 Tight Oil in Xin’anbian Area, 

Orods Basin. Acta sedimentologica sinica 33, 625–635, doi:10.14027/j.cnki.cjxb.2015.03.021 (2015).
 61. Caputo, M. Linear model of dissipation whose Q is almost frequency independent—II. Geophys. J. R. Astr. Soc. 13, 529–539, 

doi:10.1111/j.1365-246X.1967.tb02303.x (1967).
 62. Davis, P. J. Leonhard Euler’s integral: a historical profile of the Gamma function: in memoriam: Milton Abramowitz. Am. Math. 

Mon. 66, 849–869, doi:10.2307/2309786 (1959).
 63. Du, M., Wang, Z. & Hu, H. Measuring memory with the order of fractional derivative. Sci. Rep. 3, 3431, doi:10.1038/srep03431 

(2013).
 64. Berkowitz, B., Cortis, A., Dentz, M. & Scher, H. Modeling non-Fickian transport in geological formations as a continuous time 

random walk. Rev. Geophys. 44, RG2003, doi:10.1029/2005RG000178 (2006).
 65. Metzler, R. & Klafter, J. The random walk’s guide to anomalous diffusion: a fractional dynamics approach. Phys. Rep. 339, 1–77, 

doi:10.1016/S0370-1573(00)00070-3 (2000).
 66. Wang, Y. Anomalous transport in weakly heterogeneous geological porous media. Phys Rev. E. 87, 032144, doi:10.1103/

PhysRevE.87.032144 (2013).

Acknowledgements
This work was supported by the National Natural Science Foundation of China under Grant No 51322404 and 
11465017, and the Science Foundation of China University of Petroleum, Beijing under Grant No. C201601. We 
thank Dr. Shiyuan Li for useful discussions.

Author Contributions
X.D. and G.Z. initialized the study. G.Z. designed the creep experiments. B.Z. conducted the experiments. Y.W. 
suggested the fractional approach to explaining the experimental data. X.D. analyzed the data using the fractional 
Maxwell model. X.D. and Y.W. wrote the manuscript. All authors discussed and commented on the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1007/BF00253942
http://dx.doi.org/10.1007/BF00253942
http://dx.doi.org/10.1515/fca-2017-0045
http://dx.doi.org/10.1515/fca-2017-0045
http://dx.doi.org/10.1016/S1674-5264(09)60206-4
http://dx.doi.org/10.1016/S1365-1609(97)00060-9
http://dx.doi.org/10.1093/gji/ggt028
http://dx.doi.org/10.1016/S0148-9062(99)00024-8
http://dx.doi.org/10.1080/10652460310001600717
http://dx.doi.org/10.1007/978-3-662-43930-2
http://dx.doi.org/10.1007/978-3-662-43930-2
http://dx.doi.org/10.1016/j.ijrmms.2014.04.002
http://dx.doi.org/10.1016/j.petrol.2014.09.022
http://dx.doi.org/10.14027/j.cnki.cjxb.2015.03.021
http://dx.doi.org/10.1111/j.1365-246X.1967.tb02303.x
http://dx.doi.org/10.2307/2309786
http://dx.doi.org/10.1038/srep03431
http://dx.doi.org/10.1029/2005RG000178
http://dx.doi.org/10.1016/S0370-1573(00)00070-3
http://dx.doi.org/10.1103/PhysRevE.87.032144
http://dx.doi.org/10.1103/PhysRevE.87.032144
http://creativecommons.org/licenses/by/4.0/

	Unexpected viscoelastic deformation of tight sandstone: Insights and predictions from the fractional Maxwell model
	Results
	Experimental results. 
	Fitting experiment data to the fractional Maxwell model. 
	Prediction of long-term strain rate by the fractional Maxwell model. 
	Stress relaxation process. 

	Discussion
	Methods
	Experimental Procedure. 
	Constitutive equation of the fractional Maxwell model. 
	Data availability statement. 

	Acknowledgements
	Figure 1 Experimentally obtained axial strains (ε) of four tight sandstone samples (denoted as H20-6, C3-2, G5-6, W1-1, respectively) under corresponding axial stresses (σ) are plotted versus the experiment time.
	Figure 2 Fitting experimental data of the H20-6 sample to four rheological models.
	Figure 3 Fitting experimental data of all samples to the fractional Maxwell model.
	Figure 4 Comparison of the strain rates.
	Figure 5 Stress relaxation process of the H20-6 sample as predicted by the fractional and traditional Maxwell models, respectively.
	Figure 6 A widely used triangle classification map of sandstone in the Changqing oilfield.
	Figure 7 Servo-controlled rock testing apparatus.
	Table 1 Fitting of creep compliance J(t) with different rheological models.
	Table 2 Mineral contents of four tight sandstone samples.




