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SUMMARY

Damage in the form of cracks is predicted to assess the susceptibility of a tunnel to failure due to a blast. The
material-point method is used in conjunction with a decohesive failure model as the basis for the numerical
simulations. The assumption of a cylindrical charge as the source for the blast allows the restriction of plane
strain and two-dimensional analyses. In the simulation, a further restriction of a single pressure pulse is used
as the source of stress waves that are reflected and refracted after reaching the free surface of the tunnel wall.
Three critical zones of significant cracking in the vicinity of a tunnel are identified as potential contributors
to tunnel failure. Copyright © 2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Sources of strong ground motion include explosions and earthquakes. Explosions near structures can
be more damaging than earthquakes because of the proximity and frequency content of the waves.
Blasts can be intentional or accidental, and beneficial, as in rock quarrying, or malevolent, as in an
attack. In any case, it is of interest to understand the impact of a blast on above-ground or below-ground
structures in order to mitigate unintended damage, to protect critical structures or to design survivable
structures. Variables such as the blast magnitude and site geology can affect the ground motion, and the
geometry of the structure and its distance to the blast can influence the amount of damage. This paper
examines fractures, induced by a blast, in rock surrounding a tunnel. The ultimate goal is a predictive
numerical model that can provide stress wave intensities and predict damage to structures.

The complicated properties of both the rock and the explosive make the prospect of detailed
computations daunting. Nevertheless, some work has been carried out toward this goal. Yang [1]
models a shelter in soil subjected to blast loading. This two-dimensional finite element solution in
Cartesian geometry uses a viscoelastic constitutive model for the soil. The detonation of the
explosive is not explicitly modeled. Instead, the detonation is represented by a pressure load applied
on the circumference of a circle whose center corresponds to the center of the explosive charge. A
more realistic, three-dimensional finite element solution using a Cam-Clay model for the soil
surrounding a tunnel is carried out in Ortiz and Pandolfi [2]. Wang et al. [3] merge smooth particle
hydrodynamics (SPH) with the finite element method in a fully coupled approach to modeling the
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detonation, wave propagation and structural response in a two-dimensional axisymmetric study of a
subsurface blast near an underground structure. SPH is used to model the near-field response, and
finite elements are used to model the intermediate and far-field ground movement, plus the structural
response. A three-phase soil model [4] and the Riedel-Thoma—Hiermaier [5] concrete model are
used for the soil and structure, respectively. The Jones—Wilkins—Lee (JWL) equation of state is
adopted for simulating the detonation.

Hao et al. [6, 7] develop an anisotropic damage model to analyze granite under blast loads. The
damage accumulates by degrading effective material stiffness and strength, and the model takes into
account pre-existing cracks and joints in the rock. Three-dimensional simulations are carried out and
compared with field tests for an explosive placed in a borehole in granite. The explosive (TNT) is
modeled using the JWL equation of state. Similar analysis in later work [8, 9] models the effect of
an underground blast on above-ground structures, and rock mass damage due to an explosion in an
underground ammunition storage chamber [10].

Instead of a damage model, we model rock using a combination of elasticity and a decohesive
failure model. The intent of the model is to predict the initiation, direction and evolution of fractures
in the rock. The model is based on tensile failure with a modification to account for the effects of
shear and axial splitting. Numerical simulations are performed in two dimensions using the material-
point method (MPM). In this study, we assume that a tunnel is located in granite with representative
properties. We exclude the details in the immediate vicinity of an explosive charge by prescribing a
compressive pulse on a boundary of a blast zone at a radius beyond which primarily elastic-
decohesive behavior is expected. The assumption of a cylindrical charge parallel to the tunnel
allows us to invoke the two-dimensional restriction of plane strain. The combination of MPM and
the elastic-decohesion constitutive equation has been used previously in large-scale simulations of
failure in Arctic ice [11-13].

A blast from a cylindrical charge without a nearby tunnel has been studied by several authors.
Banakaki and Mohanty [14] examine fracture patterns in cylindrical samples of granite explosively
loaded in a central borehole. They compare laboratory experiments with numerical simulations using
ANSYS AUTODYN and a Johnson—Holmquist (J-H) model for granite and the JWL model for
the detonation. Zhu efr al. [15] use the same code and compare the effects of four different
equations of state to model the detonation, combined with a modified principal stress criterion
used to predict failure in a diorite rock. The modified principal stress failure criterion dictates
that when the major principal stress or the maximum shear stress in an element exceeds material
tensile or shear strength, the element fails. Ma and An [16] use the J-H model in LS-DYNA to
predict crack patterns, but with the blast modeled as an applied pressure pulse. Hamiel et al.
[17] also study cylindrical granite specimens in order to develop an anisotropic constitutive
model describing effective damaged material properties of granite. Khan [18] demonstrates that
two-dimensional discrete element method can give varied fracture patterns in a disk loaded by a
cylindrical tensile wave.

We choose to model the effect of the blast loading by prescribing a single pressure pulse on
the boundary of a cylinder concentric with the center of the explosion. The simplification of a
single pulse allows us to observe details of the wave propagation clearly. Section 2 specifies
the details of the problem to be solved and specifies all of the simplifying assumptions. In
Section 3, we introduce the decohesive failure model used to predict crack formation in the
rock. The model includes the possibility of axial splitting, a mode of failure not normally
included in failure models.

Representative values of material parameters for granite are given in Section 4.1. Because a pulse in
cylindrical geometry changes shape when it propagates, we find it useful to present first the results of
one-dimensional elastic-wave propagation assuming axisymmetry in Section 4.2. In considering the
elastic waves, we examine both the free-field solution and the solution with reflected waves from a
nearby tunnel. We use the terminology free-field or free-wave propagation to designate the situation
if the tunnel is absent. These solutions provide the initial insight into features of wave propagation
and potential failure modes in rock near a tunnel. In particular, the initial compressive pulse
develops a trailing tensile phase as the cylindrical wave propagates away from the source. We call
this effect a tensile tail. As the initial compressive pulse reflects off the free surface forming the
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tunnel wall, it can interact with the tensile tail, amplifying the effect of the reflected wave. The analysis
continues in Sections 4.3 and 4.4 with two-dimensional simulations of elastic waves, with and without
the tunnel, respectively.

Next, in Section 4.5, we show the free-field crack pattern, and then, we include the tunnel in the
simulations in Section 4.6. The first important feature of note is that the tensile tail that evolves
because of cylindrical wave propagation expands to the point where tensile failure may occur. This
effect is magnified when the compressive part of the wave reflects off the free surface of a tunnel
wall. The result is a significant fracture zone near the tunnel wall closest to the blast. If the blast
pulse is sufficiently large, axial splitting may also occur at segments of the tunnel wall defined
roughly by tangent lines from the source. Axial splitting parallel to a wall can result in spall and,
consequently, the formation of rubble within a tunnel. These patterns suggest specific zones of
potential damage along and near the tunnel wall and suggest points for detailed investigations.
Section 5 provides these details in the form of plots of stress versus time at selected points.

In Sections 5.3 and 5.4, we vary the pulse duration and blast orientation. Two cases are considered: (i)
short and long pulses applied to the side of the tunnel and (ii) an overhead explosion causing direct loading
on the roof for two pulse durations. Section 5.5 briefly discusses the energetics of the failure process.

Finally, Section 6 summarizes our results. The features of tensile tails, enhancement due to
reflection, and the possibility of axial splitting tangent to tunnel walls represent new features
identified by this research. Damage in the form of a displacement discontinuity is stored and
provides the basis for possible additional analyses of subsequent blast loading within a damaged
medium. The decohesive model also allows more than one crack through a point, so branching and
interacting cracks are possible.

2. PROBLEM DESCRIPTION AND SIMPLIFYING ASSUMPTIONS

The problem consists of an explosive charge detonated at some distance from a tunnel in a material
with features representative of granite. The physical problem is three dimensional. However, for this
study, our first assumption is that the blast source is cylindrical with the axis of the cylinder parallel
to the centerline of the tunnel. Then the restriction of plane strain is appropriate provided that the
normals to planes of fracture lie within the symmetry plane and the problem remains two dimensional.

The region of material immediately surrounding an explosive is subject to extreme pressure, high
temperature, multiple fractures, high strain rates and large inelastic deformation. Modeling the
explosive itself is a challenge, let alone the damage it causes. Therefore, our second simplifying
assumption is to represent the effect of the explosive as a compressive pulse prescribed on the
surface of a cylinder with a radius sufficiently large that the response of the material beyond this
radius is primarily elastic with cracking. A sketch of the domain indicating this simplification is
shown in Figure 1. In the following, any mention of a cylinder refers to the explosive charge,
modeled as a stress pulse on the interior of the cylindrical cavity, taken to be of radius 3 m.

Assumption three is an idealized tunnel geometry described by a roof consisting of a circular arc
supported by rectangular sides and a bottom, each of length 6 m. The radius of the roof is 3 m. This
geometry is also sketched in Figure 1.
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Figure 1. Geometry of the explosive, equivalent cylindrical cavity and tunnel.
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The fourth assumption is that the effect of the explosion can be modeled by a forcing function on the
surface of the cylinder as a single compressive pulse of finite duration and a magnitude that provides a
reasonable particle velocity for a point 3 m from the center of the charge as suggested by experimental
data. The prescribed pressure on the surface of the cylinder is a single smooth cosine pulse whose
duration is denoted by f, and whose amplitude is 0. Specifically, the form is

O (D), = — 5 [1 = cos(2t/tp)|HIH 1 — 1] (1

in which H[¢] denotes the Heaviside function. As it turns out, the great value of this assumption is that
key features can be identified in the stress wave transmitted to and reflected off the tunnel, features that
might not be obvious if a more complex, and presumably a more realistic, forcing function was used.

Our fifth assumption is that the rock medium beyond the cylinder can be modeled with a
combination of isotropic elasticity and cohesive failure with the effect of the latter spread over an
element and represented by smeared crack strains. In reality, some plastic deformation is expected to
occur, but the related energy dissipation is expected to be small in comparison with the dissipation
associated with fracture. Within a limited range of stress, material failure is assumed to be brittle in
the sense that the normal to the failure plane is in the direction of maximum principal stress and
failure opening is mode I; that is, the displacement discontinuity is in the direction of the normal.
However, outside this limited domain of stress, the failure function allows for the prediction of axial
splitting under uniaxial compression and of mixed-mode failure under triaxial compression.

Finally, the last assumption is that the blast occurs close to the tunnel as compared with its depth
below ground so that it is not necessary to consider reflected waves from the ground surface. The
size of the computational domain can be chosen so that results in the vicinity of the tunnel are not
affected by reflections from the computational domain boundary and non-reflective boundary
conditions are not necessary. The computational domain with the tunnel is shown in Figure 2(a).
Figure 2(b) is an enlargement of Figure 2(a) in the vicinity of the cylindrical source with
observation points identified for the analysis to follow.

3. DECOHESIVE FAILURE MODEL

3.1. The model

The decohesive model used to predict failure has been used previously to study the formation of leads
in Arctic ice under the assumption of plane stress [11]. Here, we investigate a problem under plane
strain rather than plane stress, so a three-dimensional version of the model is necessary. Because
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(a) Domain with source and tunnel

(b) Enlargement and observation points.

Figure 2. The computational domain of —50m <x <55m and —50 m < x < 50 m showing the location of
source, tunnel and observation points for displaying stress histories.
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some features of the failure surface in stress space are slightly different than the previous formulation, a
summary of the model is presented.

Consider a potential surface of material failure identified with normal n. Introduce an orthonormal
triad (n, ¢, p) so that the tangent plane to the material failure surface is the t — p plane. The traction
on the material failure surface is

T=1,n+ 1t +1T,p 2
If failure is occurring, then the corresponding displacement discontinuity is
(1] = [ua)n + (]t + [up]p ®)

The possibility of initial failure, or continuing failure, is indicated by a failure decohesive function
F,(t,{c°},f,) constructed such that F,, <0 implies that failure evolution is not occurring, F,,=0
indicates that failure evolution is possible and F,, <0 is not allowed. Let o denote the stress tensor.
The set {g°} denotes other components of stress not contained within = and allows the capability
for predicting axial splitting and separates the proposed model from classical formulations such as
the Rankine, Tresca and Mohr—Coulomb models. The softening function, f,, provides the current
state of failure where u is a scalar measure of the development of failure, or effective decohesion.
For convenience, the function is chosen to be f, =1 —u. The angle brackets denote the ramp
function (x)=x if x>0, otherwise (x)=0, so that f,=0 if #>1. The linear softening relation is
assumed for convenience. If f,=1 (#=0), then failure has not initiated; if 1>f, >
0 (0 <z < 1), then a microcrack has developed; and finally, if f, = 0 (#>1), then the microcrack
has evolved to a macrocrack or, equivalently, to a crack, with the formation of two new free surfaces.

Prior to the formation of a microcrack, all orientations for n must be considered, and the worst case
is used to identify a specific choice for n. To this end, define a general decohesive function as follows:

F =maxF, “4)

all n

During a loading scenario for a given problem, all material points must be checked continuously for
the possibility of failure initiation. With numerical procedures, these points are finite in number and
explicitly defined. If F <0, then the failure condition is not satisfied, and the continuum constitutive
equation holds for that point. A crack is initiated once F=0. In a numerical procedure for this
material point, storage is allocated for the components of r, the components of the displacement
discontinuity, and the effective decohesion, u. There may be more than one material failure surface
at any one material point.

For subsequent times in the loading scenario, those points without failure are checked as before. For
the points with a previously defined microcrack or macrocrack, the failure function for that orientation
is checked to see if F,, > 0, which indicates that the existing crack must evolve to enforce the condition
that F,,=0. Then other orientations are considered to see if an additional failure surface with a different
orientation is created for the same material point. If an additional surface is created, then storage must
be allocated for the corresponding variables, just as they were for the first crack. Typically, we require
the orientation of a new crack to be at least 5° different from previous ones and limit the number of
cracks to be two or three.

The evolution equations related to decohesion are the following:

=5

=

Lo )
.M =mwm

F,=0

in which w is a monotonically increasing parameter introduced for convenience to parameterize the
equations and 7 is an evolution function that is not specified for the moment.
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The decohesion function used for this study is the following:

2 2
T (N o
Fp=—5—+4+eé% -1 B,=—"+ —fa (6)

(smyr) W ()

where the resultant shear traction is

= (e24eg) )

and g, is an effective compressive stress that depends on the stress components {c°}. The effective
compressive stress used in the simulations for this paper is g,.= < — o, > with o, denoting the in-
plane normal component of stress. In addition, 7, is the failure stress under uniaxial tensile stress,
f; is the failure stress for uniaxial compression of a brittle material, and 7, is the failure stress under
pure shear. A physical interpretation of the remaining material parameter, s,,, is discussed later. We
will also see that the exponent, x, is not independent but depends on the material parameter, s,,,.

To illustrate the implications of the various terms in the failure function, we consider various
scenarios with f,, = 1. First, suppose 7,=0. Then F,, =0 if B,,=0 or

2
Iy Ze =0 @®)
Tnf (fc)

The Rankine form for failure is obtained if o..=0, and failure occurs if 7, =1, On the other hand, if
7, =0, (8) implies that axial splitting is initiated if .. = f C
Next, define the case of pure shear as the combination of values for 7,, and o, in (6) that result in

B,=-1. We select « to satisfy the following:

2
e —1=— or ic:ln{—"’] 9)

Then, from (6), F,,=0 implies that failure is initiated in shear when 7,=17.
Next, suppose that two free surfaces have been formed so that f,, =0. The condition F,, =0 becomes

2 2
T B Tn Oec
s 4B 1= B,=—+—¢ (10)
(Sstf)z Tnf (fc)z

Because failure has occurred, (10) is an implied frictional sliding equation after a macrocrack has
developed. If F,, <0 (f,,=0), then slip is not occurring.
Now suppose that 7,, is large and negative so that B,, — — «. Then, from (6),

Fy=—1 1 Bys—w (11)
(smyr)
Failure (F,,=0) occurs if
2
2 = (suty) (12)

irrespective of the value of f,,. This equation provides an interpretation of the parameter, s,,, namely the
magnification of the shear failure strength for a material under large negative normal traction in
comparison with the value for shear failure strength under pure shear.
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Next, consider the evolution equations for the displacement discontinuity from (5)

OF, k&b
= W

] 76081,, - Tyf
13
1] _CbaFn Y 27 (13
s 6‘1:5 (Sm‘L'Sf)z
in which
1/2
] = { il + i)} (14)

Note that [i] is nonzero only if 7, is nonzero. On the other hand, [i,] is positive even if z,, is zero or
negative. This is a consequence of assuming that B, in expression (6) depends linearly on z,,. It is often
observed that a crack dilates under shear even if the normal component of traction is negative. Because
of this property, it is believed that a suitable choice for the evolution equation of the effective
displacement discontinuity is

[1t]

[t40)]

= (15)
where [u(] is the value of the normal component of the displacement jump when a complete crack is
formed under uniaxial tension. This assumption is certainly not valid for cases where a significant

amount of shear occurs, but for our application, there is little or no shearing on failure planes. It
follows from (5) and (15) that

OF, /oty
i = Ol O (16)
[u10]
The failure energy is defined to be
Wr = [ {zalia] + 2lis] o (17)
By combining the two equations in (13) to eliminate @, we obtain
. S Ty 21
[u] = [un] (18)
Ke'Bn (sz_sf)Z
so that (17) becomes
[uo)
272
We= [0+ =5 Vlay,) (19)
0 KE (suTyr)

For uniaxial stress, 7,=0 and the decohesive condition yields 7,=17,/(1 — [u,l/[up]). Then, (19)
becomes

Wi = Stur[uo] 20)

If the mode I fracture energy Wy, and 7,,r are known for a material, then (20) is used to evaluate [u)].
If shear is present, the fracture energy will be larger as indicated by (19).
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Introduce principal axes of stress (€,,qx, €min» €ins) associated with the maximum, minimum and
intermediate principal values (6,4 Omins Tin)- The result of numerical simulations for a large
number of paths suggests that n lies in the plane of maximum and minimum principal stress. This
result appears to be substantiated by experimental data for a number of materials. Because we do
not have proof that this should always be the case, we make the assumption that n lies in the
(€,ax — €min) plane. If £ is chosen to lie in this plane, then the orientation of # is simply described by
a single angle, 6, between n and e, so that

n = cosb,e nax + sin b, e min 21

With this simplification, we note that ;= z,. Furthermore, because o, =0, let us define the square of the
effective compressive stress to be a quadratic combination of o, and 7;,, as follows:

O-SC =< —Oy >< —Oy > +C1 < —Oy >< —Oint > +C2 < —Oint >< —Oint > (22)

in which C; and C, are material constants. It follows that both components o, and ¢;,, contribute to the
value of o, if each is negative. The material constants C; and C, must be chosen to render the right-
hand side of (22) positive.

Under uniaxial compression, t=e,,;,, and o..= < — g, >. For mode I failure (¢;,;=07,,,,=0) and
oy = —f C s Omin=0iy and og,,,,=0. Next, suppose that f'b is the failure stress under equal biaxial
compression so that Gunin = Gy = —f; and 0,,x=0. Under the assumption of mode I failure,
o’ /f.2=1,0r

2
o=l 1-¢ 23)

b

If f, = 1.2f, and C,=1, then C; = — 1.31. On the other hand, if f, = f, and C,=0, then C; =0, and
O..=<—0a,>. This latter choice of f 1; and C, removes any contribution of the intermediate principal
stress to the effective compressive stress.

3.2. Procedure for finding the critical orientation

The search for the critical orientation of the failure surface in physical space is not as daunting as it
might seem. With y=sin®6,, the transformation relations yield

Tp = O-max(l - V) + O min)
O = Omax) + O-min(l - V) 24
T, = (Umin - O-max)2y(1 - Y)

Substitute (24) in (6), and set

G=="=0 25)

The object is to find the value of y and, hence, 6,, which renders F,, a maximum. We note that

OF 1 0 OB
t= o () et (26)
Oy (smréf) oy oy
and
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o 2
ai; = (Jmax - O-min)z(l - 2)’)
oty
ai - _(O'max - Jmin)
! @7
ou _ (Gmar — Gmin)
ay max min
oo,
a—y = _H[_O-tt}(o-mux - O-min){z < =0y > +Cl < —Ojnt >}
The result is
OB, 1 H|-o
= —(Omaxr — Omin) |— + [7/2”}{2 < =0y > +C) < —0j >} (28)
z W)

By plotting F,, as a function of y for several cases, it is seen that if OF,/0yl,-( <0, (25) is not
satisfied, and the maximum occurs at y=0. Therefore, it is most efficient to assume initially that
the maximum occurs at y=0. The process needs to be extended to the case of (25) only if
OF,/0oyl, o> 0. A Newton—Raphson procedure can be used to find the zero of G in which case the
derivative 0G/0y is required. These details are relatively straightforward and not included for the
sake of brevity.

The two cases for finding the critical orientation are illustrated in Figure 3 for the specific case of
uniaxial compression with ,,;, = —0.9f C and material parameters z,r = 1, f C =10, f h =10, s, =4,
C> = 0. For the case of 7,=4, the dotted line is obtained, and the maximum of F,, occurs at y=0.
When the shear failure term is reduced to zy=2, the result is the solid line, and the maximum
occurs at y =y,, with the implication that failure evolution is a mixed mode.

Once y,, is obtained, there are two solutions for the critical angle:

6, = xsin”" (\/7y) (29)

When used in an actual numerical simulation, the sign is chosen so that the rotation implied by shear on
a failure plane agrees with the sign of rotation for the element in which failure is occurring [13].
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Figure 3. Representative plots of decohesion function as a function of y with 7,=2 and r,,=4 denoted by the
solid and dotted lines, respectively.
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3.3. Features of the model

With a suitable choice of parameters, the proposed model can match experimental data for the stress at
which failure occurs and the mode of failure. For example, under the assumption of mode I failure, the
experimental curves for failure of concrete under plane stress [19] can be reproduced. More
significantly, the model can replicate the features exhibited by concrete and rock subjected to triaxial
compression [20] where the mode of failure changes from axial splitting for uniaxial compression to
mixed-mode failure with increasing shear contributions as the lateral pressure is increased. These
features have been illustrated using a similar formulation for a failure function in [21] and are not
repeated here.

Because the problem of interest is one of plane strain and because elasticity is assumed to hold up to
the initiation of failure, it follows that o3=v(o;+a,). A plot of the failure surface at initial failure is
shown in the space of maximum and minimum principal stresses in Figure 4 for plane strain. The
values chosen for material parameters are (E= 104r,1f,v=0.21) and (rnf =1l,zy =4.f C =10, f ,, =
10,8, =4,C, = 0), for the elasticity and failure models, respectively. All stress components are
normalized with respect to 7, Regions associated with specific pairs of maximum and minimum
principal stresses are shown on the plot. Recall that the normal to the material failure surface is
assumed to lie in the plane of eigenvectors associated with maximum and minimum principal
stresses, and the angle between the normal and the eigenvector associated with the maximum
principal stress is 6. Note that there is a rather sharp transition to a significant mixed-mode failure as
indicated by 6 changing from zero to 32° as either principal stress varies from —10 to —15. For
much larger and negative minimum principal stresses, the failure mode comes close to §=45°, the
Tresca criterion. The failure surface in the upper right quadrants is similar to that for plane stress,
and the main difference occurs when both principal stresses are negative. Figure 4(b) shows an
abbreviated part of Figure 4(a) to highlight the range of stresses observed at points of interest for the
tunnel problem. For some points, both the maximum and minimum principal stresses are positive
(segment A-B). If these components happen to be equal, then there is an indeterminacy concerning
the direction of n with the result that cracks at various orientations may form. The large majority of
situations consist of different signs for the maximum and minimum principal stresses (segment B-C)
in which case the normal vector is the eigenvector for maximum principal stress. In this work,
negative values for both the maximum and minimum principal stresses (segment C-D) occur near
the corner of the tunnel. For this regime, the normal changes value rather quickly with increases in
the magnitude of minimum principal stress, and there is a high probability of mixed-mode failure.

The Rankine (maximum stress) criterion for failure initiation is shown as a dashed line in Figure 4
(b). Although the difference between the two criteria may appear small, we believe the possibility of
axial splitting and mixed-mode failure in the regime C-D as opposed to no failure under
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Figure 4. Plot of failure surface for principal stresses in the ¢; — o, plane under the condition of plane strain
(e33=0).
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compressive stress for the Rankine criterion is a significant aspect not predicted with other existing
decohesive failure models.

3.4. Critical element size

The displacement discontinuities obtained from the model of decohesion described in this section are
used to obtain smeared crack-strain components in conjunction with the MPM. The procedure is
described fully in Schreyer et al. [11] and is not repeated here. The crack strains produce a stress-
softening feature within the element. If the element is larger than a critical size, there is a stress
reversal, which cannot be handled without a major (undetermined) modification to the numerical
procedure. If square elements of side & are used, stress reversal does not occur if £ is less than a
critical length /., where

E
hcrz [I/t()] - (30)

Tnf

An element size somewhat smaller than the critical size is used to preclude reversal for all paths. The
critical element size for mode I failure, which is typically the governing case, can be expressed in terms
of the fracture energy with the use of (20)

The form of the decohesive model used here is satisfactory for relatively small magnitudes of
stress. Large tensile stresses are limited by the value of 7,. In compression, agreement with
features of experimental data for failure under triaxial compression (not shown) appears good at
least for opin > —1.5f;, an inequality satisfied by all principal stresses obtained for this study.
Experimental data on stress and orientation of failure surfaces must be used to select appropriate
values for material parameters for a specific material.

4. GENERIC FEATURES OF ELASTIC AND ELASTIC-DECOHESIVE NUMERICAL
SOLUTIONS
4.1. Elasticity and values of material parameters

Under plane strain, the nonzero components of strain are (e, ey, ey,), and the isotropic elastic
constitutive relation for the nonzero stress components is

O = Ere + Ezeyy Oy = Ereyy + Erey,

(31)
0, =E (e,cx + eyy) Oy = 2Gey,

where

E(1—v) _ Ew E
(1+v)(1 —2v) N

E; = (32)

and E and v denote Young’s modulus and Poisson’s ratio, respectively.

In this section, solutions are presented for the case where the decohesive model of Section 3 is
combined with isotropic elasticity. The value for 7, is chosen to enforce the assumed restriction that
failure for granite should always be mode I under plane stress. However, mixed-mode failure is still
possible for plane strain. For the sake of computational efficiency, the effect of the intermediate
principal stress is excluded by choosing f}7 = f; and C,=0. As will be seen, failure under biaxial
compression can exist at the lower corner of the tunnel, but the magnitude of one compressive
principal stress remains small, so the simplification should not introduce significant error. The
remainder of the values for the failure material parameters used in the numerical simulations is
given in Table L.
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Table I. Material properties.

Elastic and mass properties Failure properties

Young’s modulus E=50GPa Tensile strength 7,0= 5 MPa

Poisson’s ratio v=0.21 Compressive strength fé=50MPa
Shear strength 7y=20MPa

Mass density p=2660kg/m’ Shear magnification Sp=4
Exponent x=0.0645
Cohesive length up=3x10"m

The critical stress intensity factor for granite is assumed to be roughly twice that of concrete, or
K.=2 MPa m'"?, and the corresponding fracture energy is Gf=K3/E =80 Pa m. For the linear
softening relation assumed for decohesion, the value of the parameter [u,] denoting complete failure
becomes [uy] =2G/t,,=3x 10" Sm. The magnitude of the prescribed forcing pulse (1) is g9 = f;.
Under the assumption of uniaxial stress, the corresponding maximum particle velocity at the surface
of the cavity is vimax = g¢/+/pE = 4.3m/s. The pulse duration is 7, =3 ms unless specified otherwise.

4.2. One-dimensional elastic-wave analysis

For the non-specialist in wave propagation theory, the evolution of cylindrical waves with time and the
effects of reflections off free surfaces are sufficiently complex to warrant an initial one-dimensional
analysis. Furthermore, one-dimensional results provide insight into the potential fracture patterns
that may be initiated. The one-dimensional analysis also makes obvious the additional ramifications
provided by a two-dimensional analysis that can be properly attributed to non-axisymmetric features
due to reflection, refraction and fracture. One-dimensional results from a separate numerical code
also serve as partial verification of the two-dimensional numerical procedure.

The model problem we consider consists of a cylindrical cavity and a pressure pulse prescribed on
the surface. For sufficiently short time and elastic behavior, the problem is axisymmetric, so a one-
dimensional analysis in cylindrical coordinates (r,#) under the assumption of plane strain is
appropriate.

In one dimension, the governing equation of motion is

1
()~ 7% _ pa (33)

in which a comma denotes a derivative with respect to r, the radial coordinate; a denotes the radial
acceleration; and o,, and gyy denote the normal components of stress in the radial and
circumferential directions, respectively. If u denotes the radial displacement, the radial and
circumferential components of strain are e,,=u, , and egy=u/r, respectively. The elastic constitutive
equations under plane strain are analogous to those given in (31).

The domain is ry < r < r;. The boundary condition at ry=3 m is given by (1). A free-field solution is
obtained by choosing a large value for ry; for the time period of interest, r; =39 m is adequate to avoid
reflections from this boundary. To illustrate the effect of reflection off a free surface, r; = 15 m is used.

The numerical solutions for the one-dimensional case are based on the finite element method with
explicit time integration and a time step of 0.5h/c,,, where the wave speed is approximately
cw=+/E1/p =4600 m/s. A convergence study indicates that an element size of h=0.25m is
satisfactory. From (30), the critical element size is /..=0.3 m. The element size 2=0.25m meets
this ‘stability’ criterion.

The free-field solutions for stress and velocity as functions of time are given in Figure 5 at the
designated radial positions. With regard to the radial stress, we note that the stress in the first
element reflects the forcing function, as it should. For increasing values of r, the stress profiles are
typical of cylindrical waves in that a tensile tail is exhibited. The magnitude of the compressive
phase decreases rapidly whereas the magnitude of the tensile phase evolves to a maximum of
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Figure 5. Plots of free-field stress and velocity as functions of time at the designated locations for the one-
dimensional elastic case.

approximately 14 MPa and then decays. Note that this maximum is significantly greater than the
assumed tensile strength 7, (Table I) so we see immediately that circumferential cracking for
r>3m is possible, a feature that would not exist for uniaxial or planar waves. If the magnitude of
the forcing pulse is reduced sufficiently, then circumferential cracking will not occur.

A slightly different situation, but with a change of sign, exists for the circumferential stress. This
component begins with a large tensile phase and a compressive tail immediately at r=3m. The
magnitudes of both the tensile and compressive parts decrease rapidly with increasing r. An
important observation is that the presence of large positive values of stress for small r suggests that
radial cracking can be expected to extend from the cylindrical wall to interior points.

The axial stress (z-direction) and the velocity profiles are provided for general information. Note
immediately that there is a possibility of tensile failure with normal in the z-direction. If such a
failure occurs, then the assumption of plane strain is violated, and the use of a two-dimensional
analysis cannot be justified. However, if circumferential failure is allowed, then it will be seen that
the axial component of stress will not achieve a value sufficiently large to cause failure. The
velocity plot shows that the maximum value of radial velocity, 2.8 m/s at r=3m, is considerably
smaller than the 4.3 m/s estimated for uniaxial stress.

Next, we consider the case of a free surface at r=15m as a one-dimensional representation of the
tunnel wall. Plots of radial and circumferential stress at r=9, 12 and 15m are shown in Figure 6.
The time for a wave to travel from the cavity wall to the free surface is about 2.6 ms. The time for
the front of the stress wave to travel to the tunnel, back to the cylinder, and then from the cylinder
surface to r=9m, is approximately 7 ms. Therefore, the duration of the plots is limited to this time
to exclude extraneous reflections off the cylinder wall.
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Figure 6. Plots of stress as functions of time at the designated locations with the tunnel included using the
one-dimensional code.

First, consider the radial stress plots shown in Figure 6(a). The stress at r=15m is approximately
zero as it should be for a free surface. The plots for the other two locations should be compared
with the free-field stresses shown in Figure 5(a). The initial compressive phases are identical with
the corresponding free-wave profiles. However, the tensile phases display significantly larger
amplitudes than the corresponding free-wave values. This phenomenon is a consequence of the
compressive phase reflecting off the free (tunnel) surface as a tensile phase and combining with the
original tensile tail. The result is an enhancement by nearly a factor of two in the peak tensile stress.
The largest peak radial stress occurs near r=12m. As a consequence, it is expected that a region of
cracks tangent to the free surface will appear in a region centered roughly 3 m to the left of the free surface.

With regard to the circumferential stress shown in Figure 6(b), the result is more complicated than
one would expect of a pure reflection of the tensile part of the stress wave. The consequence is a
potential for radial cracks to develop in the region adjacent to the free surface.

These one-dimensional numerical results of cylindrical wave propagation exhibit features that are
not entirely intuitive. The potential for crack initiation develops as a consequence of the evolution of
radial and circumferential stresses, and of interactions of reflection off a free surface of tensile and
compressive phases of a wave. For a pulse with the magnitude and duration considered, both radial
and circumferential cracks are expected adjacent to the source, and within a region of length at least
3 m adjacent to the front face of a tunnel free surface. We next examine the more realistic problem
of two-dimensional features of wave reflection and refraction.

4.3. Two-dimensional elastic-wave solution with no tunnel

The MPM is used for the full two-dimensional study under the assumption of plane strain. MPM solves
the two-dimensional analog of the momentum equation (33). The computational domain is shown in
Figure 2a. The boundary condition on the cylinder is given by equation (1). The material external to
the cylinder is granite, modeled by the material parameters given in Table I. The tunnel is a void in
the domain with traction-free boundary conditions. The boundary conditions on the artificial square
domain do not play a role because simulations are terminated before any reflections from these
boundaries reach points of interest in the interior of the domain. The deformations in this problem are
small, so MPM does not have a particular advantage over the finite element method. However, future
simulations that might include larger deformations and falling rock could benefit from using MPM.

The results from the one-dimensional finite element code are used to choose a suitable element size
for the two-dimensional code. Then, the two-dimensional code is used to provide illustrative results for
the interaction of the stress wave with the tunnel, again under the assumption of elasticity, and with an
eye toward implications for zones of damage when failure is included in the subsequent sections
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The elastic propagation of a pulse is investigated with a mesh of square elements of side length 4,
and four material points per element. The computational domain for the free-wave problem is shown
in Figure 2(a) with details near the cylinder and points of interest shown in Figure 2(b). The
numerical solutions are meaningful until a wave reflection occurs at the right boundary of the
computational domain and the reflection front arrives at an observation point. The arrival time for a
reflection front at a point with coordinate x,, is approximately #,=[52+ (55 — x,)]/c,,, which yields
the following maximum times for which the solution is considered valid for observation points as
shown in Figure 2(b): (¢, tp, t., t4, 1) =(22,21, 20, 19, 18) ms. Points a, b and ¢ roughly correspond
to r=3, 6 and 9m in Figure 2(b). Points g, ¢ and f are close to the tunnel free surface and are of
interest later when failure is included.

We begin the two-dimensional analysis with a convergence study and with code verification by
comparison with the one-dimensional results. The equations of motion are solved in Cartesian
coordinates so that the surface of the cylinder is also discretized with square elements and has a
stair-step boundary. In order to illustrate the effect of using square elements for an axisymmetric
problem and to demonstrate convergence with mesh refinement, results for the radial and
circumferential components of stress at points a and b are shown in Figure 7. The shear component
0,9 18 zero because these two points lie on the horizontal axes (#=0). The plots of g,, for r=3m in
Figure 7(a) are essentially that of the applied pulse with a slight attenuation due to the fact that the
stress point is at a radius slightly greater than 3 m. For the radial component of stress at r=3m,
convergence is achieved for 2#=0.25 m. For 44, convergence is also achieved with the results being
almost indistinguishable with £=0.125 and 0.0625m. At r=6m, convergence is achieved for
h=0.25m for both stress components as indicated in Figure 7(b). In Figure 8, two-dimensional and

stress (MPa)

2 4 6 0 2 4 6
t (ms) t (ms)

(a) Point a (r = 3m). (b) Point b (r = 6m)
Figure 7. Two-dimensional solutions with mesh refinement for radial and circumferential components of

stress as functions of time.

point a point ¢
20

stress (MPa)
stress (MPa)

0 1 2 3 4 5
time (ms) time (ms)
(a) Point a, ( r = 3m). (b) Point ¢ (r = 9m).

Figure 8. One-dimensional and two-dimensional numerical solutions of stress components as functions of
time. (At point a, o is calculated using 2#=0.0625 m in two-dimensions.)
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one-dimensional results for stress as a function of time at points a and ¢ are overlaid, showing good
agreement.

To further illustrate the potential error of using a square mesh for axisymmetric wave propagation,
we look at the predictions of stress as a function of time for points at radii of r=3m and r=6m, for
three orientations (#=0, #/8, n/4). The off-axis locations are indicated in Figure 2(b) with un-
labeled points. The curves for the radial and circumferential components of stress at the three
orientations are overlaid in separate plots for each radial position in Figure 9. We note that for
points on the surface of the cylinder (r=3m) in Figure 9(a), there is some difference with
orientation, whereas for an axisymmetric problem, there should be no difference. However, Figure 9
(b) shows that by the time the wave has propagated to r=6m, there is very little difference
suggesting that for larger values of r, there is practically no distortion because of the use of a square
mesh. We conclude from these studies that a mesh size of #=0.25m provides good accuracy for
points of interest away from the cylindrical loading surface.

The failure model and the numerical simulations are based on the assumption that the x—y plane
exhibits the maximum and minimum principal stresses. To determine the potential directions of
maximum and minimum principal stresses, the three normal components of stress are plotted in
Figure 10(a). These are principal stresses because the shear components are zero for a point on the
x-axis. We note that the radial and circumferential stresses agree well with the one-dimensional
results of Figure 5. The plot of maximum and minimum principal stresses in three dimensions is
given in Figure 10(b), and the plot of maximum and minimum principal stresses for stress in the x—y
plane is shown in Figure 10(c). There is some difference, but the critical observation is that the
maxima and minima of these principal stresses over time are the same for both plots. A similar
situation holds for all other points tested. Therefore, we assume that the maximum and minimum
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Figure 9. Two-dimensional solutions for radial and circumferential components of stress as functions of time
for two radii and three orientation angles.
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Figure 10. Plots of components of stress (shear components are zero) as functions of time for point ¢
(r=9m) for the free-field wave.
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stresses based on components in the x—y plane are appropriate for predicting failure and that plane
strain continues to hold.

4.4. Two-dimensional elastic-wave solutions with a tunnel

Here, we consider elastic waves from the blast interacting with a tunnel. In this section, we concentrate
our attention on observation point c. Detailed results at points near the tunnel are given in Section 5 for
elastic solutions and solutions with failure. Reflections off the tunnel wall are an essential part of the
analysis. The forward propagating wave from the blast reflects off the tunnel, and the front of the
reflected wave reaches point ¢ at approximately 4 ms. The wave reflected from the tunnel continues
to propagate and reaches the cylinder surface, and a second reflection occurs. Because this second
reflection should actually come from the damaged blast zone and we do not model the blast
accurately, the solution reflected from the cylinder wall is not valid. The maximum time for solutions
at a given observation point to be valid is approximately t,, = [24 + d]/c,, in which ¢ denotes the
distance (m) from point a to the observation point. For point ¢, this maximum time is f,, = 7 ms.

For point ¢, the plots of the cylindrical components of stress and the maximum and minimum
principal stresses are given in Figure 11(a) and 11(b), respectively. The shear component o,y
becomes slightly nonzero because of the break in axisymmetry due to the tunnel. In comparison
with the one-dimensional solution for a free surface shown in Figure 6, the maximum value of the
radial stress for the two-dimensional solution is reduced significantly, and the circumferential stress
shows only one peak instead of two, although the peak values of circumferential stress are
approximately the same. These differences are attributed to the interaction of the wave with the true
tunnel shape rather than the idealized shape implied by the radial boundary condition in the one-
dimensional solution.

The plots of Figure 11 can be compared with the free-field solution of Figure 10 to show the effect
of reflection off the tunnel wall. Note that the two solutions shown in Figures 10 and 11 are identical
until =4 ms, the arrival time of the reflected wave. The presence of the tunnel enhances the tensile
phase of o,, because the reflection of the compressive part of the wave from the free surface (the
tunnel wall) becomes tensile and interacts with the tensile tail. The appearance of large tensile radial
stress presages the appearance of circumferential cracks. The maximum tensile value of g, remains
unchanged from the free-field solution. Also, the same number of maxima and minima appears in
Figures 10 and 11 for the free-field and reflected wave solutions.

These results of elastic-wave propagation for a free field and for the effects of a tunnel are included
to emphasize the following points: (i) for the axisymmetric case, the two-dimensional results based on
a rectangular grid are identical with the one-dimensional solutions; (ii) the evolution of radial and
circumferential components of stress has significant implications concerning potential failure
patterns; (iii) reflections can cause larger than expected enhancements of tensile stress because of
interactions with tensile tails; and (iv) the maximum and minimum values of principal stress can be
obtained using the in-plane components of stress.

point ¢ point ¢
20 " ; ; ; ; 20 ! !

time (ms) t (ms)

(a) Cylindrical (b) Max and min principal stresses

Figure 11. Plots of stress components as functions of time for point ¢ (=9 m) with reflection off tunnel.
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4.5. Fracture patterns without a tunnel

Decohesion is added to the constitutive equation to obtain the effect of fracture with the first problem
being one without the tunnel. In the following plots, cracks across an element are averaged results
associated with the material points within the element. A crack is shown with a dark line tangent to
the material failure surface only if [u,] > [ug]. Major cracks, defined by [u,] = 10[uy], are shown
with wider lines. A maximum of two cracks is allowed at each material point.

The evolution of the crack fields for three mesh sizes is shown in Figure 12 at time =7 ms. For all
cases, the cracks extend to about 15 m from the origin, which is approximately the distance traveled by
the maximum part of the compressive segment of the pulse. The combination of compressive radial
stress with circumferential tensile stress, corresponding to the region B-C in Figure 4(b), indicates
that radial cracking might be more extensive than if a pure Rankine criterion for failure was used. In
addition, there is an indication of circumferential rings of cracks that can be attributed to the tensile
tail of o,, in cylindrical geometry. If the magnitude of the forcing pulse was reduced sufficiently,
then circumferential cracking would not occur.

Although the patterns look somewhat different, each plot shows the development of two primary
sets of cracks, radial and circumferential. However, the finer mesh shows a richer structure, and the
difference may be disconcerting. As has been noted [22, 23], standard convergence theory does not
apply to discontinuous fields, and convergence with mesh refinement is an open question.

Principal stress components as functions of time for #=0.25m are given in Figure 13 for point c.
Note that with the addition of decohesion, no tensile component of stress is larger than z,,=5MPa,
whereas with no failure, the maximum tensile stress is 12 MPa as shown in Figure 10(c). Another
effect of decohesion is that the minimum stress is lower than that shown in Figure 10(c). Once
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Figure 12. Crack patterns without tunnel at =7 ms for three mesh sizes.
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Figure 13. Stress components as functions of time at point ¢ (r=9 m) with #=0.25 m for the case of no tun-
nel and decohesive failure. The vertical line indicates the initiation of the failure.
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decohesion occurs, axisymmetry is broken, so there is a small difference between the normal
components (o,,,0g9) and the principal values (0 ax, Omin) because o,y (not shown) is slightly
different from zero. Figure 13 shows a drop in stress at the time, =3 ms. However, this drop in
stress is due to unloading from a radial crack (large circumferential stress) that occurs in an adjacent
element. This stress drop is an example of the need for caution in interpreting stress plots. The
vertical line in Figure 13 at r=4.2 ms marks the initiation of a circumferential crack (tensile radial
stress) that does occur at point c.

Next, we look at the effect of mesh refinement with plots of radial and circumferential stress in
Figure 14 for three mesh sizes. The plots of radial stress and circumferential stress are identical until
circumferential failure occurs at approximately r=4.2ms and the radial stress drops at =3 ms,
respectively, after which results for the finer mesh display higher frequency oscillations. The plot of
circumferential stress shows the effect of reflection off the cylindrical surface for ¢ close to 8 ms.

4.6. Fracture patterns with a tunnel

When the tunnel is present, additional cracking will occur because of reflections off the tunnel wall. Of
particular interest are failure patterns near the tunnel surface. At =7 ms, Figure 15 shows patterns for
the two smaller mesh sizes while Figure 16 shows the pattern for the mesh size 4 =0.25 m, the size used
for subsequent results. Again, we see variations in the fracture patterns due to different mesh sizes, but
there is a consistency with regard to the zones of failure near the front face and at points of particular
interest along the tunnel wall. We discuss these points with specific reference to Figure 16.

General areas of failure near the tunnel include the region near the tunnel wall closest to the source,
the lower left corner of the tunnel, a region on the top slightly beyond the transition from the straight to
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Figure 14. Plots of radial and circumferential stress as functions of time for three mesh sizes.
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Figure 15. Failure patterns for regions next to the tunnel at =7 ms for the two smallest mesh sizes.
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Figure 16. Crack distribution and orientation in the vicinity of the tunnel at =7 ms with #=0.25 m where
thin lines in the plot denote cracks with [u,,] = [uo] and thick lines denote [u,,] = 10[u].

circular segments of the tunnel wall and points along the top of the tunnel. A series of horizontal cracks
are developed along the front wall of the tunnel because of tensile values of circumferential stress. The
radial component of stress is zero because of the free surface. When the initial compressive part of the
radial pulse meets the free surface of the tunnel wall, it reflects as a tensile phase. Approximately 3 m to
the left of the tunnel wall, a region with vertical cracks develops because of the combination of the
tensile tail with the reflected compressive phase. The point d shown in Figures 2b and 16 is chosen
to be within this zone. A small region to the left of these cracks is sheltered and exhibits few or no
cracks.

Along the upper left portion of the tunnel roof, cracks tangent to the surface are displayed at points e
and f in Figure 16. Because the normal component of traction is zero, these cracks are due to axial
splitting. The result of such cracks at e and f will be spallation and would not be predicted by a
Rankine failure criterion. If gravity were present, it is expected that these failed regions along the
roof would fall to form rubble on the tunnel floor. In some cases, it appears that cracks have moved
within the surface of the tunnel. This is a consequence of the numerical procedure where cracks are
displayed at cell centers rather than at individual material points. The fracture at point g is due to
biaxial compression. The next section provides a detailed analysis of the stress fields at these points
and the influence of reflection and refraction, and the modes of failure on the stress evolution.

5. SPECIFIC FEATURES OF NUMERICAL SOLUTIONS WITH FAILURE

5.1. Preliminary comments

In Section 5.2, specific features of stress are shown at key points in the domain to illustrate significant
observations. To demonstrate the complex interactions of cylindrical wave evolution, reflections and
cracking, maximum and minimum principal values of stress as functions of time are analyzed for free-
field elastic waves, elastic waves in the presence of the tunnel, free-field elastic-decohesive waves, and
reflected, elastic-decohesive waves. We focus on four points on the edge or near the edge of the tunnel at
which cracking occurs as identified by the fracture plots of the previous section. These points are labeled
d, e, fand g in Figure 2(b). Specifically, with / denoting the side length of an element, the coordinates of
these points are (13.5+h/4, h/4),(18+h/4,3+h/4), (16 — h/4, 2.5+3h/4) and (15— h/4, —3+h/4)m
respectively. As noted in Section 4.4, the maximum time for solutions at a given observation point to
be valid is approximately f,, =~ [24 +J]/c,, in which 0 denotes the distance from point a to the
observation point. For the observation points (d, e, f, g), these maximum times are approximately
(Tams tems tins Lem) = (8,9, 8.6,8)ms. It is seen that these times are less than those governed by
reflections from the computational boundary. Because the maximum values of stress occur before
these maximum times, the following plots of stress are terminated at =8 ms.
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A small parameter study on the effect of pulse duration is provided in Section 5.3. The first set of
problems is identified by the symbol S(¢p ms) in which S denotes the side-on configuration shown in
Figure 2(b) and tp is the duration of the pulse. In Section 5.4, a rotated tunnel configuration is
considered, and these problems are identified as R(tp ms). In all cases, the minimum distance
between the surfaces of the cylinder and the tunnel is 12 m. Section 5.5 discusses the energetics of
the failure process for the representative problem S(3 ms).

5.2. Solutions for problem S(3 ms)

First, we discuss the solutions for point d. The results are given in Figure 17. For the purely elastic
case, the effect of reflection shown in Figure 17(b) shows significant enhancement in the magnitude
of tensile stress of the free-field stress given in Figure 17(a). Note in Figure 17(b) that it is possible
for the maximum and minimum principal stresses to be positive at the same time. Now compare the
free-field elastic solution with the free-field elastic-decohesion solution of Figure 17(c). The
maximum stress is now limited by the tensile failure stress, 7, and the minimum stress has been
enhanced. The change in the free-field stress with decohesion is a consequence of significant
cracking closer to the source and not just of cracking at point d. In the presence of the tunnel,
Figure 17(d) shows the formation of two cracks at times indicated by the two vertical lines. These
cracks have different orientations and are caused primarily by the tensile circumferential stress. The
ability to capture more than one failure plane at a given point in a robust manner is an important
attribute of the decohesive approach.

For the remaining points, we omit the free-field elastic and elastic-decohesion results because the
differences from those presented in Figure 17(a) and 17(c) are minor and due only to the decay and
evolution resulting from being further from the source. We continue to show the elastic results with
a tunnel because the complex evolution of waves around the tunnel provides insight to the
development of stresses that cause failure.
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Figure 17. Maximum and minimum stresses as functions of time at point d. The vertical lines indicate the
initiation of the failure.
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Figure 18 shows results for point e on the top surface of the tunnel. The elastic wave with the tunnel
has changed considerably from the free-field solution with Figure 18(a) showing a significant
enhancement of the minimum stress. Surprisingly, if failure is allowed, there is further enhancement
of the minimum principal stress as shown in Figure 18(b). However, the magnitude of the stress is
not large enough to cause axial splitting.

The situation is different at point f as indicated by the time histories shown in Figure 19. The stress
point that is monitored is within the rock slightly away from the tunnel surface. At this location, a small
tensile stress develops, and in conjunction with a significant compressive stress in a direction tangent to
the tunnel surface, cracking is predicted. The moment of initial cracking is identified with the sudden
drop in the tensile stress and occurs at the time indicated by the vertical line in Figure 19(b). The
combination of one tensile principal stress with a negative principal stress exists on segment B-C of
the failure surface of Figure 4(b). Thus, the failure at point fis close to axial splitting.

Finally, we show the results in Figure 20 for point g located at the lower left corner of the tunnel.
With the elastic solution shown in Figure 20(a), we see a large enhancement of both the maximum
and minimum principal stresses. On the other hand, when failure is allowed, both principal stresses
exhibit surprisingly large decreases in the minimum principal stress and become negative, as
indicated in Figure 20(b). The vertical line in Figure 20(b) shows when failure first occurs as
governed by segment C-D in the failure surface of Figure 4. The continued decrease in the
minimum principal stress suggests the possibility of additional failure. However, the maximum
principal stress also decreases slightly, and the failure surface of Figure 4 indicates that the value of
the minimum principal stress for failure decreases rapidly so that additional failure does not occur.
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Figure 18. Maximum and minimum stresses with tunnel as functions of time at point e.
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Figure 19. Maximum and minimum stresses with tunnel as functions of time at point f. The vertical line in-
dicates the initiation of the failure.
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Figure 20. Maximum and minimum stresses with tunnel as functions of time at point g. The vertical line in-
dicates the initiation of the failure.

The failure at point g occurs as a result of a biaxial compressive state, and considerable damage can be
expected in the vicinity of this point.

5.3. Solutions for problems S(1.5 ms) and S(6 ms)

Here, we look at the effect of shortening and lengthening the duration of the loading pulse to
tp=1.5ms and tp=6ms , respectively. Increasing the duration results in a proportional increase in
both the impulse and the energy imparted by the boundary condition. When decohesion is allowed,
Figure 21 provides plots of crack distributions and orientations at a time of t=7ms. The shorter
pulse provides much more cracking adjacent to the front face of the tunnel in comparison with the
pulse with a longer duration. The reason is that for a shorter pulse, the effective wavelength of the
compressive radial phase of the stress wave is also shorter. The peak of the reflected tensile wave
occurs at approximately half the wavelength and, hence, is closer to the face of the tunnel. Even
though the energy is less, the result of a more impulsive (short duration) pulse results in
considerably more cracking in the vicinity of the tunnel.

Figure 22 shows the stress as functions of time at points d, f and g for the two pulse durations. Both
Figures 21 and 22 suggest tensile circumferential failure at point d. The vertical lines in each frame of
Figure 22 for point d indicate the initiation of failure for each pulse duration. The shorter pulse duration
shows a second drop in stress around #=6ms, but this drop is due to unloading from a crack in an
adjacent element.

The situation at point f shown in Figure 22 is quite similar to Figure 19(b) where a small tensile
maximum principle stress combines with large compressive minimum principal stress resulting in
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Figure 21. Crack distribution and orientation in the vicinity of the tunnel at =7 ms where thin lines in the
plot denote cracks for [u,] > [u1o] and thick lines denote [u,,] = 10[ug].
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Figure 22. Maximum and minimum stress components as functions of time with the tunnel and decohesion
for several points and for two pulse durations. The vertical lines indicate the initiation of the failure.

nearly axial splitting. For the forcing pulse of shorter duration and at a later time, the compressive
stress decreases below —f;. so that additional axial splitting occurs. The splitting occurs at a later
time for the longer pulse duration. For point g (lower left corner), cracking occurs for both pulse
lengths, but for the shorter pulse duration, there is a much greater enhancement of the minimum
compressive stress after an initial failure surface is formed, and two cracks appear with different
orientations, but both due to biaxial compression. A similar crack appears at a later time for the
longer pulse duration.

The salient observation is that the reflected pulse from the tunnel free surface causes significantly
more damage closer to the tunnel as the pulse duration is shortened with the magnitude held constant.

5.4. Solutions for problems R(1.5 ms) and R(3 ms)

Finally, we consider a configuration, which, in the absence of gravity and with a 90° rotation,
represents a blast load directly above the tunnel. If decohesion is allowed, the crack pattern and
crack orientations for this rotated geometry are given in Figure 23 for two pulse durations. Now we
see that the fracture pattern is almost symmetric about the x—z plane with tunnel failures in the
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Figure 23. Crack distribution and orientation in the vicinity of the tunnel at #="7 ms for two durations of time
where thin lines in the plot denote cracks with [u,] > [u,] and thick lines denote [u,,] = 10[u].

region closest to the source and at points on the circular segment of the tunnel roughly where lines
through the origin intersect the tunnel tangentially. There are radial cracks at the tunnel apex, and
vertical cracks at a short distance to the left of the apex, with a sheltered, crack-free region in

between. The vertical cracks are closer to the tunnel for the pulse of shorter duration. These general
features are also observed with the previous orientation.

Stress components as functions of time are shown for points d and fin Figure 24. These results are
analogous to those for the corresponding points in the original configuration shown in Figure 22(a) for

tp=1.5ms, and Figures 17(d) and 19(b) for =3 ms. With this current configuration, there is no
corner to provide an additional region of potentially significant damage.
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5.5. Energetics

When one looks at the fracture fields, a natural question is how much work is used to form the cracks.
Figure 25 summarizes the energetic aspects of the failure process for one of our simulations.
Specifically, the graphs summarize the energy components as functions of time for the tunnel
configuration sketched in Figure 1, with a pulse duration of 3 ms and a mesh size of #=0.25m. The
failure process for this case is discussed in Sections 4.6 and 5.2.

The work applied to the system as a function of time is

W (1) = 2r0) o, () vdi (34)
0

in which v is the radial velocity at the cylinder wall and o() is the prescribed traction at the cylinder
wall given in equation (1). The wall is located at ro=3 m. Because we use a jagged representation of
the cylinder boundary, this input energy per unit area is estimated by using the computed energy in one
element of the simulation and multiplying by 27zr,, assuming symmetry. The failure energy, W(?), is
given in equation (17). It is computed by summing the contribution from each material point in the
domain. For comparison, the figure also shows the total kinetic energy, K(f), and total strain energy,
S(#), as functions of time. These energy components are also computed by summing over the
material-point contributions. The failure energy is an order of magnitude smaller than the input
energy. Thus, there is more than enough energy supplied to the system to cause the observed and
continued fracturing. For this example, the failure energy is still increasing at t=8 ms. If the input
energy is lowered by decreasing o in (1), the failure energy reaches a maximum and remains
constant thereafter.

6. SUMMARY

This study attempts to isolate the key features that would help determine the susceptibility of a tunnel
to failure due to a blast. Several simplifying assumptions are made with the most important ones being:
(1) the problem is reduced to plane strain through the use of a cylindrical charge with axis parallel to the
tunnel, and (ii) the explosive pressure—time relation is replaced by a single compressive pulse. The
great advantage of the latter assumption is that elastic wave propagation can be used to identify
crucial attributes of waves in cylindrical geometry and their reflections off a free surface. One
property of reflected waves is that the tensile part of the component of stress tangential to the free
surface is enhanced. A second property is that the compressive part of the stress normal to the free
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Figure 25. Plots of energy as a function of time.
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Figure 26. Sketch of points near a tunnel most likely to be damaged.

surface reflects as a tensile wave and reinforces the tensile tail. Both properties provide the potential for
crack initiation if the enhancement is large enough.

There appear to be three major zones of significant cracking in the vicinity of a tunnel. These areas
are shown in Figure 26. The first region, identified as d, contains cracks that are formed as a
consequence of the properties near the free surface described earlier. The tensile stress parallel to the
tunnel wall forms cracks that extend perpendicularly from the tunnel wall. The left side of this
cracked region also contains cracks parallel to the tunnel wall, and these cracks are formed by the
tensile normal stress perpendicular to the tunnel wall. These parallel cracks form at a distance from
the tunnel wall that roughly corresponds to the wavelength determined by the duration of the
loading pulse. For loading pulses with shorter durations, the region can extend down to the corner
identified as g. The cracks in this region may not cause the failure of a tunnel wall, but it would be
a region of considerable weakness for any subsequent blast load.

The other two regions are roughly at the tangent points, f and g, formed by rays drawn from the
closest point of the blast surface. If point f lies on the surface of the tunnel, the in-plane stress must
be a normal component tangent to the surface. This stress is generally negative and large and
therefore can be a source of axial splitting. If point f lies slightly away from the surface, a small
tensile principal stress normal to the surface can develop. The combination of the two principal
stresses can cause failure at a value of the compressive stress smaller than the value required for
axial splitting.

The region identified by the point g experiences biaxial compression with a relatively large value for
the minimum principal stress. One source of stress enhancement at the corner is the interaction of the
elastic wave with the corner. However, and somewhat surprisingly, there is a further enhancement
when fracture is allowed to occur (and also for point f). Because of the effective change in
constitutive properties, this enhancement might be due to refraction. Based on the failure surface
shown in Figure 4(b), the failure in biaxial compression is mixed mode. Not surprisingly,
considerable damage can be expected in the vicinity of the corner.

The use of the MPM with decohesive failure provides the means for obtaining an overall picture of
material failure in the vicinity of a tunnel due to an impulsive load at some distance from the tunnel. A
significant aspect of the numerical approach is the capability to predict more than one fracture in any
element. Figure 26 provides a quick engineering indication of which zones might be most vulnerable.
One point worth emphasizing is that the use of a simpler failure model, such as the Rankine maximum
principal stress criterion, would not predict failure at points f and g. An important additional benefit of
the proposed approach is that the decohesive history parameters are stored, so that after one loading
event, the damaged state is known and can be used as an initial condition for numerical analysis of
a subsequent disturbance.
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