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Many tunnel engineering accidents are generally caused by water softening tuff of high porosity. Experimental and theoretical
analytical methods, including rock ultrasonic testing, X-ray diffraction (XRD), microscopic observation, uniaxial compression
test, and scanning electronmicroscope (SEM), are employed to analyze the physicomechanical properties of tuff inMilaMountain
tunnel under dry and saturated conditions. +en, the mechanism of tuff softening in water is explained. Finally, the statistical
damage constitutive model of tuff is established. It was revealed that the tuff compositions were dominated by quartz and clay
minerals accounting for more than 90%, and clay minerals, anhydrite, and pyrite were mainly soluble minerals. After being
saturated with water, the soluble minerals in the tuff are dissolved, and the porosity and wave velocity are increased; however, the
elastic modulus and peak strength are decreased, indicating that water softening was distinct. Water softening after saturation was
due to the mineral compositions and microstructure characteristics of tuff in Mila Mountain tunnel; specifically, as the tuff
characterized by high porosity was conductive to water absorption, the soluble minerals in the tuff were corroded and swelled by
water, dissolving, loosening, and softening the tuff structure; then, its mechanical behavior was degraded. It was demonstrated by
the experimental results consistent with theoretical results that the model can be employed to express the constitutive behavior of
tuff in Mila Mountain tunnel under dry and saturation conditions. +e findings provide insights into macroscale deterioration of
tuffs and theoretical knowledge for the tunnel excavation and support of Mila Mountain tunnel.

1. Introduction

Tuff, a special kind of rock andwidely distributed in earth crust,
is formed after sedimentation and high temperature and
characterized by lower density, high porosity, and easiness to
deform after water softening [1–5]. +e issue of tuff strata
cannot be avoidable on many engineering constructions, for
instance, deep-buried long tunnels [6] and deep underground
geological disposal site [7]. +us, in order to take effective
measurements in tuff engineering applications, it is necessary
to explain the mechanical characteristics and establish

constitutive model of tuff. Recently, there are many studies on
tuff in engineering applications [8–10]. For example, owing to
good processability, tuffs have been used as building stones all
around the world since ancient times [2, 11]. As natural
materials, tuffs possess variable chemical, mineralogical, and
reactive attributes. Hence, tuffs in building sector are its ad-
ditional application in cement production [12, 13]. +ese re-
search results are conductive to reveal the tuffs characteristics
in engineering applications [14].

Meanwhile, there are studies in which physicomechanical
features and failuremechanism of the tuffs from several regions
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were determined [15]. It was concluded from these studies that
tuffs are a volcanic rock with high porosity and low strength,
and the pink tuffs in Midas Monument have higher strength
than those of white tuffs [16]. By field investigations and
numerical modelling, Salve et al. investigated the flow-field
evolution, drainage of fracture flow paths, and seepage char-
acteristics in unsaturated fractured welded stuffs [17, 18]. In the
field of rockmechanics, uniaxial compressive strength (UCS) is
one of the most widely used parameters used to evaluate
mechanical property of various rock types [19]. Previous
studies have suggested that UCS is controlled by total porosity,
water saturation, and the type of rock-forming minerals [19].
For example, Martin et al. investigated the mechanical prop-
erties and microstructure of tuff under shock condition and
pointed out that strength and moduli of tuff significantly
degraded at shock condition, which is associated with mi-
crostructural damage in the form of microcracks and crushed
pores [20]. Li et al. argued that different pore properties lead to
differentmechanical deterioration and tuff failuremode for tuff
[21]. An investigation into the effect of water saturation on
deterioration of tuff showed when the initial degree of satu-
ration of tuff exceeded 70%, one freeze-thaw cycle causes a
decrease in the uniaxial compressive strength, a decrease in the
P-wave velocity, and an increase in the porosity of the rock.
While when the initial degree of saturation is lower than 70%,
one freeze-thaw cycle has minimal effect on the same prop-
erties [22]. Togashi et al. found that the maximum and min-
imum principal strain orientations are rotated by
approximately 90° from the wet state to dry state [23]. +ese
studies on the mechanical characteristics and fracture mech-
anism of tuffs with different moistures and porosities are
conductive to thorough comprehension on the characteristics
of high porosity and water softening of tuff. However, con-
sidering that the issue of water softening tuffs with high po-
rosity is not avoidable in tunnel engineering, researches are few
on the mechanical characteristics and fracture mechanism of
tuffs under dry and saturated conditions in the tunnel engi-
neering applications in alpine and high-altitude areas.

In this paper, porosity characteristics, mineral compo-
sitions, and microstructural characteristics of tuffs were
investigated to figure out the basis of water softening tuffs
under dry and saturated conditions through ultrasonic
testing on rock mass, XRD, and microscopic observation. In
addition, through uniaxial compression and SEM experi-
ments, the mechanical and failure characteristics of tuffs in
the tunnel of Mila Mountain were studied to reveal the
characteristics of water softening tuffs. According to the
above experiments and results, it was concluded that the
main reason for water softening tuffs was due to high po-
rosity which was conductive to water absorption, and then,
soluble mineral compositions of tuffs were corroded and
swelled by water. Furthermore, a constitutive model was
established under dry and saturated conditions based on a
series of mechanics tests to calculate microfractures in
volcanic tuff, which facilitated the numerical analysis of
tunnel excavation and support design.+e findings provided
insights into macroscale deterioration of tuffs and theo-
retical basis for the tunnel excavation and support of Mila
Mountain.

2. Test Introduction

2.1. Engineering Background. Mila Mountain tunnel, one of
the key highway renovation projects in the section of
Nyingchi to Lhasa belonging to the national highway
numbered as 318 route in Tibet located at the junction of
Gongbo’gyamda County and Maizhokunggar County where
the average elevation is 4763.5m, and the maximum reaches
5020m, characterized by thin air, low pressure, poor nature,
and geological conditions, is an extra-long highway tunnel at
the highest elevation in the world designed with double holes
in separation for 30～39m in distance, 5727m in length for
the left hole, and 5720m for the right, about 375m at the
maximum depth, 5.0m for the height, and 10.25m for the
width. +e surrounding rocks of the tunnel are dominated
by IV and V grade tuffs, accounting for 85%. As shown in
Figure 1, tunnel collapse, gushing, mud bursting, and de-
formation after initial support have occurred frequently in
tunnel construction because of tuffs characteristics, for in-
stance, microfractures development, collapse, water soft-
ening and decomposition, and dramatic degradation of tuffs
mechanical property, etc. According to as-built records, the
daily water yield increased from 8000m3/d at the beginning
to 12000m3/d at the fault zone, and the maximum water
inflow reached 38600m3/d. +e key to resolving the above
problems such as deformation, gushing, and collapse is to
reveal the mechanical characteristics of tuffs under dry and
saturated conditions; therefore, the tuff at the bursting site in
the tunnel of Mila Mountain was selected as the object for
experiments. +e tuff used in this research was collected
from buried depth of 316m of Mila Mountain tunnel at Pile
no. ZK4477 + 371 in Lhasa, Tibet Autonomous Region,
China. Testing specimens have uniform texture, and the
mean density is 2.53 g/cm3.

2.2. Sample Preparation and Test Procedure. +e phys-
icomechanical characteristics of tuff are the basis for further
analysis of its water deterioration effect, fracture mechanism,
and establishment of constitutive model. +erefore, in order
to obtain the basic physicomechanical characteristics of tuff
in the tunnel of Mila Mountain, rock ultrasonic testing,
X-ray diffraction (XRD), microscopic observation, uniaxial
compression test, and scanning electron microscope tests
were carried out. +e specific testing flow is depicted in
Figure 2.

Firstly, vacuum saturation test was done on the sample
numbered as SAT1∼SAT5 by Rock Vacuum Saturation
Meter DP-SJA at Rock Mechanics Laboratory of Chengdu
University of Technology (CDUT), lasting for 72 h in order
to make sure that the sample was in full saturation.

Secondly, the samples numbered as DRY1∼DRY5,
SAT1∼SAT5 were tested by Automatic Acquisition Acoustic
Detector FDP204-SW at the laboratory.

+irdly, Diffractometer DMAX-3C and Jiangnan XP-213
Transmission Polarized Light Microscope from the test
center of CDUT were used to observe the samples’ com-
positions and microstructures under dry and saturated
conditions. In X-ray diffraction test, small quantities of
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samples in each sample were ground into powders with the
grain size within 5mm; then, the fresh and unweathered
powders were screened for cutting, grinding, gluing, slicing,
and grinding to achieve the standard thickness, 30 μm; then,
they were observed by microscope on the polarized light
microscope experiment.

Fourth, uniaxial compression test was done by
MTS815Teststar from the laboratory of CDUT. Grinding
machine and abrasive paper were applied to grind both ends
of the cylindrical samples whose height is 100mm. Loading
rate was controlled by displacement as recommended by
International Society for Rock Mechanics (ISRM) in this
test. Specifically, 1 kN force was preloaded to make the rock
sample fixed; then, axial loading was carried out at the
loading rate of 0.1mm/min until the specimen was failure.

Finally, SEM was used to observe the typical blocks of
tuff samples after the above tests using Electron Microscope
(Hitachi S-3000N) from CDUT and further to reveal the
microfractures characteristics.

3. Test Results and Analysis

3.1. Analysis on Structure Characteristics. Mineral compo-
sitions analysis, optical microscopic observation, and wave
velocity testing were made on tuffs under dry and saturated
conditions, in order to explain the effect of water on the

microstructure of tuffs in the tunnel of Mila Mountain. +e
results are shown in Table 1 and Figures 3 and 4.

As shown in Table 1, the compositions of tuffs in the
tunnel of Mila Mountain contained quartz, clay minerals,
plagioclase, anhydrite, pyrite, siderite, gypsum, K-feldspar,
etc., of which quartz and clay minerals were in proportion of
more than 90%. +e mineral compositions of the tuffs were
unchanged under dry and saturated conditions, while the
proportions changed under two different conditions, which
was due to water dissolution and corrosion; that is, the clay
mineral content in the tuffs under saturated condition was
lower 2% than that under dry condition, and quartz content
increased by 3% in that case.

It can be seen from the rock slice on microscope in
Figure 3 that the primary compositions of tuffs in the tunnel
of MilaMountain are volcanic glass (55%) andmatrix (45%),
of which matrix is mainly composed by microlite with grain
diameter 10–20 μm and little opaque mineral distributed in
stellate with grain diameter 50–150 μm, and volcanic glass is
in the shape of nearly round or oval particles with grain
diameter 100–250 μm, or even 300–800 μm for less, and the
majority of volcanic glass experienced argillization; little is
corroded and evolves into dissolved pore. Porosity of sheet is
poor, and mainly composed of intragranular pores. Most of
the pores are isolated and distributed sporadically, with the
grain diameter 50–250 μm, few can reach 300–400 μmwhich

(a) (b)

Sampling location

(c)

Figure 1: Images of initial supports cracking (a), water inrush phenomenon (b), and sampling points (c) of the Mila Mountain tunnel.

Rock sample preparation

Tuff Vacuum saturation

Wave velocity test

Composition and microstructure test

Polarized light microscope experimentXRD

Uniaxial compression test

SEM test

Figure 2: Experimental flowchart.
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is formed after corrosion in the volcanic glass particles. By
contrastive analysis, it can be found that corrosion happened
interiorly in more volcanic glass after saturation, sheet
porosity changed obviously, and surface porosity was in-
creased from 1 to 2% under dry condition to 3–5% under
saturated condition, confirming that tuffs porosity of tunnel
in Mila Mountain increased after saturation and corrosion.

In Figure 4, the mean P-wave velocity of the tuffs under
saturated condition in the range of 4600–4900m/s is 4761m/
s, faster than 4681m/s, that under dry condition in the range
of 4500–4900m/s, is increasing by 1.71%, which results from
the fact that the solid-gas two-phase is changed into solid-
liquid two-phase for the sample, while the propagation
velocity of P-wave in water is faster than that in air; thus, the
velocity increases.

3.2. Analysis on Deformation and Fracture Characteristics.
As shown in Figures 5 and 6 in which stress-strain curves
under uniaxial compression test on tuffs were depicted, the
deformation curve can be divided into 4 phases, compaction,
linear elasticity, peak, and postpeak. Due to porous tuffs, the
first phase of compaction is generally evident; however, the
compaction is not obvious in Figure 7; the stress-strain curve
of sandstone, because sandstone is a typical kind of hard
rock in sedimentary rocks, is featured with compact
structure and primary pore inside the rock which are not
developed [23]. In the experiment, the tuff porosity in-
creased due to water corrosion and made the proportion
increase at compaction phase under saturation condition. To
further analyze the effect of microfracture on deformation at
compaction phase, the ratio of the stress/strain value at
compaction and peak phase was taken as the parameter for
quantitative evaluation to calculate the proportion of
compaction phase in the whole deformation process.
Compared with Gao et al. [24], the stress/strain value is
0.000513 at the end phase of compaction for sandstone in

Figure 7, 0.011957 at peak phase, and the ratio is 4.3%; +e
value is 0.001 under dry condition at the end phase of
compaction, the mean is 0.002387 at peak phase, and the
ratio is 38.5%, while under saturated condition, it is 0.0012 at
the end phase of compaction, the mean is 0.002387 at peak
phase, and the ratio is 50.3%, respectively. +e above results
verified that tuff in the tunnel of Mila Mountain possessed
high porosity, and water corrosion had positive relation with
porosity, which was consistent with the observation result by
polarized light microscopy.

Meanwhile, under dry and saturated conditions, the stress/
strain for most of the tuff samples dropped vertically after
experiencing peak stress, and the residual phases were indis-
tinct. According toWawersik analysis by uniaxial compression
test in which stress-strain curve of rock can be classified into
type I and II (Figure 8), type II was the unstable mircofracture
[25]; that is, the samples possessed strain storage capacity and
released suddenly; without the aid of external force, fracture
occurred and expanded within the samples, which was called as
brittle fracture. In this experiment, tuff samples were brittle
fracture under both conditions.

+e macrofracture characteristics of tuff in the tunnel of
Mila Mountain under dry and saturated conditions are shown
in Figure 9. Overall, after uniaxial compression test, the 3
samples presented nearly vertical and thorough macrotensile
fracture under dry condition, and DRY 3 developed several
tensile fracture planes. Further analysis on DRY 3 was made,
and the results are shown in Figure 9(c), in which the sample
was fractured immediately into block masses and many tiny
rocks after the rubber band was loosened, and lots of failure
cracks spread within the main block, proving that the fracture
was complete. Furthermore, fracture surface was smooth
without powder, indicating that block slippage and friction did
not occur after peak stress, in consistency with the conclusion
that residual stress was indistinct. And the three samples
presented similar features under saturated condition, but some
secondary shear fracture planes developed.

Table 1: Mineralogical composition of the tested tuff samples (weight %).

Sample no. Quartz Clay minerals Plagioclase Anhydrite Pyrite Siderite Gypsum K-feldspar
D-1 60 30 3 2 2 1 1 1
S-1 65 28 2 1 1 1 1 1

250µm 250µm

(b)(a)

Figure 3: Polarized light microscopy image on the tunnel tuffs of Mila Mountain under dry and saturated conditions. (a) MLS-DRY.
(b) MLS-SAT.

4 Advances in Civil Engineering



It can be seen from the experiments of optical micro-
scopic observation and wave velocity testing that the pore
development of tuffs in the tunnel of Mila Mountain was the
typical inhomogeneous media, and the fracture process was
microcrack formation, development, and convergence with
the occurrence, evolution of different types of cracks

including transcrystalline crack, intergranular crack, and the
coupling. In Figure 10, typical samples of DRY 3 and SAT 1
after fracture were the objects for SEM to analyze the mi-
crostructure, fracture distribution characteristics of fracture
surface, in which under dry condition, the tuff surface was
coated with clay and the structure was compact, though the
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Figure 6: Tuff stress-strain curves under saturated condition obtained from uniaxial compression test.
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cracks with diameter 300 μmwere observable on the surface,
and clear cracks inside the tuff and transcrystalline crack, as
well as few grains with diameter 50 μm on the surface when
amplified, indicating that the mechanical behavior of the
samples performed well to some extent. While under sat-
urated condition, although the tuff surface was coated with
clay as well, the structure was incompact, on which there
were more pores and a mass of micro mineral grains with
diameter 300 μm; in addition, no observable cracks but
distinct mineral grains with diameter 50 μm indenting can
be found on the surface when amplified, indicating the poor
mechanical behavior of the sample. +rough comparison,
the reason for the degraded mechanical behavior of tuff
under saturated condition was that due to water corrosion,
tuff porosity increased, then the structure became incom-
pact, strength was lowered, and mechanical property was
weakened, though no observable cracks were developed on
the surface.

3.3. Mechanical Parameter Analysis. Figures 11 and 12
depicted the details of tuff in the tunnel of Mila Moun-
tain under dry and saturated conditions at peak phase, in
which the relationship between peak stress and strain at peak
stress was positive in general, excluding SAT-3. Respectively,
the mean peak stress was 71.2MPa and 46.2MPa, and the
mean strain at peak stress was 0.002595 and 0.002387 under
dry and saturated condition, revealing that the tuff me-
chanical behavior was degraded after saturation as the stress
decreased by 35%, and the strain at peak stress decreased by
8%, compared with that under dry condition.

Figure 13 is the elastic modulus of tuff in the tunnel of
Mila Mountain under dry and saturated conditions in which
the mean elastic modulus was 34.2 GPa and 19.8GPa, re-
spectively, reduced by 42%, revealing that effect of water
softening on the mechanical behavior of tuff was significant.

3.4. Mechanism. Mineral compositions and structural fea-
tures were studied in this section to explain the mechanism
that tuff was characterized by increased porosity, wave ve-
locity, and lowered strength after saturation, which were
concluded from the above experiments.

It can be learnt from Table 1 that clay minerals, ac-
counting for larger proportion, 30%, in the tuff composi-
tions, included several kinds of hydrophilic expansive
minerals, such as montmorillonite, illite, and kaolinite.
During saturation, illite can be transformed into clay
mineral having high expansibility, for example, montmo-
rillonite or kaolinite; on the other hand, due to the fact that
for montmorillonite minerals, its lattice activity had a close
relationship with the internal surface which can adsorb
larger number of water molecules, c-axis interplanar crystal
spacing can be fully expanded to 600 Å, and the spacing was
only 9.6 Å under dry condition; montmorillonite minerals
can be dispersed into single space unit in the extreme.
Transformation and decomposition properties of hydro-
philic expansive minerals of clay minerals in tuff led to the
change of mineral structure and gradually grains aggregation
(Figure 10(b)). With saturation time passing, grains swelled
after fully submerged by water, and repulsive force was
stronger than adsorption force between grains which had
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thick hydration shells, leading to the structure failure and
lower stress. In terms of rock structure, initial fissure, po-
rosity developed well in the tuff sample, during saturation,
water flowed into the sample along cracks and pores, then
swelling, softening occurred; meanwhile, hydration shells
absorbed on fine grains which were generated from water
corrosion accelerated the volume swelling. +e anisotropic
swelling force made the anisotropic stress in the sample,
triggering the change of pore structure and then grains
movement, further swelling, softening, and disaggregation.
In addition, cements in the sample contained K+, Na+, Ca2+,
Mg2+, S2-, and Cl− ions, of which the soluble cements were
dissolved or diluted after water and interaction; then, grains
were disconnected and disaggregation occurred. After ab-
sorbing water, the phase state of the icons existing in pore
solution changed and the ions was crystallized, leading to the
sample volume swelling; for example, the chemical formula
for anhydrite volume swelling was shown as
CaSO4 + 2H2O⟶CaSO4 • 2H2O.

Finally, tuff in the tunnel of Mila Mountain contained a
proportion of pyrite, a kind of mineral which was unstable,
easy to weathering, and possessed strong reducibility. Fe and
S in pyrite were reductive chemical elements of lower va-
lence extremely easy to oxidation. Sulfuric acid generated
from the oxidization of lower valence sulfur corroded the

tuff due to its acidity; further, it made combination reaction
with other minerals; then, sulfate was produced. Sulfuric
acid and sulfate were dissolved and washed away in water,
accelerating tuff development and loosening the structure,
which further provided passage for water into tuff.

According to the above analysis, the reason for the
content reductions of clay minerals, anhydrite and pyrite, in
the tuffs in the tunnel of Mila Mountain was water corrosion
after saturation. +e mechanism of water softening tuff was
that soluble minerals in tuff were corroded and swelled after
water; then new grains were generated and moved with the
ions in pores, dissolving, loosening and softening the tuff
structure; finally, its mechanical behavior was degraded.

4. Constitutive Model on Tuff in the Tunnel of
Mila Mountain

4.1. Model Selection. A reasonable constitutive model con-
sidering water softening effect is the key to accurate pre-
diction and judgment of the reliability and stability of rock
engineering, such as tunnel surrounding rock stability and
water inrush numerical calculation. +erefore, the author
would like to establish the constitutive model of tuff under
dry and saturated conditions. Based on the experimental
results of polarized light microscope experiment, tuff in the

(a) (b)

(c)

Figure 9: Macrofracture characteristic pattern of the tuffs in the tunnel of Mila Mountain after uniaxial compression.
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tunnel of Mila Mountain was the compacted combination of
volcaniclastic material with diameter less than 3mm, hy-
drolyzed materials by tephra or cemented clay materials,
characterized by high porosity, fine granularity, and grains
of large specific surface area. +e conventional elasticity or
elastic-plastic model failed to explain the deformation
mechanism; nonlinearity and drop at postpeak on the stress-
strain curve were distinct. Assumed that the microstructure
of the rock presented masses of cracks and randomly dis-
tributed pores, damage statistical constitutive model could
be applied to explain the nonlinear characteristic on the basis
of interior defects in rock. +us, considering the charac-
teristics of high porosity and nonlinear stress-strain curves
of the tuff in the Milashan tunnel, a damage statistical
constitutive model was selected to describe the constitutive
behavior of the tuff under dry and saturated water
conditions.

4.2. Model Building. Researches on damage statistical con-
stitutive model on rock have made great improvement,
thanks to the introduction of damage statistical theory.
According to the random distribution of defects in rock
materials andWeibull distribution of microelement strength
of rock, many scholars have established the corresponding
statistical damage constitutive model of rock based on the
results of rock compression tests [26–29]. +e applicability
of damage statistical constitutive model to tuff before and
after saturation was explored, based on the previous studies.
Affected by interior defects existing in rock such as random
distributed pores, cracks, joints, etc., rock strength was
undetermined and randomly changed. +e strength of
microelements was not exactly the same, and according to
damage mechanism, the process was continuous from the

beginning of damage to failure. +erefore, there are as-
sumptions as follows [30, 31]:

(1) Rock is isotropy macroscopically.
(2) Microelement has two states: failure and nonfailure.
(3) Microelement before failure complies with Hooke’s

law.
(4) +ough strengths of microelements are not the same,

but comply with Weibull distribution law, and its
probability density function is

P(F) �
m

F0

F

F0
 

m− 1

exp −
F

F0
 

m

 , (1)

where F is microelement strength and m and F0 are
the parameters of Weibull distribution law, indi-
cating the mechanical property of rock.

Continuous failures of microelements could degrade
rock properties and induce fracture. Nf, is the amount of
damaged microelements on some stress condition, the ratio
of the total amount of failures to the sum of microelements
(N) is called a statistical damage variable, and the equation is

D �
Nf

N
. (2)

When the stress is set to be F, then the amount of the
damaged microelements Nf, is

Nf � 
F

0
Nf(σ)dσ � N 

F

0
f(σ)dσ � N 1 − exp −

F

F0
 

m

  .

(3)

Damage variable D is calculated by substituting equation
(3) into (2):

50µm 50µm

(a) (b)

300µm 300µm

Figure 10: Microfracture characteristic pattern of the tuffs in the tunnel of Mila Mountain after uniaxial compression. (a) DRY 3. (b) SAT1.
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D � 1 − exp −
F

F0
 

m

 . (4)

Drucker–Prager law is taken to judge the microelement
damage in rock; that is,

F � f(σ)

� α0I1 +
��
J2


.

(5)

α0 � sin φ/
����������

9 + 3 sin2 φ


, of which I1 is the first in-
variant of stress tensor, J2 is the second invariant of stress
tensor, and their calculations are shown as follows:

I1 � σ∗x + σ∗y + σ∗z � σ∗1 + σ∗2 + σ∗3 ,

J2 �
1
6

σ∗1 − σ∗2( 
2

+ σ∗2 − σ∗3( 
2

+ σ∗3 − σ∗1( 
2

 .

(6)

F, the random variable, is selected to get damage sta-
tistical constitutive model, according to the Drucker–Prager
law and strain equivalence theory of Lemaitre [30, 31], as
follows:

σi � Eεi exp −
F

F0
 

m

  + μ σj + σk . (7)

According to the research results of Cao and Li [30, 31],
constitutive parameters, m and F0, are calculated below
under uniaxial condition:

m �
1

In Eεc/σc( 
. (8)

Fc

F0
 

m

�
1
m

, (9)

where E is elasticity modulus, σc is peak strength, εc is the
strain at peak strength, and Fc corresponds to F at peak
strength.

4.3. Model Verification. +rough comparison between theory
result and uniaxial test result on tuff samples from the tunnel of
Mila Mountain under dry and saturated conditions, the
constitutive model was verified as shown in Figure 14 in which
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Figure 11: Pattern of the tuffs in the tunnel of Mila Mountain at peak phase under dry condition.
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Figure 12: Pattern of the tuffs in the tunnel of Mila Mountain at peak phase under saturated condition.
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the two curves, test result and theory result, matched well in
general, indicating that damage statistical constitutive model
was applicable to express tuff constitutive behaviors.

5. Conclusion

+is paper, in order to provide some theoretical and data
support for the construction of tuff tunnel, the phys-
icomechanical parameters, failure mechanism, and consti-
tutive model of tuff in Mila Mountain tunnel under dry and
saturated conditions were studied by experimental and
theoretical analytical methods. According to the experi-
mental results, water softening mechanism and mechanical
characteristics have been analysed under dry and saturated
conditions; then, the stress-strain curves from tests were
simulated by a damage statistical constitutive model; finally,
the conclusion can be made as follows.

(1) Quartz and clay minerals were dominated in tuff
compositions in the tunnel of Mila Mountain, ac-
counting for more than 90%, and quartz content

increased after saturation, while clay minerals con-
tent was reduced.

(2) Soluble minerals were corroded in the tuff after
saturation, and porosity and wave velocity increased;
however, elasticity modulus and peak strength were
lowered severely, reaching 42% and 35%,
respectively.

(3) +emechanical characteristics of tuff after saturation
were determined by the mineral compositions and
structure characteristics of tuff in the tunnel of Mila
Mountain; specifically, as the tuff characterized by
high porosity convenient for water infiltration, the
soluble minerals in the tuff were corroded and
swelled by water; then, new grains were generated
and moved with the ions in pores, dissolving,
loosening, and softening the tuff structure; then, its
mechanical properties were degraded.

(4) +eory result and test result matched well under dry
and saturated conditions, revealing that damage
statistical constitutive model was applicable to
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Figure 14: Experimental and theoretical stress-strain curves under dry and saturated conditions. (a) DRY 3. (b) SAT 1.
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Figure 13: Elastic modulus of tuff in the tunnel of Mila Mountain under dry and saturated conditions.
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express the constitutive behavior of tuff in the tunnel
of Mila Mountain.
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