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Abstract: The Johnson–Holmquist-II(JH-2) model is introduced as the constitutive model for rock
materials in tunnel smooth blasting. However, complicated and/or high-cost experiments need to
be carried out to obtain the parameters of the JH-2 constitutive model. This study chooses Barre
granite as an example to propose a quick and convenient determination method for the parameters
of the JH-2 model using a series of computational and extrapolated methods. The validity of
the parameters is verified via comparing the results of 3D numerical simulations with laboratory
blast-loading experiments. Subsequently, the verified parameter determination method, together
with the JH-2 damage constitutive model, is applied in the numerical simulation of smooth blasting
in Zigaojian tunnel, Hangzhou–Huangshan high-speed railway. The overbreak/underbreak induced
by rock blasting and joints/discontinuities is well estimated through comparing the damage contours
resulting from the numerical study with the tunnel profiles measured from the tunnel site. The peak
particle velocities (PPVs) of the near field are extracted to estimate the damage scope and damage
degree for the surrounding rock mass of the tunnel on the basis of PPV damage criteria. This method
can be used in the excavation of rock tunnels subjected to large strains, high strain rates, and high
pressures, thereby reducing safety risk and economic losses.

Keywords: Johnson–Holmquist; Hugoniot elastic limit (HEL); rock; fracture; damage; blast; tunnel

1. Introduction

The material constitutive relationship is not only the conclusion of some regulations summarized
from experimental data, but also plays an important role in numerical simulations. It reflects
the realistic physical and mechanical properties of materials as much as possible to improve the
accuracy of numerical results. At present, various kinds of constitutive models for materials are being
developed and being optimized constantly along with an increasing need for numerical simulations.
Especially for those materials under the loading conditions of large strains, high strain rates, and
high pressures (LHH), dynamic constitutive models usually contain more complicated parameters
of physical properties and some sensitive coefficients such as various rate effects [1–5] and strength
coefficients [6–8], so that the parameter determination becomes an increasingly difficult problem.
Therefore, accurate parameter determination for material constitutive models, which may directly
affect the reliability and validity of the analytical results in numerical simulations, has become a
significant task [9], and a growing number of researchers have devoted themselves to this work [10–12].
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In computational constitutive models for materials subjected to LHH, Johnson, Cook, and
Holmquist et al. contributed significantly to research on a wide variety of materials in the past 30
years. Initially, Johnson and Cook [1] reported a constitutive model and experimental data for metals
including copper, brass, nickel, iron, etc., under LHH conditions. Later, the Johnson–Holmquist-Ceramics
(JH-1) constitutive model was first presented by Johnson and Holmquist [2] to study the mechanical
behavior of brittle materials subjected to LHH. Afterwards, a corrected constitutive model named
the Johnson–Holmquist-2(JH-2) model [3] was presented based on the JH-1 model considering
the softening property for some brittle materials such as boron carbide (B4C). Further studies
were performed for the high strain rate properties and constitutive modeling of glass [13] and the
response of B4C [4] subjected to severe loading conditions with LHH based on the JH-2 model, and
subsequently a variety of impact and penetration problems were illustrated using the methods of
Lagrangian finite element and Eulerian finite difference computations. During the same period,
another constitutive model was developed for concrete subjected to LHH [14], called “HJC”, derived
from the “Holmquist–Johnson–Cook” constitutive model [15,16]. Subsequently, Holmquist et al. [17]
and Johnson et al. [5] expanded the application to aluminum nitride subjected to LHH using the
JH-2 model. Different from the general brittle material, however, phase change is not considered
in the previous JH-2 model, but is a new feature in their corrected constitutive model so that the
embryonic form of the Johnson–Holmquist–Beissel (JHB) model was developed [5]. Additionally,
Holmquist and Johnson [18,19] redressed the response of B4C to high-velocity impact adopting
optimized experimental data, and then the JHB constitutive model was used to simulate the material
behavior under penetration, which illustrated the importance of the material parameters for the
accuracy of simulations. Recently, a corrected computational constitutive model was presented based
on the JHB model for glass subjected to LHH, and the effect of the third invariant was also included [20].
Apart from the JH-series constitutive models mentioned above, some novel constitutive models have
also appeared considering different aspects, e.g., discontinuous deformation analysis (DDA) contact
constitutive model [21], statistical damage constitutive model [22–24], average strain energy density
(ASED) criterion for brittle and quasi-brittle materials [25], local and nonlocal damage models [6],
frictional sliding crack model, and the strain energy density factor approach [7].

In the last decade, the JH-series constitutive models have begun to be used in the research of rock
materials involving the excavation of mining, tunnels, and quarries. Ai and Ahrens [26] simulated
shock-induced damage in granite targets impacted by projectiles at different velocities using the JH-2
model. Additionally, Ma and An [27], Wei et al. [28], Banadaki and Mohanty [29,30], and He and
Yang [31] simulated stress-wave-induced fracture in granite due to explosive action using the JH-2
model, and then compared the crack patterns and pressures with lab-scale blast experiments and
empirical formulae. However, the simulation methodologies above still remained in two dimensions,
which may limit the total presentation for the transmission of stress waves and affect the final blasting
results. Xia et al. [32] thus reproduced the rock dynamic fracture process of tunnel boring machine
(TBM) tunneling in three dimensions. Moreover, the rock constitutive model was improved based on
the JH-2 model by combing a Rankine tensile cracking softening model, however the validity of the
improved model still needs to be deeply verified if employed in blasting rock tunnels. Li et al. [33,34]
incorporated the JHB model into the particle-based numerical manifold method (PNMM) to study the
dynamic behavior of rock blasting by dual-level discretization system. However, the computational
method is generally used to simulate single borehole blasting under dynamic loading conditions;
if employed in large-scale and three-dimensional modeling, it would be hard to complete because
of the limitation of the PNMM algorithm. Gharehdash et al. [35] proposed a coupled finite element
method (FEM) and smoothed particle hydrodynamics (SPH) approach capable of reproducing the
blast response in rock based on the JH-2 model. Different to the general FEM, the explosive was
modelled explicitly using SPH and set as a node to surface contact for the interaction between rock and
explosive materials. Although the FEM–SPH can overcome the excessive deformation of explosive,
the uncertainty of the artificial contact would affect the results of damage. In general, most parameters
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of the simulations mentioned above lack complete descriptions about their resources or cited directly
from other materials. Substantial static and dynamic experiments need to be conducted to completely
describe one dynamic constitutive model, which would increase time and economic costs. If some
simple and reliable computational or extrapolated methods can be supplied to obtain these parameters
based on some fundamental experimental data, it would be of great significance and widely accepted.
In this study, a parameter determination method for the JH-2 constitutive model for Barre granite is
proposed and verified. The verified method together with the JH-2 model is applied in the simulation
of mechanical behaviors and damage evolution induced by blasting for tunnel excavation.

2. JH-2 Constitutive Model for Rock Materials

The JH-2 constitutive model was initially utilized to simulate the behavior of brittle materials,
especially ceramics. Based on its original concept presented in [2], the JH-2 model adds softening
characteristics and contains pressure-dependent strength, damage, and fracture; significant strength
after fracture; bulking; and strain rate effects. A general overview of the model is provided in Figures 1
and 2.
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Figure 1. Strength model of the JH-2 constitutive model. 

(a) DAMAGE

E
q
u
iv

al
en

t 
P

la
st

ic
 

F
ra

ct
u
re

 S
tr

ai
n

P f


Normalized Pressure *P

(b) PRESSURE

/p p

fD  = 

( ) 2* *

1

D
P

f D P T = +

P
re

ss
u
re

P

(1 )T D−
Relative Volume 

D=0

D=1.0

0<D<1.0

P

*T

 
(a) (b) 
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2.1. Strength

Figure 1 describes the strength curve of brittle materials from three aspects: the intact state,
damaged state, and fractured state. Different states have their own strength equation which presents
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the relation of normalized equivalent stress versus normalized pressure. The analytic function in
damaged state can be considered as the general form for the three states, and its normalized equivalent
stress is expressed as

σ∗ = σ∗i − D
(

σ∗i − σ∗f

)
= σ/σHEL (1)

where σ∗i is the normalized intact equivalent stress, σ∗f is the normalized fracture stress, D is the
damage factor (0 ≤ D ≤ 1.0) and σHEL is the equivalent stress at the HEL—the Hugoniot elastic limit,
an important concept that stands for the net compressive stress (containing both hydrostatic pressure
and deviator stress components) at which a one-dimensional shock wave with uniaxial strain exceeds
the elastic limit of the material [4]. Herein, σ is the actual equivalent stress which is calculated by the
formula of von Mises stress [36]

σ =

√
1
2

[(
σx − σy

)2
+ (σx − σz)

2 +
(
σy − σz

)2
+ 6
(

τ2
xy + τ2

xz + τ2
yz

)]
(2)

or

σ =

√
1
2

[
(σ1 − σ2)

2 + (σ1 − σ3)
2 + (σ2 − σ3)

2
]

(3)

where σx, σy, and σz are the three normal stresses, τxy, τxz, and τyz are the three shear stresses, and σ1,
σ2, and σ3 are the three principal stresses.

The normalized intact strength is given by

σ∗i = A(P∗ + T∗)N
(

1 + C · ln .
ε
∗) (4)

The normalized fracture strength is given by

σ∗f = B(P∗)M
(

1 + C · ln .
ε
∗) ≤ SFMAX (5)

where A, B, C, M, N are material constants, the normalized pressure is P∗ = P/PHEL, where P is
the actual hydrostatic pressure, and PHEL is the hydrostatic pressure at the HEL. The normalized
maximum tensile hydrostatic pressure is T∗ = T/PHEL, where T is the maximum tensile hydrostatic
pressure the material can withstand. The dimensionless strain rate is

.
ε
∗
=

.
ε/

.
ε0, where

.
ε is the actual

equivalent strain rate and
.
ε0 = 1.0s−1 is the reference strain rate. SFMAX is the ultimate value of

σ∗f that provides extra flexibility in defining the fracture strength. The actual equivalent strain rate is
analogous to the equivalent stress and is expressed as

.
ε =

√
2
9

[( .
εx −

.
εy
)2

+
( .
εx −

.
εz
)2

+
( .
εy −

.
εz
)2

+
3
2

( .
γ

2
xy +

.
γ

2
xz +

.
γ

2
yz

)]
(6)

where
.
εx,

.
εy, and

.
εz are the three normal strain rates; and

.
γxy, γxz, and γyz are the three engineering

shear strain rates.
In the JH-2 constitutive model, the brittle material begins to soften when damage starts to

accumulate (see the damage curve in Figure 1). The softening process can be expressed by Equation (1),
which allows for gradual softening of the material under increasing plastic strain, although the
softening does not continue when the material is completely damaged (D = 1).

2.2. Damage

The changed tendency of damage presenting nonlinear increase is shown in Figure 2a.
The expression of accumulated damage caused by fracture is
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D = ∑ ∆εP/εP
f = ∑ ∆εP/

[
D1(P∗ + T∗)D2

]
(7)

where ∆εP is the plastic strain during a cycle of integration, εP
f = f (P) is the plastic strain to fracture

under a constant pressure P, and D1 and D2 are the damage factors for εP
f .

2.3. Polynomial Equation of State (EOS) of Pressure

In physics, when the plastic deformation or damage of a unit accumulates to a certain threshold,
the material undergoes failure and loses strength, in what is called near-fluid-like behavior [4], in which
the unit cannot withstand any stress, but the hydrostatic pressures and the deviatoric stress are equal
to zero. Herein, the polynomial equation of state (EOS) presents the relationship between hydrostatic
pressure, P and volumetric strain, µ (Figure 2b), which consists of a pure elastic stage and a plastic
damage stage. The detailed expressions are given by{

P = K1 · µ + K2 · µ2 + K3 · µ3 . . . . . . . . . . . . . . . .(D = 0)
P = K1 · µ + K2 · µ2 + K3 · µ3 + ∆P . . . . . . .(0 < D ≤ 1)

(8)

where K1, K2, and K3 are constants (K1 is the bulk modulus) and µ = ρ/ρ0 − 1 for current density ρ

and initial density ρ0. For tensile pressure (µ < 0), Equation (8) is replaced by P = K1 · µ. Incremental
pressure, ∆P, is added when fracture occurs in the material, which is caused by the bulking energy.

The incremental internal elastic energy decrease is converted to potential internal energy by
incrementally increasing ∆P. The shear and deviator stresses decrease due to the decrease of the
equivalent plastic flow stress, σ, as the fracture increases. The elastic internal energy of the shear and
deviator stresses is expressed as

U = σ2/6G (9)

where G is the shear modulus of elasticity.
The incremental energy loss is

∆U = UD(t) −UD(t+∆t) (10)

where UD(t) and UD(t+∆t) are calculated from Equation (9) using ∆U = UD(t)−UD(t+∆t) for both energies.
The energy loss ∆U is mainly converted to the fracturing energy ∆F. An approximate equation

for this energy conservation is
∆F = β · ∆U (11)

where β is the fraction (0 ≤ β ≤ 1) of the elastic energy loss converted to the fracturing energy.

3. Parameter Determination Method for the JH-2 Model

The parameter determination for the JH-2 model is not a straightforward process as some of
the constants cannot be determined explicitly [4]. Barre granite is a typical hard and brittle igneous
rock [37], which is extensively quarried throughout the Barre granite quarry district in the vicinity
of the towns of Websterville and Graniteville, Vermont, USA [29]. The fundamental physical and
mechanical parameters of the Barre granite can be obtained from Banadaki and Mohanty [29,30],
which includes the average density ρ = 2.66 g/cm3, the longitudinal wave velocity VP = 4.53 km/s,
the shear wave velocity VS = 2.87 km/s, the dynamic Poisson’s ratio νd = 0.16, the dynamic Young’s
modulus Ed = 50.79 GPa, the dynamic shear modulus Gd = 21.87 GPa, and the dynamic bulk modulus
K1 = Kd = 25.65 GPa.

3.1. Determination of Parameters Concerned with HEL

In the JH-2 constitutive model, HEL is an important concept throughout the whole computational
process. Before determining the parameters of the JH-2 model, it should be noted that the normalized
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parameters are all derived based on the constants concerned with HEL, such as σHEL and PHEL
introduced above. Therefore, it is the primary task to obtain the values of HEL, σHEL, and PHEL.
HEL is usually measured from the mechanical response of rock materials determined using flyer
plate impact experiments using a light gas gun [38] or explosives [39]. With regard to granitic rock,
Kingsbury et al. [40] proposed that the Hugoniot properties of Atlanta granite are similar to those
of dolerite, the HEL value of which is around 4–5 GPa through a series of plate impact experiments.
Petersen [41] determined a specific average value of HEL of 4.5 GPa for granite, which has been
extensively adopted in recent dynamics research [26,29,30]. Therefore,HEL = 4.5 GPa is considered as
a reliable experimental parameter used in the simulation in this study.

For brittle materials, the relationship between the equivalent stress, σHEL, and the hydrostatic
pressure, PHEL, at the HEL [42] is given by

PHEL =
V2

P
V2

S

σHEL
2

,

then
PHEL = 1.246σHEL (12)

where VP is the longitudinal wave velocity and VS is the shear wave velocity.
The expression of HEL is given as follows according to [3]

HEL = K1 · µHEL + K2 · µ2
HEL + K3 · µ3

HEL +
4
3

G
(

µHEL
1 + µHEL

)
= PHEL + ∆P (13)

As can be obtained from Equation (13), ∆P = 4
3 G
(

µHEL
1+µHEL

)
is the increased potential internal

energy converted from the internal elastic energy, which is due to the decreased deviatoric stress.
Then PHEL can be expressed as

PHEL = HEL− 4
3

G
(

µHEL
1 + µHEL

)
(14)

Therefore, the deviatoric strength component is Sz = −(HEL− PHEL). The sum of the three
deviatoric stresses must be zero by the definition Sx + Sy + Sz = 0, and hence Sx = Sy = −Sz/2.
Substituting the normal stresses into Equation (2) gives

σHEL =
3
2
(HEL− PHEL) (15)

Combining Equation (12) with Equation (15) gives

1.246σHEL +
2
3

σHEL = HEL (16)

Then σHEL = 2.35 GPa and PHEL = 2.93 GPa. Substituting the stress, pressure, and shear
modulus into Equation (14) gives µHEL = 0.0567, where the shear modulus G has been computed
based on the previous wave velocity measurement, which can also be computed from E and ν through
K1 = E/3(1− 2ν) and G = E/2(1 + ν).

3.2. Determination of EOS Parameters

As shown in Figure 2b and Equation (8), K2 and K3 should be calculated from the relationship
between hydrostatic pressure, P, and volumetric strain (µ = ρ/ρ0 − 1) under dynamic loading with
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high pressure levels. Therefore, the Hugoniot relation is introduced, which is expressed as the curve of
shock wave velocity, uS, and particle velocity, uP, by

uS = S · uP + C (m/s) (17)

where S is the fitting slope of the straight line and C is the bulk sound velocity.
The Hugoniot equations for the conservation of mass and momentum [43,44] can be expressed as
Conservation of mass

ρ0uS = ρ(uS − uP) (18)

Conservation of momentum

P = ρuP(uS − uP) = ρ0uSuP (19)

Combining Equation (17) with the Hugoniot equations for the conservation of mass (Equation (18))
and momentum (Equation (19)) to determine the shock Hugoniot in the P− µ plane as

P =
ρ0C2µ(1 + µ)

(1− (S− 1)µ)2 (20)

The bulk sound velocity C is given by

C =

√
V2

P −
4
3

V2
S = 3.088 km/s (21)

Substituting the previously obtained values of ρ0, C, PHEL, and µHEL of Barre granite into
Equation (20), gives S = 5.93. Therefore, for Barre granite in this example, Equation (17) can be
transformed as

u′S = S · u′P + C = 5.93u′P + 3088 (m/s) (22)

Ideally, it would be better to have shock velocity and particle velocity data from the flyer plate
impact tests for Barre granite so that they could be used to fit the linear relationship of Equation (22).
However, if there is insufficient data for depicting the relationship, the new extrapolated method above
can be chosen in most cases.

Consequently, Equation (20) can be transformed as

P =
2.66× 3.0882 × µ(1 + µ)

(1− (5.93− 1)µ)2 (23)

By assuming several sets of P and then calculating the corresponding µ according to Equation (23),
the values shown in Figure 3 are used to fit the values of K2 and K3 in Equation (8) when D = 0.
The obtained fitting values are K2 = −386 GPa and K3 = 12800 GPa, and the fitting curve is presented
in Figure 3.
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Figure 3. Hydrostatic pressure against volumetric strain response of Barre granite.

Banadaki [29] proposed 2D numerical simulation adjustment to determine the constant values of
K2 and K3 (K1 is the bulk modulus previously presented), in which 16 sets of constants in different
values of K2 and K3 were assumed for the polynomial EOS. Through the comparison between the
results of pressure–distance curves from lab-scale experiments and simulations, the best-fitting values
of the constants are obtained as K2 = −4500 GPa and K3 = 300000 GPa. However, it is highly
demanding to complete these sets of numerical simulations, and the values of K2 and K3 fitted by the
results from 2D numerical simulations may have a large deviation, which is not appropriate for use in
3D numerical simulations. Due to different from static problems, the propagation characteristics
of stress waves in rock dynamics are complicated and involve some boundary conditions such
as the transmission and reflection at boundaries or discontinuities. Therefore, unlike practical
experiments, 2D models are prone to generate extra reflection and overlapping of stress waves at
artificial boundaries.

3.3. Determination of Strength

The constants concerned with strength are here considered as two portions—the intact strength
when the damage factor D = 0, and the fractured strength when D = 1.

3.3.1. Determination of Intact Strength

In this section, the constants A, N, and C will be calculated.
Referring to previous experimental data [29], we set the following parameter values: uniaxial

compressive strength (UCS) σci = 167.1 MPa; triaxial compressive strength (TCS) σ3 = 5 MPa,
σ1 = 220.2 MPa; σ3 = 10 MPa, σ1 = 274.9 MPa; and equivalent strain rate

.
ε = 2.59× 10−5. Reliable

estimates for the triaxial compressive strengths of rocks at high confining pressures can be achieved
using empirical equations, such as the Drucker–Prager yield criterion [45]. For intact rock pieces that
make up the rock mass, the Drucker–Prager yield criterion has the form

f (I1, J2) = αI1 +
√

J2 − k = α(σ1 + σ2 + σ3) +

√
1
6

[
(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ1 − σ3)

2
]
− k = 0 (24)

where I1 is the first stress invariant (compression is negative and tension is positive) and J2 is the second
invariant of the deviatoric stress. The relationship between the principal stresses at failure for a given
rock is defined by two constants, which are α = 2 sin φ/

√
3(3− sin φ) and k = 6c · cos φ/

√
3(3− sin φ).

Due to the shortage of the values of cohesion, c, and the internal friction angle, φ, the values of α and k
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cannot be directly calculated, but can be obtained by substituting the data of the principal stresses from
the previous UCS and TCS experiments into Equation (24). Then Equation (24) can be transformed as

f (I1, J2) = 0.44(σ1 + σ2 + σ3) +

√
1
6

[
(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ1 − σ3)

2
]
− 22.9 = 0(MPa) (25)

In order to depict the relationship between the hydrostatic pressure and equivalent stress of intact
granite, a series of data for pressure, P, and equivalent stress, σi, of intact rock should be obtained.
According to the fitting formula in Equation (25), it can be assumed that σ2 = σ3, the value of which
ranges from 0 to 3200 MPa, and can then be substituted into Equation (25) to achieve the value of
σ1. The value of P can be derived from P = σ1+σ2+σ3

3 [46]. The value of σi can be calculated using
Equation (3). The corresponding data are shown in Figure 4. In these uniaxial and triaxial compression
tests, the equivalent strain rate in Equation (6) is

.
ε = 2.59× 10−5 =

.
ε
∗.

Appl. Sci. 2018, 8, x FOR PEER REVIEW  9 of 24 

( )=6 cos 3 3 sink c   − . Due to the shortage of the values of cohesion, c , and the internal friction 

angle,  , the values of   and k  cannot be directly calculated, but can be obtained by 

substituting the data of the principal stresses from the previous UCS and TCS experiments into 

Equation (24). Then Equation (24) can be transformed as 

( ) ( ) ( ) ( ) ( ) ( )
2 2 2

1 2 1 2 3 1 2 2 3 1 3

1
, =0.44 22.9=0     

6
f I J MPa         + + + − + − + − −

 
 (25) 

In order to depict the relationship between the hydrostatic pressure and equivalent stress of 

intact granite, a series of data for pressure, P , and equivalent stress, i , of intact rock should be 

obtained. According to the fitting formula in Equation (25), it can be assumed that 2 3 = , the 

value of which ranges from 0 to 3200 MPa, and can then be substituted into Equation (25) to achieve 

the value of 1 . The value of P  can be derived from 1 2 3

3
P

  + +
=  [46]. The value of i  can 

be calculated using Equation (3). The corresponding data are shown in Figure 4. In these uniaxial 

and triaxial compression tests, the equivalent strain rate in Equation (6) is 
52.59 10 − =  = . 

 

Figure 4. Calculated data and model for strength of Barre granite. 

According to previous studies [4,26,47], the maximum tensile hydrostatic pressure T  is 

calculated from the dynamic tensile strength considered as the spall strength by planar impact tests. 

The dynamic tensile strength of granite can be determined by flyer plate impact tests and is equal to 

the tensile stress while the incipient tensile cracks begin to happen accompanied by the decrease 

onset of longitudinal wave. Ai and Ahrens [26] determined the dynamic tensile strength of granite 

to be 0.13 GPa. Additionally, in plate impact experiments to investigate shock-induced inelasticity in 

Westerly granite, the mechanical property is weaker than the general granite, and the spall strength 

is 0.05 GPa [48]. Because it is short of the specific value of the spall strength (dynamic tensile 

strength), 
spallT , for Barre granite, in this study the intermediate approximate value of (0.05 GPa, 

0.13 GPa) was chosen to ensure the magnitude of the spall strength, and a value of 0.10 GPaspallT =  

was assumed. Then, the hydrostatic pressure and equivalent stress at failure can be obtained from 

Equations (26) and (27) under dynamic uniaxial strain condition [4,28] 

1

3 1

spallT
P





+ 
=  

− 
 (26) 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

-0.2 0.3 0.8 1.3 1.8

N
o

rm
a

li
ze

d
 E

q
u

iv
a

le
n

t 
S

tr
es

s 
σ

*

Nomalized Pressure P* 

(1.500, 1.526)

(1.337, 1.428)
(1.173, 1.322)

(1.005, 1.207)
(0.921, 1.146)

(0.748, 1.011)
(0.570, 0.855)

(0.478, 0.766)(0.282, 0.544)

(0.172, 0.388)
(0.109, 0.279)

(0.071, 0.203)

Figure 4. Calculated data and model for strength of Barre granite.

According to previous studies [4,26,47], the maximum tensile hydrostatic pressure T is calculated
from the dynamic tensile strength considered as the spall strength by planar impact tests. The dynamic
tensile strength of granite can be determined by flyer plate impact tests and is equal to the tensile
stress while the incipient tensile cracks begin to happen accompanied by the decrease onset of
longitudinal wave. Ai and Ahrens [26] determined the dynamic tensile strength of granite to be
0.13 GPa. Additionally, in plate impact experiments to investigate shock-induced inelasticity in
Westerly granite, the mechanical property is weaker than the general granite, and the spall strength is
0.05 GPa [48]. Because it is short of the specific value of the spall strength (dynamic tensile strength),
Tspall , for Barre granite, in this study the intermediate approximate value of (0.05 GPa, 0.13 GPa) was
chosen to ensure the magnitude of the spall strength, and a value of Tspall = 0.10 GPa was assumed.
Then, the hydrostatic pressure and equivalent stress at failure can be obtained from Equations (26) and
(27) under dynamic uniaxial strain condition [4,28]

P =
Tspall

3

(
1 + ν

1− ν

)
(26)

σi = Tspall

(
1− 2ν

1− ν

)
(27)

Substituting Tspall = 0.1 GPa and ν = 0.16 into the equations above gives P = 0.046 GPa and
σi = 0.081 GPa. Extrapolating the σi versus P relationship down to σi = 0 gives the maximum tensile
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hydrostatic pressure T = −Pσi=0 = 0.057 GPa. The normalized tensile strength in Equation (4) is
T∗ = T/PHEL = 0.0194.

The strain rate constant, C, which stands for the measure of the strain rate effect, influences both
the intact and fractured material strengths. This strain rate constant is calculated based on experimental
data at different strain rates. It has been reported that the increase in strength is mainly due to the
increased pressure effect [4,20,49]. However, the strain rate effect is also one component of the main
factors, especially in the process of high strain rate. To separate the part caused by stain rate effect
from the equivalent stress, a technique was used to remove the pressure effect and obtain the strain
rate constant C. As is shown in Figure 5, the upper line was fitted from the data of SHPB dynamic
compressive strength tests under the average strain rate

.
ε2 = 100 [50], while the lower line is the line

connecting the points of the maximum tension data and the quasi-static triaxial compression data at a
constant pressure P = 0.3 GPa determined by the standard from [13] under the average strain rate
.
ε1 = 2.59× 10−5. The fitting functions for the two lines are obtained in Figure 5, and the strain rate
constant, C, can be calculated from the division between σi−1 and σi−2 under different strain rates by
combining Equation (4)

σi−1
σi−2

=
A(P∗+T∗)(1+C ln

.
ε2)

A(P∗+T∗)(1+C ln
.
ε1)

= 1+C ln 100
1+C ln(2.59×10−5)

=
lim

P1→+∞
(1.895P1+95.337)

lim
P2→+∞

(1.7515P2+99.835) = 1.082
(28)

The strain rate constant can be solved from Equation (28) as C = 0.0051.
When the damage factor D = 0, the previous triaxial compression data in Figure 4 is chosen to fit

the constants A and N in Equation (4), and then the values A = 1.248 and N = 0.676 are obtained.
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Figure 5. Linear relation of equivalent stress against pressure for two different strain rates.

3.3.2. Determination of Fractured Strength

The method with the intact strength above, for fractured state (D = 1), if the relationship between
the pressure and equivalent stress could be worked out, it would be simple to obtain the parameters B
and M.

The fractured strength data in Figure 6, which is obtained from the data of Martin [51], is derived
from laboratory triaxial compression experiments on cylindrical rock samples with radial confining
pressures. The fractured state is from crack initiation, initiation of sliding to peak strength. In Figure 6,
the lower line in blue includes a maximum normalized facture strength of σ∗f max = 0.16. Therefore,
it can be assumed that the laboratory triaxial compression test is carried out at complete fracture state
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with damage factor D = 1. Consequently, the values B = 0.68 and M = 0.83 can be obtained through
the fitting of the fracture data above based on the fundamental equation of Equation (5).
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Figure 6. Normalized equivalent stress against normalized pressure for intact and fractured granite.

3.4. Determination of Damage

Damage (D) describes the transition from intact to fractured strength [26] and begins to accumulate
when brittle material starts to flow plastically and then is softened due to a change from large to smaller
particle size. A value of D = 1 is defined when the material is completely damaged. According to the
definition of constants D1 and D2 in Equation (7), if the tendency change of the pressure dependent
fracture strain εP

f following the pressure P∗ can be determined by tests, it would be easy to achieve the
constants D1 and D2 by fitting. Goldsmith et al. [37] performed both tension and compression tests
on Barre granite during quasi-static procedures as well as split Hopkinson bar techniques, in which
the rock was subjected to a straining deformation at a constant strain rate. The increase of fracture
strain presents nonlinear behavior following the increase of constant pressure, as shown in Figure 7
from Goldsmith’s data. Fitting the data based on Equation (7) gives the constants D1 = 0.008 and
D2 = 0.435. If there are not enough data, or it is difficult to measure plastic strain directly, especially for
some low ductility materials, in order to depict the relationship between fracture strain and pressure,
numerical adjustment is another valid method to obtain the two constants D1 and D2, to which the
computational results can be compared with ballistic experiments that produce dwell, interface defeat
and penetration. The detailed method of numerical adjustment is described in [26,29,47]. According to
the empirical data, the suggested range of values are D1 ∈ [0.001, 0.009] and D2 ∈ [0.4, 2.0].

All the obtained parameters of Barre granite are listed in Table 1. In order to verify the validity of
the parameters computed and extrapolated above for the JH-2 constitutive model, some comparison
works were performed as follows. These obtained parameters are adopted in 3D numerical simulations
using arbitrary Lagrangian–Eulerian (ALE)/JH-2 method based on the prototype laboratory rock
blasting experiments. Both the crack patterns and measured pressures are in agreement with the results
from the lab-scale experiments. The attenuation curves of the pressure and particle peak velocity
(PPV) along the radial direction were determined, and the summarized theoretical formulae are
deemed to be reasonable through comparison with previous theoretical formulae. Additionally,
comparisons of blasting tests separately carried out by the DEM-SPH hybrid method [52] and
ALE/JH-2 method demonstrate similar crack patterns formed both in intact rock disks and jointed
rock disks. This demonstrates that the computational and extrapolated parameters are reasonable for
the JH-2 constitutive model of rock materials. A more detailed description of the process and results of
the numerical simulations mentioned above has been elaborated elsewhere [53].
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Figure 7. Relation of equivalent plastic strain failure against hydrostatic pressure for granite.

Table 1. Parameters of Barre granite and sandstone

Constants Barre
Granite Sandstone Constants Barre

Granite Sandstone

Density ρ0 (g/cm3) 2.66 2.60 Hugoniot elastic limit
HEL (GPa) 4.5 4.5

Shear modulus G
(GPa) 21.9 17.8 HEL pressure PHEL

(GPa) 2.93 2.6

Intact strength
coefficient A 1.248 1.01 Bulk factor β 1.0 1.0

Fractured strength
coefficient B 0.68 0.68 Damage coefficient D1 0.008 0.005

Strain rate
coefficient C 0.0051 0.005 Damage coefficient D2 0.435 0.7

Fractured strength
exponent M 0.83 0.83 Bulk modulus K1 (GPa) 25.7 19.5

Intact strength
exponent N 0.676 0.83 Second pressure

coefficient K2 (GPa) −386 −23

Maximum tensile
strength T (GPa) 57 45 Third pressure

coefficient K3 (GPa) 12,800 2980

Maximum normalized fractured strength σ∗Fmax 0.16 0.18

4. Application in Tunnel Smooth Blasting

If the JH-2 damage constitutive model could be employed in the constructions of practical
engineering, it would be of great help in terms of quality control and prediction in advance, which
could improve safety during the constructions and reduce cost. In the case of tunnel excavation,
for example, accurate prediction can help decrease the overbreak/underbreak and the vibration on
the surrounding rock mass induced by blasting so as to the damage of the surrounding rock mass
and improve the entire stability. In this study, the Zigaojian Tunnel of the Hangzhou–Huangshan
high-speed railway, China, was chosen as a case study to simulate the process of smooth blasting
excavation based on the JH-2 constitutive model. The bedded rock mass structure is distributed in
a long (several miles) segment, which consists of large and long bedded discontinuities, occurring
on average every 1.5 m and parallel with each other (see Figure 8). Smooth blasting method is used
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in this tunnel, which means that the explosives detonate from the inner cut boreholes to the external
peripheral boreholes in sequence and finally form a smooth tunnel profile.
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In general, the determination of rock mass classification is significant before designing for tunnels.
Such classification includes information on the strength of the intact rock material, the spacing,
the number and surface properties of structural discontinuities, as well as allowances for the
influence of subsurface groundwater, in situ stresses, and the orientation and inclination of dominant
discontinuities [54]. Many rock mass classification systems have been proposed to date, of which
Terzaghi classification, Lauffer classification, Deere’s rock quality designation (RQD), and Wickham’s
rock structure rating (RSR) are considered as the earlier main classification methods. However,
the influences caused by the properties of discontinuities or intact rock material were disregarded
in some of the previous classifications of rock masses [55]. Bieniawski [56,57] developed a modified
geomechanical rock mass rating (RMR) classification system, which is used for the design and
construction of excavations in rock, such as tunnels, mines, slopes, and foundations. Barton et al. [58,59]
proposed a quantitative classification of rock mass (Q-system) as a rock tunneling quality index, on
which design and support recommendations for underground excavations are based. The two systems
mentioned above are the most influential classification systems proposed to date. Additionally,
some other classifications have been developed which are widely adopted in different fields, such as
the New Austrian tunneling method (NATM), size-strength classification, International Society for
Rock Mechanics (ISRM) classification, geological strength index (GSI), and the BQ method used in
China [54–60]. According to the rock mass classification systems of the corresponding standard [60,61],
the bedded structure tunnel investigated in the present study has a surrounding rock ranking of III.

4.1. 3D Numerical Modelling of Smooth Blasting Tunnel

The 3D numerical model of the tunnel with bedded joints is shown in Figure 9. The average
dip direction and dip of the parallel joints is −22◦∠56◦ relative to the direction of the tunnel, and
the spacing between the two adjacent joints is 1.5 m within the rock mass of sandstone. In order to
maintain the progressing level of the running in hydrocode, the thickness of the entire model, as well
as the length of all the boreholes, is set as 20 cm. The tunnel design contour is semicircular in shape,
with a radius of 6.93 m. A total of 150 boreholes are arranged in the tunnel face with diameters of 4 cm;
the detailed layout for the boreholes is shown in Figure 10. The emulsion explosive has a diameter of
3.2 cm and a length of 20 cm. It was assumed that all the explosives are charged in the center of the
boreholes, and decoupling charge means is adopted in this practical blasting. The spacing between
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the explosive and borehole is filled with air. The ALE/JH-2 programmed algorithm [53] is adopted to
simulate the rock breaking process induced by blasting. The rock is modeled using Lagrangian material
while the air and explosives are modeled by ALE. The finite element meshes used for discretization of
the rock are tetrahedron shaped in 3D space; the average element size is 3.0 cm around the boreholes
and gradually increases outwards. The rear boundary of the whole model is constrained in XOY
plane and defined as the non-reflection boundary, which means that all the waves can penetrate the
boundary without reflection just as in transmission in continuous media. The detailed parameters of
the sandstone are listed in Table 1 and are obtained using the computational and extrapolated methods
proposed before. For the properties of the joints, automatic surface-to-surface contact is adopted in
the hydrocode, and it is assumed that the joint surface has no cohesive strength, the dynamic friction
coefficient is 0.30 and the tensile strength is zero [62]. The parameters of the emulsion explosives are
listed in Table 2, where ‘E. 1’ and ‘E. 2’ represent the explosives charged in the inner cut boreholes
and the periphery boreholes, respectively, and the initial detonation positions are at the back of the
boreholes. The threshold value of the effective strain is set as 1.0. Once this value is exceeded, the local
element would be deleted in order to prevent excessive large deformation during the running of
the numerical model. The detailed blasting process is shown in Figure 11; different colors represent
different degrees of rock, which will be elaborated later in this study.
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Table 2. Parameters of emulsion explosives

Explosive ρ/g · cm−3 D/cm · µs−1 pcj/105 MPa A/105
MPa

B/105
MPa R1 R2 ω E0/102GJ ·m−3 V0

E. 1 1.60 0.550 0.096 5.576 0.0535 6.1 1.07 0.24 0.041 1.0
E. 2 1.26 0.527 0.081 5.576 0.0535 6.1 1.07 0.24 0.041 1.0
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Figure 11. Process of ordered detonation in smooth blasting tunnel.

4.2. Relation between Crucial Damage Zone and Practical Overbreak

Figure 12 shows the perspective view of the final damage accumulation after the complete blasting
of all the explosives. The crucial damage degree and scope distribution in the surrounding rock mass
is represented by different colors—the damage degree decreases in a gradient from red to green to
blue in damage contours and the damage scope tends to be degraded from the detonating position to
the external free surface based on the observation of 3D damage contour. In the interest of quantifying
the degree of damage for the numerical damage contour, the outermost damage contours in blue
and in red are traced and presented as curves along the design contour (see Figures 13 and 14).
The larger damage positions are recognized by measuring the spacing between the numerical damage
contour and the design contour. Additionally, four section profiles of this blast round were also
measured using a tunnel profilometer at the Zigaojian Tunnel site (see Figure 15), where the overbreak
and underbreak are labeled by the data along the design contour and the main overbreak positions
are circled by red ellipses. By comparing the main overbreak positions measured from the site in
Figure 15 with the main damage positions from the numerical study in Figure 13, the main distributed
positions for overbreak and damage are observed to match well with each other. However, the main
overbreak values are smaller than the values of damage zone estimated by the damage contour in
blue, while being approximately consistent with the values of damage zone estimated by the damage
contour in red (See Figures 13–15). Therefore, the red damage contour can be used to estimate the
overbreak/underbreak values for the excavation of smooth blasting tunnel through the numerical
study. On the other hand, it also reflects the validity of the numerical study according to the analysis
of the relation between the crucial damage zone and the practical overbreak above.
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4.3. Damage Influenced by Bedded Joints

In the quality system for evaluating smooth blasting tunnels, it is necessary to focus on studying
the overbreak/underbreak and damage of the surrounding rock mass [63–66]—especially for the
tunnel investigated in the present study, which has a bedded rock mass structure—while the influence
induced by joints should be also considered. Six representative positions of the 3D damage contour
are chosen to be amplified and labeled from ‘1’ to ‘6’ as shown in Figure 12. It can be classified into
four situations to discuss: Situation 1 (e.g., Location 1) shows that the joint nearly parallel to the part
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of the peripheral holes enhanced the overbreak at individual boreholes and the degree of damage
along the joint, which indicates that strong reflection of stress wave occurred at the joint and the
damage increased due to the overlap of the stress waves. In Situation 2 (e.g., Locations 2 and 5) the
boreholes are located exactly on the joint, which seems to more easily cause overbreak and large-scale
damage due to the weak mechanical properties of joints that facilitate the generation of cracks along
the joints. In Situation 3 (e.g., Location 3), the joint located between the two boreholes impeded the
generation of penetrating cracks which could help form a smooth profile for the tunnel. Therefore,
the underbreak formed near to the joint. Moreover, damage was caused at a further position along
the joint, which may be the result of the enhanced effect of stress waves close to the joint. Situation 4
(e.g., Locations 4 and 6) is similar to Situation 3, however the joint is closer to one of the boreholes,
which caused more damage along the joint and affected the thorough connection between the boreholes
(short of red damage contour). In summary, the joint position could change the direction of damage
expansion and distinctly influence the degree of damage in the surrounding rock mass. Referring to
the four situations discussed above, measures such as increasing or decreasing charge quantity could
be adopted to decrease the overbreak and damage for the surrounding rock mass according to the
different relative positions between boreholes and joints.

4.4. Damage in Large Scope Estimated by PPV

In terms of the extent of large-scale damage, various estimation methods are currently available,
e.g., the PPV method [67], the criterion of tensile and compressive shear failures [68], the method of
release ratios of displacement [69], and damage criterion using Mazars’ model [70]. The PPV method
is the most widely used in practical on-site measurement. However, it is usually firstly measured in
the far-field (more than 10 m away from the explosion source), and then the PPV in the near-field
can be inferred using empirical formulae, which is difficult to estimate accurately. In this study, PPV
is measured numerically, and can be more directly obtained in the near-field around the boreholes.
It is known that the instability of the tunnel mainly depends on the degree of damage degree to the
tunnel vault. Therefore, it is necessary to explore the attenuation law of the PPV in the vault area.
As is shown in Figure 16, three zones are chosen to measure the PPV outwards from the borehole
walls. The measured PPV values of the corresponding zones can be clearly recognized from the
attenuation curves named ‘Left’, ‘Mid’, and ‘Right’ in Figure 17, in which the top left zone has a similar
attenuation tendency to the top right zone and attenuated faster than the middle top zone. According
to the PPV damage criterion for bedded rock [71] and the PPV damage criterion for unlined rock
tunnels [72], the lowest damage extent is incipient damage whose threshold is about 70 cm/s for hard
rock. Therefore, the damage scopes of the three positions above can be estimated from Figure 17,
in which the damage scope of the middle top is 151.7 cm, the top left is 160.0 cm and the top right is
155.2 cm.

Through a comprehensive study of the PPV values of the whole surrounding rock mass, four
groups of gauging points in the surrounding rock mass are measured, which are 0.5, 1.0, 1.5, and 2.0 m
away from the design contour of the tunnel. Each group has 29 gauging points uniformly distributed
around the design contour (see Figure 16). The PPV curves for different distances are presented in
Figure 18. It can be seen that the PPVs with values around 0.5 m have a larger diversity during the
29 gauging points, which is probably caused by the effect of the joints close to the boreholes. In light of
the changes of the PPV curves in Figure 18, the PPV values of the four different distances can be sorted
into four concentrated ranges, which are shown in Table 3, and the damage degrees are estimated
according to the PPV damage criteria [71,72].
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Table 3. Estimation of damage degree by PPV for the bedded tunnel

Distance (m) PPV Concentrated Range (cm/s) Average PPV (cm/s) Damage Degree

0.5 m 150–250 196.3 Serious damage
1.0 m 100–150 130.2 Medium/serious damage
1.5 m 50–100 76.8 Slight/medium damage
2.0 m 30–50 38.1 Basically no damage

5. Conclusions

In this study, a determination method for the parameters of the JH-2 constitutive model is
conducted in detail using Barre granite rock, in which a new extrapolated method for Hugoniot
concerned parameters is proposed as well as the parameters determination methods of strength, EOS,
and damage based on data from previous quasi-static and dynamic tests, which further improved
the availability of the parameters. In the situation where complicated dynamic experimental data is
lacking for the JH-2 constitutive model, the proposed technical route for determining the parameters is
a feasible choice.

The JH-2 damage constitutive model is tentatively adopted to simulate the blasting process in the
Zigaojian smooth blasting tunnel, which has a bedded rock mass structure, and 3D damage contours are
successfully obtained from the numerical simulation. The results show that the overbreak/underbreak
induced by rock blasting and joints/discontinuities is well estimated through comparing the damage
contours with the tunnel profiles measured from the tunnel site. Furthermore, a series of PPV values
are measured by the numerical study, and the scale of near-field damage and degree of damage around
the surrounding rock mass are both summarized. All the results mentioned above could provide
certain theoretical evidence for optimizing the design of smooth blasting tunnels in practice, such
as adjusting the positions of boreholes or regulating the charge quantity in boreholes. However,
the precondition of the above is that the characteristics of rock materials should be well mastered as
much as possible, as in the JH-2 constitutive model with accurate parameters.
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