
a;

WM DOCKET CONTROL
CENTER

'86 AL28 P 337

ITASCA
Consulting Group, Inc.

25 July 1986

David Tiktinsky - SS623
U.S. Nuclear Regulatory Commission
Division of Waste Management
Washington, D.-C. 20555

"NRC Technical Assistance
for Design Reviews"
Contract No. NRC-02-85-002
FIN D1016

Dear David:

Enclosed is the review of the document "The State of In-Situ
Stresses Determined by Hydraulic Fracturing at the Hanford Site"
by Kunsoo Kim, Steven A. Dischler, James K. Aggson, and Michael
P. Hardy (RHO-BW-ST-73P). Please call me if you have any ques-
tions.

Sincerely,

Rog
Project Manager

cc: J. Greeves, Engineering Branch
Office of the Director, NMSS
E. Wiggins, Division of Contracts
DWM Document Control Room

Encl.
rdh/ks

m n- RE

a*T Sc 2

WM Project AQ, I.4le_,
Docket No._ _

4 PDR--i,-COS
LPDR P~~Li4

Distribution:
T C+,-;,jS ku _I

6608050420 660725
PDR WMRES EECITAS
D-1016 PDR

(Return o WM, 23-SS)
Ji .

P.O. Box 14806 * Minneapolis, Mnnesota 55414 * (612) 623-9599



ITASCA DOCUMENT REVIEW

File No.: 001-02-21

Document: "The State of In-Situ Stresses Determined by Hy-
draulic Fracturing at the Hanford Site" by Kunsoo
Kim, Steven A. Dischler, James K. Aggson, and
Michael P. Hardy (RHO-BW-ST-73P)

Reviewer: Itasca Consulting Group, Inc.
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Sianificance to NRC Waste Management Program

This document reviews the present knowledge of the in-situ state
of stress at the Hanford site and recommends values to be used in
future design and performance assessment activities. The state
of stress at the site and its implications toward pre- and post-
closure repository performance is one of the critical issues
identified in the Final Environmental Assessment (FEA). The val-
ues recommended in this report will control, to a great extent,
the structural design of the repository and its performance.

Summary of the Document

This document reviews the hydraulic fracturing stress measurements
made at depth from surface boreholes drilled within the Hanford
site. In addition, in-situ stress-related phenomena (such as mi-
croearthquake swarms, core disking, and borehole spalling which
occur within the Pasco Basin) are reviewed with reference to the
hydraulic fracturing measurements.
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The general conclusions of the report are as follows.

1. The maximum principal stress is horizontal and
oriented in a north-south direction. The inter-
mediate stress is horizontal in an east-west di-
rection, and the minimum principal stress is ver-
tical.

2. The stress directions are consistent with focal
plane solutions from shallow seismicity, east-west
spalling of boreholes, and the fold structures at
the site.

3. The estimated maximum and minimum horizontal stress
magnitude at the repository horizon for all hy-
draulic fractures at the candidate horizon are:

0Imax = 61.1 i 5.4 MPa

0Hmin = 33.8 ± 2.7 MPa

The estimated maximum and minimum horizontal stress
magnitude at the repository horizon from tests
within the Reference Repository Location (RRL) are:

OHmax = 61.1 ± 4.9 MPa

0Hmin = 33.4 ± 2.7 MPa

4. The stress ratios resulting from this data are con-
sistent with theoretical calculations of the core
disking phenomena on the site.

5. Hydraulic fracturing measurements within the RRL and
within the Grande Ronde candidate horizon indicates
little variation laterally with depth or basalt
flow.

6. The recommended design stress levels for the
Cohassett Flow are:

aHmax = 61.5 MPa, north-south

0Hmin = 32.8 MPa, east-west

av= 24.2 MPa
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Several problems exist with the measurements or methods of analy-
sis. Stress measurements were made only in areas with minimal
fracturing and without the presence of sidewall slabbing. The
presence of sidewall slabbing could indicate higher stresses.
Therefore, choosing unfractured or spalled intervals may bias the
results. Fracturing was performed only in the entablature of the
Cohassett Flow. No data are obtained for colonnade or the inter-
ior vesicular zone. Only five measurements of stress in three
holes have been performed in the Cohassett Flow. Although the
standard deviation of these measurements is low, five measurements
do not provide a statistically valid base of data. There is some
controversy as to whether or not pore water pressures should be
accounted for in the analysis of hydraulic fracturing data in hard
rocks (Pine, 1983; Hickman and Zoback, 1982). The use of a pore
water pressure term decreases the calculated value of the prin-
cipal stresses. Therefore, the values reported in this document
for design may not be conservative. The stresses have been re-
calculated assuming a zero pore pressure and are presented in
Appendix C of the report. With this assumption, the average of
the maximum horizontal stress in the Cohassett Flow is roughly 10
MPa higher-or over 70 MPa. The horizontal-to-vertical stress
ratio also increases within the range of 2.5 to 3.0.

In general, the report does a good job of presenting the available
data, both quantitative and empirical, which relate to in-situ
stress at the Hanford site. The data base for measurements is
small and primarily relates to the Grande Ronde flows within the
Reference Repository Location (RRL). Only seven tests from holes
DC-4 and DC-12, outside the RRL, are given. In addition, many
measurements have been discarded for which no data are presented.
For the data given, the standard deviations in the magnitude are
quite small, and the directions are consistent. Thus, even though
the data base is small, there is a high probability that the cal-
culated stresses are representative of those at the repository
level within the RRL. It is not possible to make conclusions con-
cerning the validity of the stresses either laterally or verti-
cally within the RRL or across the Hanford site. There is nothing
geologically to suggest, however, that the stresses should vary
radically, laterally, across the site. There is also no data to
support Rockwell claims that the horizontal stresses should be
significantly less within the interior vesicular zone (DOE, 1986).

We suggest that additional stress measurements be conducted in ex-
isting holes across the site, if possible. These measurements
would establish the lateral and vertical variability of the stress
state. As a minimum, additional stress measurements should be
conducted within the Cohassett Flow to examine vertical variabil-
ity of stresses across intraflow structures.
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Investigation of hydrofracturing of the interior vesicular zone
should also be made. This is of particular importance since the
decision in the FEA (DOE, 1986) to allow excavation within the
vesicular zone is based, to a certain extent, on a lower horizon-
tal stress within this zone (Barton, 1986).

Finally, the suggested design values of stress are inappropriate
because they represent the average stresses calculated from re-
opening pressures, including the pore pressure. It is prudent for
conceptual design to use conservative ranges of stress. This in-
volves assuming the zero pore pressure presented in Table C-2 of
the report. From the five Cohassett measurements given in this
table, the following statistics may be calculated:

OHmax = 70.3 i 6.0 MPa

OHmin = 32.8 i 2.2 Pa

a = 24.2 ± 1.1 MPa

Therefore, for a 2 standard deviation spread, the most
conservative range is:

58.3 < Hmax < 82.3 Pa

28.4 < Hmin < 37.2 Pa

22.0 < v < 26.4 Pa

2.2 < Hmax/Gv < 3.7

1.5 < zmax/vKmin < 2.9

The present conceptual design may be significantly different if
the above values are used. The BIP program should re-evaluate
their conceptual design based on these more conservative values.
This further points to the necessity for reliable stress measure-
ments by overcoring within the ES facility.

Problems, Limitations and Deficiencies

Intense interest in measurement of the in-situ stress state at the
Hanford site has occurred since observation of extensive disking
of diamond drill core in the late 1970s. The presence of core
disking and spalling of borehole walls has lead to the speculation
that construction of the repository may be troubled by severe
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ground control problems such as excessive deformation, spalling
and rockbursting. In the following discussion, the observational
background which supports the stress measurements is discussed, as
well as the measurements themselves and their implications for re-
pository performance.

OBSERVATIONAL INFORMATION RELATING TO STRESS

The document reviews the indicators of stress present at the
Hanford site,, including shallow seismicity, core disking, and
borehole wall spalling.

As a rock mass undergoes yield, seismic energy is released. The
rate and magnitude of these releases are indicators of the inten-
sity of the applied stress field. Seismicity at the Hanford site
is characterized by shallow microearthquake "swarms" consisting of
up to 100 earthquakes of magnitude 1 to 3.5. These swarms typi-
cally last a few days to several months and occur within a rock
volume roughly 5km on a side. About 75% of all microearthquakes
occur at depths of less than 4,000m. Figure 1 shows the location
of swarm activity, which is greatest in the Saddle Mountains and
Frenchman Hills structures as well as Wooded Island at the eastern
boundary of the site. Focal mechanisms indicate a major north-
south horizontal compression with a vertical minimum compression.
This is consistent with east-west trending fold axes and sub-
parallel thrust or reverse faulting.

Core disking is a phenomenon in which the stub of a diamond drill
core at the base of a borehole will split perpendicular to the
hole axis, thus forming thin disks. There are several differing
views on the mechanical phenomenology of disking, but there is
unanimous agreement that it is an indicator of high horizontal
stress (Obert and Stephanson, 1965; Jaeger and Cook, 1979).

Spalling of borehole walls along an east-west plane has been docu-
mented by downhole television, impression packers and acoustic
televiewers (Paillet, 1985). Spalling of borehole walls occurs as
a result of shear failure of the rock at a position 900 to the ma-
jor principal stress direction. This is consistent with the di-
rection surmised from geologic evidence as well as the empirical
evidence of a high stress magnitude and large stress deviation in
the horizontal plane. The report presents evidence that disking
and spalling can be correlated to a certain extent in boreholes
DC-4, RRL-6, and DC-12. The fact that both phenomena are not con-
tinuous with depth in the hole can be a result of a non-lithosta-
tic stress field or the effects of changes in the rock properties.
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IN-SITU STRESS MAGNITUDE

The authors discuss various methods of treatment of the hydraulic
fracturing data. With all methods, the assumption is made that
the vertical stress is a principal stress direction and, there-
fore, for a vertical surface borehole, the tests will determine
the principal horizontal stresses. The vertical stress magnitude
is determined from the weight of the overlying rock mass. This is
the usual assumption and is most reasonable. The minimum horizon-
tal stress is determined by the instantaneous shut in pressure, as
it is always assumed that the fracture propagates perpendicular to
it.

There are several methods used for determining the horizontal
stress component, including (1) the initial breakdown method; (2)
the fracture re-opening method; and (3) fracture mechanics meth-
ods. The initial breakdown method is rejected, here, in favor of
the fracture re-opening technique, because the former requires a
value of the in-situ tensile rupture strength of the material.
The re-opening method is most widely accepted, and it is our opin-
ion that it is a reasonable choice for this study.

A controversial element of the stress determination is the inclu-
sion of pore pressure in the calculation of maximum horizontal
stress, O0 max, which is given by

Hmax "= 3 Hmin - (Pf2 + Pn) - Po

where 0Tmin = minimum horizontal stress

Pf2 = re-opening pressure = applied pressure

Ph = hydrostatic pressure in the borehole (fracturing
done with water)

PO = pore water pressure at depth of measurement

Figure 2 is a schematic which illustrates these quantities. In a
crystalline rock with low permeability, it is questionable whether
communication between fracture and the water pressure is estab-
lished. The conservative assumption is that the pore pressure
term be neglected from the above equation. The authors argue that
the pore pressure be included in the analysis, citing work by
Hickman and Zoback (1982) as supporting their position. Although
we agree in principle with this approach, it is felt that, for re-
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Fig. 2 Illustration of Hydraulic Fracturing Terminology

(In the present case, P0 a Ph.)
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pository design, the most conservative method (i.e., zero pore
pressure) should be chosen.

The test techniques, field data from successful tests, and inter-
pretation methods are given in detail in the report and represent
acceptable practice. The five generally used methods (Zoback and
Haimson, 1982) for determining shut in pressure from pressure-time
records are discussed in Appendix C of the report and are used to
examine sample test data. The inflection point method (Gronseth
and Krey, 1982) was consistently conservative and chosen for use
in this document.

A number of tests were rejected based on the presence of inclined
fracturing or excessive spalling in the hole. Based on the uncer-
tainty of these test results, it is probably reasonable to reject
them, although data is not given to make this judgement indepen-
dently.

The resultant calculations of the stress magnitude, orientation,
and ratios are summarized in Table 1 of the report. These results
appear to indicate the following.

1. There is no consistent change in horizontal stress
with depth nor is there a consistent change in
stress ratio with depth (Fig. 3). It appears that
any variation with depth is masked by scatter in the
data.

2. Measurements of horizontal stress from the Umtanum
Flow within and outside the RRL indicate little la-
teral variation in stress; however, there is too
little data to make this assertion confidently. It
is reasonable to assume that the stresses are con-
sistent laterally within the RRL.

3. The data consistently indicates a north-south major
horizontal compression. This correlates well with
geologic data discussed earlier.

Although the total number of stress measurements is small, partic-
ularly within the Cohassett Flow, the consistency of the data pre-
sented in addition to the good correlation to geologic evidence
gives a reasonable confidence in the data. It can safely be
stated that few civil or mining construction projects enter the
exploration development stage with details of stress measurement
in any greater detail than in the present case.
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Table 1

IN-SITU STRESS MEASUREMENTS AT THE HANFORD SITE

(compiled from Kim et al, 1986)
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OBSERVATIONS ON DESIGN RECOMMENDATIONS

The report has recommended preliminary stress design values as the
average Cohassett measurement ± 2 standard deviations (Table 2).

Table 2

ROCKWELL RECOMMENDED DESIGN STRESSES

Stress Direction Design Range (MPa) Average (MPa)

GHrmax N6E 50.1<0Hmax572.9 61.5

Olmax N84@W 32.8

Uv 24.2 24.2

The above range is in conflict with the final recommendation given
on p. 61, which suggests a design value of the average values of
61.5 and 32.8 MPa for the maximum and minimum stresses, respec-
tively.

We feel that, at this conceptual stage, the design should be based
on the most conservative assumptions. The assumption of zero pore
pressure should be used in the calculations, resulting in the de-
sign range given in Table 3.

Table 3

RECOMMENDED DESIGN RANGE BASED ON ASSUMPTION OF ZERO PORE PRESSURE

Stress Direction Design Range (MPa)*

cHmax N6 E 58. 3SaHmax582.3

UHmin N84eW

22.OSavS26.4

*mean ± 2 standard deviations
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Rockwell recently formed an expert panel for reviewing the in-situ
stress data (St. John and Kim, 1986). This panel has recommended
a design stress range of

50 S Hmax 75 MPa

30 5 Hmin 5 40 MPa

Finally, to best of our knowledge, the architect engineer has used

OHmax = 58 MPA

GHmin = 33 MPa

Ov = 23.2 Pa

in its most recent repository design activities (RKE/BP, 1985).
All of these recommendations are summarized in Table 4.
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Table 4

SUMMARY OF REPOSITORY DESIGN STRESS RECOMMENDATIONS

Stress Range
or Values (MPa)Group Comment

RKE/PB (1985) vHmax = 58 Data used in 1985 re-
pository design

0Hmin = 33

av = 23.2

Kim et al (1986) cHmax = 61.5 Present document recom-
mendations

GHmin = 32.8

av = 24.2

St. John and Kim
(1986)

Itasca Review for
NRC

5SOamax575

30SOHmin40

58.35OHmax582.3

Recommendations of BWIP
expert review panel

Extreme stresses from
Kim et al (1986) assum-
ing zero pore pressure
and i 2 standard devia-
tions
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Our purpose in reviewing all of these measurements is to point out
the significant effect they will have on the conceptual repository
design. The RKE/PB (1985) design is based on a numerical analysis
of induced excavation and thermal stresses assuming the in-situ
stresses given above. The induced stresses are compared to the
estimated rock mass strength as derived from the Hoek and Brown
(1980) empirical failure criterion. Rock mass strength values of
200 and 152 MPa have been determined for the emplacement hole and
room periphery, respectively. The waste canister pitch, room di-
mensioning, and spacing were derived, in large part, from the es-
timated in-situ stresses. Therefore, any deviations from the
Table 4 RKE/PB values must result in a re-assessment of the con-
ceptual design. The two most conservative cases (i.e., the expert
panel and the present recommendation) result in increases in the
maximum horizontal stress by 29% and 42% over the RKE/PB design
values, respectively.

The effect of these higher design stresses can be seen by examin-
ing the stress concentrations around the emplacement room peri-
phery. If it is assumed that the emplacement room is an ellipse,
effects of these new stresses can be easily examined from an anal-
ytic solution. Hoek and Brown (1980) give the solution for the
tangential stresses at the boundary of an ellipse in a bi-axial
stress field:

Pz

Ji tI I ..

kpz

-H I z

I I I I I I I F

OA = Pz 1 + 2(W/H) - K]

(C = Pz [K 1 + 2(H/W)] - 1]

where W/H = 2
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Using the RKE/PB (1985) values, these stresses are:

GA = 23.2 (1 + 2*2 - 2.5)
= 58 Pa

aC = 23.2 2.5 (1 + 2*0.5) - 1]
= 92.8 MPa

If, however, the extreme values from Table 5 assuming no pore
pressure are used, we have

GA = 22.0 (1 + 2*2 - 3.7)
= 27.6 Pa

aC = 22.0 [3.7 (1 + 2*0.5) - 1]
= 141 MPa

The stress at the roof is now nearly at the design criteria
without addition of thermal loads.

Even with the extreme values suggested by the expert review panel,
the room periphery stresses are:

GA = 23.2 1 + 2*2 - 3.2J
= 41.7 MPa

aC = 23.2 3.2 (1 + 2*0.5) - 11
= 125 MPa

The analysis of possible fault or joint slippage under the influ-
ence of the in-situ stresses presented on pp. 57-59 must also be
examined in the light of the extreme data ranges. This analysis
indicates that in-situ joint friction would have to be as low as
330 (with no cohesive strength) for slip to occur. It is sug-
gested that microseismic events at the site are related to small
areas of joints where the friction angle is low or at joint inter-
sections. A plot of the Mohr envelopes for the extreme data
ranges is given in Fig. 4. Here, the range of extreme values for
the alm0 axo, envelope are plotted for all stress values discussed
in this revYew. As seen, the ranges of stress recommended by Kim
et al (1986), the review panel, and this review are fairly similar
and suggest slip on surfaces with a friction angle of about 400
for cohesive joints.
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CONCLUSIONS

The in-situ horizontal stresses at the Hanford site appear to be
exceptionally high. The many indicators of high stress, including
core disking, borehole spalling and microearthquake activity con-
firm the high magnitude as well as orientations of the stresses.
The techniques used for stress measurement by hydraulic fracturing
and stresses appear to be satisfactory. One controversial point
encountered was the assumptions regarding the use of pore pressure
in the stress calculations. Although calculations were presented
for both cases (assuming pore pressure and no pore pressure), the
authors adopted those values from the non-conservative assumption
of pore pressure in the determination of GHmax-

The average of the range of non-conservative stresses were chosen
as recommended design values. Rockwell's own expert panel has
suggested the extreme values (i.e., average i 2 standard devia-
tions) be used for design. This alone results in about a 23% in-
crease in the value of Hmax. If the most conservative case is
used (i.e., assuming the pore pressure is zero), the design values
increase by roughly 35%. Changes in design stress values of these
magnitudes can have significant effects on the repository design
since, at these levels, the stress concentrations are fairly close
to the design criteria strength of the rock mass.

Recommended Action

It is our recommendation that additional hydraulic fracturing mea-
surements be conducted in existing site boreholes, if possible,
within the Grande Ronde flows. A detailed program of overcoring
measurements must be conducted within the ES facility at depth
during construction. NRC should review the latest BWIP conceptual
design documents to confirm the stress values assumed. If these
values are outdated, the implications regarding the repository
design must be determined.
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