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ABSTRACT This paper attempts to make an accurate assessment of the safety and stability of
tunnels in blasting excavation, considering the effect of rock mass intactness. For this purpose,
numerical simulations and field tests of tunnel tites excavations were carried out in rocks
with different intactness indexeBor simplicity, themulti-hole blasting loadvas replaced with
the equivalent blasting loadccording to theChapmarJouguet(C-J) detonation mechanism
and thetheory of stress wave propagation in elastic meditimen, theexistingblasting damage
model of rockmass was improved intocantinuum damage model of rock blastamysidering
the intactness of rock masand importedto FLAC3D for numerical simulations dafinnel
blasting excavationThe simulation results were then verified through field testslasting
vibration velocityand acoustic wavevelocity. Theattenuation lawof blasting vibrationwas
obtained from theess o blasting vibration velocitywhile theblastinginduced fracture zone
was determined through the tests on acoustic wave velocity lrotebole before and after
blasting Theblastinginduced fracture zoneear the explosion sources and titéenuaton
law of blasting vibration velocitfar from the sources were both identified in themerical
simulations and the field testéfter that, the results of theumerical simulationsvere
compared with those of the field tests. €bmparisorshows that: #ier theblasting excavation
of pressure diversion tunnelthe maximum and the minimudepths of blastingnduced
fracture in the surrounding rock respectively appeasiethe haunch and the vault of tunnels
when the drilling and blasting parameters ramad constant, thexaximurndepth ofblasting
induced fractureand several other factors decreased significantly with ghewth of the
intactness index; meanwhile, thibration-influenced distance of blastingcreased first and
then decreased. The resuttf numerical simulationggree well withthose ofthe field tests.
The research findings provide valuable guidancelssting excavation of pressure diversion
tunnels.
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ont déeffectués dans les roches avec des indices d'int@ritédifféents. Visasimplifier la
simulation numéique du dynamitage atrous multiples, une méhode d'utilisation de charges
de dynamitage éuivalentes pour remplacer la charge de dynamitage atrous multiples a éé
pré&enté, selon le m&anisme de donationXet la thérie de la propagation des ondes de
contrainte en milieu éastique. Un modée de dommage continu du dynamitage de roche en

rai son de | 6®tat intact de | a masse rocheuse est ®ta
dynamitage existant de roche. Le modée dicdodéimportédans le logiciel FLAC3D pour les
simulations num®r i ques de | 6excavation par dynamit @

dynamitage dans les simulations sont basés sur la méhode préenté. Des essais sur le terrain
de la vitesse de vibratictiu dynamitage et de la vitesse de I'onde acoustique ont ééeffectués
pour véifier les réultats de la simulation numéique. Les essais de vitesse des ondes
acoustiques ont é¢é effectués dans le trou de forage avant et apré le dynamitage pour
déerminer la zone de fracture induite par le dynamitage. Les tests de vitesse de vibration de

dynamitage ont ®t ® utilis®s pour obtenir les | ois dbo
Les simulations num®riques et | edazensgdlemi s sur l e te
destruction pr s des sources doexplosion et la |oi d
explosions ®l oign®es des sources dbéexplosion. Les

numéiques et des tests sur le terrain ont & comparé. Lesultats montrent que, pour
| 6excavation par dynamitage de tunnels de d®tournerl
maximale et minimale de fracture induite par le dynamitage de la roche environnante se situent

respectivement 7 | destumbeks.rDans ledconditionsedles parainées v o %t e

de forage et de dynamitage restent constants, la profondeur maximale de fracture induite par

Il e dynamitage, ainsi gue |l e coefficient déinfluence
Sadaovsk qui perrmhée prdlire la vitesse maximale influencé par les vibrations, diminuent de

fa-on significative avec | daugmentation de |l a indic

influencé par les vibrations augmente tout d'abord, puis diminue avec l'augmentation d

I'indice d'intdyrité Les réultats obtenus des simulations numéiques sont en bon accord avec

ceux des essais sur |l e terrain. Les r®sultats de | a 1
par dynamitage des tunnels de déivation dans la centraleddattrique de Xi Luodu.
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1. Introduction

Assessmentf safety and stability on tunnels during rock blasting excavation is
important andndispensble, focusing on the blastirgduced fracture zone near the
explosion sources and the blasting vibration propagation zone, outside the blasting
induced fracturegone. The blasting dynamic responses in the two agass studied
through field test and numerical simulatiohblasting.The most common field tests
include theacoustic waveelocity test andhe blasting vibratiotest, as seen from the
referencegRamulu et al, 2009;Saiang 2010;Chenet al, 2015;Zhaoet al, 2016)
Theacoustic wavevelocity test, which is conducted before and after blasting, in the



Eeffect d rock mass intactness on blasting excavatiori?

borehole is used to determine the blastimgluced fracture zone.hE& blasting
vibration test, whch includes thevibration velocity test and theacceleratedis
conducted during blasting to gain the vibratinfluenced distance dflasting LS-
DYNA, ABQUS and FLAC3Dare commonly used imé numerical simulatiaof
blasting, as seen from the referea(Ma & An, 2008; Wang &Konietzky, 2009;
Saiang 2010; Cai & Zhang, 1997)

Blasting excavations are actually conducted in rock mass rather than in
homogeneous rocks, and the mechanical properties of the rock mass are mainly
decided by the rocks and thtactness of the rock magsccording toBhandariand
Badal(1990) the discontinuity of rock affected the blasting fracture effétiisvever,
through the summaries of the related research, €tedr(2016)clear thatthe current
research of numerical simulation of blasting scarcely considered the influences of the
intactness of the rock mass on the safety and stability of the tulumiglg the blasting
excavation.Li et al, (2010) point out that, currently, the most commonly used
constitutive models inhe numerical simulatianof blasting are thecontinuum
damage constitutive models of blasting, as seen from the refeiipgpst Grady,
1980;Tayloret al, 1985;Tayloret al, 1986;Chen& Taylor, 1986;Kuszmau) 1987)
Through the usedefined import modes or other methods, scholars commonly put the
continuum damage constitutive models of blasting into theneric software of
numeical simulation, likeLS-DYNA, ABQUS and FLAC3D In fact, not only the
rock material but also the rock mass commonly contains defects ithsities to say
both the rock mass and the rock material are usually the media in certain damage state
before loaing, according to the damage mechanics. The influence of the original
defects on damage developments’'tée analyzed through the currem@ntinuum
damage constitutive model, that is #eFious drawbacto stop the current numerical
simulation of blastig from being used in considering the influences of rock mass
intactness.

In order to have the existing aprtevalentonstitutive models iaccora@ncewith
thetruth, scholars are trying their best to improve the modelsexamples, based on
the ontinuum model of explosive fractungresented byGrady and Kipp (1980)
Taylor et al. (1985) established aantinuumdamage model of brittle rock under
blasting.As the effects induced Wygh densities of microcrackgere not considered
by Taylor et al. (1986) Kuszmaul(1987)improved the damage moddhe damage
evolution expressiom the ontinuumdamage model presented respectively by Yang
et al. (1996) and Liu andKatsabanig(1997) are simpler than those presestby
Kuszmaul In the light ofthe ontinuumdamage mechanics and the theory of stress
wave,ZhuandY u (2001)given the relations among the damage variable, the velocity
of acoustic wave and the intactness index of rock mass for the purpose of detgrminin
the fracture zone induced by blasting, which provided an idea to improve the existing
continuumdamage constitutive model.

In additionto the constitutive modgthere is another problem the numerical
simulation of tunnel blasting excavation. Blastimg tunnel excavation belongs to
multi-holes blastingSince the numerical simulation of multibles blasting will bring
difficulties to the numerical modeling and solution, thenerical simulatiorof the
tunnel blasting excavation generally does not detety set up all the blast hole units
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according to the actual situation, but uses the simplified equivalent loading. For
example, in the numerical simulatiohtunnel blasting excavation, Za al. (2011)

put the equivalent load causedthg perimeter holblasting on the contour of tunnels,
consideing only the blasting damage caused by the perimeter, igplering the
blastingvibration caused by the breaking hddasting.That isnot very sustainable

to the safetystability assessment of tunnel during blasting excavation, because the
blastingvibration is mainly caused byhe breaking holélastingand theblasting
vibration assessment plays an important role in the sasdpility assessment.
Therebre, he simplified numerical simulatianustsimultaneously take into account

the of the dynamic response solution infiiaeturezone and theibration zone.

The underground cavern group excavation olLXodu Hydropower Statiom
China belongs toa lage-scale excavation project of debpried caverns. The
pressure diversiotunnelsplay an important paiin the structureof the hydropower
station The initial damage degree or intactnesgaufksis highly discretefor the
pressure diversiotunnels,so that the influences from thmetactness ofocks on
blasting effects must be considerdd. order to provide guides to the blasting
excavation projects like th@ressure diversiontunnels having to consider the
influences of the rock mass intactnegs study attempts to establish a blasting
induceddamage modedf rock on account ofhe initial damage or the intactness, and
use equivalent blasting loadingnethod tocarry out thenumerical simulatiorof
blasting excavation ofhe pressure diversioiunnels. Meanwhile, field test
corresponding to theumerical simulatios are also carried otdg check the results of
the numerical simulationThe blastinginduced fracture zone and the propagation of
blasting vibration velocity were gained by the study, for the purpose of ssdifity
analysis of theressure diversiotunnels.

2. The blasting excavation of tunnels

Xi Luodu Hydropower Station is currently the third largest of its kind in the world
and one of several larggcale cascade hydropower stations developed in the Jinsha
River Basinin China. There are 9 parallel pressure diversiomelson the left and
right banks of the hydropower station. Their excavation procedure is divided into the
following five sections along the elevation reduction direction: upper flat section,
upper curved section, vertical shaft section, lower curved section and lower horizontal
section. The lower horizontal section has a length of about 60m, a vertical bptfal d
of 400-500m, and a horizontal depth of about 300m. For the original rock near the
lower horizontal section, the vertical stress is about 9 MPa, the horizontal stress along
the axis of the hole is about 6 MPa, and the horizontal stress in the dimction
vertical axis is about 16 MPa. The excavated bedrock is hard basalt with uniaxial
compressive and tensile strengths of 100 MPa and 10 MPa, respectively. The total
length of the pressure diversion tunnel in the lower horizontal section is about 540
meters, and the average wave velocity of the rock acoustic wave is about 4300 m/s.
The sound velocity distribution ranges from 3600 to 5600 m/s. The intactness of
surrounding rocks of the same pressure diversion tunnel show little difference, but
those ofdifferent pressure diversion tunnels have greater discreteness. The intactness
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of the surrounding rock of the pressure diversion tunnel group is described as intact
relatively broken. Its intactness index ranges from 0.20 to 0.80. Groundwater is not
very abundant. The surrounding rocks mainly belong to categories Il ahdiifew

to I. The pressure diversion tunnel in the lower horizontal section has a circular cross
section, and it is excavated respectively from upper and lower layers. The excavation
area of the upper layer is larger, accounting for about 80% of the total excavation area.
The research object of this study is excavation blasting of the upper layer of pressure
diversion tunnel in the lower horizontal section. The radius of tunnel eiwacadss

section is 5.9 m. The crosgction of the drilling hole distribution for the blasting
excavation of the upper layer of pressurenelis shown in Figure 1. In Figure 1, Ms3

to Ms15 indicate the detonator section umber. As the number increaise3 fo 15,

the detonator delay blasting time increases. Among them, Ms3 corresponds to the
blasting of the cut hole, Ms12 that of the cushion hole, Ms13 that of the perimeter
hole (hole of smooth blasting), and the remaining detonator sections corrésgnd
breaking hole (the major blast ho®. The main blasting parameters are shown in
Table 1. When considering the influence of the intactness of the rock, titeon
blasting construction adjusts the blasting parameters based on Figure 1 and Table 1
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1-blast hole, Zunnel contour3- cutting blasting zonel- floor of the upper

Figure 1. Section of drilling layout for upper blasting excavation of pressure
diversion tunnel (unit: m)
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Table 1 Parameters of blasting excavation of upper layer of pressure diversion

tunnel
= ! Maximum
) O E O
s E B 53 catridge Cartridge Sndle i
c&£ © o explosive
Borehole 5 £ € S E diamete Length hole charge of
Names 5 oS &3 explosive . .
Mg m%Y ma<Z /mm /m charge /kg single-section
S detonation /kg
Cut hole 50 3.3 7 35 2.4 2.6 18.2
Breaking g5 349 g 35 22 2.4 432
hole
Cushion g4y 309 o7 35 1.2 1.4 37.8
hole
Perimeter o 34 46 25 1.0 0.6 27.6
hole

3. Simulati on of multi-holes blastingfor tunnel excavation

3.1 Single-hole blasting

The blast hole is short due to the short tunnel excavation footage. According to the
C-J detonation model, it is assumed that the instantaneous detonation of the explosive
in the blast hole generate detonatproducts, which expand and act on the hole wall
to produce the cylindrical waves. The 2 # rock emulsion explosive is commonly used
in excavation blasting of hydraulic tunnels. When the emulsion explosive explodes,
the peak blasting pressure per unibasa the wall of a single hole is:

2 2vsk
s e (g vt P2 p,
1 (2k, +2) max
P =1 o
| “ke e kol k
~Nn Ese— ¢n
} n< (ga @ [ pk (2/(1 + 2)] pmax p< (1)

where,} e is the cartridge density of 2 # rock emulsion explosive, with a the value of
1200 kg / m; ¢ the detonation velocity of the emulsion explosive cartridge, with a
value of 3800m/s; a; and &, high pressure and low pressure expansion indexes,
respectively, ane=2-3 anda,=1.2-1.4; pmax the peak pressure per unit area on the

inner boundary surface of the blast hoPe;the critical expansion pressure per unit
area, an@=200MPa; andy, andy; the uncoupling coefficients of axial and radial
charges, respectively. According to Table 1 perimeter holesj=1.83andy; =2.0Q
For the perimeter hole and the breaking hgles1.00andy; =1.43 and n is the
dynamic pressure enhancement coefficient, and1ri=8
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The explosion pressure at any time on the hole wall is calculated in theffarm o
exponential function, and its expressiolfLis 1994}

p(t) = P © (0" €9) @)

Where,p(t) is the explosion pressure acting on the unit area of the hole wall at
time t; -Gz are the calculation parameters.

3.2. Equivalent loadof the multi-holes blasting

As shown in Figure 1 above, there are many blast hole units for pressure tunnel
excavation blasting, thus the modeling according to actual conditions often poses
challenges to calculation and analysis. Therefore, the blasting excavation model is
simplified based on the following points:

a. The center of the excavation section is rbg@mas the blasting center, and the
area where the explosion stress wave propagates from the blasting center to the outside
is the region under the influences of blasting damage and blasting earthquake. The
near zone of the explosion defines the range nth@eimpact of the blasting damage,
wherein the rock is damaged, with deteriorating mechanical property. The moderately
far or farzones are the blasting seismic wave propagation areas.

b. The cut hole is mainly responsible for breaking the rocks to geawifree
surface for the subsequent breaking hole detonation. In contrast to the perimeter hole,
the breaking hole has a higher explosive charge but it is far from the digging contour
line, while the cushion hole is close to the digging contour line batahlower
explosive charge. Therefore, the damage to the retaining surrounding rock near the
excavation contour is mainly caused by the simultaneous blasting of the perimeter
holes.

c. According to law of seismic wave attenuation proposed by Sadowski, the
maximum vibration intensity in the moderately far or-fZanes of explosion
corresponds to the maximum explosive charge of sisgi¢ion detonation. Referring
to Figure 1 and Table 1, it can be seen that the maximum explosive charge ef single
section detnation corresponds to the breaking hole in the detonator section Ms11.

The safety and stability analysis of surrounding rock in tunnel excavation mainly
targets the damage of surrounding roelar the explosion sourcarsd the vibration
instability in themoderately far or fazones. Therefore, the solution of dynamic
response of the tunnel under mulitles blasting can be simplified as that of the
dynamic response under the blasting actions of the perimeter holes and the breaking
hole with the maximum Bgle-section denotation explosive charge. At present, the
equivalent loading boundary is generally set for the simplification of +halés
blasting model, and the energy or intensity of stress wave applied on the equivalent
loading boundary is equal tod original dynamic loading. For perimeter hole blasting,
the damage and failumnenear the explosion sourcdepends mainly on the shape
of stress wave or the direction of stress action as well as the intensity of stress wave.
According to the formulél), the blasting damage zone propagates the approximately
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cylindrical wave. The shape of the blast hole determines the stress wave loading
waveform. Therefore, the shape of the action boundary of the perimeter hole blasting
load cannot be changed. The lagion stress in the moderately far orfanes of the
explosion is generally converted from a cylindrical wave to a spherical wave rapidly.
Therefore, the loading boundary has little effect on the blasting vibration.

For the breaking hole blastinthe ejuivalent loading boundary of is composed of
the excavation contour line of the retaining surrounding rock and the excavation
bottom plateFor the perimeter holblasting, he equivalent loading boundary is the
semihole wall of the original perimeter holn the excavation contour line of the
retaining surrounding rock, so that the wavefront of the outward stress wave excited
by the perimeter hole blasting from the blasting center is kept as a cylinder. The
loading length of the equivalent load along #cavation direction or the axial
direction of the cavity is the footage of a single blasting excavation. The boundary of
the equivalent blasting load is shown in Figure 2, wherein A and C are the intersection
points of the excavation arc and the bottoatglrespectively, and B is the vault. The
arc ABC is the excavation contour line, and the line segment AC is the excavation
bottom plate.

(1) Equivalent loadf the breakinghole blasting

According to the Huygens wave theory, the medium point on the veeeafan
be regarded as the wavelet sosroethe external radiation disturbance. Here, the
breaking holes that simultaneously detonate in a single section is regarded as the same
wavelet source According tathe theory of stress wave propagafiorlagic medium,
it is assumed that the energy of stress wave on the loading surface of equivalent
blasting load is equal to the total energy of stress wave radiated from the blasting
center of each blast hole, e.g., the following formula is satisfied:

miw ® WS 3)

Wherew and0 are the energy density radiated by a single blast hole blasting and
the energy density on the loading surface of equivalent blasting load, respeatively;
the number of blast holes detonatedhia same sectiorghalf of the cylindrical area
of the breaking hole per unit length aMNthe equivalent blasting loading surface area
per unit length, corresponding to arc ABC and line segment AC in Figure 2.
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A C

1- Tunnel contour2- Equivalent blastig load lineof the breaking hole (segment AC and arc
ABC), 3- Explosive center 4- Perimetetholes 5- Breaking hols

Figure 2. Schematic plot of equivaleblastingloading boundary

When the influence of damping factor is not consideredetptosion stress wave
is elastic. When the total energy of the stress wave is constant, the elastic wave energy
density is proportional to the square of the stress amplitude. The following
relationship is obtained from Formula (3):

mOp(9* [ RNH® € (4)

Where Nl 0 is the equivalenblastingloadfor the breaking holeblastingon the
equivalent loadingooundary pu(t) is the explosion pressure on the wall of the
breaking holecalculated according to Formula (2).

Combining Foemula (2),for the breaking holélasting,the equivalent blasting
load is obtained as follows:

B() = Pre ©; (65 €€) (MIOF* 10 (5)

Where PpymaxisS the peak blast pressure on the wall of the breaking ¢adtailated
by formula (1). The Gs-G; are the calculation parameters of the blast pressure on
breaking holes.

As can be seen from Formula (5), the attenuation factor of the elastic amplitude
excited by the equivalent blasting load is 0.5. The amplitude attenuation is mainly
caused by the geaatric wavefront diffusion, without considering the influence of the
damping factor. When the viscous damping factor is taken into account, i.e. the stress
wave is an elastic viscous wave, the attenuation factor will increase. According to the
relation denved from the Referenc@u & Hustrulid 2002) the Formula (5) is
rewritten as:



84 ACSM. Volume42 —n° 1/2018

P = P ©; (60 €%) (MIOB 10 ®)

Where, 3 is the attenuation factor taking into account the damping effect, and
0.5¢3¢2. Whens=0.5 the blast stress wave is an elastic wave.

(2) The equivalentoad of the perimetenole blasting

The equivalenblastingload on the wall of the perimeter hole is the same as that
of the original blast hole. According to formula (2), with consideration of the blasting
delay, the equivalent blasting load on the wall of the perimeter hole is calculated as:

ﬁp(t) = Pomax 610 [e-@z(t KA >]t t ¢ @

Where,f[” 0 is equivalent load of perimeter hole blastinthe interval between
the blasting of breaking hole and that of the perimeter liRlgi the peak blast
pressure on the perimeter hole, asdiothe calculion parameters of blast pressure.

4. Constitutive model of blasting damageonsidering the intactness of rock mass

4.1 Damage evolution laveonsidering the influence of initial damage

Rock is prone to brittle failure under tensile condition, and pléaiiiere under
the condition of high pressure. Take rock damage variables as scalar. In the tensile
state, according tthe continuum damage model of blasting presentedhanet al,
the damage variable can be expressed as a probability function witlatkedensity
as a variable, and its expression is:

D=D, 4 exp(aN*) ®)

Where,D is the per unit damage variable of roBkthe tensile damage variable;

andN the crack density, indicating the number of cracks per unit leagéimda, are
calculation parameters for material damage.

The crack densitil is calculated as follows:

N=Ral g wrd N o

Where, g is equivalent tensile strainnd g<gim. The negathegeorse gn “
indicates that tension is negative and compression posgjtive), which is the critical
value of equivalent tensile strain, related to the initial crack derssitgnd ay are
material parametersly the initial crack densitymeaning that theracks of rock exist
before blastingt is the time.

The initial damage dege is calculated as:
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D, =1 -exp( &Ng ) (10)

The equivalent tensile strain is calculated24s:

g= .J§[< lR@ &) ( Il - )&
an

Where,Dy is the initial damage degree is the principal strain in direction the
engineering strainn(1+g) is the logarithmic principal strain in the directignthe
operation r el at iadb naskixi /2 anflxistaagiable;y mb o | “

The equivalent tensile stragmitical value is calculated as:

G = 3 NG® (12)

Where,as andag are material parameters.

The crack density growth rate is calculated as:
N=al(g - @) (13)

The rock damage evolutiorwas obtained from Formulas (8), (9) and (13):

[Rjas(@ - ) &t ang)?

b = D'l € @(ql %)az-l (14)

Where,O is evolution rate for tensile damage.

Combining Formulas (8), (9) and (11), it can be seen that tensile damage occurs
in the rock unit whem<gin<0. Wheng>gim, if the rock unit is destroyed, its failure
mode will be the plastic damagé, then the failure criterion satisfies the following

formula:
fl
F= ES;% '3/1'% '2'(1 Dc) 0
(15)

Where,F is the expression of Druck&rager failure criterions, the noninal
hydrostatic pressure componesg)tthe component of the nominal stress partial tensor
andDc the plastic compression damage variableand/ , are material parameters.

The relationship between the plastic compression damage vabDalaed the
tensile damage variabl® satisfies the following Formul@urlonget al, 1990)

D, =/, -D,) (16)
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WP = FFin ‘P (17)

In Formulas (16)(17), W;, is plastic work:- is the component of plastic strain

tensor;s; the component of the nominal stress tensor/atige sensitivity coefficient
for tensile damage.

4.2 Constitutive relationship

Therelationship between the initial bulk modulus, the initial shear modulus and
the volume and shear modulus of the «damaged material is as follows:

Ko=( -DO)K (18)

G = 'Do)é (19)

In Formulas (18) and (19 andGg are the initial bulk modulus and initial shear
modulus of the damaged rogk;and"Othe bulk modulus and initial shear modulus of
the nondamaged rock. Take intact rock as famaged rock

The totaldeformation of the rock unit is divided into elastic deformation and
plastic deformation. According to the Lemaitre strain equivalence hypothesis, the
elastoplastic damage deformation of the rock satisfies the following relationships:

.= 8 *+h (20)
qJ' = ¢ +¢ (21)
e = &/ (3K) (22)
§=9/29 23)

de® = li
HSm (24)

de =/, 15

(25)

si=s,/@1 -D) (26)
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i=s /(@ -D
si=§/@ -D 27)
In the Formulas (20(27), a, is average strain, and and- are the
corresponding elastic strains and plasitrains;e; partial strain,Q andQ the
corresponding elastic strain and plastic strain.andi are effective average

hydrostatic pressure and effective deviatoric stress respectively. a plasticity
factor.

Combining Formulas (1827), the constitutive relationship of rock ratgated
damage considering initial damage is as follows:

$,(1-D) D5, U5

e = 5 +{
3K,(1- DY /(A -D,) S (28)
__§@-D g F
' 2G,(1- DY /(1 -D,) * (29)

The relation between the intactness index of rock mass before blasting and the
damage variable was given in the established model, so that the changes of the
intactness index can beagsto consider the influences of rock mass intactness on
blasting effects.

4.3 Relationsbetween the initial damageariable and the intactness index of rock
& safety criteria for surrounding rock excavation blasting

(1) Relations between the initial dage variable and the intactness index of rock

Underground tunnel excavation generally uses borehole acoustic wave method to
evaluate the intactness of surrounding rock. The relationship between rock damage
variables and acoustic wave velocity is:

D=1 -(c/&)? (30)

Where, ¢ andcbre acoustic wave velocity of damaged rock and that of non
damaged rock, respectivelpgienerally takes the wave velocity value of the complete
bedrock. For pressure tunnele600m/s

The reationship among the initial damage degree,itiit&al intactness index of
the rockmassand the acoustic wave velocity is:

D,=1 # E (@ /&F 31)

Where,/ andc, arerespectivelytheinitial intactness index and the acoustic wave
velocity of the rocknassThey are the parameters of rock mass before blasting.
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(2) Safety criteriarelated to the initial damageariableor the initialintactness
index

According to Construction Technical Specificationon RockFoundation
Excavathg Engineering of Hydraulic Structurg®L / T53832007) published by
National Development and Reform Commission, the People's Republic of China
When the acoustic wave velocity at a point in the hole drops to 15% of the original
rock wave velocityit can be determined that there appears macrosfragitireat
the point According to Formulas (30) and (31), the blast damage threshold
corresponding to the edge of the affected range of blasting damage is:

D,, =0.72D, +0.28 4 0.72 (32)

Where Din is the threshold of the blasting damage. WheD;n, at a certain point,
it can be judged that this part is the edge of the blagtihgced fractureone The
location ofD=Diin, represents the blastifigduced fracture zone

(3) Safety analysis otthe blastinginduced fracturezone, near the explosion
sources

The radial distance from the edge of ftaeture zoneo theexplosive centepoint
of the cross section of tunnisl defined as the blastirigduced fractureadius.The
blasting centeris shown in Fig.2.According to the geometrical similarity and
dimensional analysis of explosion, the relationship between the maxfragtare
radius and the acoustic wave velocity of the ro@ssand the explosive charge for
the singé-section detonation of the perimeter hole is as follows:

Ry =max(R) =b(¢ /'g” (Q/ Ir . (33)

Where,R is the blastinginducedfractureradius;Rinm is the maximum blasting
induced fracture radius; an@s is the explosive charge for the singlection
debnation of the perimeter hole. The numblerds; are the test fitting parameters.
The “max” means that the maxi mum value

The relationship between the maximum blasiimduced fracture radius of the
surrounding rock and the initial damadggree and intactness index that are obtained
by Formula (31) are calculated as follows:

Rm =B -0)*(Q/ kro)* (34)
Rin =hA%(Q/ | 1)* (35)

In the Formulas (34{35), bs-bs are the test fitting parameters.

The blastig-induced fracturalepthof the retaining surrounding rock along the
radial direction of the tunnel and its maximum value are calculated as follows
respectively:

S

taken



Eeffect d rock mass intactness on blasting excavatid3d

DR =R R (36)

DI%im :Rm 'l% (37)

In the Formulas (36)37),p Represents the blastisigduced fracturelepthof the
retaining surrounding rock along the radial direction of the tunpil, the maximum
value andR, tunnel excavation radius. For pressdiersiontunnel, takeR,=5.9m.

(4) Safety analysis on the area outsidettlastinginduced fractureone

The empirical formula proposed by Sadowski is used to describe the attenuation
law of blasting vibration velaty in the zones far from thexplosionsources, outside
the blastinginduced fracture zong@.u et al, 2012) Its expression is:

— /3 b
\% _a( max/ L) (38)

Where,V represents peak vibration velocity, cm/s; @k is the maxinum
explosive charge for singleection detonation, kg. For pressure diversion tuahelk
=Qv, andQy is the maximum explosive charge for singktion detonation of the
breaking holelUandb are the site influence coefficient and attenuation coefficient,
respectivelyL is the linear distance from the center of explosion, m.

According to the Formula (38the blastingvibration-influenceddistance is:

Ly =Quad@ / V)™ (39)

Where,Ls is defined aghe vibrationinfluenced distance of blasting, and outside
the distance is the safe rangeder blastingvibration; Vs is the safevelocity of
vibration, andvs=7~12cm/s is usually set for the hydraulic tunnel. For thé& Xodu
Hydropower Station, také;=10cm/s.

5. Numerical simulation and field test

5.1. Numerical simulation

(1) Geometric model

The FLAC3D finite difference numerical software is used for modeling. The
specific geometric dimensions of the numerical model laogvs in Figure 3, from
where it can be seen that the overall shape of the model is cuboid. The cross section
is 68.8 m high and 70.3 m wide. The model has an axial length of 80.0 m along the
cavity. The excavated cavity is 47m long. The blasting loading m3m long, and
a semicylindrical hole is arranged on the excavation contour line as the equivalent
blasting loading boundary of the perimeter hole.
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1--Artificial cross-section -boundary
2-‘Boundary ofexcavated-area
3--Blastingloading-area
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Figure 3. Section of numerical simulation model(unit: m)

(2) Boundary conditions

Static boundary cadtitions: The displacement constraint is imposed on the
artificial boundary of the bottom of the model shown in Figure 3, and the
corresponding original rock stresses is imposed on the other artificial boundaries as
artificial boundary conditions for theadic equilibrium state. The crustal stress
parallel to the axial direction of the cavity is 6 MPa, the horizontal crustal stress
perpendicular to the cavity axis is 16 MPa, and the vertical artificial stress at the top
artificial boundary is 9 MPa. Aftehe calculation of the static equilibrium of the
cavity, the viscous nereflective boundary is applied to the artificial boundary to
absorb the reflected wave so as to reduce the influence of the artificial truncated
boundary stress wave reflection on tiadculation result.

Dynamic loading boundary conditions: As previously shown in Figure 2, the
blasting loads of the breaking holes and the perimeter holes are applied to the
corresponding equivalent loading boundaries in chronological order. The equivalent
blasting load is calculated according to Formulas (6) and (7). Figures 4 and 5 show
equivalent time history curves of the breaking hole and the perimeter hole,
respectively, wherein the peak values of equivalent blasting loads of the breaking hole
and theperimeter hole are 18.7 MPa and 400.MPa respectively, and the delay interval
Uis taken a$¥1200ms, according to actual project.
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Figure 4. Curve of equivalent blasting load of breaking hole
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Figure 5. Curve of equivalent blasting load of perimeter hole

(3) Properties and constitutive relations of numerical material elements

The rock unit density is taken a$320 kg / mi, the gravity acceleration as 9.8m /
&, and values of bulk modulus and shear mosgldf the intact rock as 1 TGPa
and’O ¢ tGPa. In view of the actual situation, timitial intactness index range is
0.2¢/7¢0.8, and the initial damage degree rangeligtDy¢0.8 according to the
Formula (31). The constitutive relation of rotlkasting damage determined by

Formulas (28) and (29) is adopted, which is programmed into the numerical software
FLAC3D.

In the numerical simulations, the parameters of drilling and blasting remain
constant, butheinitial intactness inde¥ is changed,dr the purpose of studying the
influences of the intactness index.
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5.2. Field test

The blasting test is carried out on site, and the main blasting parameters are shown
in Table 1 above. The borehole acoustic wave test is carried out to check the failure
of the surrounding rockear the explosion sourgessing Rock Sea RST01C
ultrasonic wave tester. Before the blasting, the acoustic wave velocity is measured
through the borehole acoustic wave test in zones not far from the blasting. The
measured wave vatiy is taken as the initial acoustic wave velocity and the initial
damage degree is calculated using Formula (31). After blasting, drill holes on the
profile after vertical excavation, inject water into the holes, and conduct acoustic wave
test. The acotis hole is about ® m long, which is distributed in the vault, haunch
and arch foot, etc. According to the damage criterion of bladiifg,calculated by
the Formula (32), thdlastinginduced fracturedepth of the surrounding rock is
determined. Thélasting vibration velocity is measured in the moderately far or far
zones of the explosion, using TOPBOX. The blasting vibration velocity monitoring
points are set up along the axial direction of the cavern near the intersection of the
side wall and thedittom plate, and the monitoring direction is vertical and horizontal
(pointing to theexplosivecenter). The layout of the monitoring points is shown in
Figure 6.

1-Blastholesfor testingacoustic wave velocity
2-Testing points of blasting vibration velocity

3-Blasting area

1
1 3
) N
4
(a)Cross sectio (b)Longitudinal sectio

Figure 6. Monitoring points layout for the test

5.3. Analysis of test results

(1) Analysis of safety and stability in the zemear the explosiosources

Figure 7 is a nephogram of the distribution of blasting damage on the cross section
with theinitial intactness index=0.6and the initial damage degrbg=0.4. In Figure
7, 0= 00.>4 , and di ff eDrcerrespond te witiecert degradé u e s
damage. According to Formula (32), it can be obtained Bat0.57 Dim
corresponds to the edge (point) of the affected range of blasting damage. The radial
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distance between the edge line (point) and the contour line idakenginduced
fracturedepth The comparison between the numerical calculation results and the field
test results is shown in Figure 8, which reveals the distribution of the blasdinced
fracturezoneon the cross section of the pressure diversion tunnel. It can be seen fro
Figure 8 that the blastirigduced fractureadiusis gradually reduced from the haunch

to the arch foot or the vault. The blastiimgluced fracture depthR is the smallest at

the vault. Its numerical calculation and field test results are 0.16 m and 0.20 m,
respectively, with a difference between the two of 0.04 m and the relative error of
20%. The blastingnduced fracture depthR s the largest near the inach of the arc
about 1/4 from the vault, aftR=AR;». The numerical calculated value and the value
obtained on site cARn=0.6are 0.68 m and 0.60 m, respectively, with a difference
of 0.08 m and a relative error of 13%.

10 0.8 0.6 0.4
L |

Damage variabl®

Figure 7. Blasting-induceddamage nephogram of surroundingck

Under the blasting load, the stress state at a certain point in the rock is the
superposition result of the dynamic stress and the static stress of the original rock. For
example, the circumferential total stress andréfual total stress near the perimeter
hole are the superposition results of the circumferential dynamic stress and the radial
dynamic stress with the original rock static stress, respectively. For the pressure
diversion tunnel, the damage of the surrongdiock is mainly manifested by the
radial expansion failure after the circumferential total tensile stress level exceeds the
tensile strength of the rock. The circumferential static stress of the surrounding rock
is determined by the redistribution of thertical and horizontal stresses of the original
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rock around the tunnel. The numerical calculation of the circumferential static stress
of the surrounding rock is compressive stress. The maximum circumferential static
stress of the vault on the cresscion is about 39 MPa, and it is parallel to the
maximum horizontal crustal stress. The circumferential static stress at haunch is the
minimum, about 12 MPa, and it is perpendicular to the maximum horizontal crustal
stress. When the circumferential dynaneicdile stress caused by blasting is constant,
the greater the circumferential static stress of the surrounding rock, the smaller the
total circumferential tensile stress level, and the more difficult for the blasting damage
to expand along the radial ditem of the tunnel. Therefore, the blastimgluced
fracture depth is the smallest near the vault and the largest near the haunch.

Vertical deptiim

-1 0 1 2 3 4 5 6 7 8
Horizontal radial distandm

1- Theblastinginduced fractureoneedge lineobtained frormumericalcalculation 2- The
blastinginduced fractureoneedgepoints obtained from field test

Figure 8. Blastinginduced fracturezone of surrounding rock

When the charging parameters are constant, the relationship between the
maximumblastinginduced fracture depth with thaitial intactness index and the
initial damage of the original rock according to Formy&&-(35) respectively are:

DR, 6.23 ( D;)** 5.
DR, .23/ 5

(40)
(41)

The fitting correlation coefficients of the Formul@®) to (41) are 0.98 and 0.98,
respectively, with a respective range ©f20tDy¢0.80 and 0.20¢/¢0.8Q The
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maximum blastingnduced fracture depth along the radial direction of the retaining
surrounding rock is well correlated with the intactness or the initial damage. The
fitting curve of Formula (41) is shown in Figure 9, from where it can be seen that
when teinitial intactness index is reduced from 0.80 to 0&Rin increases from
0.43 to 1.28, with a nearly@Id increase, suggesting that the blasting damage range
of surrounding rock increases obviously with the decrease of intactness index

1.4~ 1-Numerical calculation data
2-Fitting curve

i/ T
im
=
o0

T

Figure 9. The relations between the maximum blastimduced fracturedepth and
the initial intactness index of rock mass

(2) Analysis of safety and stability the vibrationzones whictare not fractured
by blasting

Table 2 Relations between blasting vibration velocity and propagation distance

Peak vibration velocity in the Peak vibration velocity in the

Distance to the horizontal direction verticaldirection
blasting center Vu/(cm/s) Wi(cm/s)
T e e T e
10 18.3 20.3 19.7 215
15 12.6 10.2 13.2 10.9
25 5.6 54 4.8 4.7
35 4.1 3.4 2.8 2.7

50 1.8 1.7 1.7 1.6
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Table 2 shows the relationship between the peak velocity of blasting vibration and
the vibration propagation distance along the axial direction of the tunnel when the
original rock intactness index i&0.6. The special layout of the measuring points is
shown in Figure 6 abové/y and Vy are horizontal and vertical peak vibration
velocities,respectively. It can be seen from Table 2 of the comparison of numerical
calculation and field test results of the same measuring point, with the increasing
distance from the blasting center, the absolute values of the relative error of horizontal
vibration velocity successively are: 10.9%, 9.7%, 3.6%, 17.1%, and 5.5 %, and the
absolute values of relative error of vertical vibration velocity successively are 9.1%,
17.4%, 1.5%, 3.5% and 5.9%. The numerical results are not different from the field
test resuk, with the relative error of no more than 18%.

I-Calculated data in the vertical direction
350 - 2-Calculated data in the horizontal direction
3-Vertical fitting curve
300 F 4-Tlorizontal fitting curve

250

§ 200t

01 02 03 04 05 06 07 08 09

Figure 10. The relations between coefficient of site influence and intactness index of

rock
2.6 1-Calculated data in the vertical direction
1  2-Calculated data in the horizontal direction
24+ & 3-Vertical fitting curve
4-Horizontal fitling curve

22+¢

20F
o L

1.8+

1.6 F

1.4+

1.2 1 1 1 1 ]

0 0.2 04 0.6 0.8 1.0
n

Figure 11. The relations between coefficient of attenuation and intactness index of
rock
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The relationship between the influence coefficient and attenuation coefficient of
the blasting vibration site and the initial intactness index are shown in Figures 10 and
11, respectively, from where it can be seen that when the initial intactness index is
0.2¢/¢0.8, the influence coefficient range of the blasting vibration si&2(s1t272,
and the attenuation coefficient rangeli82tb¢2.40 The influence coefficient and
atteruation coefficient of the blasting vibration site in the vertical direction are greater
than those in the horizontal direction. The influence coefficient and attenuation
coefficient of blasting vibration site increase obviously with the decreawutiaf
intactnessindex The fitting relationships of the curves in Figures 10 and 11 are
calculated as follows:

a, =68.3 &% 42)
a, =4.4 G°* 43)
b, =1.26 @P=* (a4)
b, =1.18 @G> (45)

In Formulas (42)45), U, andU4 respectively are the influence coefficients of the
blasting vibration site in the vertical and horizontal directions; fandnd by the
blasting vibration velocity attenuation coefficients in the vertical and horizontal
directions0.2¢ /4¢0.8, the fittingcorrelation coefficients are 0.95, 0.98, 0.97 and 0.98,
respectively, with a good correlation.

For the pressure diversion tunnel, Figure 12 shows the relationship between the
vibrationrinfluenceddistance of blasting and the intactness index of the original rock.
As shown in Figure 12, in the numerical calculation results, when the intactness index
is 0.2¢ 7¢0.35 the blasting vibratioiinfluenceddistance._s increases from 14.0 m to
17.7 m with he increaimg of the intactness index of the original robkWhen the
intactness index of original rock &35¢/¢0.8Q the blasting vibratioinfluenced
distance_¢ fluctuates slightly with the increase of intactness index of the/fpalith
an overall decreasing trend from 17.7 m to 12.2 m. The average value of blasting
vibrationrinfluenceddistance is about 15.9 m. In the field test, the blasting vibration
influenceddistance.s is the maximuml_s= 16.8m, wher’=0.3Q and subsequently,
the \ibration-influenced distance is gradually reduced’he laws obtained by
numerical calculation and field test method are basically the same. 025, 0.30,

0.45, 0.60 and 0.75, the error absolute values of the numerical calculation relative to
the fieldtest are 8.0%, 4.0%, 3.0%, 7.2% and 10.8%, respectively, with the maximum
relative error of no more than 11%. The distance between concrete pouring position
andexplosionsourceshall be greater than the vibratioriluenceddistance. ferefore,
insidethe vibrationinfluenceddistance, bolting and shotcreting for surrounding rock
shall be carried out in time according to its conditions. The vibratitimenced
distance of blasting in the constructar Xi Luodu Hydropower Station is generally



98 ACSM. Volume42 —n° 1/2018

10-15 m,which does not report much difference from the calculated r&31at17.7
m.

18 I-Numerical caculation
2-Field test

12 1 | | 1 1 |

0.2 0.3 0.4 0.5 0.6 0.7 0.8
n

Figure 12 The relation betweethevibration-influenceddistance and intactness
index of rock

6. Conclusions

Againstthe actuablastingexcavation projectf pressure diversiotunnels this
study uses numerical simulat&end field testto jointly discuss the influensef the
initial intactness index of rock mass on the safetystadility of the tunnelsin this
study, the method of using the equivalelasting load to replace the actual multi
holes blasting load is presented to simplify the numerical simulation of-halés
blasting and the blasting damage model considering the influences of the intactness
index of rock mass on blasting effects is blished. According to this study, there
are he main conclusionasfollows:

(1) Theinitial intactnesof rock masshas significaninfluenceson the blasting
dynamic respons®f the surrounding rocéf tunnels, includinghte blastinginduced
fracture rear the explosion sources ahe blasting vibratiorfar from the explosion
sources, outside the blastiilgluced fracture zonesor the blastingexcavation
project of pressure diversiotunnels, under the conditions thtae parameters of
drilling and bhsting remain constarthemaximumblastinginduced fracture depth,
as well as thsite influence coefficient antthe attenuation coefficient based on the
Sadows ki ' fer predatingntind @eak particle velocitpduced byblasting
vibration, decreasgwith theincreasingof theinitial intactness index.

(2) In theestablishedlasting damage modehé relation between the intactness
index of rock mass before blasting and the damage variable was givémt the
changes of the intactness indean be used to consider the influences of rock mass
intactness on blasting effeciss theinitial intactness indexf rock mass is easy to
obtain by measuring thacoustic wave velocitythe established modetan be
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conveniently appédin analysis of thénfluences from the intactness of rock mass on
the safety and stabilitpf actualprojecs during blasting excavations.

(3) Due to the complicated factarsfield and the simplification of the theoretical
model, there are some differences between theerioah results and the field test
results. However, themaximumerror between the two is generally less than 20%, thus
the numerical results can basically meet the engineering requirenaetshe
blasting damage model and timethodof equivalent blastig loading are reasonable.
The research results of this study have certain limitations, butdfeyprovide
referencefor similar projectsn safety assessment of blasting excavation
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