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ABSTRACT: Cross-hole ultrasonic measurements were made in the immediate wall of the Air Intake Shaft of 
the Waste Isolation Pilot Plant facility. These measurements show that compressional wave speed markedly 
decreases at the shaft wall and then increases with radial distance from the shaft to eventually become that of 
solid or undamaged salt. This behavior is indicative of deformation damage or microfractures in the salt. These 
in situ data are compared to both laboratory measurements of wave speed as a function of volume dilatancy and 
to calculations based on the Multimechanism Deformation Coupled Fracture model, with reasonable agreement. 

1 INTRODUCTION 

One of the most challenging areas of technology is the 
understanding of the fracturing process. When this 
process inclides the effects of time-dependent defor- 
mation or creep on the development of fracture as ap- 
plied to the disposal of radioactive waste in bedded 
natural salt deposits, such as proposed for the Waste 
Isolation Pilot Plant (WIPP) Project, the challenge is 
significant. In this case, the fracture process generates 
microfractures in the salt around the shaft sealing sys- 
tems which are necessary for the permanent sealing of 
the facility. Potentially, these microfractures can lead 
to increases in permeability and the deterioration of 
sealing system integrity. Thus, proper design of the 
sealing system must account for the fracturing process 
through prediction of the evolution of microfracture 
with time, well into the future. 

Over the years, a number of models have been de- 
veloped to describe the fracturing process around un- 
derground openings. While most of these models are 
applicable to hard rocks, a number have addressed salt. 
Stomont et al. (1992) proposed a stress based, time- 
independent fracture model for WIPP applications that 
calculates the quasistatic stress and strain response with 
dilation (volume strain) and relates this to permeabil- 
ity changes. Cristescu (1993) developed a model of 
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salt creep and fracture using nonassociated plasticity 
and viscoplasticity together with a strain energy crite. 
rion for fracture. Aubertin et al. (1991) developed con- 
stitutive descriptions of tertiary creep based on a uni- 
fied creep-piasticity approach and damage evolution. 
A model of creep and damage evolution to describe all 
stages of creep was developed by Chan et al. (1994) 
specifically for WIPP application. The constitutive 
model, referred to as the Multimechanism Deforma- 
tion Coupled Fracture (MDCF) model, is based on a 
coupled micromechanical description of creep and 
evolution of microfracturing. It utilizes both the de- 
formation mechanism and fracture mechanism maps 
as the foundation for model formulation. The creep 
and microfracture strain rates are additive. Tertiary 
creep is described through a pressure dependent evo- 
lutionary equation for the damage. The coupling in- 
cludes a strain rate effect on fracture strain and a frac- 
ture area effect on the effective creep stress. 

In this work, damage predictions determined by the 
MDCF model are compared indirectly through labo- 
ratory data to in situ ultrasonic wave speedmeasure- 
ments obtained in the salt around the Air Intake Shaft 
(AIS) of the WIPP. The goals of this work are (1) to 
evaluate the accuracy of the MDCF model and (2) to 
infer the damage levels around the AIS. 
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2.1 Construction 

The AIS was constructed beginning in December, 1987 
and was completed as an outfitted shaft some 10 months 
later. Details are given by Munson et al. (1992). The 
method of construction was by raise boring in one pass 
from a 368 mm (14.5 in.) pilot drillhole to the 6.2 m 
(20.33 ft) final shaft diameter. The shaft extends from 
the surface to the shaft station at a depth of 655 m (2150 
ft). From about 268 m (880 ft) to the final shaft depth, 
the shaft is in a bedded evaporite deposit consisting of 
major layers of either clean or argillaceous (contain- 
ing clay) salt and minor layers of anhydrite and 
polyhalite, often with interbeds of clay and anhydrite. 
Because of the method of construction, there was es- 
sentially no collateral construction damage to the salt 
in the shaft wall. As a result, any accumulation of dam- 
age with time would be expected to be caused only by 
the creep closure of the shaft. After the shaft was out- 
fitted, a number of in situ experiments were imple- 
mented, including a series of permanent installations 
of ultrasonic transducers which produced the in situ 
measurements used in this work. 

2.2 Ultrasonic In Situ Measurements 

The in situ experiment is composed of arrays of ultra- 
sonic, piezoelectric transducers installed at three dif- 
ferent instrument stations in the shaft. The station 
depths were nominally 343, 480, and 626 m (1125, 
1575, and 2055 ft). Each transducer array consists of 
40 transducers emplaced in three 15.2 m (50 ft) long 
boreholes. As Figure 1 indicates, the boreholes were 
arranged in an “L,” pattern, slanted upward at an angle 
of 45” into the salt. This configuration allows cross- 
hole propagation of elastic waves tangential, perpen- 
dicular and parallel to the axis of the AIS. 

Individual transducers are stainless steel housings 
containing piezoelectric elements. The curved exter- 
nal surface of the housing is held tightly against the 
matching curvature of the emplacement hole by an in- 
ternal spring. To aid in coupling the ultrasonic energy 
into the rock, a small quantity of grease was injected 
between the housing and the wall of the emplacement 
hole during installation. Compressional (P) waves are 
generated and detected by identical 18 mm (0.71 in.) 
diameter ceramic piezoelectric elements, with an un- 
mounted resonance of 300 kHz, epoxy-bonded to the 
inner surface of the transducer housing. 
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Figure 1. Schematic of in situ ultrasonic experiment. 

Because access to the AIS is normally difficult, the 
monitoring of the array is done remotely. This permits 
the ultrasonic transit times to be measured frequently, 
i.e., monthly over the several years of test duration. 
All signals have to be transmitted from the transducer 
locations down the shaft to an instrument _shed near 
the base of the shaft. A switching matrix was designed 
and installed at each instrument station level using 
coaxial relays to allow individual transmitters and re- 
ceivers to be selected, without the necessity of provid- 
ing an individual cable for each transducer. In opera- 
tion, the system is used to select any transducer in the 
borehole corresponding to the “knee” of the “L,” as a 
transmitter and any transducer in the other two bore- 
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holes as a receiver. k practice, only those transducer 
pairs that lie on lines radial, tangential, or parallel to 
the shaft axis are used. 

Based on previous experience in studying disturbed 
rock zones around drifts at the WIPP site (Holcomb, 
1988), an accuracy of 1% was desired for the velocity 
measurements. To achieve that accuracy, the path 
length between transmitter and receiver has to be de- 
termined to an accuracy better than l%. As the spac- 
ing between holes is nominally 1500 mrn (5  ft), the 
position of the transducers has to be known to within a 
few millimeters. It was not possible to control the angle 
of the holes well enough to meet the required toler- 
ances; therefore, an optical survey was used to deter- 
mine the orientation of each hole axis. By combining 
the surveyed hole orientations with the known trans- 
ducer emplacement depths, an acceptable three-dimen- 
sional position of each transducer was established from 
which path lengths were calculated. 

2.3 Results 

The experimental arrangement permits compressional 
wave velocities to be calculated from the P waves 
propagated between transducers at the various depths 
into the salt. In this way a rather complete picture of 
the change in mechanical behavior, as measured by 
the decrease in wave velocity, can be obtained. In Fig- 
ure 2, the normalized wave velocities for waves propa- 
gated tangentially and radially to the shaft axis are plot- 
ted against the distance away from the shaft wall. These 
data are taken at the 626 m (2055 ft) station at a time 
of approximately 6 years after shaft excavation. The 
wave velocities have been normalized to the approxi- 
mately 4.5 km/s velocity obtained at the deepest part 
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Figure 2. In situ wave speed measurements. 

of the hole, since this should be in undamaged salt, 
The loss of the shaft cable to the two upper stations 
severely limited data from these stations. Fortunately, 
the maximum damage accumulation is expected from 
the lower station, which is reported here. 

These data are of particular interest in that the ra- 
dial and tangential wave speeds show a drop in veloci- 
ties at the shaft wall, which then increase with depth 
into the salt. The axial (vertical) velocities, which for 
clarity are not shown, have a similar but less pro- 
nounced trend within the band of the data. Since crack 
opening causes the wave speed to decrease, these re- 
sults are a clear indication that cracks are opening at 
least in the radial and tangential directions, and prob- 
ably equally in the axial direction as well. All the ve- 
locities, especially the axial velocities at depth, are com- 
plicated by the effects of the stratigraphy. Recall that 
the holes are slanted upward, so that the holes pass 
diagonally through the stratigraphy which at this sta- 
tion means that the hole intercepts not only the argilla- 
ceous salt layers but also a major anhydrite layer 
(Marker Bed 136) between the radial distances of 3-04 
- 7.62 m (10 - 25 ft). Over this interval the wave ve- 
locities nearly increase to the 6.0 km/s typical of an- 
hydrite. At the total hole depth of 10.67 m (35 ft) or 
3.4 shaft radii, the hole is again in a salt layer and the 
wave velocity has essentially returned to that of solid, 
undisturbed salt. In fact, it appears after careful ex- 
amination of the data that the wave velocity has re- 
turned to that of solid salt at a radial distance of ap- 
proximately 2.3 m ( 7.6 ft) or 0.7 shaft radii, which 
indicates that the deformation induced damage does 
not extend beyond that depth. Because this distance 
is nearing the depth of the beginning of the anhydrite 
bed at a radial distance of 3.04 m‘(10 ft), the wave 
velocities may be abnormally increased and mislead- 
ing. In any event, the data suggest that the extent of 
the damaged rock zone, at 6 years, is certainly less 
than 1.0 shaft radii, and probably only 0.7 radii. 

3 LABORATORY TESTS AND DATA 

Brodsky (1990) performed a series of laboratory tests 
on cylindrical specimens of solid, clean salt from the 
WIPP to determine specific details of deformation and 
fracture formation. Initially, the specimens were “con- 
ditioned” by holding them at a high confining pres- 
sure for a week, as has now become standard practice, 
to eliminate preparation induced damage. Then, in the 
tests, the specimens were loaded quasistatically to axial 
strains between 0.5 and 1.5% with the concurrent mea- 
surement of ultrasonic velocities in both the axial and 
radial directions. Confining pressure was maintained 
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. at 0.5 MPa w ~ l e  the k i a l  stress was applied at a con- 
stant axial strain rate. 

All ultrasonic transducers were housed in 3 1.75 mm 
(1.25 in.) diameter stainless steel casings and had 
unbonded resonant frequencies of 1 MHz. The wave 
velocities showed decreases with increasing specimen 
strain primarily in the radial direction but also in the 
axial direction. The previously unpublished wave 
velocity vs. dilatant volume strain data are plotted in 
Figure 3, with the normalizations based on the initial 
wave velocities. As could be expected, the wave 
velocity decreases as the strain increases. At 1 % axial 
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Figure 3. Laboratory wave speeds in damaged salt. 

strain, radial velocities decrease by between 3 and 11 %, 
while axial velocities decrease by only 2 to 3%. In the 
laboratory, microfractures open primarily perpendicular 
to the direction of maximum applied compressive 
stress. In this case, the maximum stress is axial and 
cracks predominantly opening radially caused the radial 
velocities to be most affected. However, these same 
microfractures also have a component in the axial 
direction that is not suppressed by the axial compressive 
stress. As a result, all of the microfractures contribute 
to the scalar dilatant volume strain, regardless of 
orientation. The situation is made more complicated 
because of a secondary effect in which the crack 
opening in one direction is coupled to produce changes 
in the two orthogonal directions. Thus, when a 
microfracture opens normal the plane containing it, a 
slight change in crack opening occurs in the orthogonal 
directions. Because the wave speed in any direction is 
influenced by the area of the plane affected by the crack, 
wave speed changes in the crack opening direction are 
accompanied by slight changes in the orthogonal 
directions induced by the coupling. In magnitude, 
coupling amounts to only a few percent of the direct 
wave velocity change. 

It is assumed that radial velocities of the cylindrical 
specimens in the laboratory are radially symmetric. 
This suggests that the cracks are opening in all radial 
directions. This is in contrast to the more isotropic 
opening directions of the microfractures in the shaft. 

4 MDCF FRACTURE MODEL 

The MDCF model is based on the Multimechanism 
Deformation (M-D) model of continuum salt creep 
(Munson et al. 19891, with the fraeture fully coupled 
to the creep model (Chan et al. 1994). Both the creep 
and fracture contribute to the deformation strain, al- 
though in most applications the fracture contribution 
is small compared to the creep strain. The creep model 
is developed from the deformation mechanism map for 
steady state creep with transient creep given in terms 
of a state parameter modifying the steady state creep 
behavior. The state parameter models the long dura- 
tion transients associated with stress loading and un- 
loading. Similarly, the fracture model is developed 
from a fracture mechanism map, accounting for the 
stress-rupture, brittle intergranular fracture, and cleav- 
age modes of fracture. Damage evolves with time to 
produce a damage-induced, nonassociated inelastic 
deformation. 

Although limited space prohibits a full derivation 
of these models, the important features for this work 
will be given. The M-D model retains the form pre- 
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sented by Munion et 4. (1989) except that it is coupled 
through a replacement everywhere of the stress, 0, with 
the term o/( 1-a), where o is the damage. This term 
then accounts for the decrease in load-bearing area in 
the damaged material. The argillaceous nature of the 
salt beds is automatically accounted for in the M-D 
model when the creep parameters for argillaceous salt 
are used (Munson et al., 1989). The clay content of 
the argillaceous layers may be as high as 5%, but the 
typical content is 2.5-3.5% clay (Stein 1985). 

The fracture aspects are as given by the MCDF 
model (Chan et al. 1994) in which the coupling in- 
volves a fracture strain rate which incorporates the M- 
D creep transient function. However, to properly ac- 
count for the clay content of the argillaceous salt, be- 
cause the model parameters are specifically for clean 
salt, some modification is necessary. This involves 
replacing all of the stress terms given as B by B/[ 1-p] 
in the MDCF model in a similar manner used previ- 
ously for creep, where p is the volume fraction of clay. 
In addition, the influence of clay on the equation for 
equivalent stress due to damage must be modified, as 
follows: 

where x2, xg, and x7 are material constants, and pi is a 
constant with a value of 28 as determined from triaxial 
creep tests. I1 is the first stress invariant, 01 and 03 
are the maximum and minimum principal stresses, re- 
spectively. The fracture model parameters are those 
given by Chan et al. (1994). 

The MDCF fracture model is incorporated into 
SPECTROM-32, a finite element program for analyz- 
ing two-dimensional and axisymmetric thermome- 
chanical problems using finite or infinitesimal strain 
solutions (Callahan, 1994). This code accommodates 
multiple materials to simulate bedded layers, and slip 
lines to simulate interbeds. 

5 CORRELATION ANALYSIS 

MDCF model calculations of the generation of the dis- 
turbed rock zone were made using a “pineapple slice” 
physical model of the A IS closure assuming the mate- 

rial is argillaceous salt. In this calculation, the clay 
content of the salt becomes a free parameter, adjust- 
able up to 5%. The nonassociated model calculation 
of damage at a time of 6 years after excavation gives 
the amount of volume strain directly. However, the 
field variable measured is the change in wave speed. 
To make a correlation requires a relationship between 
volume strain and wave speed. This relationship is 
obtained from the laboratory quasistatic tests. 

In any correlation analyses, we are trying to com- 
pare measures of damage derived from laboratory ex- 
periments, in situ measurements, and model calcula- 
tions that are not directly comparable. The basic prob- 
lem arises because the calculated damage is a scalar 
(volume strain), but the effect of damage on wave ve- 
locity is vectoral. As noted previously, the in situ dam- 
age appears to be nearly isotropic. In the laboratory 
experiments, the damage is the result of opening of 
cracks whose normals are oriented in all directions, 
but primarily radially. As a result, an adjustment must 
be made to relate the measured velocities to the calcu- 
lated volume strain for the situations of in situ and labo- 
ratory crack orientations. Based on experimental evi- 
dence, Soga et al. (1978) suggest that the directional 
effects of crach on wave velocities can be summed. 
Paiu (1980) has developed a theoretical substantiation 
of this result. As a result, the isotropic cracks can be 
estimated to decrease the directional wave speeds by 
1/3 the summed effect of an equal volume of cracks 
produced in the laboratory triaxial tests. The radial 
symmetry of the laboratory results are resolved into 
orthogonal contributions of equal magnitude, which 
produce twice the radial effect alone. The summation 
to account for the isotropic distribution of crack 
normals is: -. 

6V,,= 113 (26V,, + We,) 
where the changes in the P wave velocities are denoted 
by subscripts for the isotropic, radial, and axial, re- 
spectively. The ignored coupling effects are expected 
to alter (decrease) the sum by only a few percent. 

The relationship produced by this operation is 
1/3(2r +a) and labeled “iso” in Figure 3 (actudly a range 
because of the uncertainty in the laboratory data). This 
was used to relate the normalized wave velocities to 
the model calculations of volume strain in the damage 
zone around the AIS. 

The calculated results can be compared in the same 
figure to the measured in situ results. The model cal- 
culations of volume strains at a normalized radius of 
0.2 give about 0.001 to 0.003 for the upper and lower 



1.2 

it 
3 
Y 
$ 1.0 

zi 1.1 

W > 

0 
W 
I?! 
z! 2 0.9 

4 

0.8 

TM- 143 1 1-1 

VOLUME 
STRAIN 
VALUES 

a 
a 

I 4 0 . 0 0 3  

BASED ON 'iso' CURVES 

0 0  INSITUDATA 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

DISTANCE (SHAFT RADII) 

1.4 1.6 

Figure 4. Comparison of in situ ultrasonic equivalent 
of damage against MDCF model calculation. 

extremes of the range, respectively. These calculated 
volume strains appear to be equivalent to the volume 
strains deduced from the in situ results. Considering 
the technical difficulty of the calculation of damage as 
well as of the in situ measurements, the ability to 
achieve this degree of agreement is believed be note- 
worthy. However, it is clear that further improvement 
is required to produce a refined predictive technology 
for the creep induced damage in salt. In particular, the 
uncertainty in laboratory data must be decreased and 
the method of estimating the laboratory wave speed 
conversion from two to three dimensions must be fur- 
ther examined. In general, regardless of the uncer- 
tainties, both the model calculations and in situ results 
suggest the maximum volume strain is considerably 
less than 1% and decreases markedly within a distance 
of 0.7 shaft radii into the salt. 

6 SUMMARY 

Perhaps one of the first quantitative comparisons is 
given here utilizing the laboratory based MDCF model 
of creep induced damage and independent in situ mea- 
surements of damage. The results are both reasonable 
and encouraging, although not yet as precise as might 
be desired. The modeling results indicate that the dam- 
age levels are small, perhaps involving only some frac- 
tion of a percent of volume strain, which diminishes 
rapidly with radial distance into the salt around the 
shaft. 
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