


A NUMERICAL INVESTIGATION OF A METHOD FOR STRESS WAVE
MEASUREMENT IN ROCK

Thomas Cooper Gert Bjarnholt

DS 1981:2 1981-04-07

ABSTRACT

An alternative to strain gauge methods for measuring stress

waves in rock is to measure the response in a water filled

bore hole. A lagrangian finite difference computer code has

been used to investigate the difficulties associated with the
method. An idealized plain strain case (infinitely long bore

hole) has been studied. Curves for pressure and particle velocity
versus time in thé bore hole are compared with the corresponding
curves on the original stress wave. The computations show that the
method is feasible for measuring the peak pressure of the stress
wave.



Introduction

One way of measuring stress waves in rock is to measure the response

in a water filled bore hole situated in the rock. As water transmits
pressure waves only, we will lose details of the stress wave in the rock,
but the method holds important practical advantages such as: Under

field conditions it is often difficult to install accelerometers or
strain gauges in the rock. A comparison with a strain gauge method

/1/ showed that measuring indirectly through a water intermediate gave
better reproductibility under practical conditions.

There are, though, obvious difficulties connected with the method.

Due to the different impendancies of the rock and the water the
amplitude of the wave may reduce by a factor 3 to 5. There will be
reflections within the bore hole. These may interfere with the main
wave as the measurement probe has a limited time resolution. As the
wave in the rock is (assumed to be) plane while the bore hole is
circular, the signal will enter the water gradually. This may influence
the wave form.

The difficulties counted up above will transform the original wave in
the rock, and making it, perhaps, impossible to reconstruct this wave
from the measurement data.

To investigate the matter we have made a numerical simulation of an
idealized case. The incident wave has been plane, coming from infinity
and with the wave front parallell to the bore hole. This in its turn
extends to infinity in the axial direction.

Making a mathematical calculation has the advantage of giving clean,
clear-cut cause-effect relations. This is all important here, where
we want to investigate the effect in the bore hole from the "causing"
wave in the rock.



Problem Setup

We have modelled the area shown in figure 1. The problem extends

to infinity in the direction normal to the paper. This gives us a
case of plain strain with two varying space coordinates. Due to
symmetry it suffices to compute the area to the right of the broken
line. The computations have been made with the two-dimensional
Lagrangian finite difference code described in reference /2/.

The measurements are assumed to take place at the centre of the bore hole.

This position will for the continuation be referred to as the gauge.

The continuum boundaries are intended to model an extension of the
material to infinity. The behaviour of the boundary is not perfect,
though, and a wave that reaches the boundary will send back a reflected
signal. A similar point holds for the Tower prescribed boundary -

the incident wave should change its shape when the signal from the

bore hole goes in the negative y direction. The gauge will feel

the erroneous boundary conditions when the incoming wave has reached

the bore hole, been reflected off this, gone to the nearest of the three
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Figure 1. The problem setup.



boundaries, been reflected off this boundary and gone back to the
gauge. For the basic case described below this time will be about

50 us. A1l the time plots in this report has been cut so that only
the valid part is shown. Some of the contour maps will, though, show
influence from the boundaries.

In figure 2 we show a contour map of the y stress and a velocity map,
from a typical computation. Note that we in this report count stresses
positive in compression. In the velocity map the stars signify areas
where the rock has yielded.
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Figure 2. Contour map for the y stress (left) and velocity map
(right), the blot signifies the start of the vector.
The stars above and below the bore hole in the velocity

map indicate yielding.




With the pressure dependent yield stress we use, the rock will yield

at the y-axis due to the fairly low hydrostatic pressure here. At the
x-axis one gets a raise of the stress instead. This result is consistent
with the analytieal solution for an empty hole in a material under
compressional stress in the y-direction. The shock wave front is situated
near the upper boundary. The distance between the 100 bar and the 1.3
kar 1line indicates the smearing that shock fronts experience from

the computational method, but it does not indicate the accuracy of

the method. The so called artificial viscosity method for shock wave
calculations that we use here smears the sharp gradients, but conserves
the general properties of the flow, such as the propagation velocity of
the wave and the steady particie velocity behind the front.

Computations

We have computed a basic configuration and then made variations from
this. The following data were used for the basic case:

Water Rock
density 1. 2.62 g/cm3
bulk modulus .022 .263  mbar
shear modulus fluid .294  nmbar
flow model - yield stress = .0012+.0182P/(.00455+P) mbar
»P pressure, Von Mises model
Tower limit 0. -275. bar
for pressure
applied wave _the boundary velocity prescribed to .001 cm/us

in the positive y-direction (steady),

from the Rankine - Hugoniot conditions /3/
one can calculate the peak pressure
(steady also) to be 1.3 kbar.

From this basic case we have made the following variations, one at
a time:
5 times stronger applied wave

a 50% reduction in the sound speed of the rock, here we have



Here we have studied a bore hole that extends to infinity. It would be
interesting to study the influence from the free surface at the top of
the bench. That is a three-dimensional problem, though, that we cannot
model. We have therefore instead modelled the infinite s1it problem
shown in figure 15. Other data is the same as for the basic case above.
In figure 16 we show ve]ocity_vectors plus yield data at 75 us. The
yielding at the left and right boundary is due to the boundary conditions
rather than the physics.

In figures 17-19 we show pressure versus time as sampled: near the free
surface, at the middle of the slit, and near the bottom of the slit.
The x value was in all three cases zero. These curves should not be
compared to the curves above for the bore hole, as the geometrical
conditions are quite different here.
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Figure 15. The slit problem layout.
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caused by the numerical method.
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Figure 17. Pressure versus time as sampled near the top of the slit.
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Discussion

Considering the stress wave we see that the response is fairly linear on
variations of the strength and the wave form of the applied wave. The

second large maxima at 45 us in figure 5 is relatively stronger compared

to the basic case, though. Figure 8 indicates that one is fairly independent
of the wave form if one measures on the first peak. Changing the sound
velocity of the rock (figur 7) seems to be the worst case as the wave

form changes also for the first peak.

For the particle velocities in figures 9-14, we have similar conclusions -
a varying sound velocity again being the worst case.

For the reconstruction of the peak pressure in the rock from the
measured pressure in the water, we need some formula relating the two.
For the transmittance of elastic waves throgh a plane interface between
two media we have:

Pt = 2Pi/(1+z), Z = piCi/ptCt.

i = incedent wave, t = transmitted, for the
sound velocity C we have C? = (K+§G)/p,

K = bulk modulus, G = shear modulus.

Calculating the transmitted wave for the basic case (figure 4) we get

Pt = ,264 kbar using Pi = 1.3 kbar. For the reduced sound velocity
case (figure 7) we get P, =.480 kbar, Py = 1.3 kbar - We can conclude
that this plane interface formula predicts the peak pressure excellently,
and there is no bore hole geometry factor or like. We note that this
implies that the peak pressure in the water will be independent of

the shape of the incident wave (i.e. only dependent on the peak pressure
of this wave).

Considering the influence from the free surface, it is readily obvious
from figures 16-19 that the measurement is affected only very near to
the free surface.



Conclusions

The computations show that the outlined method for measuring stress
waves in rock is promising. We have found that the equation that

relates the transmitted wave pressure to the incident wave pressure for
a plane interface holds also for the first peak in the case of a curved
interface. We can expect to be able to calculate the peak pressure in
the rock from the measurement in the water with this equation. On the
other hand, the computations show that the original wave form is
generally lost.
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