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Abstract: In underground tunnels or caverns, time-dependefdrchation or failure of
rock mass, such as extending cracks, gradual raltk étc, are a costly irritant and a
major safety concern if the time-dependent damdgsuoounding rock is serious. To
understand the damage evolution of rock mass irengndund engineering, an situ
experimental testing was carried out in a largewgtound tunnel with a scale of 28.5 m
in width, 21 m in height and 352 m in length. Tirad-dependent damage of rock mass
was detected in succession by an ultrasonic wasteafeer excavation. The testing results
showed that the time-dependent damage of rock c@dd last a long time,e., nearly
30 days. Regression analysis of damage factoraatefdy wave velocity, resulted in the
time-dependent evolutional damage equation of rowss, which corresponded with
logarithmic format. A damage viscoelastic-plastiodal was developed to describe the
exposed time-dependent deterioration of rock masBeld test, such as convergence of
time-dependent damage, deterioration of elasticutesdand logarithmic format of damage
factor. Furthermore, the remedial measures for dachaurrounding rock were discussed
based on the measured results and the conceptaanmtdge compensation, which provides
new clues for underground engineering design.

Keywords: time-dependent damage; rock mass; situ experiment; time-dependent
damage model; damage rehabilitation
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1. Introduction

Rock material evolves through a long-term geologgcess of hundreds of millions of years
encompassing random voids and cracks of variousscaéherefore, the damage assessment of rock
mass that has suffered engineering disturbanceldhioe unique, as discussed by [1-4]. In
underground construction, including metros, sulam&fhydropower houses, highway tunnels and so
on, the excavation of underground space changesaibrium of stress fields stored in rock mass
and leads to rheological adjustment to a new s&gagibrium [5-7]. In the course of stress traiosit
of rock mass and engineering construction, timesddpnt failures of surrounding rock can become a
costly nuisance and a major safety concern [8-10].

In recent years, the time-dependent damage prepedf rock have been tested by indoor
experiment using small specimens amgitu investigations in large tunnels or caverns [11--TI6ir
achievements have exposed that the rock mass hagusbrheological characters. Although the
rheological models for viscoelastic behavior andcweplastic behavior of material have been
developed successfully, little attention has bean po rheological damage of rock, and even less
concerning the damage correlation between timesgnagh. This is due to the limitation of rough el
experiment conditions and imperfect experimentalsitmms [14,17-19]. In practice, the
time-dependent deterioration of material, sucheasiction of elastic modules or decrease of strength
always occurs [20-23]. Thus, the time-dependentadgnevolution of rock mass needs more in-depth
efforts, especiallyn situ experimental tests.

The authors of this paper investigated the timeesddpnt damage of rock mass in a large scale
tunnel in order to understand the damage evolulitis was detected in succession using ultrasonic
detection after excavation and results indicated the rock mass in underground tunnels exhibited
time-dependent deterioration characteristics. Resgpa analysis revealed that the time-dependent
evolution of damage factor followed the logarithriuaction. To describe the exposed time-dependent
damage characters of rock massifysitu test, a damage viscoelastic-plastic model waseptesd.
Furthermore, rehabilitation strategies of damagedk,r including the injection technique and
pre-stressed rock bolt technique, were discussedistist in withstanding the time-dependent
deterioration of surrounding rock.

2. Information Regarding the Experimental Tunnel ard Testing Method
2.1. Experimental Position

The experimental tunnel for damage testing wastéacat Jinping Il hydropower station in Sichuan
province, China. The size of the tunnel was 28.5 midth, 21 m in height and 352 m in length at the
time of experimental damage testing (Figure 1). Tdek mass around the tunnel was Trias marble
with three primary joint sets: (1) dip directionfaomt of dip (20° = 10°/79° = 6°); (2) dip
direction/amount of dip (70° £ 10°/80° + 10°); @@ direction/amount of dip (50° = 10°/30° + 10°).
The maximum initial geo-stress by hydraulic fracigr measurement in this tunnel was
about 22.9 MPa.
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Figure 1. Jinping Il experimental tunnela) position of experimental tunnglh) general
state of the experimental tunnel.
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A mechanical test of the marble in a laboratoryveo that the uniaxial compression strength of
intact marble specimen was about 70 MPa (Figur@l2y.failure pattern of the marble specimen was
split format. Damage testing of this rock was polesiduring the large scale excavation of this
underground tunnel, considering the fact thatithsitu strength of the rock mass was not more than
half of the specimen’s strength and the concertrateess of the surrounding rock after excavation
was larger than 40 MPa. The basic mechanical pdeasef the marble rock mass were 8-11 GPa in
deformational modules and 0.23-0.26 in Passion’so,raas suggested by the project’s
design institution.

Figure 2. Laboratory experiment of intact marble specimenennghiaxial compression
test: @) strain-stress curvedy)typical failure format and cracks of marble speen.
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2.2. Testing Instruments and Methods

The ultrasonic detection technique is often usedhieck rock damage, since the wave velocity is
sensitive to internal micro cracks and voids ofkrq24,25]. Here, we adopted the RS-STO01C
ultrasonic instrument produced by RockSea Ltdhagdsting apparatus. The test of wave velocity was
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carried out using the method “one emission with tkeceipts”,i.e., using one emission-energy
converter to send ultrasonic waves and two reciggeergy converters to receive waves at a distance
of 20 cm [26]. Three converters were arranged atbeghole’s axes, and their sequence was receipt
converter, emission converter and receipt convelteing the measuring process. The velocity of the
longitudinal wave at the tested rock segment whsitzded using Equation (1).

v=L4 (1)

wherelL is the distance between emission energy convangmecipient energy convertdst is the
traveling time of the longitudinal wave inside ttoek mass.

Five measurement sections were selected to meamitk@amage along the axes of the tunnel with
a distance of about 60 m. In these sections, ttle mass had similar joints density, efflorescentle
and rock classification. In each section, two tesholes were designed on the left side (upstrede) s
and right side (downstream side) of the tunneleesyely (Figure 3). The diameter of the test holes
was 90 mm and their axes were vertical to the saréd the tunnel’s sidewall. Both of them were 10 m
in depth and 5° in obliquity. As the converters madwn the test hole progressively along the axes in
20 cm steps, the data of rock velocity in differpasitions could be gained.

Figure 3. Testing sections and test holes for rock damage.
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3. Analysis of Time-Dependent Damage
3.1. Basic Characters of Measured Ultrasonic Wave

After the tunnel had been excavated and the h@ddbken drilled, wave velocity measurements of
the rock mass by RS-STO1C ultrasonic instrumengaibeThe measurements were conducted on the
1st, 3rd, 7th, and 28th day. Thus, four measuredesuof ultrasonic velocity with respective times
were recorded for each test hole, as shown in Eigarb. Considering the fact that there were many
random joints in the rock mass, the measured uglacirves were not perfectly smooth. It is noted
that the segment from 0 to 0.6 m could not be nredsbiecause the surrounding rock in this part was
loose and cracked due to the surface of the tureirf too close.

In Figure 4, the average wave velocity of undamagett mass was calculated by averaging the
tested wave velocity in the end part of the tedehoThe average wave velocity of intact rock was
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gained according to Equation (2) and tested dateaek velocity was chosen from the last 5 m of the
test holes, which was the average wave velocitthefundamaged rock. Due to small differences in
rock texture and various intensities of joints @dhe axes of the experimental tunnel, the average
ultrasonic velocities were not similar.

w=l"y
1 [ (2)

whereV® is the average wave velocity of intact rock massis the measured wave velocity of intact

rock mass in the test hole; is the number of measured data.

All four curves in Figure 4 followed the same trenel, each of them had a segment with low wave
velocity at the beginning of the curves. Note ttiat lower velocity suggests a higher degree of rock
damage; thén situtesting result reveals that there was less rookagg along the axes of the test hole
from outside to inside.

Figure 4. Measured ultrasonic velocity of rock mass in tedes.
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Moreover, the ultrasonic velocity of wall rock deased with time at the same position in the
shallow segment, but there was not much differendbe deep segment; the joints, however, caused
the roughness of the curve. This suggests that geawas time-dependent, especially for rock mass
around the excavation space.

Depth from hole (m)

3.2. Time-Dependent Damage Evolution of Rock Mass

If we consider the measured data of wave velogjtyltrasonic detection at 1st day as the initial
damage status of wall rock, the subsequent measuaed velocity of rock could be accepted as the

time damage of wall rock. By comparing the subsagtleee series of measured wave velocity results
in the hole with the wave velocity at 1st day, tilee damage factor[j ) can be gained according to

Equation (3) [27].

D; =1- (v//v)? 3)
where V' is the ultrasonic wave velocity of rock iaposition ont™ day; v' is the ultrasonic wave
velocity of rock ati position on 1st day. This indicates that the tole@endent evolution of rock
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damage was apparent. For example, the time-depedderage curve at the upstream testing hole of
Section 1 is shown in Figure 5.

Figure 5. Time-dependent damage factor in Section 1 of erpatal tunnel.
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Analyzing the above damage factor curves, it iarcthat wall rock damage changes degressively,
similar to all measured results in other test hdiégure 6 exposes the time-dependent damage groces
of rock mass at four selected depths, which follbaesimilar increase trend. This trend indicateat th
the time-dependent damage of rock can be deschpesbme analytical functions. Kachanov (1958)
and Broberg (1974) [27,28] suggested that functadrexponential, power and logarithm seemed to fit
the time-dependent damage of material (Equatio)) Which had been studied and adopted also by
Kowalewski (1994), Schulze (2001), Becker. (20029-{31]. However, the optimal function for
describing the time-dependent evolution functionrf@rble rock mass in Jinping Il tunnel still needs
to be verified.

Figure 6. Time-dependent evolution of rock damage at varpasstions.
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Figure 6. Cont.
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Here, the time-dependent damage factor at theipasiof 0.6 m and 2.0 m were adopted to show
the process of regression analysis. Three functionEquation (4),i.e., Exponential, Power and
Logarithm, were attempted to fit the data. The esged results for functions are shown in Table 1.

i) Logarithm: D, =alnt+b
i) Power: D, =at’ +c (4)
iii ) Exponentid: D, =ae”™ +c¢

Table 1.Regression results of different functions.

Position (m) Format Residual
Logarithm 0.2155

0.6 Power 0.4467
Exponential 0.3148

Logarithm 0.0595

2.0 Power 0.0695
Exponential 0.0644

The residual value of different regressed functimakcated that the logarithmic function was the
best expression of the three functions to desdhbeime-dependent evolution of rock damage in the
Jinping Il experimental tunnel (Equation (5) fo60n position and Equation (6) for 2.0 m position).
The regression analysis for damage equation hadba&len checked with the data of each tested hole
(i.e., 10 holes). Most showed the same result, thatdbielual value of the logarithmic function was
the smallest among these functions.The fitted testilmeasured damage factor showed that the
logarithmic function can generally reflect the thiependent process of rock damage (see Figure 7).

D, atosm = 0.02289nt + 0197 )

D, a0sm = 0.0191nt + 0127 ©)
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Figure 7. Fitting curve of time-dependent damage factay0(6 m depth;kf) 2.0 m depth.
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3.3. Time-Dependent Damage Mechanism

Generally, rock mass is composed of intact rock sewkral joints or defects [32,33]. This means
that the micro damage mechanism may be distingdishem the usual homogeneous materials.
Observation using a borehole televiewer, a visbakoving tool, was carried out in this experimental
tunnel a month after excavation. Results showettiieggie were many cracks and lacunas with a width
range from 1 to 3 mm in the testing hole. Furthe@enmost segregated cracks were almost vertical to
the axes of the test hole (as Figure 8).

Figure 8. Cracks during creep damage observed by boreheladgler.
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The observed results indicate that the essenceametdependent damage for rock mass was the
development of micro cracks multiplying, extendiagd intersecting. Because the time-dependent
deterioration of rock can be reflected by the waetocity, which is related to elastic modules, as
Equation (7) [34], the reduction of elastic modubas represent the time-dependent deterioration of
rock mass.

_ Ed-n)
Vp‘\/ r@+n)d- 2n) (7)

whereV is velocity of longitudinal waveE is elastic moduleg; is Poisson ratio; and is density.

4. Numerical Descriptions

Above field testing of the underground tunnel exgbseveral time-dependent characteristics of
rock mass, which included: (1) Surrounding rockptiiged time-dependent damage, which tended to
tamper out; (2) Ultrasonic wave testing and telerie observation indicated that the essence of the
rock’s time-dependent damage was the reductionastie modules induced by crack development;
(3) The damage factor relating to time corresponaliglal logarithmic functions.

To describe the above damage characters of thewuting rock in the underground tunnel, a
damage viscoelastic-plastic model (DVEP) was prego® modify the acknowledged viscoelastic
model and integrate a time-dependent damage fattw.structure of the DVEP was such that a
Kelvin element was connected by a plastic elemanparallel format, and a spring element was

connected to this in series format, as shown inuf€ig9. In the DVEP, each spring added a
time-dependent factor[, ). Bearing in mind that the time-dependent damaagtof is generally

related to strain [14,35,36], tHe, was assumed to be as in Equation (8) after absptbe format of

Equation (5). In Equation (8), both the time-depemd and strain-dependent damage were
tentatively considered.

Figure 9. Cell structure of the damage viscoelastic-plasticet.
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D, =aln(t) + be’ (8)
If the effective stressy,) is lower than the yield stress (), time-dependent damage facloy
equals “0” and the constitutive equation of thisd@locan be expressed as Equation (9).
h E’E; Eh
S+ o] o] S = o] o] e+ 0 o] e (9)
El +E2 El +E2 El +E2
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If the effective stressq(,) is not lower than the yield stress (), a time-dependent damage factor
needs be added and the constitutive equation carpgressed as follows.
h E’E; o+ E>h

S+ o os:(l-Dt) 0 o o oe
(1' Dt)El +E2 El +E2 E1 +E2

(10)

By using the Laplace conversion on the premisettieaD, is constant in each iterative step during
difference calculations simplifying the change @%%; the damage creep equation can be gained, as

EPAE 1 o EW-D)

e:[ (o] (o] (o}
(- D,)*EJE;, E;@- D) h

D] s, (11)

Equation (11) shows that this model can descrilge tthnsient elastic deformation and steady
viscoelastic deformation if the effective stress ) is smaller than the yield stress (). Equation (11)

also shows that this model can describe damagsi¢rarelastic deformation and damage viscoelastic
deformation if the effective stress () is larger than the yield stress. Thus, the DVEBR express the
characters of surrounding rock exposed in the tesnhel, i.e.,, convergence of creep damage,
deterioration of elastic modules and logarithmiefat of damage factor.

By translating the one dimensional constitutiveaoun to three constitutive equations, a numerical
code can be developed to simulate the time-depémi@enage of underground tunnel [37]. During the
translation of constitutive equations, ti2 is assumed as constant in each iterative step for
simplifying the calculation process in the smalifetiential time, and special substitutes should be
considered from elastic moduleg) (to bulk modules ) and shear moduless). The final 3D
constitutive equation is expressed in Equation.(12)

1 1 1 G, (@- D,)

Smdij)l_ D, + 269 (1- Dt)[l- exp T) IS (12)

et)=(—— s +
J 2G° T 3K?

Simulation of above testing tunnel shows the deyedomodelj.e., DVEP, can distinctly express
the time-dependent damage evolution process obwnding rock, as shown in Figure 10.

Figure 10. Simulated time-dependent damage of test tunnebbyadje viscoelastic-plastic
model (DVEP).
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The simulated result indicated that the DVEP cdiece the damage of rock mass not only in
spatial distribution but also in time-dependent elegment, which is in accordance with the field
testing results (see Figure 11).

Figure 11. Comparison of the simulated numerical damage faaaol the tested damage
factor of rock mass along the borehole after 3Gday
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5. Damage Rehabilitation of Rock Mass

Since time-dependent damage of surrounding rodeatsf the actual behavior in underground
engineering, it is necessary to rehabilitate tieedoration of wall rock for the purpose of maintag
the long-term safety of the tunnel after openingns§idering that the mechanical changes of micro
cracks and micro holes were the reason for the dackage, reducing or repairing micro cracks and
micro holes is necessary. As a reference, we addpte geometry definition of material damage as
suggested by Kachanov [27].

D=1- Hp (13)

where A, is the initial cross area of non-damaged matefials the effectual loading area of damaged
material. If we accept the viewpoint that the iedirdefinition of damage factor by wave velocity is
equal to the geometry definition of damage factpeffectual loading area, the wave velocity of rock
mass was directly proportional to the effectuatiiog area in damaged rock (as in Equation (14)).

Vi A (14)

Thus, the rehabilitation of wall rock can be ackigWby increasing the effective loading area of rock
mass. As a representative friction-type materiength of rock mass satisfied the Mohr-Coulomb
criterion [38].

t =C,+s tanf (15)
Where, C, is the cohesive strength of material; is the normal stress at friction plank,is the

friction angle of material. To improve the effedtdaading strength of damaged rock mass, two
techniques are feasible:
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(1) Injection of liquid cement in damaged rock ¢enused to amen@, and 7 of wall rock, which

can solidify the cracks and fill the micro holes;

(2) Pre-stressed rock bolt technique can be useghibtimize the normal stress on cracks and
restrain further splitting or expanding of cracks.

The function of the above engineering techniquesniproving the effectual loading area for wall
rock can be tested by ultrasonic detection accgrtinEquation (7). In practice, the effect of these
rehabilitation techniques can be reflected indiyelay inspecting rock bolt stress. If this remagtable
(see Figure 12), the mechanical state of wall rigckonstant. Otherwise, new damage of wall rock
would induce further mechanical deterioration amttease bolt stress with time.

Figure 12.Stress curve of inspected rock bolt under stablie stf surrounding rock.
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6. Conclusions

In underground engineering, time-dependent damdgeek mass is common causing either
accelerated damage or slowdown damage. Inithgtu experimental investigation of rock damage
using ultrasonic wave tests, no accelerative tiggeddent damage had been observed, only
slowdown time-dependent damage had been obserwgtheFmore, the measured results of wave
velocity at different times showed the damage facfosurrounding rock was time-dependent. The
regression of testing data also indicates thatiimage evolution of rock mass generally followesl th
logarithmic function.

To describe the exposed time-dependent deterioratiaock mass by field test, a new damage
viscoelastic-plastic model was presented, whichesahody these observed behaviors of rock, such as
convergence of time-dependent damage, deteriorafiefastic modules and the logarithmic format of
damage factor.

Given that rock mass is a typical friction materidde rehabilitation of damaged rock can be
achieved by amending the physical properties amgeasing the normal stress according to the
required damage reparation. Injection of liquid eaetmn damaged rock and installation of pre-strésse
rock bolt on rock surface are two practical wayadhbieve this.
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