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Abstract  Carbonaceous slate exhibits a significant 
creep deformation that seriously affects the construc-
tion and operation of underground projects. To inves-
tigate the microstructural changes characteristics and 
reveal the microscopic deformation mechanism of the 
carbonaceous slate during the creep process, multi-
ple methods were performed, including the triaxial 
creep test, SEM and MIP. The following conclusions 
were drawn: The rock samples underwent three stages 
during the creep test: microporosity closure at a low-
stress level, material densification at an intermediate 
stress level, and microcracks emerging and expand-
ing to failure at the high stress. The creep deforma-
tion was particularly significant in the first and third 
processes. The lamellar particles are compressed or 

bent under stress in parallel and vertical directions, 
showing the anisotropic properties of deformation. 
The deformation of the rock sample is related to the 
angle between the bedding and the orientation of 
major principal stress, and the effect of the anisotropy 
decreases with the increased stress level. The sprout-
ing and expansion of microfractures occur at high-
stress levels, showing pressure dissolution of mineral 
particles, migration of very fine particles, and cement 
damage between lamellar particles. Finally, the hori-
zontal samples formed a combined rupture surface 
composed of the laminar surface and the fracture 
surface intersecting it, showing brittle damage, while 
the vertical samples formed a fracture surface paral-
lel to the laminar surface, showing a ductile damage 
pattern. Those results could provide the basis for a 
further understanding of the mechanical properties of 
carbonaceous slate and the improvement of its creep 
model and parameters. It was significant for the sta-
bility analysis and deformation prediction of engi-
neering structures using numerical simulation.

Article highlights 

•	 The deformation and microstructural characteris-
tics of carbonaceous slate during triaxial compres-
sion creep were investigated.

•	 The creep process and deformation mechanism of 
carbonaceous slate were analyzed from the micro-
scopic perspective.
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•	 The microporosity closure of carbonaceous slate 
at low-pressure stress levels and the occurrence of 
pressure dissolution and particle migration in the 
fracture region at high-stress levels are revealed.

Keywords  Carbonaceous slate · Microstructure · 
Pore size distribution · Creep process · Deformation 
mechanics

1  Introduction

Carbonaceous slate is a low-grade metamorphic 
rock with a pervasive occurrence of foliations, 
cleavages, beddings, and fractures. As a laminar 
soft rock, it is characterized by transversely iso-
tropic mechanical behavior, low strength, and large 
time-dependent deformation under a complex geo-
logic environment. The deformation of soft rock, 
being extremely large and lasting for a long time, 
has brought a great challenge to tunnel construc-
tion and seriously hindered the development of tun-
nel projects in western China (Chen et al. 2011; Li 
et al. 2013). The creep behaviors of rock extensively 
affect the stability of the surrounding rock and tun-
nel structure safety. Extensive creep tests have been 
conducted on soft rocks (Tomanovic 2006; Zhang 
et  al. 2012, 2015a; Hamza et  al. 2018). The time-
dependent process is critical to accurately pre-
dict the strength and deformation in the short and 
long term due to the safety of the tunnel in con-
struction and operation and its economic impor-
tance (Hamza and Stace 2018). Some researchers 
focused on the time-dependent deformation char-
acteristics of various rocks (Haupt 1991; Maranini 
and Brignoli 1999; Shao et  al. 2003; Gasc-Barbier 
et al. 2004; Pellet 2006; Sun 2007). The creep curve 
was divided into three parts: primary or transient 
creep, secondary or stationary creep, and tertiary 
creep or creep failure (Scholz 1968; Boukharov 
et al. 1995; Gunther et al. 2015; Zhang et al. 2020). 
Extensive macroscopic mechanical studies have 
been conducted to gain a better understanding of 
the transversely isotropic behavior of layered rock 
and found that the deformation and strength differ 
when the rocks are subjected to different loading 
directions (Tien et  al. 2006; Shi et  al. 2016; Wang 
et  al. 2018a). Sone and Zoback (2013) concluded 

that more creep deformation in shale rock samples 
deformed perpendicular than parallel to the bedding 
plane. At an identical stress state in triaxial creep 
tests, the axial strain rates of the carbonaceous slate 
with a bedding plane perpendicular to axial load-
ing were higher than those of the specimens with 
a bedding plane parallel to axial loading (Wang 
et al. 2018b). Boukharov et al. (1995) revealed that 
the properties of a heterogeneous rock depended 
not only upon the minerals component but upon 
the structural features of the rocks as well, and 
those features were the size difference of individual 
mineral crystals, boundaries between the crystals, 
pores, and microcracks occurring in and/or between 
the crystals. The mechanical response of a rock is 
linked to its mesoscale elements, such as voids, 
grains, and matrix cracks; the formation and devel-
opment of fine cracks are significantly time-depend-
ent and directly affect the time-dependent defor-
mation of the rock (Lin and Sun 1993). Zhang and 
Buscarnera (2017) mentioned that the creep process 
was controlled by the growth of internal flaws and 
the delayed fracture of individual particles; numer-
ous microscopic processes at low or high pressures 
influenced the rate-dependent behavior of granular 
rocks. The particle strength depends considerably 
on size, shape, and mineralogy. The macroscopic 
yield pressure is connected with the grain size and 
the specific fracture process developing at the grain 
scale (Zhang et al. 2015b). The main factors affect-
ing creep are groundwater, mineral composition, 
ground stress, geological structure, and construction 
disturbance. Sun (2007) believed that the essence of 
creep was that new filling and arrangement patterns 
occur continuously between mineral assemblages or 
between mineral assemblages and other rock com-
ponents over time. Indeed, grain-scale phenomena 
can impact the constitutive properties of granular 
soil, such as yield pressure, plastic compressibil-
ity, and frictional resistance; the particle strength 
depends considerably on factors such as size, shape, 
and mineralogy (Coop et  al. 2004; Brzesowsky 
et  al. 2014). Based on the analysis of laboratory 
and in-situ experiments, Boukharov (1995) con-
cluded that the creep of brittle rock was an integral 
manifestation of three modes of rock deformation: 
elastic strain, plastic strain, and inelastic dilatancy. 
The carbonaceous slate has remarkable rheological 
characteristics, displaying obvious viscoelasticity, 
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and the mechanical behaviors cannot be well 
explained using linear elastic and isotropic theories 
(Zhao et al. 2018). Some nonlinear and visco-plas-
tic models were proposed and effectively applied 
to numerical simulation to describe the theoretical 
creep stage (Xu et al. 2006; Sterpi and Gioda 2009; 
Debernardi and Barla 2009; Barla et  al. 2012). A 
series of nonlinear visco-elastic–plastic creep mod-
els were established using the Hooke body, Schiff-
man body, Kelvin body, and nonlinear visco-plastic 
body (Yang et al. 2014). Barla et al. (2012) used two 
elastic-visco-plastic constitutive laws implemented 
in finite-difference and finite-element codes to study 
the squeezing behavior of tunnels through numeri-
cal analysis. The formulations of the mathematical 
creep models of the rock often display good agree-
ment with the test data. However, they are limited 
by unclear physical meaning of the parameters of 
the material, which are determined by the character-
istics of the material and obtained by measurements 
on the samples in the laboratory. Understanding 
such phenomena requires a comprehensive inspec-
tion of deformation characteristics at both macro-
scopic and particle scales.

Many studies on the macroscopic creep behavior 
of various rocks and the corresponding constitutive 
relationship for numerical simulation obtain fruitful 
results. However, there are fewer studies on the car-
bonaceous slate, and the creep mechanisms are far 
from being well understood. Multiple methods were 
adopted in this study to investigate the creep defor-
mation characteristics of carbonaceous slate and 
analyze the rules of the axial and radial strain of the 
horizontal and vertical samples in loading and creep 
processes combined with the variations of particles 
and pores structure, revealing the deformation mecha-
nisms. Explanation of the deformation with informa-
tion on microstructure and porosity characteristics 
during the triaxial creep tests is scientifically reason-
able in explaining creep deformation mechanisms. 
Hence, it is crucial to familiarize oneself with the 
time-dependent deformational behaviors of carbona-
ceous slate from a microscopic view. The studies con-
tribute to a better understanding of the creep mecha-
nisms of carbonaceous slate and provide a better basis 
for optimization of the constitutive model and related 
parameters to predict the long-term stability of engi-
neering structures.

2 � Materials and test apparatus

2.1 � Samples preparation

The rocks selected for the laboratory experiments 
were obtained from the Muzhailing highway tunnel at 
Dingxi City, Gansu province, China. The surrounding 
rock showed remarkably time-dependent deformation 
caused by boundary constraint conditions and stress 
changes in the areas dominated by carbonaceous slate 
during the tunnel excavation. Representative rock 
blocks were picked during tunnel excavation, and 
the samples were cored carefully from selected simi-
lar blocks to reduce the disturbance factors that may 
cause the variation of rock characteristics.

Firstly, four cylindrical specimens with a height of 
about 100 mm and 50 mm in diameter were cored along 
the horizontal and vertical bedding planes, called hori-
zontal and vertical samples, respectively. Two specimens 
of each bedding angle were selected as triaxial creep 
samples. Then, For the high-resolution studies of very 
fine-grained phases, six cubes of about 10 × 10 × 2 mm 
samples were ion-polished to obtain a smooth surface 
for high-resolution imaging and prepared for SEM. Five 
cubes of about 10 × 10 × 10 mm were made for MIP tests. 
Four rock sections were thin pieces of rock cutting from 
the different direction of the rock sample. They were then 
ground into a thickness of about 0.03 mm and attached 
to the high-purity slides. Those small samples were all 
made from the residual block material. Finally, the small 
blocks of the damaged samples from the two kinds of 
rheological tests were processed into six cubes of about 
10 × 10 × 2 mm and 10 × 10 × 10 mm and prepared for the 
SEM and MIP tests, respectively.

2.2 � Test apparatus

The microstructure of carbonaceous slate was first 
studied. The mineral composition and surface mor-
phology of samples were analyzed from diffraction 
patterns and high-resolution imaging obtained by 
environmental scanning electron microscope with 
energy-dispersive spectroscopy (SEM–EDS) detec-
tors using the quantor 200 (FEI, USA). The resolu-
tion is 3.5  nm in high vacuum mode, the magnifi-
cation is 50–50000 times, and the maximum pixel 
is 3584 × 3084. Thin section identification was con-
ducted with a petrographic microscope of Axiolab 5 



	 Geomech. Geophys. Geo-energ. Geo-resour.          (2024) 10:112 

1 3

  112   Page 4 of 15

Vol:. (1234567890)

(ZEISS Germany) to study the microstructure. The 
instrument used for the MIP test is the MicroAc-
tive Autopore Iv 9510, with a mercury drive pres-
sure range of 0.5–33,000 psi and a pore size range 
of 35 μm to 5 nm to study the pore size and distri-
bution. Then, the creep tests were achieved by the 
GCTS RTX-1000 testing systems (GCTS USA), 
seen in Fig.  1, which is a triaxial electrohydrau-
lic servo-controlled testing machine. The system 
comprises a closed-loop digital servo-controlled 
rock triaxial test system RTX-1000 and a GCTS 
data acquisition system. Two linear variable dis-
placement transducers are applied to measure the 
axial strain, and a chain transducer is employed to 
measure the radial strain, fixed outside the speci-
men. The confining stress and deviatoric stress were 
all applied by the hydraulic pumps. The loading 
scheme is automatically controlled by a pre-written 
program, and the pressures are automatically regu-
lated by the computer in the creep process. The 
acquisition system automatically records the experi-
mental data as well.

3 � Methodology

To fully understand the change of microstructure 
characteristics and deformation mechanism of car-
bonaceous slate during the creep process, X-ray dif-
fraction (XRD), thin section identification, scanning 
electron microscope and energy dispersion spectrum 

(SEM–EDS), mercury intrusion porosimetry (MIP) 
and triaxial creep test were comprehensively per-
formed. Based on an analysis of carbonaceous slate’s 
mineral composition and microstructure, the creep 
deformation mechanisms of carbonaceous slate were 
disclosed by comparing the microscopic information 
of particle morphology, pore size distribution, and 
mechanical behaviors before and after creep.

Firstly, SEM–EDS and thin section identification 
tests were conducted on six cuboid samples and four 
slides containing carbonaceous slate, respectively. 
Four to six microregions were selected from each 
specimen to take six to eight pictures per microregion 
at 1000–10000 magnification, which were stored at 
2580 × 1944 pixel dimensions in RGB format. The 
mineral grain morphology, texture characteristics, 
inter-grain pore type, and interstitial distribution were 
identified by the thin section identification under the 
orthogonal polarizing microscope and the polarizing 
microscope for four samples. The surface morphol-
ogy of the carbonaceous slate section was observed 
from those images, especially the structure, particle, 
and microcrack, providing the basis to analyze the 
mineral composition of carbonaceous slate samples 
and study the bedding, cleavage, cracks, and mineral 
arrangement forms of carbonaceous slate before the 
creep test. The pore size distribution data of the sam-
ples were obtained through MIP. Those test results 
can provide a theoretical basis for microstructure and 
rheological mechanism analysis. Since those are con-
ventional block material tests, the specific test proce-
dures will not be elaborated.

Secondly, the horizontal and vertical specimens 
were distinguished and saturated with water in a 
vacuum at − 100 kPa for 48 h. The saturated sam-
ples were prepared on GCTS RTX-1000 under the 
same test conditions with a room temperature of 
20 ± 0.5  °C. As there are many research achieve-
ments about rock creep at different stress levels and 
different durations, the study focused on the micro-
structural changes and mechanism of the creep pro-
cess with large stress increments and a shorter creep 
time. Before the creep tests, the sample was placed 
on the base with the plug installed at the top and 
then covered with black heat shrink film, which was 
baked to wrap around the specimen tightly with a 
hot air blower. Then, the transducers were fixed in 
the appropriate positions, and the pressure chamber 
was installed well-sealed and filled with silicone 

Fig. 1   Schematic diagram of the creep test device
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oil. The creep tests started after setting the initial 
parameters correctly. A stepwise creep process was 
executed. The confining pressure was loaded to 
6  MPa, and then the deviatoric stress was applied. 
10 MPa incremented the vertical specimen at each 
stage. The stress increment of the horizontal speci-
men changed to 5 MPa from the third level onwards. 
The constant stress levels were maintained for a 
certain time, and the axial and radial strains were 
measured. The creep duration was 15 h for the first 
stage, 24 h for both the second and third stages, and 
30  h for all subsequent phases until the rock sam-
ples failed. The pressures were unloaded, and the 
creep test ended.Finally, three small samples, each 
processed from the appropriate locations of the ver-
tical and horizontal damaged creep samples, were 
again processed. SEM and MIP were performed 
under the same test conditions for surface morphol-
ogy and pore characterization.

4 � Results and discussion

4.1 � Mineral composition and microstructure

The carbonaceous slate is formed by the slight meta-
morphism of clayey sedimentary rocks at low tem-
peratures in the region. It is a dark gray bedding 

structure enriched with silky and lustrous sericite at 
the local bedding surface. The microscopic analysis 
from the X-ray diffraction method, SEM–EDS, and 
thin section analysis indicated that the slate samples 
were mainly composed of quartz, sericite, kaolinite, 
and other clay minerals, and the contents and distri-
bution were uneven (Yang et al. 2023). The orthogo-
nally polarized images collected showed prominent 
physical characteristics, such as distinct interference 
colors, texture features, apparent edges between dif-
ferent grains, and clear pore spaces, as seen in Fig. 2.

The carbonaceous slate, having a layered struc-
ture, consists mainly of black carbonaceous and clay 
minerals such as kaolinite, a small amount of granu-
lar quartz, and directionally distributed platy seric-
ite. The extrusion of mineral grains under geological 
action during the rock formation process forms the 
formation of a bedding microstructure by directional 
accumulation along its long axis, as seen in Fig. 2a–c, 
which shows the orientation of the particles along the 
long axis. The accumulation direction of flaky parti-
cles is consistent with the bedding plane. Figure 2d, e 
show the particle distribution of minerals. The granu-
lar quartz had no apparent decomposition, very fine 
scale-like mica formed lamellar clusters, and abun-
dant clay minerals distributed around the grains and 
clusters. The mica clusters are varied in size, and the 
fine grain size of quartz and mica is from few to more 

Fig. 2   Microstructure of carbonaceous slate samples before the creep. Note: Qtz = Quartz, Ser = sericite
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than 200 μm, see Fig. 2f. The metamorphic minerals 
and particles between the layers are well-cemented. It 
is well known that the material of the laminate struc-
ture has different stress deformation in the horizontal 
and vertical directions. Studying the composition and 
structure of carbonaceous slate can provide a basis for 
analyzing the changes in microstructural characteris-
tics during creep.

4.2 � Analysis of surface morphological characteristics

High-resolution micrographs from SEM imaging 
(in Fig.  3) exhibit surface morphological features, 
including particle geometry and microfracture distri-
bution. Before the triaxial compression creep test, the 
carbonaceous slate samples were relatively compact 
and showed a well-developed parallel foliation with 
chaotic-aligned microliths on the surfaces. Outlines 
of clast and widths of the micropores were appar-
ent. The directional arrangement of the plate-like 
clusters formed by the lamellar grains constitutes a 
remarkable lamellar structure with fish-scale mineral 
particles with sharp angles and significant interlayer 

micro-porosity and microfractures intersecting them. 
However, during triaxial compression creep, the 
microscopic morphology of the rock sample under-
went significant changes. The tiny particles were sub-
jected to misalignment, dislodging, and migration, 
partly accumulating to the tips of micro-pores and 
micro-fractures with time under the combined action 
of stress and water. Therefore, the particle clusters 
had rounded edges, blunted microfracture angular 
tips, and protruding particles such as quartz.

The surface morphology, particle edge, and frac-
ture geometry have changed greatly from before 
creep (Fig.  3a–c) to after creep (Fig.  3a1–c1). It 
concluded that creep is the process of realignment 
between microscopic particles and microfractures 
of the material in the rock mass under stress and 
that this process is characterized by time-dependent 
deformation.

4.3 � Pore size and distribution characteristics

MIP experiment is an effective way to study pore 
body characteristics and has been widely applied to 

Fig. 3   Comparison of the surface morphology
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determine the pore size distribution (Li et al. 2018). 
The specimen before the creep test was recorded as 
C–I, and the horizontal and vertical creep samples 
were marked as C–H and C–V, respectively. The 
pore volume and relative proportion with diameter 

for the three samples obtained from MIP experiments 
are shown in Figs.  4 and 5, respectively. Those less 
than 800  nm were called micro-pores, those greater 
than 6000 nm were called micro-fractures, and pores 
between them were called intermediate pores. By 
comparing the test data, the pores of the initial speci-
mens before the creep test mainly consisted of micro-
pores less than 1 μm and micro-fractures larger than 
100 μm, with the former accounting for 83.35% and 
the latter accounting for 12.02%. However, the num-
ber of micropores of the horizontal and vertical sam-
ples after creep was 0, and the micro-fractures larger 
than 50 μm were dominant. The percentage of micro-
fractures and intermediate pores in horizontal speci-
mens was 95.7% and 4.3%, respectively. In compari-
son, the pores in vertical samples were microfractures 
(accounting for 100%). The volume of microcracks 
in vertical specimens was much more than that in the 
horizontals. Based on the previous analyses of the 
composition, microstructure, and surface morphology 
of the carbonaceous slate, the transformation of all 
micropores into cracks can be explained as follows: 
under stress, the compression of the lamellar particles 
led to the closure of the intergranular micropores, and 
very fine particles broken off from the lamellae were 
filled and deposited within the voids at the tips of the 
microfractures. It caused microcracks to disappear 
and microfractures to increase after the specimens 
underwent the creeping process.

During triaxial compression creep, the pore size 
distribution of the rock sample changed, leading to 
the variation in bulk density, as seen in Table 1. The 
porosity of the C–I was 2.011%, which was more sig-
nificant than that of the C–H (1.1402%) and smaller 
than that of the C–V (4.8738%) after creep. The total 
pore volumes had the same variation trend, while the 
bulk density changed just the opposite. It indicates 
that the horizontal specimens underwent irrecover-
able pressure dissolution of some lamellar parti-
cles and the closure of intergranular micropores due 

Fig. 4   The changes in pore size distribution

Fig. 5   Pore proportion at different pore sizes

Table 1   The changes in 
some physical parameters 
of specimens

Samples ID Mass (g) Volume (mL) Volume den-
sity (g/mL)

Porosity (%) Total pore 
volume 
(mL/g)

C-I 3.5970 1.3773 2.6117 2.0110 0.0077
C-H 4.2001 1.5472 2.7147 1.1402 0.0042
C-V 3.3578 1.3159 2.5517 4.8738 0.0191
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to compression caused by the stress on the vertical 
lamellar surface. Hence, the porosity is smaller, and 
the compactness is greater. In contrast, the interlayer 
cement of the vertical specimen was dislocated and 
damaged due to the stress parallel to the lamellar par-
ticles, forming multiple columnar units (see Fig. 9b), 
and the tensile cracks between the columnar units 
were further extended, resulting in an increase in 
porosity and a decrease in bulk density.

4.4 � Creep deformation characteristics and 
mechanism analysis

To compare and analyze the different deformations 
of horizontal and vertical samples before and after 
creep, the same confining pressure, durations, and 
stress increments in the first two stages were main-
tained during the triaxial compression creep experi-
ments. The relationship of the layered planes with the 
stresses in the 3D orthogonal coordinate is shown in 
Fig. 6. The relationships between stress and strain are 
as follows:

(1)σc = σ2 = σ3

(2)σ
d
= σ1 − σ3

(3)ε
v
= ε1 + ε2 + ε3 = ε1 + 2ε3

(4)E0 =
Δσ

Δε

where σ1 represents axial stress;σ2,σ3 represent the 
radial stress, σc and σd represent the confining stress 
and the deviatoric stress, respectively. ε1 is the axial 
strain, ε2, ε3 are the radial strains and εv is the volu-
metric strain. The E0 is the deformation  modulus, 
Δσ and Δε are the stress and strain increments, 
respectively.

In the triaxial compression creep tests, the confin-
ing stress was applied first and remained unchanged. 
And then, the axial pressures were applied continu-
ously to the rock sample until failure. Figure 7 shows 
the evolution of axial and radial strains with time. 
After the load was applied, creep strain that decays off 
swiftly occurred. At a confining pressure of 6  MPa, 
the vertical sample experienced four creep processes 
due to its more considerable strength and finally 
failed in the next stage of loading with the maxi-
mum stress of 47 MPa and the max volumetric strain 
of 0.47% at the time of failure, while the horizontal 
sample underwent only two complete creep processes 
and was failed shortly after the third stage of load-
ing with the stress of 25 MPa and the axial strain of 
1.28% at the time of failure. Each phase showed dif-
ferent forms of creep due to diverse stress levels, and 
strain processes varied considerably. To further study 
the deformation mechanism from microscopic struc-
ture, the deformation behaviors were researched dur-
ing both the transient loading and the creep processes. 
In the instantaneous loading process, the radial con-
fining pressure was firstly exerted to 6 MPa with the 
deviatoric stress fluctuating from 0 to − 0.9Mpa. The 
deviatoric stress increment of 10 MPa was applied in 

Fig. 6   Schematic represen-
tation of the forces on the 
rock samples. a The hori-
zontal sample. b Sectional 
view of rock samples. c The 
vertical sample
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the first two stages. Then, the increment value of the 
horizontal sample changed to 5 MPa, and that of the 
verticals remained unchanged until the failure. The 
stress–strain relationships are shown in Fig. 8.

In applying confining pressure, the axial strains 
of the horizontal sample showed a similar trend to 
the radial strains of the verticals, which were about 
0.068% and 0.064%, respectively. It revealed that the 
rock samples were in a three-dimensional compres-
sion state, so the volume strains were less affected 
by the bedding angle, which was about 0.13%. The 
results of volumetric deformation were the compres-
sion of the micropores among the plate-like particles 
in the normal direction.

The deformations of the horizontal sample at the 
early stages of deviatoric stress application were 
dominated by the linear increased axial strain. The 
axial transient strain at the stress level of 52% was 
0.22%, and the axial creep strain increment was 
0.18%. During the continued increase of the axial 
stress to a stress level of 84%, the axial transient 
strain still increased linearly, while the deformation 
modulus was slightly increased than that of the previ-
ous loading stage, and the axial strains increased from 
0.40% to 0.47%. However, the radial transient strain 
and creep strain values were almost constant during 
the above process. At a stress level of 80%, the axial 
creep increment of the rock sample was 0.46%, while 
the radial strain changed from 0.029 to − 0.20%, and 

the axial and radial strain increments were larger in 
the subsequent stages until the rock sample failed. 
Due to the flaky particles torn and/or cement among 
the layers broken, the fracture surfaces penetrated 
the horizontal bedding plane and connected with the 
broken bedding planes, and the sample failed (see 
Fig.  9a). However, the deformation of the vertical 
sample was different from that of the horizontals. 
With the deviatoric stress level increase from 0 to 
68%, the axial transient strain increased linearly with 
an incremental value of 0.07%, and almost no radial 
transient deformation occurred. The axial creep val-
ues during stress levels of 30% and 49% were nearly 
zero, while the amount of radial creep was 0.03% and 
0.006%, respectively. It is inferred that the densities 
of the rock samples almost reached their maximum 
values after the previous loading and creep phases. 
The axial creep strain value at the stress level of 
68% increased with an increment of 0.027%, which 
indicated that the sample fractured. The radial creep 
strains remained rising, and it seems that the sam-
ple could be further compressed. The picture of the 
destruction of the vertical sample in Fig. 9b presents 
a reasonable explanation. It demonstrated that trans-
verse expansion occurred at the bottom of the speci-
men, and its deformation could not be measured by 
the chain sensor located in the middle. It also indi-
cated that the pressure dissolution occurred and some 
fine particles transferred downward.

Fig. 7   The strains’ variation with time during the creep processes. a The horizontal sample. b The vertical sample
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Fig. 8   The strain–stress relationships of horizontal and vertical specimens. a The horizontal sample. b The vertical sample

Fig. 9   Failure patterns of 
samples after the creep test. 
a The horizontal sample. b 
The vertical sample
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From the above microscopic analysis, it was 
inferred that the flaky particles of the rock sample 
underwent bending and compression deformation 
under stresses parallel and perpendicular to their 
planes, resulting in different creep behaviors of the 
layered sample in the two directions. The micropo-
rosity closure between the particle clusters was the 
main reason for triaxial compression creep at low 
stress levels, which was a time-dependent process. 
As deviatoric stress increased, the porosity of the 
sample diminished, and the compactness and the 
deformation modulus accordingly enlarged, making 
the deformation smaller. The inter-laminar cement 
breakage or particle tearing under high-stress lev-
els and constantly generating fractures and further 
expansion resulted in the deformations. This process 
was accompanied by pressure dissolution and partial 
migration of very fine particles, so creep deformation 
was remarkable and lasted for a long time.

In order to further analyze the time dependence of 
the deformation, the creep phase curves are obtained 

by removing the loading phase strain from the above 
data, see Fig. 10. The graphs of the vertical and hori-
zontal samples were smooth without fluctuation, 
indicating that the creep deformation has good con-
tinuity with time. In Fig. 10a, the curves of the hori-
zontal sample at different stress levels showed appar-
ent primary and secondary creeps and did not show 
noticeable tertiary creep before failure. The transient 
creep with rapid strain increment caused by the load-
ing lasted for a shorter time, while the steady creep 
at a low or nearly constant strain rate persisted for 
longer. With the increase of the axial compressive 
stress, the strain rate was reduced rapidly from large 
to small and finally remained nearly constant. At 
10  MPa deviatoric stress, the volumetric strain was 
governed by axial strain. During the 15  h, the axial 
creep of 0.1779% is much larger than the radial creep 
(0.0052%), which indicates that the creep deformation 
of the rock sample at this stage originated from the 
closure of micro-pores and micro-fractures between 
the lamellar particles, and the particle skeleton was 

Fig. 10   The strain variations of the samples during creep. a The horizontal sample. b The vertical sample
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not damaged. At 20 MPa deviatoric stress, the radial 
strain remained constant for a short time and then 
changed from 0.0289 to − 0.2047%, while the axial 
strain increased from 0.467 to 0.926%. Then, the 
axial and radial strain values increased with a simi-
lar trend in opposite directions, so the volumetric 
strain remained constant. After about 1 h during the 
creep process, which keeps the stress state constant, 
the rock sample ruptured along a weak surface, and 
the particles moved along the radial direction, which 
showed typical creep characteristics. The rock sample 
shortens axially and expands radially, so the volu-
metric strain remains constant. At deviation stress 
of 25  MPa, the axial and radial strain trends were 
similar to those of the previous stage, and the vol-
ume strain remained constant at around 0.5%. After 
holding the load for 168  min, brittle failure without 
significant plastic deformation occurred. It indicated 
that the rock samples underwent time-dependent 
deformation in a highly stressed state after loading 
and compaction. This process can be interpreted from 
a microscopic point of view as the pressure dissolu-
tion of particles at the interface of the rock samples 
and migration of particles (Akker et al. 2021), which 
resulted in the formation of microcracks and their 
continual expansion, causing radial dilatation. How-
ever, the strain behaviors of the vertical sample dif-
fered significantly from that of the horizontal sam-
ple, as seen in Fig.  10b. During the transient creep 
at a deviatoric stress of 10  MPa, the radial strain 
was larger than the axial strain, which was 0.0329% 
and 0.0066%, respectively. The deformation law was 
just opposite to that of the horizontal sample. Hold-
ing the deviator stress of 20 MPa for 24 h, axial and 
radial strain increments were maintained at 0.0033% 
and 0.006%, respectively, similar to the instantaneous 
values after applying axial pressure. It indicates that 
the rock samples had high density and low porosity in 
the stationary creep stage. After holding a deviatoric 
stress of 30 MPa for about 250 min, noticeable axial 
plastic strain and large strain rate were all noticed 
from this moment onwards. The axial strain grew 
persistently for a particular time and then remained 
stable. In the next loading process, the axial strain 
exceeded the radial strain and grew until the rock 
sample failed. It concluded that in the primary creep 
stage, the amount of radial creep in vertical speci-
mens is significantly greater than the amount of axial 
creep, and the deformation behavior is just opposite 

to that of the horizontal samples at low stress lev-
els. The reasonable explanation is the compression 
of micropores between lamellar particles due to the 
bending deformation of the particles. While the par-
ticle skeleton was mainly in the elastic stage and did 
not undergo damage, the creep characteristics were 
more significant. In the next stage, the rock samples 
that were compressed to form the maximum density 
had no significant creep deformation in the duration. 
When the deviatoric stress gradually increases to a 
higher level, the particles need some time for stress 
adjustment, and some of the particles undergo dislo-
cation fracture, or the bond between particles under-
goes tensile damage to form shear and tensile cracks, 
and directional migration occurs to produce fracture 
interfaces and continuous deformation, and ultimately 
toughness damage occurs.

To sum up, combined with the analysis of the hori-
zontal and vertical specimens’s surface morphology, 
microporosity and pore size distribution changes, 
deformation characteristics before and after creep, 
and the analysis of the damage patterns after the 
specimens failed, it can be concluded that the micro-
structural features, the bedding structure is an essen-
tial factor affecting the creep behaviors of carbona-
ceous slate. Horizontally and vertically layered rock 
samples undergo compression and bending deforma-
tion of the particles during the process of axial stress 
increase, which makes the intergranular micropores 
compress and close. Significant transient deforma-
tion and transient creep occurred after loading at low-
stress levels. The strain rate decreased rapidly until 
the rock entered the steady creep stage, and the strain 
value changed less during creep in a very dense stage. 
The high compression stress contributed to the plastic 
deformation of cementitious material, particle dislo-
cation movement, compressive solution, and redepo-
sition, leading to the internal crack emergence, expan-
sion, and destruction of the samples under high stress. 
The delayed breakage of some particles was a vital 
component in the rearrangement of the skeleton over 
time in the creep (Karimpour and Lade 2013). Pore 
deformation has a strong time dependence. Whether 
it was micropore closure or microcrack expansion, 
it showed the characteristics of significant creep 
deformation. Creep behavior and damage patterns 
were distinct for rock samples with different lamina 
angles. Horizontal samples under axial compressive 
stresses showed brittle damage with particles tearing 
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along the weakened surfaces. However, the vertical 
sample was subject to shear damage due to bond-
ing between particles, forming multiple penetrating 
breakages along the laminae surface and transforming 
the rock samples into multiple columnar joint carri-
ers. It underwent great plastic deformation under the 
high confining pressure, thus showing ductile dam-
age. Once the pressure was removed, the sample was 
split along the direction of the slaty cleavage, weak-
ening its resistance to external stress. Among them, 
the stacking direction and stress direction of lamel-
lar particles had a great influence on the volumetric 
deformation of the rock sample.

5 � Conclusion

In order to uncover the macroscale creep properties 
and the deformation mechanisms of the carbonaceous 
slate, microstructural and triaxial compression creep 
tests were performed to obtain particle shape, surface 
morphology, microstructure attributes, and the time-
dependent creep behaviors of the vertical and hori-
zontal samples. The comparison of the microstructure 
and the measured strains before and after creeps were 
analyzed, and the conclusions are as follows:

(1)	 Carbonaceous slate is a low-grade metamorphic, 
layered rock mass. In the deposition process, 
inter-particle micropores and intersecting microc-
racks form in a complex diagenetic process. Dur-
ing triaxial compression, microcracks between 
particles of a saturated specimen are closed at 
low stress. At low stress levels, the rock speci-
men becomes dense, and as the stress continues 
to increase, the macroscopic shear and tension 
cracks in the specimen continue to expand and 
increase in number, and damage occurs. Under 
the same confining pressure, the horizontal speci-
mens showed brittle damage, while the vertical 
specimens showed ductile damage.

(2)	 The lamellar microporosity between particles has 
an important influence on the creep mechanical 
behavior of rock specimens. Due to the presence 
of intergranular microporosity, lamellar parti-
cles produce compressive or bending strains that 
are several times higher than those in the other 
two directions, and the gap between these dif-

ferent directional deformations decreases with 
increasing compactness. When the stress is per-
pendicular to the laminae, creep deformation 
is caused by the destruction of the grains at the 
maximum compressive stress, whereas when the 
stress is parallel to the laminae surface, cracks are 
formed due to the shear destruction of the cement 
between the grains with further dislocation of the 
very fine grains.

(3)	 Creep deformation of carbonaceous slate is 
mainly manifested in the stage of significant 
changes in porosity, with a high time dependence. 
Whether in the stage of microporosity closure or 
microfissure expansion, the creep deformation 
is large and long-lasting, while in the stage of 
maximum densification, the creep deformation is 
small. The specimen generated rupture surfaces 
under high stress, very fine particles underwent 
pressure dissolution, misalignment, and migra-
tion, and micropores were either compacted or 
filled, which made the intergranular microfrac-
tures of the saturated specimen disappear and the 
number of microfractures increases. Those con-
clusions reasonably explain that the tunnel sur-
rounding the rock body is prone to creep failure 
damage in the local area where the laminar incli-
nation angle has been changed sharply. It also 
provides a basis for the creep ontological rela-
tionship of carbonaceous slate and its parameter 
optimization.
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