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Determination of mean and standard deviation of unconfined compression strengths
for hard rock at DCPP ISFSI based on laboratory tests.

Calc. Number GEO.DCPP.01.17

Record of Revisions

Rev. | Reason for Revision Revision
No. Date
06/19/01

00 Initial Issue

Corrected text in Results section to match numbers in Tables 1 and 2.
01 Added language to Analysis section to clarify reasons for not including 6/29/01
altered sandstone in results.

Revised text to include bases for assumptions and incorporate references
and transmittals. Revised Tables 1 and 2 to reflect sample classification
02 | change of Sample No. 28 from boring 01-E. Reported average 11/19/01
unconfined compressive strength based on combined sandstone and '

dolomite test results.




DCPP ISFSI GEOTECHNICAL CALCULATION PACKAGE

Title: Determination of mean and standard deviation of unconfined
compression strengths for hard rock at DCPP ISFSI based on laboratory

tests
Calc Number: GEO.DCPP.01.17
Revision: - Rev. 2
Date: November 19, 2001
Author: Joseph I. Sun
Verifier: Robert K. White

PURPOSE

As required by Geosciences Work Plan GEO 2001-03, Appendix M, this calculation
package documents the evaluation and statistical analysis of the laboratory test results of
unconfined compressive tests on hard (non-friable) dolomite and sandstone samples. The
unconfined compressive strengths of the intact rock samples will be used in separate
calculations GEO.DCPP.01.19 and GEO.DCPP.01.20, in conjunction with geological
indices describing discontinuity properties of the rock mass, to deilelop the overall
strength envelopes for jointed rock mass and rock discontinuities at DCPP ISFSI. The
strength envelopes developed will then be reviewed in separate calculations for

applicability to slope stability analyses and ISFSI pad analyses.

ASSUMPTIONS

1. Samples represent a wide range of in-situ rock encountered at the ISFSI site. This
assumption is reasonable because the sample selection process was carefully designed
and implemented to accomplish this as described in Sun (4/23/01).

2. Scattering of the test results reflects the natural variation of the in-situ intact rock

strengths. This assumption is reasonable because the tests were conducted shortly

after samples were obtained at the same laboratory using calibrated equipment as
documented in Sun (5/23/01), so scatter can not be a result of sample deterioration,
equipment failure or lab error.

The strengths of friable sandstone depend on the confining pressure. This assumption

is reasonable because unconfined compression test results for this material were
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found to be inappropriate to be used to characterize its strength as documented in Sun
(5/23/01). For friable sandstone, its strength characterization should be based on
triaxial tests as documented in Calculation package GEO.DCPP.01.16.

4. Unconfined compression tests that failed on existing joints do not reflect the strength
of the intact rocks and thus will not be included in the statistical analyses of the intact
rock strengths. This assumption is reasonable because the influence of joints on
overall rock mass strength is determined elsewhere (GEO.DCPP.01.19 and
GEO.DCPP.01.20).

5. Spatially unassociated very high unconfined compression strengths (close to mean
plus three standard deviations of the remaining samples) will be conservatively
discarded and not incorporated in the statistical analysis. This is a conservative

assumption as the resulting mean strength will be lower.

INPUTS

1. Test results from Witter (11/5/01), Data Report I, Rock Laboratory Test Data.
2. Boring log summaries from Witter (11/5/01), Data Report B, Borings in ISFSI Site
Area.

METHOD

1. Obtain laboratory test results for all December 2000 and May 2001 unconfined

~ compression (UC) tests from Data Report I. A total of 28 unconfined compression
tests were performed.

2. Review UC laboratory test sheets and results. Identify and mark samples that failed
along existing joints or show any indication that the unconfined compression test
results do not represent the strength of the in-place intact rock.

3. Classify each sample as sandstone, friable sandstone, or dolomite in accordance with
boring log summaries from Data Report B.

4. Evaluate if sufficient lab test results for each rock type warrant separate statistical
analyses.

5. Perform statistical analysis based on classified rock samples.

SOFTWARE

Standard statistical analyses were performed using Microsoft Excel 2000.
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ANALYSIS

Out of the 28 UC tests, 9 were on sandstone, 13 were on dolomite, and 6 were on friable

sandstone. The results for each type of rock are discussed below.

Sandstone
For the 9 sandstone samples tested, sample No. 6 from Boring 01-D, and sample No. 26

from Boring 01-E have strengths of 959 psi and 437 psi, respectively. These two
unconfined strengths were discarded because they failed in shear on existing joints.

Sample No. 12 from Boring 01-H and sample No. 2-E from Boring 00BA-2 both have
strengths in excess of 10,000 psi. These two values were significantly higher than the
remaining group of sandstone samples (close to mean plus three standard deviations).
Furthermore, the occurrence of these two high strength samples cannot be associated with
any geological features, thus cannot be predicted spatially with certainty elsewhere at the
ISFSI site area. Consequently, these two data points were conservatively ignored in the
statistical anaiysis of sandstone strength. The remaining five samples are listed in Table
1.

Dolomite

Of the 13 dolomite samples tested, sample No. 1-13 from Boring 00BA-1 was discarded
because the sample failed in shear along an existing joint. Therefore, its unconfined
compression strength does not represent the strength of the intact dolomite and the
measured strength from this test was not used in the statistical analysis for the dolomite.

The remaining 12 samples are listed in Table 2.

Friable Sandstone

Four samples (Sample Nos. 19, 14, 4, and 10) from Borings 01-B, 01-D, 01-G, and 01-
CTF-A were judged to be friable sandstone based on the boring log summaries. Sample
No. 15 from Boring No. 01-CTF-A and sample No. 39A from Boring No. 01-I were
borderline friable sandstone samples. They were not identified as friable sandstone in the
boring logs summaries. However, based on the lab test results, it was concluded that
these two samples would have engineering properties similar to friable sandstone based
on their strengths and stress strain properties. Unconfined compression test results are
not appropriate for characterizing the strength of friable sandstone. This weakly
cemented material strength is better characterized with triaxial tests as documented in
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GEO.DCPP.01.16. As a result, unconfined compression test results on friable sandstone

are discarded.

RESULTS

Table 1 lists the statistical analysis results of the five sandstone samples that were judged
to be representative of the unconfined compressive strength of the intact sandstone at the
ISFSI site area. Four of the five samples were from the pad footprint area and the
remaining sample was taken from Boring 01-F above the proposed cut slope. The
unconfined compressive strengths vary from 1,113 psi to 4,778 psi with an average of

3,165 psi and a standard deviation of 1,506 psi.

Table 2 lists the statistical analysis results of the 12 dolomite samples that were judged to
be representative of the unconfined compressive strength of the intact dolomite at the
ISFSI site area. Samples were taken from Borings 01-I and 00BA-1 above the proposed
ISFSI cut slope, Boring 01-H on the cut slope and Borings 01-E and 01-G under the pad.
The unconfined compressive strengths vary from 1,834 psi to 8,649 psi with an average

of 4,517 psi and a standard deviation of 2,086 psi.

The difference between the average unconfined compressive strengths of sandstone
(3,165 psi) and dolomite (4,517 psi) is relatively small. The difference would be even
smaller if the two Very high strength test results for sandstone, which were conservatively
discarded in the statistical analysis, were included. The similarities between the two
types of rocks were also noted during the field program as documented in
GEO.DCPP.01.21. On the above basis, and to increase the number of data points for a
meaningful statistical analysis, the test results for sandstone and dolomite were combined
to evaluate the overall unconfined compressive strength for the rock encountered at the
ISFSI site area. Table 3 lists the statistical analysis results performed using the combined
17 test results (5 for sandstone and 12 for dolomite) and shows an average unconfined

compressive strength of 4,120 psi with a standard deviation of 1,990 psi.

If the two high strength sandstone test results are included, the distribution of the
unconfined strengths of all 19 samples would be skewed toward the high side, and a log
normal distribution would be more appropriate to characterize such a distribution. The
mean of the log-normally distributed 19 test results would then be 4,095 psi, which is
very close to the average strength of 4,120 psi calculated without the 2 high strength
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samples and assuming the strengths of the remaining 17 samples to be normally

distributed.

Table 4 lists the discarded samples that were judged not to be representative of the intact

rock strengths and samples that were classified as friable sandstone.

CONCLUSIONS

Table 5 summarizes the statistical analysis results for the intact rock unconfined
compressive strength. The results can be used, in conjunction with associated geological

properties, to develop the rock mass strength properties in calculations GEO.DCPP.01.19
and GEO.DCPP.01.20.
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2. Witter (11/5/01): letter from Rob Witter to Rob White, entitled "Completion of Data
Reports,” dated 11/5/01, and accompanying:

Data Report B, Borings in ISFSI Site Area, rev. 0
Data Report I, Rock Laboratory Test Data, rev. 0.

3. Geosciences Calculation GEQ.DCPP.01.16, Development of strength envelopes for
non-jointed rock at DCPP ISFSI based on laboratory data, rev. 1.

4. Geosciences Calculation GEO.DCPP.01.19, Development of strength envelopes for
jointed rock mass at DCPP ISFSI using Hoek-Brown equations, rev. 1.

5. Geosciences Calculation GEO.DCPP.01.21, Analysis of Bedrock Stratigraphy and
Geologic Structure at the DCPP ISFSI Site, rev. 1.

6. Geosciences Calculation GEO.DCPP.01.20, Development of strength envelopes for
shallow discontinuities at DCPP ISFSI using Barton equations, rev. 1.

7. 7. Sun (4/23/01): letter from Joseph Sun to Chris Hartz, Independent Reviewer
Documentation Report of GeoTest Unlimited Sample Selection Procedures at DCPP,
dated April 23, 2001.

8. Sun (5/23/01): letter from Joseph Sun to Chris Hartz, Independent Reviewer
Documentation Report of GeoTest Unlimited Rock Testing Facility located in
Nevada City, CA, dated May 23, 2001.
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ATTACHMENTS
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2. Sun (4/23/01): letter from Joseph Sun to Chris Hartz, Independent Reviewer
Documentation Report of GeoTest Unlimited Sample Selection Procedures at DCPP,
dated April 23, 2001 (without attachments).

3. Sun (5/23/01): letter from Joseph Sun to Chris Hartz, Independent Reviewer
Documentation Report of GeoTest Unlimited Rock Testing Facility located in
Nevada City, CA, dated May 23, 2001 (without attachments).
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Table 1 Summary and Statistical Analysis of Sandstone Unconfined Compression Test Results
Boring |Sample Depth Feature Unit Wt. Failure Strength

No. No. (ft) in Sample (pef) Mode (psi)

01-A I 19.5 2 hgaled”“?‘ 271 1614 axial splitting 2888
eg to axis

0l-A | 2 245 bedd‘?f:;igg %8| 1466 |axial splitting and crushing 1113

01-B 18 26.5 - 1473 shear 4778

01-C 22 24.0 joint 155.0 axial splitting 4504

01-F 30 57.6 No apparent 138.9 | shear not on existing joint 2543

jointing
Average 149.8 3165
Standard Deviation 8.6 1506
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Table 2 Summary and Statistical Analysis of Dolomite Unconfined Compression Test Results
Boring | Sample Depth Feature Unit Wt, Failure Strength
No. No. (ft) in Sample (pcf) Mode (psi)
01-E | 28 49.0 joint? 1358 | Shear "ol on isting 2958
01-G 9 28.8 No apparent jointing 138.2 ax1a.l s.pllttlng along 3702
existing fractures
01-H 11 11.0 No apparent fractures 138.9 shear 2434
01-1 38 1s9.5 | 2hedledjoinis2Tdeg |y, axial splitting 1834
01-I 40A 88 4 bedding at 69 deg to 142.0 axial splitting and 6373
' axis ' bending
01-1 42 44.0 - 141.5 axial splitting and shear 3504
OOBA-1 1-8B 146 ~ 147.2 joint 146.6 shear 5133
OOBA-1 1-9B 148.68 ~ 150 joint? 140.6 axial splitting 2625
OOBA-1 1-10 12.2 ~13.0 | No apparent jointing 138.4 axial splitting 5284
OOBA-1 1-11 18.63 ~ 19.21 | No apparent jointing 142.4 axial splitting 7190
OOBA-1 1-12 24.2 ~23.17 | No apparent fractures 134.5 combined 4523
OOBA-1| 1-14 | 458-49.63 | noapparent fractures 143.1 axial splitting and 8649
: bending
Average 140.5 4517
Standard Deviation 35 2086
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Table 3 Summary of Unconfined Compressive Strength of Intact Rocks

Boring | Sample Depth Unit Wt. Strength

No. No. (ft) (pchH) (psi)
01-A 1 19.5 161.4 2888
01-A 2 24.5 146.6 1113
01-B 18 26.5 147.3 4778
01-C 22 24.0 155.0 4504
01-E 28 49.0 135.8 2958
O1-F 30 57.6 138.9 2543
01-G 9 28.8 138.2 3702
01-H 11 11.0 138.9 2434
01-1 38 159.5 144.2 1834
01-1 40A 88.4 142.0 6373
01-1 42 44.0 141.5 3504
OOBA-1| 1-8B 146 ~ 147.2 146.6 5133
OOBA-1| 1-9B 148.68 ~ 150 140.6 ] 2625
OOBA-1 | 1-10 12.2 ~13.0 138.4 5284
O0OBA-1 | 1-11 18.63 ~19.21 142.4 7190
OOBA-1 | 1-12 24.2 ~23.17 134.5 4523

OOBA-1 | 1-14 45.8~49.63 143.1 8649
Average 143.3 4120
Standard Deviation 6.8 1990
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Table 4 Summary of Unconfined Compression Test Results Not Used in the
Statistical Analysis
Boring Sample| Depth Feature Unit Wt. Failure Strength
No. . No. (ft) in Sample (pcf) Mode (psi)
One joint about 32 hear on existi
01-D 6 48.5 deg from core axis 1471 3% - oint 1SUng 959
and 1 axial fracture ]
OI.E | 26 | 220 | Fewhealedshears | 1294 |Shearonhealed) 5
shears
01-H 12 52.5 | Novisible fractures | 155.1 | multiple shears | 10252
N i axial splitting
00BA-2 | 2 | 299~ |Healednon-through | 6 | qshearon | 10921
51.4 going joints .
existing joints
40.88 ~ | Healed and partially shear on existing
OOBA-1| 113 | 4y 55 healed joints - 128.9 joint 2079
01B | 19 | 380 | jointattheend | 132.4 | Shearmoron | g
existing joint
01-CTF-a| 14 | sg | Paralplastercaps | )¢ shear 29
on both ends
01-CTF-A| 15 13.5 |possible healed joints| 138.3 shear 400
01-D 4 25.5 - 142.3 | splitting/shear 207
01-G 10 | 69.0 - 1307 | Shearandaxial | 5
: splitting
01-I 394 130 4 open joint 12 deg to 140.3 shear not on 505
' ' axis ) existing joint

Table 5 Summary of Unconfined Compressive Strength of Intact Rocks Samples at

ISFSI
Unconfined Compressive Strength of Rock Samples
(psi) (MPa)
Mean (Average) Strength 4120 28.4
Standard Deviation (SD) 1990 13.7
Mean + 1SD Strength 6110 42.1
Mean — 1SD Strength 2129 14.7
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1777 Ratelha Drive, Sulte 262, Walnut Creek, California 94596
. Voice: (925) 256-6070 FAX: (925) 256-61176

Mr. Robert White

Geosciences Department

Pacific Gas & Electric Company
245§ Market Street, Rm. 421-N4C
San Francisco, CA 94105

November 5, 2001
Re: Complction of Data Reports (formerly appendices)

Dear Rob:

This letter transmits to Geosciences the following Diablo Canyon ISFSI Data Reports (formerly
called appendices) that were prepared under the WILA Work Plan, Additional Geologic Mapping,
Exploratory Drilling, and Completion of Kinematic Analyses for the Diablo Canyon Power Plant
[ndependent Spent Fuel Storage Installation Site, Rev. 2 (11/28/00) using data collected under that
Work Plan and a second WLA Work Plan, Additional Exploratory Drilling and Geologic Mapping
for the ISFSI Site, Rev. 1 (9/21/01).

Diabla Canyon ISFSI Data Report A - Geologic Mapping in the Plant Site and.
ISFSI Site Areas, Rev. 0, November 5, 2001, November 5, 2001, prepared by J.
Bachhuber, 42 p.

Diablo Can e B - Borings in ISFSI Site Area, Rev. 0,
November 5, 2001, prepared by J. Bachhuber, 244 p.

Diablo Canyon ISFSI Data Report C- 1998 Geophysical Investigations at the
ISFSI Site Area, (Agbabian Associates and GeoVision), Rev. 0, November 5,
2001, prepared by J. Bachhuber, 84 p.

Diablo Canyon ISFSI Data Report D - Trenches in the ISFSI Site Ares, Rev. 0,
November $, 2001, prepared by J. Bachhuber, 66 p.

Diablo Canyon ISFSI Data Report E, -  Borehole Geophysical Data (NORCAL '

Geophysical Consultants, Inc.), Rev. 0, November 5, 2001, prepared by C.
Brankman, 303 p.

Diablo Canyo F -  Field Discontinuity Measurements, Rev. 0,
November 5, 2001, prepared by J. Bachhuber and C. Brankman, 85 p.

Diablo Canyon ISFSI Data Report G - Soil Laboratory Test Data (Cooper Testing

Laboratory), Rev. 0, November 3, 2001, prepared by J. Sun, 63 p.

Diablo Canyon ISFSI Data Report H -  Rock Strength Data and GSI Sheets, Rev. 0,
November 5, 2001, prepared by J. Bachhuber, 37 p.

== (| of
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Diablo Canyon ISFSI Data Report1-  Rock Laboratory Test Data (GeoTest
Unlimited), Rev. 0, November 5, 2001, prepared by J. Sun, 203 p.

[Digblo Cauyon [SFS] Data Report J—  Petrographic Analysis and X-Ray

. Diffraction of Rock Samples (Spectrum Petrographics, Inc.), Rev. 0, November 3,
2001, prepared by-J. Bachhuber, 204 p.

R

Diablo Canyon [3FSI Data Report K -  Petrographic and X-Ray Diffraction
Analyses of Clay Beds (Schwein/Christensen Laboratories, Inc.). Rev. 0,
November 5, 2001, prepared by J. Bachhuber, 36 p.

In addition to the revisions of thase reports required under the various Work Plans, Mr.
Scott Lindvall, the WLA ITR for the ISFSI project, has performed independent technical
reviews of the Diablo Canyon ISFSI Data Repotts as part of his review of Calculation
Package GEQ.DCPP.01.21, Analysis of Bedrock Stratigraphy and Qcologic Structure at
the DCPP ISFSI Site. He finds that the reports clearly and accurately compile and
organize the data. '

M. Albert Tafoya from the Diablo Canyon ISFSI Project Office in San Luis Obispo, M.
Dale Marcum, NQS Technical Oversight for the project, and William Page of your office
provided comments on the August versions of the Diablo Canyon ISFSI Data Reports
(formerly called appendices) and their comments have been addressed.

These reports are submitted to you as per the PG&E Geoscicnces Department Calculation
Procedure GEO.001, Rev. 04 (10/10/01).

We look forward to any comments you may have.

Stncerely,
WILLIAM LETTIS & ASSOCIATES, INC.

C

- Robert C. Witter

Project Manager
CC:  William Page

e
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TRANSMITTAL

DATE: April 23, 2001 TIME: 9:08 AM

TO: Chris Hartz PHONE:  8-691-4032
DCPP NQS FAX: 8-691-4635

FROM:  Joseph Sun fﬂ%}‘/ PHONE:  415-973-2460
Geolabs, Incs FAX: 415-973-5778

RE: Independent Reviewer Documentation Report

cc: Al Tafoya '

Message

Dear Chris,

At the request of Bill Page of PG&E Geosciences Department, and in accordance with
the Independent Verification By Peer Reviewer Plan entitled “Rock Sample Selection
and Rock Testing for the Diablo Canyon Power Plant Independent Spent Fuel Storage
Installation Site”, I visited Diablo Canyon Power Plant (DCPP) Independent Spent Fuel
Storage Installation Site (ISFST) on April 19, 2000 where additional borings were being
drilled to investigate the pad foundation and in the cut slope area behind the pad. The
purpose of my visit was to observe and evaluate the basis of selecting appropriate rock
samples for testing and the appropriateness of sample packaging for shipment as
described in the GeoTest Unlimited Work Plan entitled, " Rock Sample Selection and
Rock Testing for the Diablo Canyon Power Plant Independent Spent Fuel Storage
Installation Site . '

I arrived on site at 9:30 am on April 19, 2000 and departed at 8:00 pm the same day.
During this period, I reviewed the available cores and discussed with Jeff Bachhuber,
engineering geologist of William Lettis and Associates (WLA), regarding the basis of
selecting rock samples for testing and reviewed his initial selection of the rock samples.
Subsequently, I discussed with Anders Bro of GeoTest Unlimited (GTU) regarding the
sample packaging approach he planned to use and observed him packaging all samples
for shipment to his testing laboratory located near Nevada City.

Brief discussions were also made with Bill Page and Al Tafoya on site regarding my
overall assessment, and I also witnessed signing of the'Chain-of-Custody form for the 17
rock samples by Bill Page and Anders Bro. My observations and conclusions of the

visit are summarized as follows:

GEQSCIENCES DOCUMENTATIO;@ REPORT TRANSMITTAL GTU_TRANS_LTR.D0C

PAGE 1 OF 3
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Observations:

1. Rock cores from five borings were neatly laid out in the open area close to the
proposed CTF site. These five borings were 01-A, 01-D, 01-G, 01-H, and CTF-A.

2. Geophysical investigation by Norcal was also underway in borings 01-A and CTF-A

during the time of my visit.

The cores showed mostly massive dolomite or cemented sandstone. Occasional

zone of altered sandstone were encountered, however, the amount of these weaker
rock was limited compared to the massive dolomite and cemented sandstone in these

(O¥)

five boreholes.

4. Cores from borehole 01-D appeared more broken up than others. I discussed this
with Bill Page and he suspected that this may be due to the drilling process because
the drillers were not that familiar with the site conditions and this was their first
borehole on site. Subsequent cores retrieved showed improvement in quality.

Based on the approved work plan for WLA, the purpose for the current investigation
(April, 2001) program is to investigate the ISFSI pad footprint and CTF footprint
areas to characterization the foundation rock conditions and to assess the overall rock
mass behavior in association with the discontinuity characteristics in the cut slope.
On this basis, I concur with Jeff Bachhuber regarding the sample selection critena
which are: samples selected will be representative of the “average” foundation
material as a whole, and consideration will be given and samples will be taken to
address potential variations of the material, especially on the weaker side of the
variation. Samples tested in the cut slope area will be focused more on the
geological characterization.

6. 1 observed that in each of the five boreholes drilled, at least three samples were
selected. Usually with one sample representing the typical rock mass, one sample
representative of the weaker zone, and a third sample may be selected for a number of
reasons including: testing of special features, testing for geological characterization
purposes, or testing a second sample of the more representative material within the
sample borehole. The selection criteria meet the requirements stated in the
corresponding GTU work plan. '

7. In sampling packaging, I observed Anders Bro carefully remove the selected samples
from the core boxes, and wrap them with heat shrink plastic. The plastic wrap was
then sealed and heated to shrink onto the sample to support the sample and to reduce
sample desiccation. The samples were then labeled and placed in a plastic box, and
packed with bubble wrap to prevent sample movement during transport. Anders
used a sample holder to transport samples between the core boxes and his working
area. In my opinion, samples thus prepared meet state-of-the-practice procedure and
samples should experience minimum disturbance during transport. The procedures
used meet the requirements stated in the GTU work plan.

8. Both Jeff Bachhuber, responsible for selection of testing samples, and Anders Bro,

responsible for packaging samples for laboratory testing, are experienced
professionals with over 10 years of experience in their respective fields. Inmy

L
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PAGE 2 OF 3

RO (4 -



OHE.DCPP.OI 1T gy »,

opinion, both of them exceed the minimum experience stated in the personnel
qualification section of the GTU work plan.

9. I have witnessed the signing of Chain-of-Custody form by representatives from
PG&E and the rock testing facility. I have also cross checked the samples taken
from the site against those listed on the Chan-of-Custody form and am satisfied with

the documentation accuracy.

Conclusions:

1. I have witnessed a sufficient portion of the sample selection and packaging and verify

that sample collection, identification, and handling and packaging were performed

according to accepted standards and the established work plan.

[ have review 17 rock samples from five boreholes and verify that the shrink-wrapped

samples have been legibly and accurately marked with job name, borehole number,

sample depth intervals, and intended tests.

I have reviewed the quality of the 17 samples and verify that samples have been

properly packaged and secured for transport.

4. 1 have discussed my findings and my acceptance of the procedures implemented for
sample selection and sample packaging with Bill Page and Al Tafoya on site prior to
leaving the DCPP.

I have concluded that the work described above meets the requirements stated in the
GTU work plan entitled “Rock Sample Selection and Rock Testing for the Diablo

Canyon Power Plant Independent Spent Fuel Storage Installation Site”.

)

(WS

w
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TRANSMITTAL

DATE: May 12, 2001 TIME: 11:18 AM

TO: Chris Hartz PHONE: 8-691-4032
DCPP NQS FAX: 8-691-4635

FrROM:  JosephSun §LA~  PHONE:  415-973-2460
Geolabs, Inc. FAX: 415-973-5778

RE: Independent Reviewer Documentation Report of GeoTest Unlimited Rock
Testing Facility located in Nevada City, CA.

CC: Al Tafoya '

Message

Dear Chris,

In accordance with Revision 0 of the Verification Plan entitled "Independent Verification
by Peer Reviewer, Rock Sample Selection and Rock Testing for the Diablo Canyon
Power Plant Independent Spent Fuel Storage Installation Site," I conducted an
independent review of the GeoTest Unlimited (GTU) testing facility in Nevada City on
May 7, 2001 for work performed under revision 0 of the GTU Work Plan entitled
"Laboratory Testing of Rock Samples for the Diablo Canyon Power Plant, Independent
Spent Fuel Storage Installation Site”. This was the second review of GTU facilities, the
first being documented in a Geosciences report by Mr. Robert White dated 1/22/01. The

objectives of my visit are summarized as follows:

1. Transport a third group of rock samples obtained at the DCPP ISFSI site from
William Lettis and Associates’ office in Walnut Creek to GTU's testing facility.
Review chain-of-custody forms for the three groups of rock samples transported
from Diablo Canyon Power Plant (DCPP) to GTU testing facility.

Review with Dr. Anders Bro, who is responsible for testing and interpretation of
test results at GTU, the scope and objectives of the GTU work plan.

o

(V8]

4. Review accuracy of statements made in the GTU Statement of Qualification
submitted to PG&E at the beginning of the previous phase of investigation in
December of 2000.

Review qualifications of the personnel responsible for conducting the tests.

w

Witness a direct shear test from sample preparation to completion of test.

GEOSCIENCES DOCUMENTATION REPORT TRANSMITTAL GTU_QA-2.00C
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Activities and Observatioons:

1. Sample Delivery

I arrived at William Lettis & Associates’ office in Walnut Creek at 8:00 am on, May 7,
2000 to meet with Jeff Bachhuber and arrange for samples pick-up. Jeff had just
returned from the DCPP ISFSI site over the weekend and brought back samples from
Boring 01-I. The samples were tightly wrapped with thick plastic sheets and electrical
tapes. Cushion material was used to separate the samples that were securely packed in a
cardboard storage box. The sample container was stored inside WLA’s office over the
weekend. I laid out the 9 samples and checked them against the listing on the chain-of-
I signed the form after confirming that all samples were correctly
accounted for. I arrived at GTU testing facility in Nevada City about 11:30 am and
delivered the samples to Anders Bro. Anders signed the chain-of-custody form after
confirming all samples on the list were delivered (Attachment A). The previous two sets
of samples had been transported to the lab separately under Dr. Bro' instructions. [had
previously witnessed samples packed at DCPP (see my transmittal to you dated 23 April

2001).

custody form.

2. Review of Chain-of-Custody Form

I also reviewed the previous chain-of-custody forms signed on April 20 and 23, 2001, by
Bill Page, Al Tafoya, and Anders Bro (Attachments B and C). My review concluded
that all three chain-of-custody forms, dated 4/20/01, 4/23/01, and 5/7/01, were in order.

In the first two chain-of-custody forms, samples were numbered sequentially (e.g., on the
first form, samples were numbered from 1 through 17; and on the second form, samples
were numbered from 18 through 35). The sample numbers identified on these forms,
along with their borehole numbers and sample depths, were used in the reporting of the
test results. On the third chain-of-custody form, the sample numbers were re-started
again from 1. Although test results still could be tracked through borehole numbers and
sample depths, having duplicate sample numbers could be confusing. Accordingly,
sample numbers on the third chain-of-custody form (signed on May 7, 2001) were
renumbered as shown below, and Anders confirmed the renumbering via his fax to

PG&E on May 8, 2001 (Attachment D).

GEOSCIENCES DOCUMENTATION REPORT TRANSMITTAL _ G6TU_QA-2.00C
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Sample Number on . Revised Sample Number |
Chain-of-Custody form Boring Sample Shown on Rock Test Data
signed on May 7, 2001 No. Depth (ft) Sheets f

] 01-I 174.0 36
2 | 011 168.0 - 169.0 37
3 01-I 159.5 38
4 01-I 130.4 39
Sa 01-I 88.4 40a
5b i 88 405
6a 011 56 41a
6b 01-I 46.1 41b
7 01-1 44.0 42

3. Work Plan Scope and Objectives:

e Work Plan Objectives

I discussed with Anders the objectives of this phase of the investigation, which has a
significant amount of borings, made within the ISFSI pad footprint area. He was
informed that the stiffness (expressed in terms of spring constants) of the foundation
material is needed for the design analysis of the concrete pad. Prior to the current phase
of the investigation, Young’s moduli were estimated based on in-situ wave velocities and
we would like to confirm the Young moduli with laboratory tests. In addition to the
stiffness properties, we are also interested in the strength of the foundation material, both
in the stronger dolomitic sandstone, and in the weaker altered sandstone. I concluded
that Anders has a reasonably good understanding of the Work Plan objectives.

e Elastic Property Measurements

Anders discussed how he would measure the properties we need. For the stronger
dolomitic sandstone samples, he can measure the Young’s modulus and Poisson’s ratio
during the unconfined compression tests.  Since the elastic properties of this well
cemented material would be relatively insensitive to the confining pressure range of
interest to this project, the values measured from unconfined strength tests would be
appropriate to compare with results from in-situ wave velocity measurement.

However, for the weaker altered friable sandstone samples, their stiffness will be
sensitive to the confining pressures applied, just like typical sands are. Anders can only
measure Young’s modulus in his unconfined compression testing apparatus and not in his
triaxial chamber where confining pressure would be applied. As a result, the Young’s
moduli reported for the altered sandstone samples were measured outside the triaxial cell,

GTU_QA-2.00C
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in a way similar to an unconfined compression test. Moduli thus measured without
confining pressures for the altered sandstone samples were typically very low and do not
represent their in-situ conditions. To resolve this issue, an approach described in the

following paragraph will be used.

Young’s moduli measured in the laboratory for the dolomitic sandstone samples will be
checked against the values derived from in-situ wave velocity measurements. If the
comparison is reasonable, then it would imply that using in-situ wave velocity
measurements to estimate Young’s modulus is appropriate, and Young’s modulus and
Poisson ratio for the altered sandstone material could be estimated using velocity

measurements as well.

Based on my review of the two types of samples and the limitation of the testing
apparatus, | understand the difficulties regarding testing of these weak rocks and
conclude that the approach described above to resolve the difficulty is appropriate.

o Strength Property Measurements

Because Anders had begun tests on samples obtained prior to my visit, he provided me
test results for review while on site. Preliminary results of unconfined compression tests
on dolomitic sandstone show reasonable values comparable to those measured in
December 2000. Preliminary results of triaxial tests on the friable altered sandstone
indicate that the material appeared clayey, exhibiting ductile (plastic) stress-strain
behaviors. In addition, the samples were suspected to have generated excess pore
pressures upon shearing and did not have sufficient time to drain (water was observed
oozing out of several of the samples during testing). This typically would result in low
friction angles and high cohesion intercepts. In addition, since no specific consolidation
time was specified for consolidation of rock samples required by ASTM D-2664', and
these multi-stage triaxial tests that followed ASTM do not have pore pressure
measurements, the results of the first five tests (on samples no. 3, 5, 13, 17, and 32)
should be viewed (and used) as unsaturated, unconsolidated, undrained triaxial tests.

After reviewing these results, I have recommended a soil triaxial testing procedure with
pore pressure measurements (ASTM D-4767%) in order to obtain the effective and total
friction angle of this friable altered sandstone material. ~Although this procedure is not
listed in the current revision of the GTU Work Plan, based on the material behaviors in
these tests and the preliminary test results, it is my opinion that changing the test
procedure from rock triaxial (without pore pressure measurements) to soil triaxial (with
pore pressure measurements) is important and appropriate. The above findings were
discussed with Robert White of PG&E Geosciences Department, who concurred with the

recommendation.

4. Verification of Laboratory Statement of Qualifications (SOQ) for GTU

1 ASTM D-2664, Test Method for Triaxial Compression Strength of Undrained Rock Core Specimens

without Pore Pressure Measurements.
2 ASTM D-4767, Consolidated-Isotropically Drained Triaxial Test with Back Pressure Measurements (ClU)

GEOSCIENCES DOCUMENTATION REPORT TRANSMITTAL GTU_QA-2.00C
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The required documentation of laboratory qualifications was found to be adequately
represented in the GTU’s company brochure (copy previously attached to the 1/22/01
report). I inspected the direct shear testing apparatus, the triaxial loading frame with its
cells and membrane, the closed circuit data acquisition system, and the Morehouse
proving ring used for calibrating pressure transducers and load cells during my visit. In
my opinion, the GTU capabilities stated in its company brochure are well -represented in
the testing facility, and the equipment used for this project meets the standard of state-of-

practice.

The same testing facility was used by PG&E for the testing of Scott Dam foundation
materials. Anders Bro and the laboratory testing services by GTU were recommended
by Prof. Richard Goodman of U.C. Berkeley for Scott Dam.

S. Verification of Personnel Qualifications for GTU

Qualifications of Anders Bro, who is responsible for conducting the rock tests and
interpreting the test results, are presented in his resume sent to PG&E dated December
13, 2000 (copy previously attached to the 1/22/01 report) for the DCPP ISFSI project.
His experience was found to exceed the 10-year minimum work experience requirement
stated in the GTU Work Plan. On this basis, and based on my discussion with him, and
observation of him performing a direct shear test, it is my opinion that Anders Bro is
qualified to perform and interpret the tests required by this project.

6. Witness Direct Shear Test

During the time [ was at the GTU testing facility, I witnessed Anders prepare and test a
direct shear sample (Boring 01-B at depth of 48.8 ft). This sample had a joint inclined at
about 60 degrees from the axis of the core. The joint was held together with cloth
strings to prevent it from breaking apart during the sampling preparation process. The
sample was placed in the shear box at an inclined angle of 30 degrees such that the joint
face was aligned with the shear direction and located roughly at the middle of the

opening between the upper and lower shear boxes. The core sample was securely fixed
in the shear boxes with high strength plaster. The plastered upper and lower shear boxes
were then moved to the testing apparatus to be sheared.

Both the normal load and shear force were applied hydraulically. The applied loads
were constantly monitored by load cells. Six LVDT’s were used to monitor the
displacements of the upper shear box in the direction of the applied shear load and along

the side and top of the upper shear box.

In order to perform multi-stage tests without excessive shearing, subsequent stages of
normal loads were applied to the sample immediately upon the samples showing leveling
off of shear resistance from the applied normal load. Since the tests followed ASTM
standards for rock testing, no time was allowed for the sample to consolidate between
stages. Corrections to shear areas to account for the reducing contact area with
increasing shear displacements were applied. In my opinion, the test was performed
consistent with ASTM standards and the GTU Work Plan.

GEOSCIENCES DOCUMENTATION REPORT TRANSMITTAL GTU_QA-2.00C
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7. Equipment Calibration

Calibration data for load cells, pressure transducers and LVDT’s used in the unconfined,
triaxial, and direct shear tests were collected in December 2000 and reviewed in the
1/22/01 report. Within the past 4 months since the calibrations were made, none of the
devices malfunctioned. In my opinion, and in accordance with the Work Plan that
required equipment must be calibrated within 12 months, I conclude that the measuring
devices used in this project are reasonably accurate and reliable for the duration of this

project.

8. Other Observations

During this and my past visit to GTU, I noticed that the lab does not have a moist room
for storing samples. However, considering the fact that samples tested were rock and
sealed in shrink wrapped plastic, and duration of storage at GTU was relatively short
(typically less than 1 week before testing), and also by examining the condition of the
stored samples, it is my opinion that not storing samples in a moist room has no
measurable affect on the test results.

Conclusions:

1. I have reviewed the chain-of-custody forms dated 4/20/01, 4/23/01, and 5/7/01 and
am satisfied with their accuracy and the manner in which the samples were
transported from the DCPP ISFSI site to GTU facility.

I have reviewed the GTU Statement of Qualification in the form of a company
brochure, and verified the statement’s accuracy based on a site visit. In my opinion,
the qualifications of GTU are accurate and GTU is qualified to perform the tests
required for this investigation.

I have reviewed Anders Bro's qualifications to perform the tests and met with him

regarding the objectives of the Work Plan. In my opinion, Dr. Bro is qualified to
perform these tests and he has the qualifications to interpret the test results.

o

(OS]

4. Based on my review of the preliminary test results for the friable altered sandstone, it
appeared that testing this type of clayey material, which tends to generate excess pore
pressure during shearing, using triaxial testing procedures for rocks without pore
pressure measurements may not be appropriate for the objective of measuring the
material’s strength properties. In my opinion, a modified triaxial test procedure
obtaining pore pressure measurements during sample shearing would be more
appropriate. This was discussed with Mr. Robert White of PG&E Geosciences
Department, and the recommended procedure has been implemented at GTU for the

remaining triaxial tests of the same material.

5. In my opinion, GTU has performed activities in general accordance with the GTU
work plan entitled “Laboratory Testing of Rock Samples for the Diablo Canyon
Power Plant Independent Spent Fuel Storage Installation Site”.
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Determination of basic friction angle along rock discontinuities at DCPP ISFSI

based on laboratory tests.
Calc. Number GEO.DCPP.01.18

Record of Revisions

ev. Reason for Revision Revision
No. Date

Separated dolomite and sandstone clean rock to rock joint data

1 previously lumped together. Clarified assumptions. Minor changes to 7/23/01
Table 1. Replotted and added additional figures:
Added references to relevant calculations. Revised References section,
added Attachments section. Revised assumptions based on approved

2 calculation 21. Revised order of methodology to more closely match 11/19/01
Analysis. Removed separate analyses for dolomite and sandstone based
on revised classifications in Bachhuber, 11/19/01.
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DCPP ISFSI GEOTECHNICAL CALCULATION PACKAGE

Title: Determination of basic friction angle along rock-discontinuities at DCPP

ISFSI based on laboratory tests

Cale Number: GEO.DCPP.01.18

Revision: 2 ,
Author: Robert K. White
Date: 11/19/01
Verifier: Joseph I. Sun
PURPOSE

As required by Geosciences Work Plan GEO 2001-03, Appendix N, this calculation
package documents the evaluation and statistical analysis of the laboratory direct shear
test results on rock discontinuities and develops the basic friction angle along the
discontinuities. The basic friction angle determined from direct shear tests will be used
in a separate calculation (GEO.DCPP.01.20), in conjunction with other geological indices
describing discontinuity properties, to develop the overall discontinuity strength. The
discontinuity strengths will then be applied to wedge-type slope stability analyses
(GEO.DCPP.01.23).

ASSUMPTIONS

o

(U

Basic frictional strengths of rock discontinuities have no adhesion (or cohesion)
component. Thus, failure envelopes of the rock discontinuities all go through the
origin and a similar restriction will be applied to the statistical analysis when
developing the envelopes. This is a reasonable assumption, based on the definition of
the basic friction angle in chapter 4, page 61, of Hoek (2000), attached..

The post-peak friction angle determined as a result of laboratory tests on
discontinuities is approximately equivalent to the basic friction angle, as described in
chapter 4, page 61, Hoek (2000), attached.

The friction angle derived from multi-stage direct shear tests on discontinuities is not
significantly different from the friction angle developed from single stage tests. This
is a conservative assumption, as the multistage test generally underestimates peak
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strength, because each stage of the test is ended at or before the peak strength is

reached.
4. Partially clay-coated discontinuities occur randomly throughout both sandstone and

dolomite at the site. That is, they are not restricted to a certain rock type or zone, nor
are they completely clay-filled. This is a reasonable assumption, as documented in

GEO.DCPP.01.21, pages 50 and 51.

DESIGN INPUTS

1. Laboratory test results from Witter, 11/5/01, Data Report I.
2. Direct shear sample classification table, as provided in Bachhuber, 11/19/01.

METHODOLOGY

1. Obtain laboratory test results for all December 2000 and May 2001 direct shear tests
from Witter (11/5/01), Data Report I. A total of 21 multi-stage direct shear tests were
performed. Review direct shear laboratory test sheets, transfer strength test data to
Table 1, and identify unreliable tests in accordance with Bachhuber, 11/19/01.

2. Classify discontinuity of samples as sandstone or dolomite rock-rock contact, clay-
rock or clay coating, and clay bed/seam (> % inch thick) in accordance with
Bachhuber, 11/19/01.

3. Aggregate rock-rock contact and clay-rock contact test results.

4. Perform statistical analysis based on aggregated samples and test results.

SOFTWARE

Statistical analysis used to determine the least squares best fit strength envelopes
presented on the attached Figures was based on built-in statistical functions in Microsoft

Excel 2000.
ANALYSIS

Out of the 21 direct shear tests listed in Bachhuber (11/19/01) and transferred to Table 1,
ten were classified as clean rock-rock contacts, seven were clay-rock contacts or joints
with clay coating, and four were clay seams or clay beds. Of the ten clean rock samples,
all were dolomite (Tofb-1). Clay beds and clay seams typically are thicker than % inch.

The results are discussed below.
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Rock-Rock Contact

For the ten rock-rock contact samples (30 data points), the variation of data points for
both their peak strengths and post peak strengths are developed in Figures 1 through 4
and summarized in Table 2. A normal stress of 70 psi is chosen as a cutoff in some of the
plots because 0 to 70 psi is anticipated to be the most representative stress range for joints
in the cutslope analyses (GEO.DCPP.01.23), and this range removes the influence of six
values at much higher normal stresses not duplicated in clay film sample tests. Based on
the best-fit strength envelope in Figure 4, the post-peak friction angle for rock-rock

contact is 35 degrees.

Clay-Rock Contact or Clay Coated Joints

The thickness of the clay coatings or clay films is usually less than % inch for seven rock-
clay or clay coated 'samples. Many of the clay coatings were not clearly visible during
the sample selection process in the field. Some of them were only visible after the tests

when samples were taken apart to expose the joints.

Of the seven samples tested, three tests were discarded. Sample No. 33 from boring 01-F
was discarded because the clay seam in the sample may have experienced plastic
deformation under high normal loads, and the asperities may have extruded through the
clay seams and interfered with the test results. Sample No. 34 from Boring 01-CTF-A
was discarded because the shear box rotated significantly during the test. This resulted in
unreliable shear displacement and shear stress plots, thus creating difficulties in selecting
the peak shear stress under each normal load. Sample 35 from Boring 01-H was
discarded because the 0.1 to 0.4 inch thick clay seam compressed under the normal load
and caused steel-to-steel contact between the shear boxes. Constant peak shear stresses
for the first two normal loads also suggests that contact between the upper and lower

shear boxes may have occurred earlier than the application of the 3" normal stress.

The peak and post-peak shear strengths for the remaining 4 samples (accounting for 14
data points for peak strength measurements and 12 for post-peak strength measurements)

are developed in Figure 5 and summarized in Table 3, with corresponding friction angles

of 18° and 14°, respectively.
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Clay beds
Four clay bed samples, typically with clay thickness over Y4 inch thick were tested. None

of the test results were included in the analysis. The reason for discarding these tests is
because of the rock direct shear test set up. Unlike soil direct shear apparatus, which
have minimum gap between the upper and lower shear boxes, the rock direct shear boxes
have a wide gap between the shear boxes. In addition, the clay bed material was not set
in the plaster and thus does not receive any lateral support (confinement) during the
application of normal loads. Often, the thick clay beds failed in compression and were
squeezed out of the shear box when the normal loads were applied, producing
inconsistent or contradictory results. Sample 31 from Boring 01-F, for example,
exhibited lower shear resistance under higher normal loads. On the above basis, it was

judged that the rock direct shear device is not appropriate to test and characterize the clay

bed strength.

RESULTS

Joint Characteristics Evaluation
Based on the random occurrence of clay-coated discontinuities as described in the
Assumptions section, above, the strength test results for the rock-rock contact and the

clay-rock contact are aggregated in performing the statistical analyses, below.

Statistical Analysis

For the fourteen rock-rock and clay film samples, the variation of data points for both
their peak strengths and post peak strengths are developed in Figures 6 through 9, and
resulting best-fit strength envelopes shown on the Figures are summarized in Table 4.
Based on the best-fit strength envelope in Figure 9, the post peak friction angle for the
aggregated rock-rock and clay film s‘amples is 28 degrees.

CONCLUSIONS

1. Based on classification of discontinuity types in Bachhuber (11/19/01), there appears
to be a relatively equal chance that any given point along a discontinuity may be
either clean (rock-rock) or clay-coated (in this case, ten samples were clean and seven

coated).
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2. On the above basis, aggregating the direct shear strength data from clean and clay
coated joints and developing a best-fit envelope through all data appears to represent
a reasonable average of the discontinuity strength.

3. A conservative approach was taken to discard higher strength test results that were
tested with normal stress above 70 psi. The best-fit post-peak friction angle for clean
samples is about 35 degrees. The best-fit post-peak friction angle for clay-coated
samples is about 14 degrees. The best-fit post-peak friction angle for the aggregated
samples is about 28 degrees.

4. These post-peak friction angles should be used as the basic friction angles to
characterize the discontinuity strength in further wedge-type slope stability analyses
(GEO.DCPP.01.23).
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ISFSI and CTF Foundation Design, ISFSI Slope Analyses, and ISFSI Cut and Fill
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Table 1

Direct Shear test Resuits

DIRECT SHEAR TEST SUMMARY

GEQ.DCPP.01.18 Rev. 2

©\DCPPVab data\Rock-test2 xis DS

page 10f 3

Rock-rock surface Clay-rock or clay Clay Bed/Seam
Peak Post peak Peak Post peak Peak Post peak
Discontinuity Bedrock Normal Shear Shear Shear Shear Shear Shear
Boring Sample Depth Inclination Description Bedrock Unit | Discontinuity Description Laboratory Sample Description Stress Stress Stress Stress Stress Stress Stress
No. 1.D. (W} (degre:;)) — (psi) (psi (psi) (psi) {psi) (psi) (psi)
01-B 20 488 40 (W ofb-2 13.0 1.8
50 (lab) 18.0 14.0
Ahe.r'ed clayey Bonded contact, irregular, between altered and 25.0 17.0
dolomitic sandstone . :
in contact with non-altered rock. Irregular clay-coated shear Slightly wavy contact between hard 40.0 250
sandstone fine to surface on post-test sample, sheared partly | dolomite and soft clayey altered dolomite 55.0 305
. through weak rock. 15.0 12.0
med grained.
20.0 14.0
28.0 17.0
0t-C 23 414 20 (WLA) Tofb-2 20.2 4.5
44 (lab) Dolomitic sandstone Very thin clay coated slikensided joint in 40.0 7.8
o s.efnbfnable De-bonded fault plane with clay-coated 5”)’ medls:m grained ?andslone. {omt 623 "7
dolomitic sandstone, slickensides slightly disturbed during preparation. 21.4 6.0
«® med, 1o coarse ! Actual break deviated from intended joint 413 9.0
grained. plane. 66.2 1.8
"g 01-C 24 443 30 (WLA) Tofb-2 20.8 45
30 (Lab) Cemented dolomitic Wavy lightly bonded joint with thin tan 2:(2) ::
sandstone, medium Partly bonded joint plane clay coating in tan medium grained : .
Y joint p Yy 2 25 5.8
—3 grained sandstone 45:2 7:3
66.3 10.0
0i-E 29 518 0to 5 (WLA) Tofb-1 17.0 19.0
> 6 (Lab) 30.0 302
U) Bedding Cemented dolomite, Mechanical break 0 to § degrees along Planar well mated bedding joint in tan fine 46.83 445
fine grained. possible bedding lamination. to medium grained sandstone i7.5 16.0
\) 340 310
50.2 45.0
Ccmcp(cd do!omx(e, De-bonded joint interface 8 to 12 deg between Tan sandy soft clay'scam ((?AS to } inch)in
medium grained - harder and softer rack with tem thick cla tan fine to medium grained clayey
0l-F 3 117 810 12(WLA)| friable medium 1o |Tofb-1a/ Tofb-2a ceam. Irce ulao ol : seam wifl?‘muxlli e c);a sandstone. Sample extruded sideways 12.5 4.0
DISCARD 15(Lab)  [coarse grained clayey ’ Bular clayey P Y under toad. Separation surface is not shear 204 3.9
shear surfaces. 387 34
sandstone surface. . -
13.2 5.1
216 47
40.3 4.0
01-F 33 1183 6510 70 18.5 8.0
DISCARD Friable clayey ; P 35.0 it.o
R . by
medium and coarse De-bonded joint interface 65 to 70 degrees Gray C'ay‘s“m (9 10 0.05 inch thick) in 720 200
R . . gray medium grained clayey sandstone.
grained sandstone in between friable and hard rock. Irregular clay 20.5 10.5
. Tofb-2a / Tofb-2 K Test may not have sheared through clay
contact with coated sheared surface in post-test sample, not| , . 40.0 14.0
. . L. seam”, pulled apart through chewed up
cemented medium a single planar joint. rock 81.0 21.0
grained sandstone : 174.0 36.0
Contact between tan sandy clay and tan
clayey fine to medium grained sandstone.
- i} 5
Medium grained Tofb-2 Partly De-bonded c‘onlacl Detween cem.cnted Part of sample collapsed and sample
dstone in contact sandstone and silty clay bed/zane with underwent large rotation during testin
01-CTF-A 34 36 S(WLA) | Sandsions Inco polished clay surface. Very irregular shear 8 & g 15.5 14.0
. with silty clay. - Lab recommended that the sample not be
DISCARD 23 (Lab) surface not developed along a planar joint. . o IS 242
tested due to limited ability to clamp 60.5 395
sample. ’
01-H 35 945 5 (WLA) Tofb-2a 14.0 26
DISCARD 4 (Lab) Partly de-bonded low angle clay filled joints | trregular dark gray clay filied joint (0.1 to 243 2.6
possibly along bedding. Very irregular shear |0.4 in.thick) in gray clayey medium grained 472 35
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lable 1

Direct Shear test Results

GEOQ.DCPP.01.18 Rev. 2

© \DCPPVab data\Rock-les!2 vis OS

page20of 3

Peak Post peak Peak | Postpeak| Peak Post peak
Discontinuity Bedrock Normal Shear Shear Shear Shear Shear Shear
Boring Sample Depth Inclination Descriplion Bedrock Unit |Discontinuity Description Laboratory Sample Description Stress Stress Stress Stress Stress Stress Stress
No. 1.D. ] (degrees) Frisblo-meds i (psi) (psi) (psi) (psi) (psi) (psi) {psi)
grained sandstone surface involving multiple irregular subparallel] ~sandstone. Sample compressed during 16.0 6.5
clayey surface, not developed atong angle final testing stages causing steel-to-steel 29.0 6.5
planar joint. shear box contact. 532 88
01-t 36 174 0 (WLA) Tofb-1 86.0 76.0
14 (Lab . [ N 175.0 144.0
Bcddin; Ccn.\cnled medl.um De-bonded bedding plane joint/mechanical Planar beddmg)oml n ta.nllhmly bedded 352.0 264.0
> gramed‘dolomne. break. very fine gralned dolomlflc. sandstone. 010 61.0
faminated. Leaf fossil observed on joint surface. 190.0 1210
384.0 237.0
ot-1 37 168.5 10 (WLA) Tofb-} . 16.2 6.8
14 (Lab) Cemented dolomite Bedz.iibng plane joint in tan fine gra.ine(.! 27.5 9.6
o r ' - . . ol d with a thin | t 52.3 18.5
medium grained, De-bonded joint/bedding partings along 10 ) L
laminated in contact degree clay seam 1/8" to 1/4” thick. a?d clay coating, Sam[.ale rotated an‘d Jom_‘ 165 79
with StiF clay slides probably ground into contact 8| 28.1 1t
the clay. 54.5 200
01-1 398 1304 10 (WLA) Tolb-1 13 48
DISCARD 8 (Lab © 256 72
) Cem?nted fu.\e to Partly bctnded low angle comact' between hard Tan clay seam (0.1 10 0.2 inch thick) in tan 478 106
medium grained dolomite and a 1/2 ta 1 em thick clay bed. fine grained dofomitic sandstone. Sample 142 55
dolomite in contact Ireegular failure surface partly in rock, partly 1id on soft cla : 28.I 7';
with stiff clay along clayey discontinuous joint surface. steon Y. 52'2 ) IA 0
01-1 40B 888 20 (WLA) Tofb-1 470 42.0
16 (Lab) Cemented fine 90.0 73.0
Bedding . . De-bonded bedding plane joint, subparallel to| Planar bedding joints in tan fine grained 178.0 133.0
“'“'l"°d.d°'°:'“e' laminations. dolomitic sandstone. 9.0 320
aminated. 96.0 590
194.0 i13.0
01-1 41A 456 10to 15 (WLA) Tofb-1 9.5 8.0
DISCARD 17 (Lab . . 135 9.0
e Cemented fine partly bonded Jow angle clay bed-rock contact, Tan cls.:y seam about 3/4-inch thick in tan 26.5 14.0
) . L fine grained sandstone. Sample rocked and
grained dolomite, clay 2 ¢m thick, tight contact. Clay not developed fractures dusing shearin 10.5 7.0
laminated. observed in returned sample (removed?). evelopec open es uring shearing, 16.5 9.0
Slickensides observed on sample surface. 285 12.0
01-1 41B 46.1 20 (WLA) Tofb-1 235 285
14 (Lab 48.0 54.5
B:dding) Cfmcnled ﬁn.e De-bonded low angle bedding joint b Planar bedding joint in tan fine grained 93.0 96.0
graulned.doloc;m(e, rock surfaces. dolomitic sandstone. 55 20.0
aminated. 515 400
100.0 75.0
OOBA-) 1-1 182 30to 40 (WLA) Tofb-| 10.6 13.0
0 Cean!ed ﬁr.w 1o De-bonded joint, rock to rock surface, Poorly mated .rougtl joint in m?lled lan.and i(l); §;g
medium grained xidized brown dolomite with black oxide and light 13 9.0
dolomite. © ’ brown coating. 2.4 16.6
43.7 312
OO0BA-! 12 342 64 (WLA) Tofb-1 03 16.1
64 (Lab 20.1 25.6
e C:n;.cnlcd r".w ldo De-bonded steep wavy joint, rock-rock Rough, well-mated joint in tan dolomite 41.0 43.8
dorll:)emi‘:lilns:ﬂ:;ne contact, with black and brown oxidation staining. 10.0 9.0
’ 216 18.3
44.) 33.0
OO0BA-1 1-3 373 12 (WLA) Tofb-1 10.1 80
12 (Lab) Cemented {ine to .. . 205 14.7
Bedding medium grained De_b;?:;i:;::: ::::i:ﬂt::;:gﬁdmg' Bedding plane in brown dolomite 7(;3 2.5 69
dolomitic sandstone. 22 124
44.7 234
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Table 1

Direct Shear test Results

GEQ.DCPP.01.18 Rev. 2

Peak Post peak Peak Post peak Peak Post peak
Discontinuity Bedrock Normal Shear Shear Shear Shear Shear Shear
Boring Sample Depth Inclination Description Bedrock Unit jDiscontinuity Description Laboratory Sample Description Stress Stress Stress Stress Stress Stress Stress
No. 1.D. {1 (degrees) (psi) (psi) (psi) {psi) (psi) {psi) {psi)
O0BA-1 i-4 419 12 (WLA) Tofb-1 13.8 253
13 (Lab) Cemented fine lo . . . . 24.0 310
Bedding medium grained Dc-bondcf! mecha‘mcall break, subparallel to Mcchamcal. break possﬂ)l)t élong bedding 44.6 46.9
. fault bedding, lamination, rock-rock contact. | in fine grained tan dolomitic sandstone. 15.8 10.8
dolomitic sandstone
27.2 18.)
50.5 37
O0BA-1 1-6 888 21 (WLA) Tofb-1 206 242
21 (Lab) Cemented fine to Moderately rough, well-mated joint with a 401 424
medium grained De-bonded joint, rock-rock contact. thin flakey coating in the tan dolomitic gig 7.0 133
dolfomitic sandstone. sandstone 470 237
96.2 450
OO0BA-1 1-7 142 55 (WLA) Tofb-1 20.5 218
55 (Lab) Cemented fine to Wavy poorly mated joint with a black oxide 418 413
medium grained Steep wavy joint, rock-rock contact. coating and tan flakey costing (possibly g;g 768 19.0
dolomite. clay) in tan dolomite sandstone 467 370
92.8 710
OOBA-1 1-18 56.5 5t 15(WLA) Tofb-1 58 78
DISCARD 15 (Lab) 10.0 10.7
Cemented fine Low angle contact between dolomite and 0.7 | Tan rock/clay seam interface with a dark §2: :;f
grained dolomite - in thick stiff clay bed, tight and relatively brown slainin~g in the vicinity of the 6 5 : 45
claybed. planar clay rock contact. interface, 107 63
2t9 9.4
40.3 12.0

¢ \OCPPYab dataRock-test2 xis DS

page 3 of 3
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Table 2 Clean rock joints

GEO.DCPP.01.18 rev.2

page{Bof 2o

Figure | Joint set plotted § peak ® post peak
1 Peak all rock 39
2 Peak all rock with sign <70 psi 45
3 Post peak all rock 32
4 Post peak all rock with sign < 70 psi 35
Table 3 Clay film joints
Figure | Joint set plotted ® peak | @ post peak
5 peak all rock 18
5 post peak all rock 14
Table 4 Clean rock joints and clay film joints together
Figure | Joint set plotted O peak | P post peak
6 Peak all rock 38
7 Peak all rock with sign < 70 psi 34
8 Post peak all rock 31
9 Post peak all rock with sign < 70 psi 28
. Notes:
1. The term “sign” in the tables is “sigma normal,” or normal stress applied to sample.
2. All best fits to obtain ¢ angle in plots are straight lines through the origin.



GEO.DCPP.01.18 rev. 2

Peak clean all rock data

Boring . Sample Rock normal peak
No. 1.D. Type stress strength peak clean all rock
01-E 29 Tofb-1 17.0 19.0 200
: e | g o o =
£ 200 ] RE=0.966 7
01-1 36 Tofb-1 86.0 76.0 ;.‘, /
36 175.0 144.0 g 190 /
36 3520 264.0 E 100 ” plotted next page
011 40B Tofb-1 47.0 42.0 2 50<2§—‘4 | |
40B 90.0 73.0 “ 0 ' :
40B 178.0 133.0 0 100 200 300 400
01-1 41B Tofb-1 235 28.5 normal stress (psi)
41B 48.0 54.5
41B 93.0 96.0
OOBA-1 14 Tofb-1 10.6 13.0 )
i-1 20.1 213 line slope = 0.8057
1-1 41.2 353 phi= 38.9 degrees  «
OOBA-] 1-2 Tofb-1 103 16.1
1-2 20.1 25.6
1-2 41.0 43.8
OOBA-1 1-3 . Tofb-1 10.1 8.0
1-3 20.5 14.7
1-3 41.3 27.5
OOBA-1 1-4 Tofb-1 13.8 253
14 240 31.0
1-4 44.6 46.9
OOBA-1 1-6 Tofb-1 20.6 242
1-6 40.1 42.4
1-6 82.0 71.0
OO0OBA-1 1-7 Tofb-1 20.5 21.8
1-7 41.8 41.8
1-7 83.0 76.8
Figure 1
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GEO.DCPP.01.18 rev. 2

peak clean all rock with normal stress < 70 psi

Boring Sample Rock normal peak
No. 1.D. Type stress strength peak clean all rock <70 psi
01-E 29 Tofb-1 17.0 190 || _ .
300 302 2 20 1 y=1.0059x [
46.8 44.5 € 40 |-R®=0.8032
01! 40B Tofb-1 47.0 42.0 S 30 5 *../, M
01-I 41B Tofb-1 235 28.5 a 20
48.0 54.5 § 10 -—}/’
OOBA-1 1-1 Tofb-1 10.6 13.0 “ 0
20.1 21.3 0 20 40 60
41.2 35.3 normal stress (psi)
OOBA-1 1-2 Tofb-1 10.3 16.1
20.1 256
41.0 438
OO0BA-1 1-3 Tofb-1 10.1 8.0 line slope = 1.0059
20.5 14.7 phi= 452 degrees
41.3 27.5
OOBA-1 1-4 Tofb-1 13.8 25.3
24.0 31.0
446 46.9
OOBA-1 1-6 Tofb-1 20.6 24.2
40.1 42.4
OOBA-1 1-7 Tofb-1 20.5 21.8
41.8 41.8
Figure 2
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post peak clean all rock data

Boring Sample Rock normal post peak
- post peak clean all rock
No. 1.D. Type stress strength
01-E 29 Tofb-1 17.5 16.0 = 300
29 34.0 31.0 & 50 }_v=06289%
» | 50.2 45.0 £ 200 |_R*=0.07%0 P
011 36 Tofb-1 93.0 61.0 g 150 ~
3 190.0 1210 g 100 A,plotted next page |
36 384.0 237.0 g 5W~ | [ ]
01-1 40B Tofb-1 49.0 32.0 o " '
408 6.0 9.0 0 100 200 300 400 500
40B 194.0 113.0 normal stress (psi)
01-] 41B Tofb-1 25.5 20.0
41B 51.5 40.0
41B 100.0 75.0
OOBA-1 1-1 Tofb-1 113 9.0 line slope = 0.6289
1-1 214 16.6 phi= 322 degrees
1-1 . 437 312
OOBA-1 1-2 ' Tofb-1 10.0 9.0
1-2 21.6 18.3
1-2 44.1 33.0
OOBA-1 1-3 Tofb-1 109 6.9
1-3 222 124
1-3 44.7 234
OOBA-1 1-4 Tofb-1 15.8 10.8
1-4 272 18.1
1-4 50.5 31.7
OOBA-1 1-6 Tofb-1 242 13.3
1-6 ‘ 47.0 23.7 !
1-6 96.2 45.0
OOBA-1 1-7 Tofb-1 229 19.0
1-7 46.7 37.0
1-7 92.8 71.0
Figure 3
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post peak clean all rock with normal stress < 70 psi

Boring Sample Rock normai post peak
No. 1.D. Type stres strength post peak clean all rock < 70 psi
01-E 29 Tofb-1 17.5 16.0
29 34.0 31.0 E 50 "
29 50.2 45.0 A 0.7118x .t
ot 40B Tofb-1 49.0 32.0 B 30 R =08335 - %
01-1 41B Tofb-1 25.5 20.0 £ 20 + ’;r/ A
41B 51.5 40.0 § 10 ‘—V/ (34
OOBA-1 1«1 | Tofb-l 11.3 9.0 % 0
1-1 21.4 16.6 0 20 40 60
1-1 43.7 31.2 normal stress (psi)
OOBA-1 1-2 Tofb-1 10.0 9.0
1-2 216 18.3
1-2 44.1 33.0
OOBA-1 1-3 Tofb-1 10.9 6.9 line slope = 0.7118
1-3 22.2 12.4 phi = 354 degrees
1-3 447 23.4
OOBA-1 1-4 Tofb-1 15.8 10.8
1-4 27.2 18.1
1-4 50.5 31.7
QOBA-1 1-6 Tofb-1 24.2 13.3
1-6 47.0 23.7
OOBA-1 1-7 Tofb-1 22.9 19.0
1-7 46.7 37.0
Figure 4
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GEO.DCPP.01.18 rev. 2

Peak clay film
Boring Sample Rock normal peak peak clay
No. LD. Type stress strength** -
01-B 20 Tofb-2 13.0 11.8 'g 40
20 18.0 14.0 ~
=0.3205
30 750 17.0 £ 30 {— Y= 03205 -
g R? = -0.0299 t
20 40.0 25.0 5 20 +— '
20 550 30.5 3 10 o *] et .
01-C 23 Tofb-2 20.2 4.5 g 0
23 40.0 7.8 £ ’ ' ’
23 623 117 @ 0 20 40 60 80
01-C 24 Tofb-2 20.8 4.5 normal stress (psi)
24 41.2 6.2
24 61.0 7.8
01-1 37 Tofb-1 16.2 6.8
37 27.5 9.6 line slope = 0.3205
37 52.3 18.5 ) phi= 17.8 degrees
Post peak clay film
Boring Sample Rock normal post peak post peak clay
No. LD. Type stress strength**
01-B 20 Tofb-2 15.0 12,0 £ 30
20 20.0 14.0 4 y = 0.2574x
20 28.0 17.0 £ = 20 R? = + M
01C 73 Tofo2 214 6.0 @ 8 4o | R =-09401 *
23 413 9.0 s 0 = M
23 662 11.8 5 ' ‘ '
01-C 24 Tofb-2 22.3 5.8 0 2 40 60 80
;3 ;-;i 17030 normal stress (psi)
01-] 37 Tofb-1 16.5 7.9
37 . 28.1 11.1
37 54.5 20.0
line slope = 0.2574
**clay film values in italics . phi= 14.4 degrees
Figure 5
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Peak all clean rock and clay film

GEO.DCPP.01.18 rev. 2

Boring Sample Rock normal peak peak ali rock and clay
No. LD. Type stress strength**
01-B 20 Tofb-2 13.0 11.8
20 18.0 14.0 = 300 .
20 25.0 17.0 f 250 1—y =0.7671x //"
20 40.0 25.0 B 200 I-R*=09145
20 55.0 30.5 E 150
01-C 23 Tofb-2 20.2 4.5 g 100 | ;__ plotted next page ]
23 40.0 7.8 £ Gyl | |
23 623 17 0 100 200 300 400
01-C 24 Tofb-2 20.8 4.5 normal stress (psi)
24 41.2 6.2
24 61.0 7.8
01-E 29 Tofb-1 17.0 19.0
29 30.0 30.2
29 46.8 44.5 line slope = 0.7671
01-1 37 Tofb-1 16.2 6.8 phi= 375 degrees
37 27.5 9.6
37 52.3 185
01-1 36 Tofb-1 86.0 76.0
36 175.0 144.0
36 352.0 264.0
01-1 40B Tofb-1 47.0 42.0
40B 90.0 73.0
40B 178.0 133.0
01-1 41B Tofb-1 23.5 28.5
41B 48.0 54.5
41B 93.0 96.0
OOBA-I 1-1 Totb-1 10.6 13.0
I-1 20.1 213
-1 412 353
OOBA-1 1-2 Tofb-1 10.3 16.1
1-2 20.1 25.6
1-2 41.0 43.8
0O0BA-1 I-3 Tofb-1 10.1 8.0
1-3 20.5 14.7
1-3 . 413 275
 0O0BA-1 14 Tofb-1 13.8 253
i4 24.0 31.0
1-4 44.6 46.9
O0BA-1 1-6 Tofb-1 20.6 242
1-6 40.1 424
1-6 82.0 71.0
OOBA-] 1-7 Tofb-1 20.5 21.8
1-7 41.8 41.8
1-7 83.0 76.8
**clay film values in italics Figure 6
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GEO.DCPP.01.18 rev. 2

Peak all clean rock and clay film with normal stress < 70 psi

Boring Sample Rock normal peak peak all rock and clay <70 psi
No. LD. Type stress strength**
01-B 20 Tofb-2 13.0 11.8 __¢o T
20 18.0 14.0 g 50— Y~ 0.869x —
20 25.0 17.0 £ 40 ] R =00174 3
20 . £0.0 25.0 g_’ 30 — ’ .
20 55.0 30.5 ‘Im: 20 1> -
01-C 23 Tofb-2 202 45 $ 10 3}) . B
23 40.0 7.8 5 *h P
23 62.3 11.7 0 20 40 60 80
01-C 24 Tofb-2 20.8 4.5 B
normal stress (psi)
24 41.2 6.2
24 61.0 7.8
01-E . 29 Tofb-1 17.0 19.0
29 30.0 302
29 46.8 445 line slope = 0.6695
01-1 37 Tofb-1 16.2 6.8 phi= 33.8 degrees
37 27.5 9.6
37 52.3 18.5
01-1 40B Tofb-1 47.0 42.0
01-1 41B Tofb-1 235 28.5
41B 48.0 54.5
OOBA-1 1-1 Tofb-1 10.6 13.0
1-1 20.1 21.3
1-1 41.2 353
OOBA-1] 1-2 Tofb-1 10.3 16.1
1-2 20.1 25.6
1-2 41.0 43.8
OO0OBA-I1 1-3 Tofb-1 10.1 8.0
1-3 20.5 14.7
1-3 413 27.5
OOBA-1 1-4 Tofb-1 13.8 253
1-4 24.0 31.0
1-4 44.6 46.9
OOBA-1 1-6 Tofb-1 20.6 242
| 1-6 40.1 42.4
OOBA-1 1-7 Tofb-1 20.5 21.8
1-7 41.8 41.8
** clay film values in jtalics
Figure 7
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GEO.DCPP.01.18 rev. 2

Post Peak Clean Rock and Clay Film

Boring Sample Rock normal post peak post peak all rock and clay
No. 1.D. Type stress strength**
01-B 20 Tofb-2 15.0 12.0 250 T
20 20.0 14.0 T 200 e 0.6063x //
20 l 28.0 17.0 < R"=0.9424 /]
01-C 23 Tofb-2 214 6.0 g 150
23 41.3 9.0 £ 100
23 66.2 11.8 E 50 4 y - plotted next page
01-C 24 Tofb-2 22.5 5.8 »
24 45.2 7.3 g 2 l I '
24 66.3 10.0 0 100 200 300 400 500
01-1 37 Tofb-1 16.5 7.9 normal stress (psi)
37 28.1 111
37 54.5 20.0
01-E 29 Tofb-1 17.5 16.0
29 ) 34.0 31.0 line slope = 0.6063
29 ' 502 45.0 phi= 31.2 degrees
01-1 36 Tofb-1 93.0 61.0
36 190.0 121.0
36 384.0 237.0
01-1 40B Tofb-1 49.0 320
40B 96.0 59.0
40B 194.0 113.0
01-1 41B Tofb-1 25.5 20.0
41B S1.5 40.0
41B 100.0 75.0
OOBA-1 1-1 Tofb-1 113 9.0
1-1 214 16.6
1-1 43.7 312
OOBA-1 1-2 Tofb-1 10.0 9.0
1-2 21.6 183
1-2 441 33.0
0O0BA-1 1-3 Tofb-1 10.9 6.9
1-3 222 12.4
1-3 44.7 234
QOBA-! 1-4 Tofb-1 15.8 10.8
1-4 272 18.1
-4 50.5 31.7
OOBA-1 1-6 Tofb-] 242 13.3
1-6 : 47.0 237
1-6 96.2 45.0
OOBA-1 1-7 Tofb-1 229 19.0
1-7 46.7 37.0
1-7 928 | 710
**clay film samples in italics
Figure 8
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GEO.DCPP.01.18 rev. 2

Post Peak Clean Rock and Clay Film with normal stress < 70 psi

Boring Sample Rock normal post peak post peak all rock and clay <70 psi
No. L.D. Type stress trength**E33
01-B 20 Tofb-2 15.0 12.0 50 ! .
20 20.0 14.0 T a0 | 05218 .
20 28.0 17.0 £ RO =0.1798 ' L-
S 30 e |30
01-C 23 Tofb-2 214 6.0 g /
23 41.3 9.0 ? 20 TP .
23 : 66.2 118 $ 10 1927 " s
01-C 24 Tofb-2 22.5 58 ] o *
24 45.2 7.3 0
24 66.3 10.0 0 20 40 60 80
01-E 29 Tofb-1 17.5 16.0 normal stress (psi)
29 34.0 31.0
29 50.2 45.0
01-1 37 Tofb-1 16.5 7.9
37 28.1 11.7 line slope = 0.5218
37 54.5 20.0 phi= 27.6 degrees
| 0 40B Tofb-1 49.0 32.0
01-1 41B Tofb-1 255 20.0
41B 51.5 40.0
OOBA-1 1-1 Tofb-1 113 9.0
1-1 214 16.6
1-1 43.7 31.2
QOBA-1 1-2 Tofb-1 10.0 9.0
1-2 21.6 18.3
1-2 44.1 33.0
OOBA-1 1-3 Tofb-1 10.9 6.9
1-3 22.2 12.4
1-3 44.7 234
QOBA-1 14 Tofb-1 15.8 10.8
1-4 27.2 18.1
1-4 50.5 317
OOBA-1 1-6 Tofb-1 242 13.3
1-6 47.0 23.7
OO0BA-1 1-7 Tofb-1 229 19.0
1-7 46.7 37.0
** clay film values in italics
Figure 9
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William Lettis & Associates, Inc.

1777 Botelho Drive, Suite 262, Walnut Creek, California 94596
Voice: (925) 256-6070 FAX: (925) 256-6076

- )
Mr. Robert White N LY

Geosciences Department
Pacific Gas & Electric Company
245 Market Street, Rm. 421-N4C
San Francisco, CA 94105

November 5, 2001
Re: Completion of Data Reports (formerly applendices)

Dear Rob:

This letter transmits to Geosciences the following Diablo Canyon ISFSI Data Reports (formerly
called appendices) that were prepared under the WLA Work Plan, Additional Geologic Mapping,
Exploratory Drilling, and Completion of Kinematic Analyses for the Diablo Canyon Power Plant
Independent Spent Fuel Storage Installation Site, Rev. 2 (11/28/00) using data collected under that
Work Plan and a second WLA Work Plan, Additional Exploratory Drilling and Geologic Mapping
for the ISFSI Site, Rev. 1 (9/21/01). ‘

Diablo Canyon ISFSI Data Report A - Geologic Mapping in the Plant Site and.
ISFSI Site Areas, Rev. 0, November 5, 2001, November 5, 2001, prepared by J.
Bachhuber, 42 p.

Diablo Canyon ISFS] Data Report B - Borings in ISFSI Site Area, Rev. 0,
November 5, 2001, prepared by J. Bachhuber, 244 p.

Diablo Canyon ISFSI Data Report C - 1998 Geophysical Iﬁvestigations at the
ISFSI Site Area, (Agbabian Associates and GeoVision), Rev. 0, November 5,
2001, prepared by J. Bachhuber, 84 p.

Diablo Canyon ISFSI Data Report D -  Trenches in the ISFSI Site Area, Rev. 0,
November 5, 2001, prepared by J. Bachhuber, 66 p.

Diablo Canyon ISFSI Data Report E, - Borehole Geophysical Data (NORCAL
Geophysical Consultants, Inc.), Rev. 0, November 5, 2001, prepared by C.
Brankman, 303 p.

Diablo Canvon ISFSI Data Report F - Field Discontinuity Measurements, Rev. 0,
November 5, 2001, prepared by J. Bachhuber and C. Brankman, 85 p.

Diablo Canyon ISFSI Data Report G -  Soil Laboratory Test Data (Cooper Testing
Laboratory), Rev. 0, November 5, 2001, prepared by J. Sun, 63 p.

Diablo Canyon ISFSI Data Report H- Rock Strength Data and GSI Sheets, Rev. 0,
November 5, 2001, prepared by J. Bachhuber, 37 p.
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Diablo Canyon ISFSI Data Report 1 - Rock Laboratory Test Data (GeoTest
Unlimited), Rev. 0, November 5, 2001, prepared by J. Sun, 203 p.

Diablo Canyon ISFSI Data Report J~  Petrographic Analysis and X-Ray
Diffraction of Rock Samples (Spectrum Petrographics, Inc.), Rev. 0, November 5,

2001, prepared by J. Bachhuber, 204 p.

Diablo Canyon ISFSI Data Report K - Petrographic and X-Ray Diffraction
Analyses of Clay Beds (Schwein/Christensen Laboratories, Inc.), Rev. 0,
November 5, 2001, prepared by J. Bachhuber, 36 p.

In addition to the revisions of those reports required under the various Work Plans, Mr.
Scott Lindvall, the WLA ITR for the ISFSI project, has performed independent technical
reviews of the Diablo Canyon ISFSI Data Reports as part of his review of Calculation
Package GEO.DCPP.01.21, Analysis of Bedrock Stratigraphy and Geologic Structure at
the DCPP ISFSI Site. He finds that the reports clearly and accurately compile and

organize the data. :

Mr. Albert Tafoya from the Diablo Canyon ISFSI Project Office in San Luis Obispo, Mr.
Dale Marcum, NQS Technical Oversight for the project, and William Page of your office
provided comments on the August versions of the Diablo Canyon ISFSI Data Reports
(formerly called appendices) and their comments have been addressed.

These reports are submitted to you as per the PG&E Geosciences Department Calculation
Procedure GEO.001, Rev. 04 (10/10/01).

We look forward to any comments you may have.

Sincerely,
WILLIAM LETTIS & ASSOCIATES, INC.

Ce X

Robert C. Witter
Project Manager

CC:  William Page
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Figure 4.1: Shear testing of discontinuities

In the case of the residual strength, the cohesion ¢ has dropped to zero and the
relationship between ¢, and G, can be represented by:

T, =0, tan q)r (4.2)

where ¢, is the residual angle of friction.

This example has been discussed in order to illustrate the physical meaning of the term
cohesion, a soil mechanics term, which has been adopted by the rock mechanics
community. In shear tests on soils, the stress levels are generally an order of magnitude
lower than those involved in rock testing and the cohesive strength of a soil is a result of
the adhesion of the soil particles. In rock mechanics, true cohesion occurs when cemented
surfaces are sheared. However, in many practical applications, the term cohesion is used
for convenience and it refers to a mathematical quantity related to surface roughness, as
discussed in a later section. Cohesion is simply the intercept on the T axis at zero normal
stress.

The basic friction angle ¢ is a quantity that is fundamental to the understanding of the
shear strength of discontinuity surfaces. This is approximately equal to the residual
friction angle ¢, but it is generally measured by testing sawn or ground rock surfaces.
* These tests, which can be carried out on surfaces as small as 50 mm X 50 mm, will
produce a straight line plot defined by the equation :

T, =0, tang, (4.3)

po-o 2% 4 Ho
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William Lettis & Associates, inc.

1777 Botelha [Drive, Suite 262, Walnul Creek, California 94596
Vaice: (925) 256-6070  FAX: (925) 256-6076

Robert K. White

PGQ&E Geosciences November 19, 2001
P.0O. Box 770000,

Mail Code N4C _

San Francisco, CA 94177

RE: Re-confirmation of Direct Shear Teat Classification Table

Rob:

Per your request, I have performed an additional review of direct shear sample rock
classifications and the "Appendix I Direct Shear Test Sample Classification" table, datcd
June 12, 2001, that I prepared and sent to you via email on June 19, 2001. As you
pointed out during our telephone discussion of November 16, 2001, four of the rock
samples from boring 00BA-1 (samples 1-2, 1-3, 1-4, and 1-6) were incorrectly classified
as sandstone, and instead should be clagsified as dolomite. The sandstone classification
was in conflict with the detailed boring logs and summary logs in Data Report B, In
addition to correction of rock classifications for thege samples, we have also corrected
classification for boring O1-G sample No. 23 that should be classified as "friable" rock.
I have attached a four-page edited table including these revisions.

Please make the corrections in tables and references in Data Report I, and perform a re-
evaluation of the rock test data for possible implications for the engineering analyses.

Please call me if you have any questions regarding this letter or need additional
information.

Sincerely,

WILLIAM LETTIS & ASSOCIATES, INC.

JreS—

Jeff Bachhuber, C.E.G.
Principal Geologist-ISFSI Project Geologist

Attachment: 4-page table, "Direct Shear Test Summary", revised 11/19/01
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Appendix | Direct Shear Test Sample Classification

| Modeled Condition
=
i &
Q H
o (& X
3 E
] 5 g
] % &
ARER
o ) ]
eo test La [ O [+
Sample No. | Boring | Depth [Bedrock Type and Unit_|Geologic Description of Discontinuity  JLaboratory Description

20 01-8 48.8' |Altered clayey dolomitic |Bonded 40° contact, irregular, between Slightly wavy intact X
sandstone in contact with daltered and non-altered rock contact between hard
sandstone, fine-to “irregular clay-coated shear sufface on dolomite and soft clayey
medium-grained post-test sample, shear partly through altered dolomite
(Tofb-2) weak rock.

23 01-C 41.4' |Dolomitic sandstone De-bonded 20° Fault plane with clay- Very thin clay coated, X
to semi-friable dolomitic  }coated slickensides, slickensided joint in gray,
sandstone, medium-to medium-grained sandstone.
coarse-grained *Joint slightly disturbed
(Tofb-2) during preparation. Actual

break deviated from
intended joint plane.

24 01-C 443 |Cemented dolomitic Partly bonded 30° joint plane Wavy lightly bonded joint X
sandstone, . with thin tan clay coating ?
medium-grained in tan medium-grained
(Tofb-2) sandstone

29 01-E 51.8' |Cemented dolomite Mechanical break 0-5° along possible Planar, well-mated bedding X
fine-grained bedding lamination joint in tan fine-to bddg.

(Tofb-1) medium-grained sandstone.

App. |, Direct Shear Table

6/12/01
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Appendix | Direct Shear Test Sample Classification

| Modeled Condition

2 | ¥
| £
o | 6 | %
Ela|z
o
a|% | §
N x °
o [ -]
X x a
] ES >
o ] )
€6 Testa o S o
Sample No. | Boring | Depth [Bedrock Type and Unit JGeologic Description of Discontinuity [Laboratory Description
3 01-F 117'  |Cemented dolomite, med. |De-bonded joint interface 8-12° between  |Tan, sandy, soft clay seam X
grained in contact with  harder and softer rock with 1 cm thick (1/2-1 inch thick) in tan,
friable, med.-to coarse-  [clay seam fine-to medium-grained
grained clayey sandstone |“irregular clayey seam with multiple clay  |clayey sandstone.
(Tofb-1a/Tofb-2a) shear surfaces *Sample extruded sideways
under load.
Separation surface is not
shear surface,
33 01-F 118.3 |Friable clayey medium- |Debonded joint interface 65-70° between |Gray clay seam (0 to 0.05- X
(discard?) - to coarse grained friable and hard rock inch thick) in gray, med.-
sandstone in contact with grained weak clayey
cemented medium-graineq*irregular clay coated sheared surface sandstone
sandstone. on post-test sample, not a single planar *Test may not have sheared
(Tofb-2a/Tofb-2) joint through clay "seam”, pulled
apart through chewed up
rock
34 01-CTFA| 32.6 |Medium-grained Partly debonded contact, 5°, between Contact between tan, sandy X
(discard?) sandstone in contact with jcemented sandstone and silty clay clay and tan, clayey fine-to |

silty clay
(Tofb-2)

bed/zone with polished clay surface
“Very irregular shear surface not
developed along a planar joint

medium-grained sandstone,
*Part of sample collapsed |
and sample underwent large
rotations during testing.

L.ab recommended that the
sample not be tested due to

limited ability to clamp
sample.

App. |, Direct Shear Table
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Appendix | Direct Shear Test Sample Classification

| Modeled Condition
2| 3
b &
Q 2
- I
E1& |2
5 o E
0 ] g
$ % 2
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% Tl =
e 0] L)
eo TestLa 4 o 5]
Sample No. ] Boring | Depth [Bedrock Type and Unit [Geologic Description of Discontinuity _|Laboratory Description
35 01-H 94.5" |Friable, medium-grained |Parlly debonded low angle (5°t) clay- Irregular dark gray clay- X
sandstone filled joints possibly along bedding. filled joint (0.1 to 0.4-inch
(discard?) (Tofb-2a) *Very irregular shear surface involving thick) in gray clayey
multiple irregular, subparalle! clayey médium-grained sandstone.
surfaces not developed along a single *Sample compressed during
planar joint final testing stages causing
steel-to-steel shear box
contact
g 36 01-1 174' |Cemented, medium- Debonded bedding plane joint/mechanical [Planar bedding joint in tan, X
grained dolomite, break, fiat (0%) thinly bedded, very fine- bddg.
laminated grained dolomitic sandstone.
" (Tofb-1) “Leaf fossil observed on
- joint surface
9 37 01-1 168.5' [Cemented dolomite, Debonded joints/bedding partings along  |Bedding ptane joint in tan, X
-t~ medium-grained, 110° clay seams 1/8" to 1/4" thick. fine-grained dolomitic
- laminated-stiff ciay sandstone with a thin
0@\ (Tofb-1) lamination and clay coating

*Sample rotated and joint
sides probably ground into

contact through the clay.

App. |, Direct Shear Table
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Appendix | Direct Shear Test Sample Classification

| Modeled Condition

g1 3
'.E &
o (4] K3
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eo TestLa x o o
Sample No. | Boring [ Depth [Bedrack Type and Unit |Geologic Description of Discontinuity  {Laboratory Description
398 01- 130.4' |Cemented, fine-to mediumPartly bonded, low angle contact, 10°, Tan clay seam (0.1 to 0.2- X
grained dolomite in contacibetween hard dolomite and 1/2-1cm thick Jinch thick) in tan fine-
stiff clay clay bed. grained dolomitic sandstone.
(Tofb-1) *Irregular failure surface partly in rock, “‘Sample slid on soft clay
partly afong clayey discontinuous joint
surfaces.
408 011 88.8" |Cemented, fine-grained |Debonded bedding plane joint, 20°, Planar bedding joint in tan X
] dolomite, laminated subparallel to laminations fine-grained dolomitic bddg.
(Tofb-1) sandstone
41A 01-1 45.6" |Cemented fine grained  |Parlly bonded low angle clay/bed-rock Tan clay seam about 3/4- X

dolomite, laminated
(Tofb-1)

contact, 10-15°, clay 2¢m thick, tight
contact.

Clay not observed in returned sample
(removed?)

inch thick in tan, fine-
grained sandstone
“Sample rocked and
developed open fissures
during shearing,
slickensides observed on

sample surface

App. |, Direct Shear Table
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Appendix | Direct Shear Test Sample Classification

| Modeled Condition
2| 3
q ]
o s
» 3] i
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eo TestLal 2 3 3
Sample No. | Boring | Depth {Bedrock Type and Unit [Geoclogic Description of Discontinuity |Laboratory Description
418 011 46.1' |Cemented, fine-grained |Debonded, low angle bedding joint, 20°, _|Planar bedding joint in tan X
dolomite, laminated between rock surfaces fine-grained dolomitic bddg.
(Tofb-1) sandstone
1-1 00BA-1 | 17.8- |Cemented, fine-to mediun]Debonded joint, 30-40°, rock-rock poorly mated rough joint X
18.6' lgrained dolomite surfaces, oxidized in mottled tan and brown
(Tofb-1) dolomite (7} with black
oxide and light brown
coating
1-2 00BA-1 | 34-34.4' {Cemented, fine-to medium{Debonded, steep, wavy joint, 64° rock-rock |Rough, well-mated joint in X
grained dolomitic contact tan dolomite (?) with black
sandstone and brown oxide staining
(Tofb-2)
1-3 00BA-1| 36.9- [Cemented, fine-to mediumiDebonded joint, 12°, subparaliel to Bedding plane in dark browh X
37.6" |grained dolomitic bedding (7) laminations, rock-rock dolomite (7) bddg.
sandstone contact
(Tofb-2)

App. |, Direct Shear Table
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Appendix | Direct Shear Test Sample Classification
| Modeled Condition
. - %
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Sample No. | Boring | Depth [Bedrock Type and Unit [Geologic Description of Discontinuity  [Laboratory Description
1-4 00BA-1{ 41.7- |Cemented, fine-to medium{Debonded, mechanical break subparallel tofMechanical break (possibly X
42.2' |grained dolomitic faint bedding (?) laminations, 12°, rock- along bedding) in fine- bddg.
sandstone rock contact grained tan dolomitic
(Tofb-2) sandstone
1-6 00BA-1| 882- [Cemented, fine-to mediumDebanded joint, 21°, rock-rock contact Moderately rough well X
89-5' [grained dolomitic mated joint with a thin
sandstone flakey coating in tan
(Tofb-2) dolomitic sandstone
17 00BA-1] 141.4- |Cemented, fine-to mediunySteep wavy joint, 55°, rock-rock Wavy poorly mated joint X
1425 |grained dolomite contact with a black oxide coating
(Tofb-1) (probably clay) in tan
dolomitic sandstone
1-18 00BA-1| 55.3- {Cemented, fine-grained [Low angle contact between dolomite and Tan rock/clay seam X
56.5' |dolomite-clay bed 0.7-foot thick stiff clay bed. 5-15°,

(Tofb-1)

tight and relatively planar clay-rock
contacts

interface with a dark brown

staining in the vicinity of
the interface

App. |, Direct Shear Table
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DCPP ISFSI GEOTECHNICAL CALCULATION PACKAGE

Title: Development of strength envelopes for jointed rock mass at DCPP ISFSI

using Hoek-Brown equations

Calc Number: GEO.DCPP.01.19

Revision: Rev. 1

Author: Jeff L. Bachhuber
Date: November 7, 2001
Verifier: Robert K. White
1.0 PURPOSE

This Calculation Package documents the development of in situ rock mass shear strength
estimates using the Hoek-Brown criterion (Hoek, 2000) for in situ dolomite (geologic
map unit Tofy.)) and sandstone (unit Tofy.») bedrock at the ISFSI and CTF Sites, and
within the slope above the ISFSI pads as part of the assessment of subsurface conditions
required under William Lettis & Associates, Inc. (WLA) Work Plan “Additional
Geologic Mapping, Exploratory Drilling, and Completion of Kinematic Analyses for the
Diablo Canyon Power Plant, Independent Spent Fuel Storage Installation Site”, Rev. 2,
November 28, 2000.. The Hoek-Brown criterion is described in an online document
entitled "Rock Engineering Course Notes" by Evert Hoek, with a latest revision date of
December 2000. Excerpts from Chapter 11, "Rock Mass Properties" of the course notes
that describe the Hoek-Brown criterion for development of rock strength envelopes are
included in Attachment 1 of this Calculation Packagé. The referenced chapter also
contains the equations used for derivation of the Hoek-Brown shear strength envelopes.

The Hoek-Brown criterion is an empirically-based approach that develops non-linear
shear strength envelopes for a rock mass, and accounts for the strength influence of
discontinuities (joints, bedding planes, faults), mineralogy and cementation, rock origin
(e.g., sedimentary or igneous), and weathering. The resulting rock mass shear strength
envelopes are used for evaluation of the ISFSI pads and CTF facility foundation
properties, and for stability analyses of potential bedrock failures within jointed, confined
rock at the ISFSI site. The Hoek-Brown methodology is intended to be used for rock
masses in which there is a sufficient density of intersecting discontinuities, with similar

"GEO.DCPP.01.19 Rev. 1 Page 6 of 92



surface characteristics, such that isotropic behavior involving failure along multiple
discontinuities can be assumed. The method is not intended for use when failure is
anticipated to occur largely through intact rock blocks, or along discrete, weak,
continuous failure planes (such as weak bedding interfaces). The structure (or failure)
geometry must be relatively large with respect to individual block size. The rock mass
conditions and relative size differences between rock blocks, potential deep-seated rock
slide masses, and ISFSI/CTF foundations for which the Hoek-Brown criterion is being

applied are appropriate, and meet these rock mass requirements.

Block sizes in the rock mass exhibit a significant range, but typically are on the order of 2
to 3 feet and locally up to about 14 feet in maximum dimension, and exhibit irregular
intersections and low persistence (refer to William Lettis & Associates, Inc., 2001,
Diablo Canyon ISFSI Data Report F). Potential deep-seated rock slide failures are on the

order of hundreds of feet in dimension.

The Hoek-Brown criterion is appropriate at the ISFSI site for the fractured, confined rock
mass below surficial zones of weathering and stress relief. A zone of surficial dilated and
weathered rock was observed in exploratory trenches and borings extending about 4 feet
deep (refer to boring logs, trench logs, and Optical Televiewer logs in William Lettis &
Associates, Inc., 2001, Diablo Canyon ISFSI Data Reports B, D, and E, respectively),
and conservatively estimated to extend to a maximum depth of about 20 feet below the
ground surface or behind planned excavation slopes. Unconfined, stress-relieved rock in
the near surface and in future excavation cuts, is free to dilate along pre-existing
discontinuities. The shear strength of shallow rock within the dilated surficial zone is
estimated using the method of Barton and Choubey (1977) in Calculation Package
GEO.DCPP.01.20 for modeling potential shallow wedge and topple sliding that could

occur along discrete discontinuity surfaces in cut slopes.

The Hoek-Brown criterion is not appropriate for estimating the shear strength of localized
zones of very weak to weak, friable dolomite (geologic map unit Tofy.;a) and friable
sandstone (map unit Tofy,,) that were observed in some test pits, exploratory borings,
and road cuts. Typically, the friable rocks are relatively massive with poorly-developed
discontinuities and weak cementation, and shear strength appears to be largely controlled
by cementation strength of rock blocks, rather than the strength along discontinuities.
Therefore, the use of the Hoek-Brown criterion is restricted to the relatively harder,

stronger, dolomite and sandstone. Laboratory multi-stage triaxial testing was used to

* GEO.DCPP.0L.19 Rev. 1 Page 7 0f 92



develop shear strength envelopes for the friable rock zones, as described in Calculation
Package GEO.DCPP.01.16. Furthermore, the Hoek-Brown criterion is not applicable for
determination of shear strength along distributed clay beds and seams in the rock mass
that may be laterally persistent. The shear strength of discrete clay beds in the rock mass
was evaluated by laboratory testing of clay samples as described in Calculation Package

GEO.DCPP.01.31.

2.0 INPUTS

The Hoek-Brown method uses three input parameters to estimate rock mass strength: (1)
uniaxial compressive strength (Uc) of intact rock blocks; (2) material index (m;) related
to rock mineralogy, cementation, and origin (Figure 19-1); and, (3) Geological Strength
Index (GSI) that factors the intensity and surface characteristics of rock mass

discontinuities (Figure 19-2).

Rock mass field and laboratory data are the basis for the Hoek-Brown spreadsheet
parameters. These data were obtained by field examination and classification of in situ
rock mass exposures, mostly from exploratory trenches (William Lettis & Associates,
Inc., 2001, Diablo Canyon ISFSI Data Report H) and laboratory testing of diamond core
boring samples (William Lettis & Associates, Inc., 2001, Diablo Canyon ISFSI Data
Report I). These data were compiled and evaluated using Microsoft Excel spreadsheet
functions. Data tables for GSI and m; are presented in Tables 19-1 and 19-2. Table 19-3
summarizes Uc data used for the spreadsheet input as documented in Calculation Package
GEO.DCPP.01.17. The following input values were used. '

Dolomite: Uc range 13 to 60 Megapascals (MPa), mean 32.1 MPa, standard

deviation 14.7 MPa;
GSI range 35 to 72, average 55.7, standard deviation 9.3;
m; range 12 to 20, average 15.4, standard deviation 2.0.

Sandstone: Uc range 8 to 33 MPa, mean 21.6 MPa, standard deviation 9.3 MPa;

GSlI range 60 to 69, average 64.8, standard deviation 3.1;
m; range 16 to 19, average 17.8, standard deviation 1.0.

GEO.DCPP.01.19 Rev. | Page 8 of 92



3.0 ASSUMPTIONS

. Rock mass shear strength is dependant on confining pressure, and the non-linear
failure envelope predicted by the Hoek-Brown failure criterion closely approximates
the rock mass strength at the DCPP ISFSI. This assumption is generally reasonable
as described in Attachment 1.

2. In situ characterization of rock mass properties at the DCPP ISFSI site (e.g. lithology,
GSI, m;) represents the mean, minimum, and maximum range of properties in the in
situ rock mass. This assumption is reasonable because of the large set of field
observations as documented in William Lettis & Associates, Inc., 2001, Diablo

Canyon ISFSI Data Report H.

3. Unconfined compression tests on rock core obtained from the ISFSI site area and
CTF sites capture the range in strength for intact rock blocks at the site, and
appropriately model in situ rock block strength. This assumption is reasonable as
documented in GEO.DCPP.01.17.

4. Rock below the uppermost stress-relieved surface zone is sufficiently confined to
force' failure surfaces to propagate around rock blocks and not cause significant
dilation of the rock mass and localization of failure along any single, persistent,

continuous weak zone as described in Attachment 1.

4.0 METHOD

The three rock mass input parameters are processed either by a spreadsheet or by hand
calculations, to develop non-linear stress-strain failure envelopes using empirically- and .
laboratory-based curve fitting equations developed by Hoek and Brown (Hoek, 2000).
The stress-strain failure envelopes are established by fitting a linear regression curve to a
series of synthetic triaxial shear test values generated, based on the input parameters and

established stress range.

The step-by-step methodology used for generation of the Hoek-Brown failure envelopes

is listed below:
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Step 1. Compilation and statistical evaluation of input Uc, m;, and GSI data presented
in William Lettis & Associates, Inc., 2001, Diablo Canyon ISFSI Data
Reports H and I;

Step 2. Verification of Hoek (2001) Excel spreadsheet;

Step 3. Data entry into the Hoek (2001) Excel spreadsheet; and,

Step 4. Preparation of summary failure envelope graphs.

Step 1

For the ISFSI project, uniaxial strength (Uc) is based on laboratory testing of intact rock
core samples obtained from diamond core exploratory borings made in the ISFSI and
CTF pads, and the slope above the ISFSI pad. The laboratory tests were performed by
GeoTest Unlimited, Ltd. (Nevada City, California), and are presented in William Lettis &
Associates, Inc., 2001, Diablo Canyon ISFSI Data Report I. .Reported Uc strength values
were segregated according to rock type (dolomite or sandstone), and compiled in Table
19-3 in this Calculation Package, and as documented in Calculation Package
GEO.DCPP.01.17. The Excel spreadsheet functions were used to calculate the Uc mean
and one-sigma standard deviation values separately for dolomite and sandstone. The
mean and standard deviation range of values of Uc were used for input into the Hoek-

Brown equations.

The material indices (m;) for ISFSI site rocks were determined by comparing the rock
mineralogical and sedimentological characteristics against values for similar rock types
presented in a table by Hoek (1998), shown in Figure 19-1 of this Calculation Package.
Values of m; were estimated for rocks exposed in exploratory trenches at the ISFSI site,
and recorded on field data sheets included in William Lettis & Associates, Inc.; 2001,
Diablo Canyon ISFSI Data Report H. Tables 19-1 and 19-2 of this Calculation Package
summarize the m; values, and present the mean and one-sigma standard deviations for the
tabulated values. The mean and standard deviation range of m; values were used for input

in the Hoek-Brown analyses.

The Geological Strength Index (GSI) values were estimated for dolomite and sandstone
bedrock exposures in exploratory trenches and road cuts, and recorded on field data
sheets in William Lettis & Associates, Inc., 2001, Diablo Canyon ISFSI Data Report H.
GSI values were estimated by visual and descriptive comparison of rock mass structure

and discontinuity surface condition against a classification table developed by Hoek-
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Brown (Hoek, 2000), and are presented in Figure 19-2, and tabulated in Tables 19-1 and
19-2.

Values of m; and GSI were estimated by each member in a two- to three-person team of
field geologists, and the average values were recorded on field sheets. This method

served to reduce bias, and improve consistency in evaluating the rock mass.

Step 2
Examples of strength parameters derived using the Hoek-Brown criterion presented in

Hoek (2000) were used to verify the Hoek (2001) Excel spreadsheet obtained from Dr.
Hoek (Hoek, email transmittal June 6, 2001). Input parameters from the problems were
entered into the spreadsheet, and the output was compared. The spreadsheet successfully
produced correct solutions. Copies of the problem pages and spreadsheet verification

output files are included in Attachment 2.

Step 3 _

Data were entered into the verified Hoek (2001) Excel spreadsheet by Jeff Bachhuber of
WLA. Individual workbook files were established for dolomite and sandstone analyses,
and separate spreadsheets were prepared within each workbook to evaluate the sensitivity
of shear strength to variations in the input parameters. The mean and standard deviation

spread of values were entered for each of the three input parameters (Uc, GSI, m;).

Step 4

The Hoek spreadsheet output files were used to develop a series of stress-strain failure

envelopes for the rock. Each failure envelope was first plotted in Microsoft Excel, and

then re-plotted in the program SPSS DeltaGraph to obtain exact 1:1 vertical and

horizontal scales for accurate plotting of the failure envelopes and evaluation of angle of

internal friction (phi angle) and cohesion intercept (c). Failure envelopés were grouped

into sets of graphs as follows:

» Comparison of strength ranges; upper bound, mean, and lower bound
» Comparison of GSI ranges; upper bound, mean, and lower bound

+ Comparison of m; ranges; upper bound, mean, and lower bound

»  Comparison of Uc ranges; upper bound, mean, and lower bound
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5.0 SOFTWARE

Statistical analyses and derivation of the Hoek-Brown shear strength failure envelopes
were performed using Microsoft Excel and plotted using SPSS DeltaGraph software on a
DELL Inspiron model 8000 laptop computer. The software specifications are as follows:

Microsoft Windows ME - Version 4.90.3000, 2000
Microsoft Excel - Version 9.03821 SR-1, 2000
SPSS DeltaGraph - Version 4.0.5C, 1997

The Hoek-Brown calculations were performed using the most current version of a
spreadsheet developed by E. Hoek, which was transmitted electronically to Jeff
Bachhuber by Dr. Hoek (Hoek, electronic transmittal, June 6, 2001). The spreadsheet
was verified as described in Step 2 above, using method 1 of GEO.001 Section 4.2.2,
identical copies were made for use in the analyses, and the following were identified:
a) Spreadsheet name: hoek0.19rmstrrevl-dolxls (for dolomite rock parameters),
and hoek0.19rmstrrev1-ss.xls (identical version for sandstone rock parameters)
b) Spreadsheet version: (not applicable)
c) Spreadsheet revision: 7/11/01 (both spreadsheets)
d) Computer platform compatibility: Windows ME
e) Spreadsheet capabilities and limitations: The spreadsheet generates shear strength
failure envelopes using the Hoek-Brown criteria. The spreadsheet is a modified
version of the spreadsheet described in Attachment 1. The modified spreadsheet
contains a revised curve fitting equation for low stress conditions commonly
encountered for analyses of slope stability and shallow foundations. Strength
envelopes are valid when ranges of input variables are within those described in
Attachment 1. '
f) Spreadsheet test cases: described in Attachment 2.
g) Instructions for use: input values for variables Uc (sigci), m;, GSI, depth of
failure surface, and unit weight as described in Attachment 1.
h) Spreadsheet author: Jeff Bachhuber
i) Identification of individual responsible for controlling the software or
executables: see Geosciences QA procedure CF2.GEI
J) Change control: see Geosciences QA procedure CF2.GEL
k) Verification methods used: method 1 as shown in Attachment 2
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6.0 ANALYSIS

Multiple iterations of the Hoek spreadsheet were performed to evaluate the differences in
shear strength between dolomite and sandstone, and to assess the sensitivity of shear
strength to variations in the three input parameters (Uc, GSI, m;). Spreadsheet output files
are included in Attachment 3, as well as calculated shear strength failure envelopes. The
output files and failure envelopes were visually compared against each other, to ascertain
the influence of rock lithology and variation in input parameters to rock mass shear

strength, and results of this comparison follow.

7.0 RESULTS

The calculated shear strength envelopes developed by the Hoek-Brown Excel spreadsheet
were plotted in the DeltaGraph program for presentation of results. The final failure
envelope plots are presented in Figures 19-3 to 19-10. These shear strength envelopes
show the range in strength related to the mean and one sigma variations for the three
input parameters (Uc, GSI, m;), and the differences in strength between dolomite and

sandstone.

All failure envelopes exhibit typical non-linear shapes that are characteristic of jointed,
relatively sound rock. The estimated rock mass shear and compressive strengths are
considerably lower than the laboratory test uniaxial compressive strengths for intact rock
blocks. Derived rock mass strength properties are similar to those reported in case

studies by Hoek (2000) for "very poor" to "average" rock mass conditions.

Comparison of the shear strength envelopes shows that the dolomite is somewhat
stronger than the sandstone, and that the sandstone shear strength envelope flattens more
rapidly with increasing confining stress (more-rapid reduction in strength rate), compared
to the dolomite. The in situ modulus predicted by the Hoek-Brown spreadsheet is
considerably lower for the sandstone than for the dolomite, suggesting that the sandstone
is more deformable. This corresponds to the observed field characteristics of the rock:
dolomite generally appears to be significantly harder and more brittle than the sandstone,
and commonly is stronger in hand sample. The shear strength of both the dolomite and
the sandstone appears to be more sensitive to changes in Uc strength of the rock blocks,
and GSI, than m;, although the results are influenced by the statistical variation in the
input parameters. It is observed that the mean Hoek-Brown strength envelopes for
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dolomite (Figure 19-3) and sandstone (Figure 19-7) plot higher than a line inclined at 50
degrees from horizontal and passing through the origin at all calculated normal stresses.
The lower-bound (low probability) Hoek-Brown envelopes cross below this line in some
cases, thus making the line unconservative as a strength envelope, but only at normal
stresses equivalent to nearly 250 feet of overburden in the dolomite and over 350 feet of
overburden in the sandstone. Because depths of identified and analyzed potential rock
slides along clay beds daylighting at or above the ISFSI site are not likely to exceed these
values (GEO.DCPP.01.21, Fig. 21-22), the 50-degree line is shown as the lower-bound
strength envelope for all portions of failure planes in dolomite and sandstone rock for

large-scale rock slides along clay beds.

8.0 CONCLUSIONS

The final shear stréngth failure envelopes for ISFSI site dolomite and sandstone
calculated using the Hoek-Brown criterion are suitable for representation of the in situ
rock mass strength and deformation properties for the following uses: (1) slope stability
analyses of deep rock slide failures extending through the confined, jointed rock mass
below the surficial stress relieved surface zone; and, (2) foundation evaluation and design
for foundation elements that extend into undisturbed, confined, jointed rock below the
ISFSI pads and CTF subgrade. Analyses should consider the entire range in strength
(mean, upper and lower bound) shown by the failure envelope curves (Figures 19-3 to
19-10). The mean strength curves for the dolomite and the sandstone bedrock are
believed to be appropriate for analyses of ISFSI pads foundation stability and deep-seated
rock slope stability of the hillside above the pads.

A line inclined at 50 degrees and passing through the origin is observed to pass well
below the mean strength curves for both rock types and is shown as the lower-bound

strength envelope for purposes of slope stability analyses of deep rock slide failures along

clay beds.
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Table 19-1. GSI and m; Values for Dolomite (Tof,_;)

Trench

GSI Values

m; Constant Range ?

T-1

60
58
55
55
52.5

15-18

T-2A

69
68
68
66
66
65.5
64.5
64

14-15

65
65
55.5
47

14-16
15-17

66
62
60
56

14-15

T-5

69.5
66
65.5
64
52
44

15-18
14-16
15-18

70
66

14 -16

T-11A

60.5
45
42

T-11B

45
45
40

14-15
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Table 19-1. GSI and mi Values for Dolomite (Tof,_;) (Cont'd)

Trench GSI Values ( 1) m; Constant Range (2)

T-12 55
60 14
60
37
40 12
42.5
42.5
45

T-13 66
65
61
57
55 13-14
54
53
52
52
51
50

T-14A 60
60 14-15
55
55
35
37 12
37.5

T-15 68
66 .
61
45
47
48 14-15
48
50
50
52

T-17A 50 18-20
46
45 18

GEO.DCPP.01.19 Rev. 1 Page 18 of 92



Table 19-1. GSI and mi Values for Dolomite (Tofb-1) (Cont'd)

Trench GSI Values (1) m; Constant Range (2)
T-19 58 ' nr
T-20A 55.5 15
T-20B 52.5
‘ 525 12-20
69
72
T-21 56 nr
Road Cut 60.5
61 or
66
m; constant Average =
GSI Average = 55.7 3)
15.43
o m; constant standard deviation
GSI standard deviation = 9.3 _50®

Data for GSI and m; obtained from DCPP ISFSI Section 2.6 Topical
Report Appendix H.

Notes:

(1) GSI = Geologic Strength Index (Hoek, 2000); GSI values typically
estimated at multiple localities within each trench for a given rock type.

(2) m;=Material Index Constant (Hoek, 2000); a single value or range of m,
values was typically assigned for the rock type exposed in each trench;
nr = not recorded.

(3) The average and standard deviation of the m; constant were simply derived
from the minimum and maximum values of each estimate. These statistics do
not represent a rigorous attempt to weight the m; values based on lineal feet of

exposure for each range of m; assigned in the field.
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Table 19-2. GSI and m; Values for Sandstone (Tof; )

Trench GSI Values (1) m; Constant Range(2)
T-1 65
T-1 - 63 18-19
T-1- 62
T-1 60
T-17A 67 16-18
68
T-17B 61
66 18
67 18
69
GSI Average = 64.8 m; constant Average = 17.8 @)
GSI Standard m; constant standard deviation
Deviation = 3.1 =109
Data for GSI and m; obtained from DCPP ISFSI SAR Section 2.6 Topical
Report, Appendix H.
Notes:

(1) GSI = Geologic Strength Index (Hoek, 2000); GSI values typically
estimated at multiple localities within each trench for a given rock type.

(2) m;=Material Index Constant (Hoek, 2000); a single value or range of m;
values was typically assigned for the rock type exposed in each trench;
nr = not recorded.

(3) The average and standard deviation of the m; constant were simply derived
from the minimum and maximum values of each estimate. These statistics do -
not represent a rigorous attempt to weight the m; values based on lineal feet of

exposure for each range of m; assigned in the field.
Values obtained from ISFSI SAR Section 2.6 Topical Report Appendix H.
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Table 19-3. Unconfined Compressive Strength of Dolomite and Sandstone, ISFSI Site Area

ISFSI Unconfined Compressive Strength

Dolomite (psi) (Mpa) Sandstone (psi) | Sandstone (MPa)
3702 26 2888 20
2434 17 1113 8
1834 13 4778 33
6373 44 4504 31
3504 24 2958 .20
5133 35 2543 18
2625 18 3131 21.6
5284 36 1349 9.3
7190 50
4523 31
8649 60
mean 4659 32.1
Stnd. Dev. 2126 14.7

mean
Stnd. Dev.

Notes: Laboratory test samples were obtained from diamond core borings at, and above, the
ISFSI pads and at the CTF site. '

Laboratory testing was performed by GeoTest Unlimited, Ltd. (Nevada City, CA); ISFSI
Section 2.6 and at the CTF site.

psi - pounds per'square inch; MPa - Megapascals

Data compiled from DCPP ISFSI SAR Section 2.6 Calculation Package 01.17.
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Rock Texture
type | Class Group Coarse | Medium Fine I Very fine
Conglomerate  Sandstone Siltstoqe Claystone
Clastic 22) 19 9 4
Greywacke
Sandstone (18) (18)
: Chalk ————
< 7
E Organic
Z Coal
E Dolomite (15) (8-21)
Q ) - A
m Breccia Sparitic Micritic
v2 | Non- Carbonate (20) \© Limestone Limestone
Clastic (10) 8
Chemical Gypstone Anhydrite
16 13
. Marble Homfeis Quartzite
i Non Foliated 9 (19) 4
' . ) Migmatite ~ Amphibolite ~ Mylonite
< Slightly foliated (30) 25 -31 (6)
Foliated* Gneiss Schist: Phyllite Slate
33 4-8 (10) -9
Granite Rhyolite Obsidian
33 (16) (19)
Light . .
Granodiorite Dacite
(30) (17)
Diorite Andesite
(28) . 19
Dark Ga;;’m Dolerite Basalt
4 (19) an
Norite
22
Exlrusivc Agglomerate Breccia Tuff
pyroclastic type (20) (18) (15)
After Hoek, 1998

Material index (my) values for intact rock, classified by rock group.
Refer to ISFSI SAR Section 2.6 Appendix H for description of site m; values.

Explanation

@ m;j values for dolomite and sandstone in the ISFSI
site area, average mj number indicated in parentheses.

Figure 19-1. Material index (mj) value for rocks in ISFSI site area using the Hoek field classification chart.
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Data from the following trenches and road cuts:

Tofp-1 Tofp.2
dolomite sandstone

T-1 T1

T-2A T-17A,B

T3

T4

T-5

T-6

T11A,B

T-12

T-13

T-14A

T-15

T-17A

T-19

T-20A,B

T-21

Road cut along
Reservoir Road

ly weathered or altered

ghtly weathered, iron stained
compact coatings or fillings containing angular

rock fragments
Slickensided, highly weathered surfaces with

Slickensided, highly weathered surfaces with
soft clay coatings or fillings

Very rough, unweathered surfaces

SURFACE CONDITION
VERY GOOD
GOOD
Rough, sli
surfaces
FAIR
Smooth, moderate
sutfaces
POOR
VERY POOR

STRUCTURE

N

- BLOCKY - very well interlocked
undisturbed rock mass consisting
of cubical blocks formed by three
crthogonal discontinuity sets

3

VERY BLOCKY - interlocked,
partially disturbed rock mass with
multifaceted angular blocks formed
by four or more discontinuity sets

BLOCKY/SEAMY - folfed and / /
faulted with many intersecting .
discontinuities forming angular :
blocks ' / 30
/

CRUSHED - poorly interlocked,
heavily broken rock mass with a

mixture of angutar and rounded 10
blocks / /
07/23/01
. Dolomite (Tofp.1): average GSI = 55.7 (84 measurements{7 duplicate points]). Explanation
* Dolomite (Tofy.1)
Sandstone (Tofp.2): average GSI = 65 (10 measurements). + Sandstone (Tofp.2)

Refer to DCPP ISFSI SAR Section 2.6 Topical Report Appendix H for original GSI data sheets.

Figure 19-2. Field estimates of Hoek-Brown geologic strength index for rocks in ISFSI site area.

Page 23 of 92

GEO.DCPPO1.19 REV 1



Comparison of strength ranges - Dolomite (TOfb-I) - Hoek Brown Criterion
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Sensitivity to Uc ranges - Dolomite (TOfb-l) - Hoek Brown Criterion
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Seﬁsitivity to m, ranges - Dolomite (TOfb-l) - Hoek Brown Criterion
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Sensitivity to GSI ranges -

Dolomite (Tofb_l) - Hoek Brown Criterion
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Comparison of strength ranges - Sandstone (TOfb-Z) - Hoek Brown Criterion
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Sensitivity to Uc ranges - Sandstone (TOfb-Z) - Hoek Brown Criterion
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Sensitivity to m, ranges - Sandstone (Tofb_z) - Hoek Brown Criterion
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Sensitivity to GSI ranges - Sandstone (TOfb-Z) - Hoek Brown Criterion
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11

Rock mass properties

11.1 Introduction

Reliable estimates of the strength and deformation characteristics of rock masses are
required for almost any form of analysis used for the design of slopes, foundations
and underground excavations. Hoek and Brown (1980a, 1980b) proposed a method
for obtaining estimates of the strength of jointed rock masses, based upon an
assessment of the interlocking of rock blocks and the condition of the surfaces
between these blocks. This method was modified over the years in order to meet the
needs of users who were applying it to problems that were not considered when the
original criterion was developed (Hoek 1983, Hoek and Brown 1988). The
application of the method to very poor quality rock masses required further changes
(Hoek, Wood and Shah 1992) and, eventually, the development of a new
classification called the Geological Strength Index (Hoek, Kaiser and Bawden 1995,
Hoek 1995, Hoek and Brown 1997). A review of the development of the criterion and
of the equations proposed at various stages in this development is given in Hoek and
Brown (1997).

This chapter presents the Hoek-Brown criterion in a form that has been found
practical in the field and that appears to provide the most reliable set of results for use
as input for methods of analysis in current use in rock engineering.

11.2 Generalised Hoek-Brown criterion

The Generalised Hoek-Brown failure criterion for jointed rock masses is defined by:

' a
c'l =c'3+cc,-[mb—q3—+sJ (11.1)
o

ci

where ¢ and ©; are the maximum and minimum effective stresses at failure,

my, is the value of the Hoek-Brown constant m for the rock mass,

s and a are constants which depend upon the rock mass characteristics, and

C; is the uniaxial compressive strength of the intact rock pieces.

The Mohr envelope, relating normal and shear stresses, can be determined by the

method proposed by Hoek and Brown (1980a). In this approach, equation 11.1 is used
to generate a series of triaxial test values, simulating full scale field tests, and a
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162 Chapter [ 1: Rock mass properties

statistical curve fitting process is used to derive an equivalent Mohr envelope defined
by the equation:

. B
1= Acc{m} (11.2)

ci

where 4 and B are material constants
0',, is the normal effective stress, and
O, is the ‘tensile’ strength of the rock mass.

This ‘tensile’ strength, which reflects the interlocking of the rock particles when they
are not free to dilate, is given by:

Oum =9‘-'—"(m,, —\Jm} +4s) (11.3)

In order to use the Hoek-Brown criterion for estimating the strength and
deformability of jointed rock masses, three ‘properties’ of the rock mass have to be
estimated. These are

1. the uniaxial compressive strength o; of the intact rock pieces,

2. the value of the Hoek-Brown constant m; for these intact rock pieces, and
3. the value of the Geological Strength Index GSI for the rock mass.

11.3 Intact rock properties

For the intact rock pieces that make up the rock mass equation 11.1 simplifies to:

. 0.5

o) =0y +cc,-(m,-33-+1] (11.4)
Oei

The relationship between the principal stresses at failure for a given rock is defined

by two constants, the uniaxial compressive strength o, and a constant ;.

Wherever possible the values of these constants should be determined by statistical

analysis of the results of a set of triaxial tests on carefully prepared core samples.

Note that the range of minor principal stress ( 0'3) values over which these tests are
carried out is critical in determining reliable values for the two constants. In deriving
the original values of o,; and m;, Hoek and Brown (1980a) used a range of 0 < o
<0.5 Gc,f and, in order to be consistent, it is essential that the same range be used in-
any laboratory triaxial tests on intact rock specimens. At least five data points should

‘be included in the analysis.

One type of triaxial cell that can be used for these tests is illustrated in Figure 11.1.
This cell, described by Hoek and Franklin (1968), does not require draining between
tests and is convenient for the rapid testing or a large number of specimens. More
sophisticated cells are available for research purposes but the results obtained from
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the cell illustrated in Figure 11.1 are adequate for the rock strength estimates required
for estimating o and m;. This cell has the additional advantage that it can be used

in the field when testing materials such as coals, shales and phyllites that are
extremely difficult to preserve during transportation and normal specimen preparation

for laboratory testing.

hardened and ground steel
spherical seats

clearance gap for gauge wires

] _mild steei cell body

S

7

==

rock specimen with ground ends and
with a length to diameter ratio of 2

oil inlet - maximum pressure
700 MPa

strain gauges - if required

ubber sealing sleeve

Figure 11.1: Cut-away view of a triaxial cell for testing rock specimens.

Laboratory tests should be carried out at moisture contents as close as possible to
those which occur in the field. Many rocks show a significant strength decrease with
increasing moisture content and tests on samples, which have been left to dry in a
core shed for several months, can give a misleading impression of the intact rock

strength.
Once the five or more triaxial test results have been obtained, they can be analysed

to determine the uniaxial compressive strength o,; and the Hoek-Brown constant m; as
described by Hoek and Brown (1980a). In this analysis, equation 11.1 is re-written in

the form;:
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Yy =mG x+sC,, (11.5)

where x = 0'3 and y = (0'] —0'3,)2

For n specimens the uniaxial compressive strengthc,;, the constant m; and the
coefficient of determination #° are calculated from:

;2 3 Sxy-ZxXy/m)|Sx
ol=2X |ZVTILILIIN 2T (11.6
[sz -«Zx)z/n)] n )

1 [ny—(ZXZy/n)]
m; =—
Oci| Tx2 — (%)% /n)

2 Ew-CExZy/af (11.8
= : )
T TR E 0 mE Y —E P ]

(11.7)

A spreadsheet for the analysis of triaxial test data is given in Table 11.1. Note that
high quality triaxial test data will usually give a coefficient of determination P of
greater than 0.9.

When laboratory tests are not possible, Table 11.2 and Table 11.3 can be used to
obtain estimates of G,; and m;.

Short-term laboratory tests on very hard brittle rocks tend to overestimate the in
situ rock mass strength. Laboratory tests and field studies on excellent quality Lac du
Bonnet granite, reported by Martin and Chandler (1994), show that the in situ
strength of this rock is only about 70% of that measured in the laboratory. This
appears to be due to damage resulting from micro-cracking of the rock which initiates
and develops critical intensities at lower stress levels in the field than in laboratory
tests carried out at higher loading rates on smaller specimens. Hence, when analysing
the results of laboratory tests on these types of rocks to estimate the values of o

and m;, it is prudent to reduce the values of the major effective principal stress at

failure to 70% of the measured values. .

Anisotropic and foliated rocks such as slates, schists and phyllites, the behaviour
of which is dominated by closely spaced planes of weakness, cleavage or schistosity,
present particular difficulties in the determination of the uniaxial compressive
strengths. ‘

Salcedo (1983) has reported the results of a set of directional uniaxial compressive
tests on a graphitic phyllite from Venezuela. These results are summarised in Figure
11.2. It will be noted that the uniaxial compressive strength of this material varies by
a factor of about 5, depending upon the direction of loading. Evidence of the
behaviour of this graphitic phyllite in the field suggests that the rock mass properties
are dependent upon the strength parallel to schistosity rather than that normal to it.
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Table 11.1: Spreadsheet for the

calculation of G,; and m; from triaxial test data

165

Triaxial test data

X . y Xy Xsq ysq
sig3 sig1
0 38.3 1466.89 0.0 0.0 2151766
5 72.4 454276 22713.8 25.0 20636668
7.5 80.5 5329.00 39967.5 56.3 28398241
15 1156 10120.36 1518054 2250 102421687
20 134.3 1306449 261289.8 4000 170680899
47.5 441.1 34523.50 475776.5 706.3 324289261
sumx sumy sumxy  sumxsg sumysq
Calculation results
Number of tests n= 5
Uniaxial strength sigci= 374
Hoek-Brown constant mi=  15.50
Hoek-Brown constant s= 1.00
Coefficient of determination 12 = 0.997

Cell formulae
y = (sig1-sig3)*2
sigci = SQRT(sumy/n - (sum

Xy-sumx*sumy/n)/(sumxsq-(sumx*2)/n)*sumx/n)

mi = (1/sigci)*((sumxy-sumx*sumy/n)/(sumxsq-(sumx*2)/n))
r2 = ((sumxy-(sumx”sumy/n))*2)/((sumxsq-(sumx*2)/n)*(sumysqg-(sumy*2)/n))

100
90
80 p
70 k-
50

so f \

30

Compressive strength - MPa

20

0 P

a N

0 20 30 40 90 60 70 80 90

Angle of schistosity to loading direction

Figure 11.2: Influence of loading direction on the strength of graphitic
phyllite tested by Salcedo (1983).
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Table 11.2: Field estimates of uniaxial compressive strength.

Uniaxial Point

Comp. Load Field estimate of
Grade* Term Strength Index strength Examples
(MPa) (MPa)
R6 Extremely > 250 >10 Specimen can only be  Fresh basalt, chert,
Strong chipped with a diabase, gneiss, granite,
geological hammer quartzite
RS Very 100 -250 4-10 Specimen requires Amphibolite, sandstone,
strong many blows of a basalt, gabbro, gneiss,
geological hammer to  granodiorite, limestone,
fracture it marble, thyolite, tuff
R4 Strong 50-100 2-4 Specimen requires Limestone, marble,

more than one blow of phyllite, sandstone,
a geological hammer  schist, shale
to fracture it

R3 Medium 25-50 1-2 Cannot be scraped or  Claystone, coal,
strong peeled with a pocket  concrete, schist, shale,
knife, specimen can be siltstone
fractured with a single
blow from a
geological hammer

R2 Weak 5-25 *k Can be peeled witha  Chalk, rocksalt, potash
pocket knife with
difficulty, shallow
indentation made by
firm blow with point
of a geological
hammer

Rl Very 1-5 ok Crumbles under firm  Highly weathered or
weak blows with pointof a  altered rock
geological hammer,
can be peeled by a
pocket knife

RO Extremely 0.25-1  ** Indented by thumbnail Stiff fault gouge
weak

* Grade according to Brown (1981).
** Point load tests on rocks with a uniaxial compressive strength below 25 MPa are likely to

yield highly ambiguous results.
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Table 11.3: Values of the constant m; for intact rock, by rock group. Note that values in

parenthesis are estimates.

Rock | Class Group Texture
type Coarse ’ Medium l Fine l Very fine
Conglomerate  Sandstone Siltstone Claystone
Clastic (22) 19 9 4
Greywacke
(18)
o Chalk ————
& Otgani 7
rganic
E 8 Coal
= (8-21)
8 Breccia Sparitic Micritic
v1 | Non- - | Carbonate (20) Limestone  Limestone
Clastic (10) 8
Chemical Gypstone Anhydrite
16 13
0 Non Foliated Marble Homfels Quartzite
= 9 (19) 24
& ) ) Migmatite Amphibolite  Mylonites
N % Slightly foliated (30) 25 .31 (6)
:E Foliated* Gneiss Schists Phyllites Slate
& 33 4-8 (10) 9
Granite Rhyolite Obsidian
33 16 19)
Light o ¢ _) (
Granodiorite Dacite
(30) (17)
%) Diorite Andesite
8 (28) 19
i
Z Dark Ga;;m Dolerite Basalt
= ; (19 an
Norite
22
Extrusive Agglomerate Breccia Tuff
~ pyroclastic type (20) (18) (15)

* These values are for intact rock specimens tested normal to bedding or foliation. The value
of m; will be significantly different if failure occurs along a weakness plane.

In deciding upon the value of o for foliated rocks, a decision has to be made on
whether to use the highest or the lowest uniaxial compressive strength obtained from
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results such as those given in Figure 11.1. Mineral composition, grain size, grade of
metamorphism and tectonic history all play a role in determining the characteristics of
the rock mass. The author cannot offer any precise guidance on the choice of ¢, but

suggest that the maximum value should be used for hard, well interlocked rock
masses such as good quality slates. The lowest uniaxial compressive strength should
be used for tectonically disturbed, poor quality rock masses such as the graphitic
phyllite tested by Salcedo (1983).

Unlike other rocks, coal is organic in origin and therefore has unique constituents
and properties. Unless these properties are recognised and allowed for in
characterising the coal, the results of any tests will exhibit a large amount of scatter.
Medhurst, Brown and Trueman (1995) have shown that, by taking into account the
‘brightness’ which reflects the composition and the cleating of the coal, it is possible
to differentiate between the mechanical characteristics of different coals.

11.4 Influence of sample size

The influence of sample size upon rock strength has been widely discussed in
geotechnical literature and it is generally assumed that there is a significant reduction
in strength with increasing sample size. Based upon an analysis of published data,
Hoek and Brown (1980a) have suggested that the uniaxial compressive strength o, of
a rock specimen with a diameter of d mm is related to the uniaxial compressive
strength O.5p of a 50 mm diameter sample by the following relationship:

0.18 '
50
Ged = Gcso(jj (11.9)

This relationship, together with the data upon which it was based, is illustrated in
Figure 11.3.

The author suggests that the reduction in strength is due to the greater opportunity
for failure through and around grains, the ‘building blocks’ of the intact rock, as more
and more of these grains are included in the test sample. Eventually, when a
sufficiently large number of grains are included in the sample, the strength reaches a
constant value. :

Medhurst and Brown (1996) have reported the results of laboratory triaxial tests on
samples of 61, 101, 146 and 300 mm diameter samples of a highly cleated mid-
brightness coal from the Moura mine in Australia. The results of these tests are
summarised in Table 11.4 and Figure 11.4.

The results obtained by Medhurst and Brown show a significant decrease in
strength with increasing sample size. This is attributed to the effects of cleat spacing.
For this coal, the persistent cleats are spaced at 0.3 to 1.0 m while non-persistent
cleats within vitrain bands and individual lithotypes define blocks of 1 cm or less.
This cleating results in a ‘critical” sample size of about 1 m above which the strength
remains constant.

It is reasonable to extend this argument further and to suggest that, when dealing
with large scale rock masses, the strength will reach a constant value when the size of
individual rock pieces is sufficiently small in relation to the overall size of the
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structure being considered. This suggestion is embodied in Figure 11.5 which shows
the transition from an isotropic intact rock specimen, through a highly anisotropic
rock mass in which failure is controlled by one or two discontinuities, to an isotropic

heavily jointed rock mass.

1.5
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Figure 11.3 Influence of specimen size on the strength of
intact rock. After Hoek and Brown (1980a).

Table11.4 Peak strength of Moura DU coal in terms of the
parameters contained in equation (11.1) based upon a value

of 6, = 32.7 MPa.
Dia.(mm) my s a
61 19.4 1.0 0.5
101 13.3 0.555 0.5
146 10.0 0.236 0.5
300 5.7 0.184 0.6
mass 2.6 0.052 0.65
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100 [—
Sample diameter {(mm) 61

101

146

300

1

mass

Axial strength ' MPa

0 1 2 3 4 5 6 7 8 9 10
Confining pressure o; MPa

Figure 11.4 Peak strength for Australian Moura coal.
After Medhurst and Brown (1996).

The Hoek-Brown failure criterion, which assumes isotropic rock and rock mass
behaviour, should only be applied to those rock masses in which there are a sufficient
number of closely spaced discontinuities, with similar surface characteristics, that
isotropic behaviour involving failure on discontinuities can be assumed. When the
structure being analysed is large and the block size small in comparison, the rock
mass can be treated as a Hoek-Brown material.

Where the block size is of the same order as that of the structure being analysed or
when one of the discontinuity sets is significantly weaker than the others, the Hoek-
Brown criterion should not be used. In these cases, the stability of the structure should
be analysed by considering failure mechanisms involving the sliding or rotation of
blocks and wedges defined by intersecting structural features.
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LJ

Intact rock specimens
- use equation 11.4

One joint set - do not use
Hoek-Brown criterion

Two joint sets - do not’
use Hoek-Brown criterion

Many joints - use equation
11.1 with caution

Heavily jointed rock mass
- use equation 11.1

Figure 11.5: Idealised diagram showing the transition from intact to a heavily
jointed rock mass with increasing sample size. :

11.5 Geological strength Index

The strength of a jointed rock mass depends on the properties of the intact rock pieces
and also upon the freedom of these pieces to slide and rotate under different stress
conditions. This freedom is controlled by the geometrical shape of the intact rock
pieces as well as the condition of the surfaces separating the pieces. Angular rock
pieces with clean, rough discontinuity surfaces will result in a much stronger rock
mass than one which contains rounded particles surrounded by weathered and altered
material.

The Geological Strength Index (GSI), introduced by Hoek (1995) and Hoek,
Kaiser and Bawden (1995) provides a system for estimating the reduction in rock
mass strength for different geological conditions. This system is presented in Table
11.5 and Table 11.6. Experience has shown that Table 11.5 is sufficient for field
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observations since the letter code that identifies each rock mass category can be
entered into a field log. Later, these codes can be used to estimate the GSI value from

Table 11.6.
Once the Geological Strength Index has been estimated, the parameters that
describe the rock mass strength characteristics, are calculated as follows:

GSI-100
28

my, =miexp( (11.10)

For GSI > 25, i.e. rock masses of good to reasonable quality, the original Hoek-
Brown criterion is applicable with

s=exp(§19;lo—(—)J (11.11)

and
a=05 (11.12)

For GSI < 25, i.e. rock masses of very poor quality, the modified Hoek-Brown
criterion applies with

s=0 (11.13)
and

a=065-951 (11.14)

200

The choice of GSI = 25 for the switch between the original and modified criteria is
purely arbitrary. It could be argued that a switch at GSI = 30 would not introduce a
discontinuity in the value of a, but extensive trials have shown that the exact location
of this switch has negligible practical significance.

For better quality rock masses (GSI > 25), the value of GSI can be estimated
directly from the 1976 version of Bieniawski’s Rock Mass Rating, with the
Groundwater rating set to 10 (dry) and the Adjustment for Joint Orientation set to 0
(very favourable) (Bieniawski 1976). For very poor quality rock masses the value of
RMR is very difficult to estimate and the balance between the ratings no longer gives
a reliable basis for estimating rock mass strength. Consequently, Bieniawski’s RMR
classification should not be used for estimating the GSI values for poor quality rock
masses.

If the 1989 version of Bieniawski’s RMR classification (Bieniawski 1989) is used,
then GSI = RMRgo’ - 5 where RMRgy’ has the Groundwater rating set to 15 and the
Adjustment for Joint Orientation set to zero.

One of the practical problems which arises when assessing the value of GSI in the
field is related to blast damage. As illustrated in Figure 11.6, there is a considerable
difference in the appearance of a rock face which has been excavated by controlled
blasting and a face which has been damaged by bulk blasting. Wherever possible, the
undamaged face should be used to estimate the value of GSI since the overall aim is

to determine the properties of the undisturbed rock mass.
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Table 11.5: Characterisation of rock masses on the basis of interfocking and joint alteration'

ROCK MASS CHARACTERISTICS FOR
STRENGTH ESTIMATES

Based upon the appearance of the rock, choose the
category that you think gives the best description of
the ‘average’ undisturbed in situ conditions. Note
that exposed rock faces that have been created by
blasting may give a misleading impression of the
quality of the underlying rock. Some adjustment for

Smooth, moderately weathered or altered surfaces
compact coatings or fillings of angular fragments
Slickensided, highly weathered surfaces with

Rough, slightly weathered, iron stained surfaces
Slickensided, highly weathered surfaces with

0
a
Q
o
b=
e }
[
el
o
blast damage may be necessary and examination of " __":_’ o
diamond dill core or of faces created by pre-split or Z S £
smooth blasting may be helpful in making these o g =
adjustments. Itis also important to recognize that E 3 S
the Hoek-Brown criterion should only be applied to > = 5
rock masses where the size of individual blocks is 8 a? o 5
small compared with the size of the excavation wl @ = o098
under consideration. ol 89 2% >
ol Q Id Les
gl x> |8 3 [0S |ESe
n|l>3 |0 £ I8 $5 9
STRUCTURE DECREASING SURFACE QUALITY £
. / ,
v /] BLOCKY - very well interlocked
AN N undisturbed rock mass consisting
~
L5 of cubical blocks formed by three BIVG | BIG BIF B/P | BIVP
A \,\ orthogonal discontinuity sets
YA

VERY BLOCKY - interlocked,
partially disturbed rock mass with
muitifaceted angutar blocks formed
by four or more discontinuity sets

VBIVG | VBIG VBIF | VBIP | VBIVP

BLOCKY/DISTURBED- folded
and/or faulted with angular blocks
formed by many intersecting
discontinuity sets

BD/VG | BO/G | BDIF | BDIP {BDIVP

<> DECREASING INTERLOCKING OF ROCK PIECES

DISINTEGRATED - poorly inter-

locked, heavily broken rock mass
with a mixture or angular and oG | DIG oI DIP DvP
rounded rock pieces

" In earlier versions of this table the terms BLOCKY/SEAMY and CRUSHED were used, following
the terminology used by Terzaghi (1946). However, these terms proved to be misleading and they have
been replaced, in this table by BLOCKY/DISTURBED, which more accurately reflects the increased
mobility of a rock mass which has undergone some folding and/or faulting, and DISINTEGRATED

which encompasses a wider range of particle shapes.
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Table 11.6: Estimate of Geological Strength Index GSI based on geological descriptions.

GEOLOGICAL STRENGTH INDEX

74
» 3 P
3 £ 5
s (S 3 = £ £
From the letter codes describing the structure s i =) 3
and surface conditions of the rock mass (from @ @ ?_: o 8 @
Table 4), pick the appropriate box in this chart. 3 ® s 35 3
Estimate the average value of the Geological £ £ © £35 €
Strength Index (GSI) from the contours. a w S el @
Do not attempt to be too precise. Quoting a b S g ol 2
range of GSI from 36 to 42 is more realistic (] = o 3o o
than stating that GS| = 38. ol = 3 | £2| £8
Z o 5 @ o= 0=
o 3 = 2 2&E =&
[ 3 > = -
gl 2| ¢ =| £2| %2
= = = © 2o 2o
&l o8 z| 8| £5|_5¢
Of 5= = 3 og 005 R
2923 | =1,2%8|¢23
wl| > = 8 5 S e 81> g3
S| E5 | o3| 52 |S8¢e|hgs
n| >3 | 0l Lo 18581509
DECREASING SURFACE QUALITY £

STRUCTURE

m— | 77 7

AT BLOCKY -very well interlocked

"¢ /| undisturbed rock mass consisting,

e -\Z‘ of cubical blocks formed by three
7 orthogonal discontinuity sets

VERY BLOCKY - interiocked,
partially disturbed rock mass with
multifaceted angular blocks formed
by four or more discontinuity sets

BLOCKY/DISTURBED- folded
and/or faulted with angular blocks
formed by many intersecting
discontinuity sets

DISINTEGRATED - poorly inter-
7Y locked, heavily broken rock mass
f with a mixture or angular and

@ e rounded rock pieces

-3 DECREASING INTERLOCKING OF ROCK PIECES
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Figure 11.6: Comparison between the results achieved using controlled blasting (on the left)
and normal bulk blasting for a surface excavation in gneiss.

Where all the visible faces have been damaged by blasting, some attempt should be
made to compensate for the lower values of GSI obtained from such faces. In recently
blasted faces, new discontinuity surfaces will have been created by the blast and these
will give a GSI value that may be as much as 10 points lower than that for the
undisturbed rock mass. In other words, severe blast damage can be allowed for by
moving up one row in Table 11.5 and Table 11.6.

Where blast damaged faces have been exposed for a number of years, it may also
be necessary to step as much as one column to the left in order to allow for surface
weathering which will have occurred during this exposure. Hence, for example, a
badly blast damaged weathered rock surface which has the appearance of a
BLOCKY/DISTURBED and FAIR (BD/F in Table 11.5) rock mass may actually be
VERY BLOCKY and GOOD (VB/G) in its unweathered and undisturbed in situ
state.

An additional practical question is whether borehole cores can be used to estimate
the GSI value behind the visible faces? For reasonable quality rock masses (GSI >
25) the best approach is to evaluate the core in terms of Bieniawski’s RMR
classification and then, as described above, to estimate the GSI value from RMR. For
poor quality rock masses (GSI < 25), relatively few intact core pieces longer than 100
mm are recovered and it becomes difficult to determine a reliable value for RMR. In
these circumstances, the physical appearance of the material recovered in the core

should be used as a basis for estimating GSL
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11.6 Mohr-Coulomb parameters

Most geotechnical software is written in terms of the Mohr-Coulomb failure criterion
in which the rock mass strength is defined by the cohesive strength ¢’ and the angle of
friction ¢’. The linear relationship between the major and minor principal stresses,

0‘1 and 0'3 , for the Mohr-Coulomb criterion is
Gy =Gy + K03 (11.15)
where o, is the uniaxial compressive strength of the rock mass and £ is the slope of

the line relating o) and o3. The values of ¢’ and ¢’ can be calculated from

k-1
ing =—— 11.16
sing k+1 ( )
c'=g_,_.,l(_l_-_—_s_n'ﬂ_). (11.17)
2cos¢

There is no direct correlation between equation 11.15 and the non-linear Hoek-Brown
criterion defined by equation 11.1. Consequently, determination of the values of ¢’
and ¢’ for a rock mass that has been evaluated as a Hoek-Brown material is a difficult
problem.

The author believes that the most rigorous approach available, for the original
Hoek-Brown criterion, is that developed by Dr JW. Bray and reported by Hoek
(1983). For any point on a surface of concern in an analysis such as a slope stability
calculation, the effective normal stress is calculated using an appropriate stress
analysis technique. The shear strength developed at that value of effective normal
stress is then calculated from the equations given in Hoek and Brown (1997). The
difficulty in applying this approach in practice is that most of the geotechnical
software currently available provides for constant rather than effective normal stress
dependent values of ¢ and ¢". :

Having e¢valuated a large number of possible approaches to this problem, it has
been concluded that the most practical solution is to treat the problem as an analysis
of a set of full-scale triaxial strength tests. The results of such tests are simulated by
using the Hoek-Brown equation 11.1 to generate a series of triaxial test values.
Equation 11.15 is then fitted to these test results by linear regression analysis and the
values of ¢’ and ¢’ are determined from equations 11.17 and 11.16. The steps
required to determine the parameters A, B, ¢’ and ¢” are given below. A spreadsheet
for carrying out this analysis, with a listing of all the cell formulae, is given in Figure
11.7. :

The relationship between the normal and shear stresses can be expressed in terms
of the corresponding principal effective stresses as suggested by Balmer (1952):

Gy =0y +— 3 (11.18)
30,/305 +1
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1= (0] — 03400, /303 (11.19)

For the GSI > 25, whena = 0.5:

901 _ 14 _meCei (11.20)
803 2(0’1 —03)
For GS7 <25, when s =0:
3 . N
T 2 1+amg] 23 (11.21)
do; Oci

The tensile strength of the rock mass is calculated from:

Cim =9:2£"-(m,, —\m} +4s] (11.22)

The equivalent Mohr envelope, defined by equation 11.2, may be written in the form:

Y=logAd+BX (11.23)

where

Y= log[—f—] X = log[o”—_cﬂJ (11.24)
[«

G i

Using the value of o, calculated from equation 11.22 and a range of values of 1

and c',, calculated from equations 11.19 and 11.18 the values of 4 and B are
determined by linear regression where :
=ZXY2—(ZX2;’)//T (11.25)
X -EX)T :

B

A=10~(ZY/T - BT X/T)) (11.26)

and T is the total number of data pairs included in the regression analysis.
The most critical step in this process is the selection of the range of 0'3 values. As

far as the author is aware, there are no theoretically correct methods for choosing this
range and a trial and error method, based upon practical compromise, has been used
for selecting the range included in the spreadsheet presented in Figure 11.7.

For a Mohr envelope defined by equation 11.2, the friction angle ¢} for a specified

normal stress G,; is given by:
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' B-1
¢, = arctan AB[Eﬁf—:—GﬂJ (11.27)
GC

i

The corresponding cohesive strength c,f is given by:

c; =T—0,, tan¢; (11.28)

and the corresponding uniaxial compressive strength of the rock mass is :
_ 2¢;cos;

= i 11.29
M 1-sing, ( )

Note that the cohesive strength c,t given by equation 11.29 is an upper bound value
and that it is prudent to reduce this to about 75% of the calculated value for practical
applications. ’

The values of ¢” and ¢ obtained from this analysis are very sensitive to the range
of values of the minor principal stress 0'3 used to generate the simulated full-scale
triaxial test results. On the basis of trial and error, it has been found that the most
consistent results are obtained when 8 equally spaced values of 6'3 are used in the
range 0 < o3’ < 0.25G,;.

An example of the results, which are obtained from this analysis, is given in Figure
11.8. Plots of the values of the ratio c'/cc,- and the friction-angle ¢’, for different
combinations of GSI and m; are given in Figure 11.9.

The spreadsheet includes a calculation for a tangent to the Mohr envelope defined
by equation 11.2. A normal stress has to be specified in order to calculate this tangent
and, in Figure 11.8, this stress has been chosen so that the friction angle ¢’ is the same
for both the tangent and the line defined by ¢” = 3.3 MPa and ¢" = 30.1°, determined
by the linear regression analysis described earlier. The cohesion intercept for the
tangent is ¢’ = 4.1 MPa which is approximately 25% higher than that obtained by
linear regression analysis of the simulated triaxial test data. )

Fitting a tangent to the curved Mohr envelope gives an upper bound value for the
cohesive intercept ¢’. It is recommended that this value be reduced by about 25% in

order to avoid over-estimation of the rock mass strength.
There is a particular class of problem for which extreme caution should be

exercised when applying the approach outlined above. In some rock slope stability
problems, the effective normal stress on some parts of the failure surface can be quite
low, certainly less than 1 MPa. It will be noted that in the example given in Figure

11.8, for values of 0;1 of less than about 5 MPa, the straight line, constant ¢’ and ¢
method overestimates the available shear strength of the rock mass by increasingly
significant amounts as G'n approaches zero. Under such circumstances, it would be
prudent to use values of ¢” and ¢’ based on a tangent to the shear strength curve in the

range of 0",z values applying in practice.
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Figure 11.7 Spreadsheet for calculation of Hoek-Brown and equivalent Mohr-Coulomb
parameters

Hoek-Brown and equivalent Mohr Coulomb failure criteria

Input: | sigci= 85 MPa ] mi= 10 | Gsi= 45 ]
Output: mb= 140 s= 0.0022 a= 0.5
sigm = -0.13 MPa A= 050 B= 070
k= 3.01 phi= 30.12 degrees coh= 327 MPa
sigcm= 11.36 MPa E= 6913.7 MPa

Tangent: | signt=_15.97 MPa | phit=_ 3012 degrees | coht= 4.12 MPa |

Calculation:
. Sums
sig3 1E-10 3.04 6.07 9.1 12.14 15.18 18.21 21.25 85.00
sig1 400 22.48 33.27 42.30 50.40 57.91 64.98 7174  347.08
ds1ds3 15.89 4.07 3.19 2.80 2.56 2.40 2.27 2.18 35.35
sign 0.24 6.87 12.56 17.85 22.90 27.76 32.50 37.13 157.80

tau 0.94 7.74 11.59 14.62 17.20 19.48 21.54 2344 116.55
X -2.36 -1.08 -0.83 -0.67 -0.67 -0.48 -0.42 -0.36 -6.77
y -1.95 -1.04 -0.87 -0.76 -0.69 -0.64 -0.60 -0.56 -7.11
Xy 4.61 1.13 0.71 0.52 0.39 0.31 0.25 0.20 8.12

xsq 5.57 1.17 0.68 0.45 0.32 0.23 0.17 0.13 874

sigdsigt  0.00 68.23 202.01 38523 61201 878.92 1183.65 1524.51 4855

sig3sq 0.00 9.22 36.86 82.94 14745 230.39 331.76 451.56 1290
taucalc 0.96 7.48 11.33 14.45 17.18 19.64 21.91 24.04
sig1sig3fit 11.36 20.51 29.66 38.81 47.96 57.11 66.26 75.42
signtaufit  3.41 7.26 10.56 13.63 16.55 19.38 22.12 24.81
tangent 4.25309 8.10321 11.4032 14.4728 17.3991 20.2235 229702 25655

Cell formulae:
mb = mi*EXP((GSI-100)/28)
s = IF(GSI>25,EXP((GSI-100)/9),0)
a = IF(GSI>25,0.5,0.65-GS1/200)
sigtm = 0.5%sigci"(mb-SQRT(mb*2+4"s))
A= acalc= 107(sumy/8 - bcalc*sumx/8)
B = bealc = (sumxy - (sumx*sumy)/8)/(sumxsq - (sumx*2)/8)
= (sumsig3sig1t - (sumsnga*sum5|g1)/8)/(sumsngSsq-(sumsng3"2)/8)
pm ASIN((k-1)/(k+1))"180/PK)
coh = (sigem*(1-SIN(phi*P1()/180)))/(2*COS(phi*P}()/180))
sigem = sumsig1/8 - k*sumsig3/8
= |F(sigci>100,1000*104({GSI-10)/40), SQRT (sigci/100)*1000*10A((GSI-10)/40))
phit = (ATAN(acalc*bcalc*((signt-sigtm)/sigci)*{bcalc-1)))*180/PI()
coht = acalc*sigei*((signt-sigtm)/sigci)*bcalc-signt* TAN(phit*P1()/180)
sig3 = Start at 1E-10 (to avoid zero errors) and increment in 7 steps of sigci/28 to 0. 25’sxgc:|
sig1 = sig3+sigci*({{(mb*sig3)/sigci)+s)*a
ds1ds3 = IF{GSI>25,(1+(mb*sigci)/(2*(sig1-sig3))), 1+(a*mbra)*(sig3/sigci)r(a-1))
sign = sig3+(sig1-sig3)/(1+ds1ds3)
tau = (sign-sig3)*SQRT(ds1ds3)
x = LOG((sign-sigtm)/sigci)
y = LOG(tau/sigci)
xy = x'y X 8q = x*2 sig3sig1= sig37sig1 sig3sq = sig342
taucalc = acalc”sigci*((sign-sigtm)/sigci)*bcalc
s3sifit = sigem+k*sig3
sntaufit = coh+sign"TAN(phi*P1()/180)
tangent = coht+sign*TAN({phit*P1()/180)
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Figure 11.8: Plot of results from simulated full scale triaxial tests on a rock mass defined by
a uniaxial compressive strength G ci = 85 MPa, a Hoek -Brown constant m; = 10 and a

Geological Strength Index GSI = 45.
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Figure 11.9: Plots of cohesive strength and friction angles for different GSI and m; values.
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11.7 Deformation modulus

Serafim and Pereira (1983) proposed a relationship between the in situ modulus of
deformation and Bieniawski’s RMR classification. This relationship is based upon
back analysis of dam foundation deformations and it has been found to work well for
better quality rocks. However, for many of the poor quality rocks it appears to predict
deformation modulus values which are too high. Based upon practical observations
and back analysis of excavation behaviour in poor quality rock masses, the following
modification to Serafim and Pereira’s equation is proposed for ¢, <100:

(GSI—IO)
0.

E, = 2ol %
™ Y100

Note that GSI has been substituted for RMR in this equation and that the modulus £,
is reduced progressively as the value of o; falls below 100. This reduction is based
upon the reasoning that the deformation of better quality rock masses is controlled by
the discontinuities while, for poorer quality rock masses, the deformation of the intact
rock pieces contributes to the overall deformation process.

Based upon measured deformations, equation 11.30 appears to work reasonably
well in those cases where it has been applied. However, as more field evidence is
gathered it may be necessary to modify this relationship.

(11.30)

11.8 Post-failure behaviour

When using numerical models to study the progressive failure of rock masses,
estimates of the post-peak or post-failure characteristics of the rock mass are required.
In some of these models, the Hoek-Brown failure criterion is treated as a yield
criterion and the analysis is carried out using plasticity theory (e.g. Pan and Hudson
1988). No definite rules for dealing with this problem can be given but, based upon
experience in numerical analysis of a variety of practical problems, the post-failure
characteristics illustrated in Figure 11.10 are suggested as a starting point.

11.8.1 Very good quality hard rock masses

For very good quality hard rock masses, such as massive granites or quartzites, the
analysis of spalling around highly stressed openings (Hoek, Kaiser and Bawden 1995)
suggests that the rock mass behaves in an elastic brittle manner as shown in Figure
11.10(a). When the strength of the rock mass is exceeded, a sudden strength drop
occurs. This is associated with significant dilation of the broken rock pieces. If this
broken rock is confined, for example by rock support, then it can be assumed to
behave as a rock fill with a friction angle of approximately ¢” = 38° and zero cohesive
strength.

Typical properties for this very good quality hard rock mass may be as shown in
Table 11.7. Note that, in some numerical analyses, it may be necessary to assign a
very small cohesive strength in order to avoid numerical instability.
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Figure 11.10: Suggested post failure characteristics for different quality rock masses.
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Table 11.7: Typical properties for a very good quality hard rock mass

Intact rock strength Oci 150 MPa
Hoek-Brown constant m; 25
Geological Strength Index GSI 75

Friction angle o’ 46°
Cohesive strength ¢ 13 MPa
Rock mass compressive strength Cem 64.8 MPa
Rock mass tensile strength Gim -0.9 MPa
Deformation modulus E, 42000 MPa
Poisson’s ratio v 0.2
Dilation angle o. ¢/4=11.5°
Post-peak characteristics

Friction angle of 38°
Cohesive strength cf 0
Deformation modulus Em 10000 MPa

11.8.2 Average quality rock mass

In the case of an average quality rock mass it is reasonable to assume that the post-
failure characteristics can be estimated by reducing the GSI value from the in situ
value to a lower value which characterises the broken rock mass.

The reduction of the rock mass strength from the in situ to the broken state
corresponds to the strain softening behaviour illustrated in Figure 11.10(b). In this
figure it has been assumed that post failure deformation occurs at a constant stress
level, defined by the compressive strength of the broken rock mass. The validity of
this assumption is unknown.

Typical properties for this average quality rock mass may be as follows:

Table 10.8: Typical properties for an average rock mass.

Intact rock strength G;  80MPa
Hoek-Brown constant m; 12
Geological Strength Index GSI 50
Friction angle o 33°
Cohesive strength ¢ 3.5MPa
Rock mass compressive strength Gem 13 MPa
Rock mass tensile strength Oim -0.15
Deformation modulus E, 9000 MPa
Poisson’s ratio v 0.25
Dilation angle o 9/8=4°
Post-peak characteristics

Broken rock mass strength e 8 MPa
Deformation modulus En 5000 MPa

11.8.3 Very poor quality rock mass

Analysis of the progressive failure of very poor quality rock masses surrounding
tunnels suggests that the post-failure characteristics of the rock are adequately
represented by assuming that it behaves perfectly plastically. This means that it
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continues to deform at a constant stress level and that no volume change is associated
‘with this ongoing failure. This type of behaviour is illustrated in Figure 10.10(c).
Typical properties for this very poor quality rock mass may be as follows:

Table 11.9: Typical properties for a very poor quality rock mass

Intact rock strength Gui 20 MPa
Hoek-Brown constant m; 8
Geological Strength Index GSI 30
Friction angle o 24°
Cohesive strength ¢ 0.55 MPa
Rock mass compressive strength Oem 1.7 MPa
Rock mass tensile strength Cim -0.01 MPa
Deformation modulus E, 1400 MPa
Poisson’s ratio Y 0.3
Dilation angle o Zero
Post-peak characteristics

Broken rock mass strength Gjom 1.7 MPa
Deformation modulus Ep 1400 MPa

11.9 Reliability of rock mass strength estimates

The techniques described in the preceding sections of this chapter can be used to
estimate the strength and deformation characteristics of isotropic jointed rock masses.
When applying this procedure to rock engineering design problems, most users
consider only the ‘average’ or mean properties. In fact, all of these properties exhibit
a distribution about the mean, even under the ‘most ideal conditions, and these
distributions can have a significant impact upon the design calculations.

In the text that follows, a slope stability calculation and a tunnel support design
calculation are carried out in order to evaluate influence of these distributions. In each
case the strength and deformation characteristics of the rock mass are estimated by
means of the Hoek-Brown procedure, assuming that the three input parameters are

defined by normal distributions.

11.9.1 Input parameters

Figure 11.11 has been used to estimate the value of the value of GSI from field
observations of blockiness and discontinuity surface conditions. Included in this
figure is a crosshatched circle representing the 90% confidence limits of a GSI value
of 25 £ S (equivalent to a standard deviation of approximately 2.5). This represents
the range of values that an experienced geologist would assign to a rock mass
described as BLOCKY/DISTURBED or DISINTEGRATED and POOR. Typically,
rocks such as flysch, schist and some phyllites may fall within this range of rock mass
descriptions.
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Nenfrevion _ Figure 11.7 Spreadsheet for calculation of Hoek-Brown and equivalent Mohr-Coulomb
Run LPL9-vR| parameters
Hoek-Brown and equivalent Mohr Coulomb failure criteria

Chedt.
lnput: || siga= 85 MPa__| mi=__10 [ Goi= 45 1 | iapus
Output: mb= 140 s= 0.0022 a= 05

sigm= -0.13 MPa = 0.50 = 070
k= 3.01 : phi= 30.12 degrees coh= 327 MPa
sigem= 1136 MPa = 6913.7 MPa

Tangent: | signt=_ 1597 MPa ] phit=_ 30.12 degrees | coht=__ 4.12 MP3a ]

Calculation:

Sums
sig3  1E110 3.4 6.07 9.1 1214 1518 1821 2125 8500 Cleok
sig1 4,00 2248 3327 4230 5040 5791 6498 71.74 347.08
dsids3  15.89 4.07 319 2.80 2.56 240 227 2.18 35.35 Valoes
sign 024 6.87 1256 17.85 2290 2776 3250 3713 157.80
1au 0.94 7.74 1159 1462 1720 1948 2154 2344 11655
x 236 108 -083 067 -0.57 048  -042 036 577
i Y 195 .10 087 -0.76 -0.69 064 -060 -0.56 7.1
P xy 4.61 1.13 0.71 0.52 0.39 0.31 0.25 020 . 8.12
i xsq 557 1.17 0.68 0.45 0.32 0.23 0.17 0.13 8.74
sigdsigt  0.00 6823 20201 38523 61201 878.92 1183.65 152451 4855
i sigdsq  0.00 9.22 36.86 .= 82.94 14745 230.39 331.76 451.56 1290

: lavcalc 096 7.48 1133 1445 1718 1964 2191 2404
! siglsigdfit 1136 2051 2966 3881 4796 S.11 6626 7542
! signtaufit  3.41 7.26 1056 1363 1655 19.38 22.12 2481
. tangent 4.25309 8.10321 114032 14.4729 17.3991 202235 22.9702 25.655

Cell formutae:
mb = mi*EXP((GS1-100)/28)

s = IF(GS1>25,EXP((GSI-100)/9),0) VR-\
a = IF(GS1>25,0.5,0.65-GSI/200)
sigtm = 0.5°sigci*(mb-SQRT(mbr2+4°s)) INDUT

A= acalc=s 10%sumy/8 - bealc*sumx/8)
B = bcalc= (sumxy - (sumx*sumy)/B)(sumxsq - (sumx*2)/8)
k = (sumsig3sig1 - {sumsig3*sumsig1)/8)/(sumsig3sq-(sumsig3+2y8)
phi = ASIN((k-1)/(k+1))*180/P1()
coh = (sigem*(1-SIN(phi*PI()/180)))/(2°COS(phi°PI()/180))
sigem = sumsig1/8 - k*sumsig3/8
E = IF{sigci>100,1000°10*({GS!- 10)/40), SQRT(sigc/ 100)° 1000 10*({G S!- 10)/40))
phit = (ATAN(acalc*bealc*((signt-sigtm)/sigci)*(bealc-1)))* 180/PI()
coht = acalc*sigci*{(signt-sigtm)/sigci}*bealc-signt TAN(phit*P1()/180)
sig3 = Start at 1E-10 (to avoid zero errors) and increment in 7 steps of sigci/28 to 0.25°sigci
sig1 = sig3+sigci*(((mb°sig3)/sigci)+s)*a
ds1ds3 = IF(GSI1>25,(1+(mb*sigci)/(2°(sig1-sig3))). 1+(a°'mb*a)*(sig3/sigci)*(a-1))
sign = sig3+(sig1-sigd)¥(1+ds1ds3)
tau = (sign-sig3)°SQRT(ds1ds3)
x = LOG((sign-sigtm)/sigci)
y = LOG(tau/sigci)
xy = xy xsq = x42 sig3sig1= sigd‘sigt sig3sq = sig3*2
taucalc = acalc*sigei®((sign-sigtm)/sigdi)*bealc
s3sifit = sigem+k°sig3
sataufit = coh+sign*TAN(phi*PI()/180)
tangent = coht+sign*TAN(phit"PI(}/180)

Hoek, 200\
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ExAMPLE PROBLEMS 2,2,

Chapter 11: Rock mass properties

Jeesfreanas Table 11.7: Typical properties for a very good quality hard rock mass

Ron i‘:'fp‘:‘:qm Intact rock strength o« (® 150 MPa
: Hoek-Brown constant m ® 25 P
Geological Strength Index St © 75 ~e
Friction angie [ 46° ®©
Cohesive strength ’ 3
Rock mass compressive strength o, 64.3 MPa (S _ c'h‘f'h dalos
Rock mass tensile strength O 0.9 MPa ®
Deformation modulus Eq 42000 MPa(®
Poisson’s ratio v 0.2
Dilation angle v 4 /4 =11.5°
Post-peak characteristics
Friction angle ' o 38°
Cohesive strength ef 0 \/ R-2
i odu
Deformation modulus Es 10000 MPa INPUT

11.8.2 Average quality rock mass

In the case of an average quality rock mass it is reasonable to assume that the post-
failure characteristics can be estimated by reducing the GSI value from the in situ
value to a lower value which characterises the broken rock mass.

The reduction of the rock mass strength from the in situ to the broken state
corresponds to the strain softening behaviour illustrated in Figure 11.10(b). In this
figure it has been assumed that post failure deformation occurs at a constant stress
level, defined by the compressive strength of the broken rock mass. The validity of

this assumption is unknown.

Typical properties for this average quality rock mass may be as follows:

Nearfreahion Run Table_!_ 0.8: Typical propetties for an average rock mass.

CPANNED Intact rock strength l o, - S8OMPag®
Tnev® Hoek-Brown constant m; 12 @ ineer

Geological Strength Index GSI__ 50 _ )
Friction angle o 33° M
Cohesive strength ¢ ISMPa ® Chack
Rock mass compressive strength Gem 13 MPa JolueS
Rock mass tensile strength O 0.15 ®»
Deformation modulus E, 9000 MPa ®
Poisson's ratio v 025
Dilation angle a o/8=4° .
Post-peak characteristics \} R - q_‘)
Broken rock mass strength Oem 8MPa
Deformation modulus Es 5000 MPa LN OT‘

11.8.3  Very poor quality rock mass

Analysis of the progressive failure of very poor quality rock masses surrounding
tunnels suggests that the post-failure characteristics of the rock are adequately

represented by assuming that it behaves perfectly plastically. This means that it
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Vet Friatron Bua Table 11.9: Typical properties for a very poor quality rock mass

QKMPL €
Prodlen 4-

Reliability of rock mass strength estimates 185

continues to deform at a constant stress level and that no volume change is associated

with this ongoing failure. This type of behaviour is illustrated in Figure 10.10(c).
Typical properties for this very poor quality rock mass may be as follows:

VR-4

CPI1n-vR4 Intact rock strength [Ga (% 20 MPa |
1nput Hoek-Brown constant m &8 ingut INPuT

Geological Strength Index GSI &30
Friction angle & 24° U]
Cohesive strength ¢ 055MPa &, Cheds
Rock mass compressive strength Oea I.7MPa & ° vews
Rock mass tensile strength G -0.01 MPa & o
Deformation modulus Eu 1400 MPa_&
Poisson’s ratio v 03
Dilation angle a zero
Post-peak characteristics ' '
Broken rock mass strength owe 1.7 MPa
Deformation modulus E 1400 MPa

11.9 Reliability of rock mass strength estimates

The techniques described in the preceding sections of this chapter can be used to
estimate the strength and deformation characteristics of isotropic jointed rock masses.
‘When applying this procedure to rock engineering design problems, most users
consider only the ‘average’ or mean properties. In fact, all of these properties exhibit
a distribution about the mean, even under the most ideal conditions, and these
distributions can have a significant impact upon the design calculations.

In the text that follows, a slope stability calculation and a tunnel support design
calculation are carried out in order to evaluate influence of these distributions. In each
case the strength and deformation characteristics of the rock mass are estimated by
means of the Hoek-Brown procedure, assuming that the three input parameters are

defined by normal distributions.

11.9.1 Input parameters

Figure 11.11 has been used to estimate the value of the value of GSI from field
observations of blockiness and discontinuity surface conditions. Included in this
figure is a crosshatched circle representing the 90% confidence limits of a GSI value
of 25 + 5 (equivalent to a standard deviation of approximately 2.5). This represents
the range of values that an experienced geologist would assign to a rock mass
described as BLOCKY/DISTURBED or DISINTEGRATED and POOR. Typically,
rocks such as flysch, schist and some phyllites may fall within this range of rock mass

descriptions.
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ATTACHMENT 3
ISFSI Site Hoek-Brown Criterion Shear Strength Calculation Runs
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Calculation Package 0.19 - Hoek-Brown Rock Mass Strength Worksheet DOLOMITE LOWER BOUND, HOEK-BROWN

Input: | sacis 18 WPa I m= i3 [_cGsi= a8
lDeglh of failure gurface or lunnel balow slope* = 50 m L Unitwt. = 0.022 _ MN/n3 ]
QOutput: slress = 108 MPa mb= 196 8 = 0.0026
a= 0.5 sigtm = -0.0231 MPa A= 0.6037
B= 07176 k= 5.57 phi=  44.06  degrees
coh = 0.341 MPa sigcm = 1.61 MPa E= 34003 MPa
Calculation:
Sums
sig3 1E-10 0.1§ 031 0.46 0.62 0.77 0.93 1.08 432
sigt 0.89 2.62 3.68 455 . 530 5.99 6.63 723 36.90
ds1ds3 20.26 7.96 6.09 520 4.66 4.29 4.01 79 56.25
sign 0.04 0.43 0.78 112 t.44 1.76 2.08 236 10.01
tau 0.19 0.78 1.47 1.50 1.79 2,04 2.28 2.50 12.25
X -243 -1.59 «1.34 -1.18 -1.08 -0.99 -0.92 -0.87 -10.39
y -1.97 -1.35 -1.147 -1.07 -0.99 -0.93 -0.88 -0.85 921
xy 478 218 1.57 1.26 1.07 0.93 0.82 0.73 13.30
xsq 5.91 2.52 1.78 1.40 1.16 0.98 0.85 Q.75 15.36
sig3sigl 0.00 0.40 1.14 2.10 .27 462 6.13 7.81 25
sigdsq 0.00 0.02 0.10 o 0.38 0.59 0.86 117 3
laucalc 0.18 0.77 1.16 1.48 1.78 2.05 230 253
sig1sigafit 1.61 247 - 332 4.18 5.04 5.90 6.76 7182
signtaufit 0.38 0.76 1.10 143 1.74 204 234 263
Cott formulao:
a, slress = if({depth>90, sigci*0.25,dapih unitwi)
m, mb = mi*EXP{{GSI-100)/28)
s s = IF(GS1>25,EXP((GSI-100)/9),0}
] a = IF{(GS1>25,0.5,0.65-GS1/200)
L/ sigtm = 0.5"sigci*(mb-SQRT(mbr2+4°s))
ay sigd = Start at 1E-10 (lo avoid zero erors) and increment in 7 steps (o stress
o, sig1 = sig3+sigei*({{mb°sigd)/sigai)+s)*a
da/8a, dstdsd = IF(GS1>25,(1+(mb*sigei)/{2*(sig1-sigd))), 1 +(a*mbra)(sigsigei)™a-1))
G, sign = sigd+(sig1-sigd)/(1+ds1ds3)
1 tau = (sign-§ig3)*SQRT(ds 1ds3)
x x = LOG((sign-sigtm)/sigci)
y y = LOG(taulsigci)
Xy x Xy xsq s xA2
A A= acalc= 10*(sumy/8 - bealc’ sumx/a)
8 B= bealcs  (sumxy - (sumx’sumy)/8)/(sumxsq - (sumx*2)/8)
k k = (sumsig3sig1 - (sumsig3*sumsig1)/8)/(sumsig3sq-(sumsig3+2)/8)
¢ Phi = ASIN{(k-1)/(k+1))* 180/PL{)
¢ coh = sigem/(2°SQRT(k))
.., sigem = sumsig1/8 - k*sumsig/8
€ - E= IF(sigci>\00.1000'10"((GSI-10)/40)‘SQRT(sigcil100)‘1000'10"((65#10)/40))
phit = (ATAN{acalc bealc*((signt-sigtm)/sigei)*(bealc-1))) 160/PI()
cont = acalcsigei*((signt-sigimy/sigci)*bealc-signt* TAN(phit*PH{)/180)
sigdsigi= sig3*sigt sigdsq = 8ig3s2
tavcalc = acalc*sigei®({sign-siglm/sigci)*beale
s3sifil = sigem+k*sigd
sntaufil = coh+sign*TAN(phi*P1()/180)
tangent = cohl+signt"TAN(phit*Pi()/180)

3ig3 & sign
siglm
sigim*3/4
sigtm*2/4
sigtm*1/4
Q

strees/10.5
slress/10
stress/9.5
stress/9
5lress/8.5
slrass/8
slress/7.5
slress/7
slress/6.5
slress/6
slress/5.5
slress/5
siress/4.5
siress/4
stress/3.5
siress/3
slressi2.5
slrass/2
slress/1.5

stress
slress/0.5

sig3
0.02
-0.02
-0.01
-0.01
0.00
0.09
on
011
0.12
0.13
0.13
0.14
0.15
Q.17
0.18
0.20
0.22
0.24
0.27
0.31
0.36
0.43
0.54
0.72
1.08

2.16

Principal stress plol

Mohr envelape
sigt $1s3Nt sign
0.00 1.48 -0.02
0.43 151 - -0.02
0.62 1.54 -0.01
.77 1.58 -0.01
0.89 1.61 0.00
2.10 213 0.09
223 2N 0.1
2.26 224 0.1
234 2.27 0.12
2.40 2.31 0.13
2.46 236 0.13
2.54 241 0.14
2.62 2.47 0.15
21 2,53 .17
2.82 2.61 0.18
2.94 270 0.20
3.08 2.81 0.22
3.24 2.94 0.24
3.44 31 0.27
3.68 3.32 0.31
3.99 3.61 0.36
4.38 4.01 0.43
4.93 4.61 0.54
57 561 0.72
.23 7.62 1.08
10.81 13.63 218

f
1

|
|
|
|
!
!
!
i
]

Shear sirength lau - MPa

[ e

2.00 3.00
Normal siress sign - MPa

laucaic sntaufit

0.00 0.32
0.03 0.32
0.06 233
0.07 0.33
0.09 0.34
0.29 043
0.32 0.45
0.32 0.45
0.34 0.46
0.35 0.46
0.36 0.47
0.38 0.48
0.39 049
0.41 0.50
0.43 0.51
0.46 0.53
0.48 0.55
0.52 0.57
0.56 0.60
0861 0.64
0.68 0.69
027 0.76
0.90 0.86
1.09 1.04
1.45 1.39
2.37 243

'

)

|

Ll

i

}

|

i

-

4.00

P

i

jtbrev1-7/1001
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Calculation Package 0.19 - Hoek-Brawn Rock Mass Strength Worksheet DOLOMITE MEAN, HOEK-BROWN

Input: igci = 32 MPa ] mi = 1§ [ __gst= 56 1
Depth of failure surface or tunnel below slope® = 50 m ] Unitwt.= 0022 MN/n3 |
Output: slress = 1.08 MPa mb = 314 s = 0.0073
a= 0.5 sigim=  .00743 MPa A= 07112
Bs 0.7243 ka 8.15 phi = §1.39  degrees
coh = 0628 MPa sigcm = 358 MPa E= 7866.0 MPa
Calculation;
Sums
sig3’ 1€-10 0.15 0.31 0.46 0.62 0.77 0.93 1.08 432
sigl 2.74 4.96 6.52 7.83 8.97 10.01 10.97 11.87 63.87
dsids3 19.42 11.54 9.12 7.86 7.04 6.46 6.02 5,68 nn
sign 0.13 0.54 0.92 1.29 1.66 2 2.36 2,70 11.60
tau 0.59 1.30 1.85 233 276 315 35 3.85 18.34
X -2.19 -1.72 -1.51 -1.37 127 -1.19 -1.92 -1.06 -11.43
y 173 -1.39 1,24 -1.14 -1.07 -1.01 -0.96 -0.92 -9.46
xy 3.80 239 1.87 1.56 1.35 1.20 1.08 0.98 14.22
xsq 479 2.96 227 1.88 1.61 1.41 1.26 113 17.30
sigdsigl 0.00 0.76 2.01 .62 §.53 172 10.15 12.82 43
sig3sq 0.00 0.02 0.10 021 0.38 0.59 0.86 1.17 3
taucalc 0.59 1.30 1.85 2.32 275 3.15 352 387
sig1sigfit 3.56 484 6.10 7.35 8.61 9.87 11.13 12.38
signtaufit 0.80 1.30 1.78 225 270 314 3.58 4.00
Cell formutae:
a, stress = if(depth>90, sigci*0.25,depth unitwl)
m, mb = mi‘EXP({GSI-100)/28)
s s = IF(GSI>25 EXP((GS!-100)/9),0)
a a = IF(GS51>25,0.5,0.65-GSI200)
Oy, sigtm = 0.5°sigci*(mb-SART(mb*2+4%s))
o, $igd = Start at 1E-10 (lo avoid zero errars) and increment in 7 sleps to slress
a; sigl = sig3esigei*(((mbsig3)/sigei)+s)*a
&a,/5a, dstdsd = IF(GSI>25,(|0(mb‘sigu‘)l(2'(sig!-sigS))).1o(a'mb"a)‘(sigalsigci)‘(a-1))
a, sign = sig3+(sig1-sig3)/(1+ds1ds3)
t tau = (sign-5ig3)"SQRT(ds1ds3)
x x = LOG({sign-sigtm)/sigci)
y = LOG(tau/sigei)
xy = X'y X 8q 3 x*2
A A3 acalc=  10%sumy/8 - beale*sumx/8)
8 8= bealc= (sumxy - (sumx“sumy)/B)/{sumxsq - {sumx*2)/8)
k k = (sumsig3sig1 - {sumsig3*sumsig1)/8)/(sumsig3sq-(sumsig3+2)/8)
[] phi = ASIN((k-1)/(k+1))* 180/PI()
c coh = sigcm/(2°SQRT (k)
[ sigem = sumsig1/8 - k*sumsigd/8
E E= lF(sigci>100.1000‘10’*((65'-10)/40).SQRT(sigcil100)'1000‘10‘((GSI-10)I40))
phit = (ATAN(acalc‘bcaIc'((signl-ﬂglm)lsigci)"(bcalc-\)))'1BOIPI()
coht = acalc*sigei*((signt-sigtm)/sigci)*bealc-signt* TAN{phit*PI()/180)
sig3sig1= sig3'sig1 s5igdsq = 5ig32
taucalc = acalc*sigei*({sign-sigtmysigcij*beale
$3sifil = sigem+k°sigd
sntaufit = coh'sign'TAN(phi'Pl()l‘lsp)
tangant = cohl+signt® TAN(phit*Pi()/180)

Principal stress plot Mohr envelope
$ig3 & sign sigd sig1 31531 sign laucalc
sigtm -0.07 0.00 298 -0.07 Q.00
$igtm*3/4 -0.06 1.32 3.13 -0.06 0.10
sigtm*2/4 -0.04 1.90 3.28 0.04 017
sigtm*1/4 -0.02 235 3.43 0.02 023
0 0.00 2.74 .58 0.00 0.28
slrees/10.5 0.09 421 435 0.09 0.51
siress/10 0.1t 4.40 4.46 011 0.54
slress/9.5 0.11 4.47 4.51 0.11 0.55
stress/9 0.12 4.55 4.56 0.12 0.56
sirass/a.§ 0.13 4.64 462 0.13 0.58
siress/é 0.13 473 4.68 0.13 0.60
stressi7.5 0.14 4.84 476 0.14 0.61
strass/7 0.15 4.96 4.84 0.15 0.64
siress/6.5 017 5.09 494 Q.17 0.66
slress/6 0.18 525 5.05 0.18 0.69
stress/5.5 0.20 5.42 5.18 0.20 0.72
stress/S 0.22 5.63 5.34 0.22 0.76
slress/4.5 0.24 5.87 6.54 0.24 0.80
siress/4 0.27 6.16 5.78 0.27 0.85
slress/3.5 0.31 6.52 6.10 0.31 ‘082
slress/3 0.36 6.98 6.52 0.36 1.01
stress/z.5 043 7.58 7.10 043 1.13
slrass/2 0.54 8.41 7.98 0.54 1.30
sross/1.5 0.72 967 948 0.72 1.57
stress 1.08 11.87 12,38 1.08 205
stress/0,$ ‘216 17.17 21.18 216 331
.00
|
.00
o
3
!
ﬁ 200
4
7
]
2
(23
1.00
0.00 4
0.00 1.00 200 100

Normal slress sign - MPa

snfautit

0.53
0.56
0.58
0.60
0.63
0.78
0.78
077
0.78
0.79
0.80
0.81

0.82
0.84
0.85
0.87
0.90
0.93
0.97
1.01

1.08
1.47

1.30
1.53
1.98

.33
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Calculation Package 0.19 - Hoek-Brown Rock Mass Strengih Workshes! DOLOMITE UPPER BOUND, HOEK-BROWN

Input: siqci = 47 MPa [ mi= 17 I GSi= 65 _ ]
Depth of failure surface or tunnel below slope® = 50 m 1 Unitwt = 0.022 MNIn3 B
Output: slress = 1.08 MPa mb = 4.96 s = 0.0205
as 0.8 sigim =  -0.1931 MPa Az 08187
B8a 07281 k= 10.49 phi= §5.68  degrees
coh = 1153 MPa sigem = 7.47 MPa E= 162227 MPa
Calcutation: »
Sums
sig3 1E-10 0.15 0.31 0.46 0.62 0.77 093 1.08 4.32
sigl 6.70 913 1110 12.80 14.33 15.73 17.03 18.26 105.07
ds1ds3 18.32 13.92 1175 10.40 9.46 8.75 8.20 1775 86.56
sign 0.35 0.76 115 1.54 1.93 230 2.68 3.04 13.75
tau 1.48 225 290 3.49 4.03 454 5.01 547 29.17
x -1.94 -1.69 -1.54 -1.43 ~1.34 -1.27 1.2 -1.16 -11.59
y -1.50 -1.32 2 -1.13 -1.06 -1.01 -0.97 -0.93 -9.13
Xy 291 223 1.86 1.61 1.43 1.29 1.18 1.08 13.58
xsq 3.76 2.87 237 205 1.81 1.62 1.47 1.35 17.28
sig3sig1 0.00 141 342 5.92 8.84 1213 15.76 19,74 67
sig3sq 0.00 0.02 0.10 0.21 0.38 0.59 0.86 117 3
laucalc 1.49 2.24 2.89 348 4.03 4.54 5.02 5.48
sig1sigdfit 747 9.09 10.71 12.32 13.94 15,56 17.18 18.80
signtaufit 1.66 2.26 284 342 3.98 4.53 5.07 561
Cell formulae:
o, slress = if(depth>90, sigci*0.25,depth*unitwt)
m, mb = mi’EXP((GS!-100)/28)
s s = IF(GSI>25,EXP{(GS1-100)/9),0)
a a = |F(GSI>25,0.5.0.65-GS1200)
T sigtm = 0.5°sigci*(mb-SQRT(mb*2+4%s))
o, $ig3 = Start al 1E-10 (to avoid 2er0 errors) and increment in 7 sleps Lo stress
o, sig1 = sigd+sigei*{({(mb*sigd)/sigci)+s)*a
8a,/50, d510s3 = IF(GSI>25,(1+(mb"sigci)/(2*(sig1-sig3))), 1+ (a*mb*a)*(sigH/sigei)*(a- 1))
o, sign = sigd+(sig1-sig3)/(1+ds1dsd)
1 tau = {sign-sig3)*SQRT(ds1dsI)
X x = LOG((sign-sigtm)/sigci)
y y = LOG({lau/sigci)
Xy = x'y X6q = x*2
A A= acalc= 10%(sumy/8 - bealc"sumx/8)
B 8= beslc®  (sumxy - (sumx*sumy)/B)/(sumxsq - (sumx*2)/8)
X k= (sumsig3sig1 - (sumsig3°sumsig1)/8)/(sumsig3sq-(sumsig 342)/8)
¢ phi = ASIN((k-1)/(k+1))" 180/PI)
[ coh = sigem/(2°SQRT(kY)
Oew sigem = sumsig1/8 - k" sumsigd/8
E E = IF(sigci>100,1000"10A({GS!-10)/40),SQRT (sigci/100)* 1000* 10A(G St-10)/40))
phit = (ATAN(acalc*bealc" ({signt-sigtm)/sigei)*(bcate-1)))* 180/PI()
cohl = acalc*sigcei*((signl-sigtm)/sigci)*bcalc-signt*TAN(phit*PI{)/180)
sigdsigi= sig3-sig1 8ig3sq = 5igdr2
{aucaic = acalc’sigcl*{{sign-sigtm)/sigei)*bealc
83sifit = sigem+k*sigd
snlaufit = coh+sign*TAN(phi*Pi()/180)
tangent = cohtesignt' TAN(phit*Pi()/180)

snlaufit
0.87
0.94
1.01
1.08
1.15
1.29
1.3¢
1.32
1.33
1.34
1.35
1.38
1.38
140
142
1.44
147
1.50
1.55
1.61
1.68
1.79
1.94
220

2n
4.32

Principal stresa plot Mohr envelope
sig3 & sign §ig3 sigt s1s3fi sign taucale
sigtm 0.19 0.00 5.48 019 0.00
sigtm*3/4 -0.14 a1 595 -0.14 0.26
sigim*2/4 -0.10 4.64 6.46 -0.10 0.42
sigtm*1/4 -0.05 5.75 6.97 -0.05 0.57
0 ) 0.00 6.70 7.47 0.00 0.70
straes/10.5 0.08 8.26 8.46 0.09 0.94
stress/10 0.11 847 8.60 a1 0497
slress/9.5 .11 8.55 8.66 0.11 0.99
siress/o a.12 8.64 873 0.12 1.00
slrass/8.5 0.13 a.75 8.80 0.13 1.02
strass/8 013 8.86 8.89 0.13 1.03
slress/7.5 0.14 8.99 8.98 014 1.06
strass/7 0.15 9.13 9.09 0.15 1.08
stress/6.5 017 9.30 9.24 0.17 .11
siress/6 0.18 948 9.36 0.18 1.14
slress/5.5 0.20 9.720 9.53 0.20 1.17
slrass/S 0.22 9.96 9.74 022 1.22
slress/d.5 0.24 10.26 9.99 0.24 1.27
slress/d 0.27 10.63 10.30 0.27 133
stress/3.5 0.31 11.10 10.74 0.31 1.41
stress/3 .36 11.69 . 11.25 0.36 1.51
siress/2.5 043 1247 12.00 0.43 1.65
strass/2 0.54 13,58 13.13 0.54 1.86
stress/1.5 0.72 15.27 15.02 072 218
stress 1.08 18.26 18.80 1.08 2.78
slrass/0.5 2.16 26.52 3042 216 4.4
4.00
3.00
&
2
% 2.00
@
]
2
7]
1.00
f
0.00
0.00 1.00 200 3.00
Normal siress sign - MPa
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Shear strength (MPa)

Comparison of strength ranges - Dolomite (Tofy.4), Hoek-Brown
4,00 4

300 U

. . . e, !
‘ | —#®—upper bound i
2.00 - ] | +Mean i
t —— lower boun_d _‘
Note: Upper and lower bounds
represent one standard deviation
above and below the mean,
respectively.
t
1.00 i e el
0.00 4 i
0.00 1.00 2.00 3.00 4.00

Normal stress (MPa)
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Calculation Package 0.19 - Hoek-Brown Rock Mass Strength Worksheat DOLOMITE UC LOW, HOEK-BROWN

Input: sigei = i18____MPa | mi 15 ] ___Gsi= 56
Depth of failure surface or tunnel below slopa® = 50 m | Unitwi. = 0022 MN/M3
Output: slress = 1.08 MPa mb = 3.14 s = 0.0073
az 0.5 sigim = .0.0405 MPa A= 06992
8s 07205 k= 6.58 phi = 4739  degrees
cohs 0443  MPa sigem = 227 MPa €= 58079 ‘MPa
Calculation: '
. Sums
sig3 1E-10 0.15 0.34 046 0.62 0.77 0.93 1.08 4,32
sigt 1.49 343 4.69 5,72 6.63 7.45 8.22 8.93 48.57
dsids3 19.42 9.41 7.28 6.23 5.57 512 4.7 4.50 62.31
sign 0.07 0.47 0.84 119 1.53 1.86 2,19 251 10.66
tau 0.32 0.96 1.43 1.82 2.16 247 2.76 3.03 14.95
x -2.19 +1.54 -1.30 -1.15 -1.05 -0.96 -0.90 +0.84 -9.92
y -1.73 -1.26 -1.09 -0.98 -0.91 0.85 -0.80 0.76 -8.39
xy 3.80 1.93 1.41 113 0.95 0.82 0.72 0.64 11.40
x5q 4.79 2.36 1.69 133 1.10 0.93 0.80 0.70 13.69
sig3sigl 0.00 0.53 1.45 265 4.03 5.78 7.60 9.64 32
sig3sq 0.00 0.02 0.10 - 0.21 0.38 0.59 0.86 147 3
taucalc 0.32 0.96 1.42 1.81 R.16 248 217 3.05
sig1sig3fit 227 328 4.30 5.34 6.33 7.4 8.36 9.37
signtaufit 0.52 09§ 1.35 1.74 21 247 282 7
Cell formulae:
a, stress = if{depth>90, sigci*0.25,depth unitwt)
m, mb = mi*EXP((GS!-100)/28)
3 § = IF(GSI>25,EXP{({GSI-100)/9),0)
a a = IF(GS1>25,0.5,0.65-GSI11200)
[ sigtm = 0.5'sigci*(mb-SQRT{mb42+4°s))
a, sig3 = Stan at 1E-10 (lo avoid zero errors) and incrament in 7 steps to stress
o, sigl = sigdrsigei*(((mb-sigd)isigei)+s)ra
8a,/8a, ds1ds3 = IF{GSI>25,(1 +{mb*sigci)/(2*(sig1-sig3)}),1 +(a’mb*a)*(sigd/sigci)*(a-1 »
' sign = sigd+(sig1-sig3)/(1+dsidsd)
T tau = (sign-sig3)'SQRT(ds 1ds3)
X x = LOG((sign-sigtm)/sigci)
y y = LOG(lau/sigci)
Xy = X%y X5Q = xA2
A Az acalcx  10A(sumy/8 - bealc®sumx/8)
8 8= bcalc= (sumxy- (sumx*sumy)/8)/(sumxsq - (sumx+2)/8)
K k = (sumsig3sig1 - (sumsigd’sumsig1)/8)/(sumsigdsq-{sumsig342)/8)
3 phi = ASIN((k-1)/(k+1))*180/PI()
c coh = sigem/{2°SQRT(K))
[ sigem = sumsig1/8 - K*sumsig3/8
€ € = [F(sigei>100,1000*104((GSI-10)/40),SQRT(sigci/100)* 1000* 10((GSI-10)/40))
phit = (ATAN(icalc'bcalc'((signl-sig!m)/sigci)“(bcalcd)))'180/PI()
cohl = acalc"sigei*((signt-sigim/sigci)*bealc-signl*TAN(phit*PI{}/180)
3ig3sigi= sigd*sigt 5ig3sq = 8ig3r2
lBucalc = acalc*sigei*((sign-sigtm)/sigci)*bealc
s3sifit = gigem+k’sigd
sntaufit = coh+sign*TAN{phi*PI()/180)
tangent = cohtesignt* TAN(phit*Pi{}/180)

Principat stress plat Mohr snvelope
sig3 & sign $ig3 sig1 s1s3fit sign taucalc
sigtm -0.04 0.00 2.00 -0.04 0.00
sigtm*3/4 -0.03 0.72 207 <0.03 0.06
sigtm*2/4 -0.02 1.04 2.14 -0.02 0.09
sigtm*1/4 -0.01 1.28 2.20 0.0t 0.13
0 0.00 1.49 227 0.00 0.15
strees/10.5 0.09 2.81 2.89 0.09 037
slress/10 0.1 297 2.98 o1 0.39
slress/9.5 0.1 3.03 3.02 0.11 0.40
slrass/9 0.12 3.09 3.06 0.12 0.42
sirass/8.5 0.13 3.16 311 0.13 043
slress/8 0.13 3.24 3.16 013 044
stress/7.5 0.14 3.33 3.22 0.14 046
slress/7 0.15 3.43 3.29 0.15 0.48
siress/6.S 047 3.54 3.36 0.17 .50
slress/6 0.18 3.66 3.45 0.18 0.52
stress/S.5 0.20 381 3.56 0.20 0.55
siress/S 0.22 397 3.69 022 0.58
slress/4.5 0.24 417 3.85 0.24 0.62
slress/4 0.27 4.40 4.05 0.27 0.67
siress/d.5 031 4.69 4.30 031 073
slress/3 0.36 5.05 4.64 0.36 0.80
siress/2.5 0.43 5.53 511 0.43 091
siross/2 0.54 - 819 5.82 0.54 105
slress/1.5 0.72 7.19 1.00 0.72 1.28
stross 1.08 8.93 9.37 1.08 1.69
sirass/0.5 2.16 13.16 16.47 216 2.75
400
300

L

5

_.;‘

£

2

14

1

;

0.00 r.00 2.00 3.00
Nommal stress sign - MPa

sntaufit
0.40
0.49
0.42
0.43
0.44
0.54
0.56
0.57
057
0.58
0.59
0.60
0.6
0.62
0.64
0.66
0.68
Q.70
0.74
0.78
0.83
0.91
1.03
1.23
1.62

279
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Calculation Package 0.19 - Hosk-Brown Rock Mass Strength Worksheel DOLOMITE UC HIGH, HOEK-BROWN

Input: sigci = 47 MPa | mis 15 I GSi = 56 ]
Dapth of failyre surface or lunnal below slope® = 50 m | unitwt, = 0.022 _MN/n3 |
Output: stress = 1.08 MPa mb = 3.14 s$= 0.0073
a= 0.5 sigm=  .0.1083 MPa A= 07179
B= 0.7265 K= 9.26 phi= 5361 degrees
coh = 0.797 MPa sigem = 4.85 MPa Esa 9497.8 __MPa
Calculation:
. Sums
sigd 1E-10 0.15 0.31 0.46 0.62 0.77 0.93 1.08 4.32
sig1 3.99 6.37 8.14 9.83 10.95 1215 13.26 14.30 78.79
ds1ds3 19.42 12.84 10.40 9.03 - 812 7.47 6.97 6.57 80.81
sign 0.20 0.60 1.00 1.8 1.75 211 247 2.83 12.34
tau 0.86 1.61 222 2.75 323 3.87 4.08 4.48 22,90
X -2.19 -1.82 <163 -1.50 <140 -1.32 -1.26 -1.20 -12.32
Yy -1.73 -1.46 «1.32 -1.23 -1.16 -1.11 -1.06 -1.02 +10.10
xy 3.80 2.66 2,16 1.8 1.63 1.48 1.33 1.23 16.10
xsq 479 3.30 285 2.25 1.6 1.75 1.58 1.4§ 19.73
sig3sigt 0.00 098 2.51 446 6.75 937 12,27 15.44 52
sig3sq 0.00 0.02 0.10 029 0.38 0.59 0.86 1.17 3
laucalc 0.87 1.61 221 274 3.22 hX:14 4.09 4.49
sig1sigdfit 4.85 6.28 M 9.14 10.56 11.99 13.42 14.85
signiaufit 1.06 1.62 215 267 397 .67 4,15 4.63

Celi formulae:

o, slress = if(deplh>90, sigci®*0.25,depth*unitwl)
m, mb = mi*EXP{{GSI-100)/28)
s s = IF(GSI>25,EXP((GS1-100)/9),0)
a a = |F{GS1>25,0.5,0.65-GS1/200)
Cim siglm = 0.5°sigci*(mb-SQRT(mb"2+4"s))
-9 sigd = Start at 1E-10 (lo avoid zero errors) and increment in 7 steps to stress
a; sigl = sig3+sigei*(((mb’sigd)/sigei)rs)ra
8a,/80, ds1ds3 = IF(GSI>25,(1 +(mb*sigci)(2°(sig1-5i193))). 1 +{a*mb*a)*(sig/sigei)*(a-1))
o, sign = sig3+(sig1-3ig3)/(1+ds1ds3)
T tau = (sign-sig3)*SQRT(ds 1ds3)
x x = LOG((sign-sigtm)/sigci)
Y y = LOG(taulsigci)
Xy ® x°y xsg= a2
A A= acalc® 10%sumy/8 - bealc sumx/8)
8 8=  bcalcx (sumxy- (sumx*sumy)/8)/{sumxsq - (sumx”2)/8)
k k= (sumsig3sig1 - (sumsig3*sumsig1}/8)/(sumsig3sq-(sumsig3+2)/8)
¢ phi = ASIN((k-1)/{k+1))* 180/PI() .
¢ coh = sigcm/(2* SQRT(k))
O sigem = sumsig1/8 - k"sumsigd/8
13 Ex= lF(sigci)100.1000’10"((GSI-10)/40),SQRT(sigciI100)'1000'10"((GSI-10)/40))
phit = (ATAN(acalc'bcalc'((signl-:igun)laigci)"(bcalc-1)))'180/PI()
coht = acalc*sigei*((signi-sigtm)/sigei)*bealc-signt* TAN(phitPI()/180)
sigdsigl= sig3*sig1 siglaq = $igdA2

taucalc =

s3sifit =
sntaufit =
langent =

acalc*sigei*{{sign-sigim)/sigci)*bcale
sigem+k"sigd
coh+sign*TAN(phi*Pi()/180)
cohtesignt* TAN(phit*P1()/180)

5ig3 & sign
sigtm
sigtm*3/4
sigim"2/4
sigtm*1/4
0
strees/10.5
stress/10
stress/9.5
stress/9
stress/8.5
stress/8
slress/7.5
strass/7
slressi6.5
slress/6
slress/5.S
strass/S
slress/i4 5
stress/d
stress/3.5
slress/3
stress/2.5
slress/2
stress/1.5
slrass

stress/0.5

sig3
0.1
-0.08
-0.05
-0.03
0.00
0.09
0.11
0.1
.12
0.13
0.13
0.14
0.15
0.17
0.18
0.20
0.22
0.24
027
0.31
0.36
043
0.54
0.72

1.08
216

Principat stress plot

Mohr envetope
sigl sts3lit sign
0.00 3.85 -0.11
1.92 4.10 -0.08
2.7 4.35 -0.05
3.43 4.60 -0.03
3.99 4.85 0.00
5.55 5.72 0.09
5.75 5.85 0.1
5.83 5.90 0.11
5.92 5.96 Q.12
6.01 6.03 0.43
6.12 6.10 0.13
6.24 6.18 0.14
637 8.28 0.15
6.52 6.39 Q.17
6.69 6.52 0.18
6.89 6.67 0.20
7.12 6.85 0.22
7.40 707 0.24
7.73 7.35 027
8.14 7.7 0.31
8.66 8.18 0.36
9.35 8.85 0.43
10 9.85 0.54
11.76 11.51 0.72
14.30 14.85 1.08

20.43 24,84 2.16

taucalc
0.00
0.15
025
Q.33
0.41
0.64
0.68
0.69
0.70
0.12
0.74
0.76
0.78
0.80
0.83
087
0.91
0.96
1.01
1.09
1.18
1.31
1.50
1.79

233
in

Shear strength tau - MPa

0.00

2,00

3.00

Normal stress sign - MPa

snlaufit
0.65
0.69
Q.72
076
0.80
0.92
0.94
0.95
0.96
0.97
0.98
0.99
1.04
1.02
1.04
1.06
1.09
1.12
1.16
122
1.28
1.38
1.53
1.77

2.26
in

4.00 ‘
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Shear strength (MPa)

Comparison of Uc ranges - Dolomite (Tof, ), HOEK-BROWN

4.00

3.00 4+ -eemeee

g
o
S

|
|
|

1.00 -~

I

0.00 +

0.00 ’ 1.00

2.00
Normal stress (MPa)

3.00

4.00

—&— Uc lower bound !
-z Mean
—#— Uc upper bound !

Note: Upper and lower bounds
represent one standard deviation
above and below the mean,
respectively.
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Calculation Package 0.19 - Hoek-Brown Rock Mass Strength Worksheet DOLOMITE M} LOW, HOEK-BROWN

Input: sigei = 32 MPa | mis 13 | GSI= S ]
Dapih of failure surface or tunnel below slope* = 50 m [_Unitwt. = 6027 MNIn3 |
Output: siress= 108 MPa mb = 273 s3 0.0073
a= 0.5 sigtm = -0.0854 MPa A= 0.6782
Bz 0.7219 k= 756 phiz  50.04 degrees
coh= 0633 MPa sigem = 348  MPa E= 78660 MPa
Calculation:
Sums
sigd 1E-10 0.15 0.31 0.46 062 077 0.93 1.08 4,32
sigt 274 4.74 6.18 7.40 8.47 9.44 10.34 11.19 60.51
ds1ds3 17.02 10.57 8.46 7.33 6.59 6.06 5.66 6.34 67.02
sign 0.18 0.55 0.93 1.30 1.65 2.00 2.34 267 11.59
tau 0.63 1.29 1.81 2.25 2.66 3.02 3.36 3.69 18.71
x <213 -1.70 -1.50 1,37 -1.27 -1.19 112 -1.07 -11.34
y 1.7 -1.40 -1.25 -1.15 -1.08 -1.03 -0.98 -0.94 +9.54
xy 3.64 2.38 1.87 1.58 1.37 1.22 1.10 1.00 14.16
xsq 4.54 2.90 2.25 1.87 1.60 1.44 1.26 1.14 16.97
5ig3sigt Q.00 073 191 342 §.22 7.28 9.57 12.08 40
sig3sq 0.00 0.02 0.10 021 .38 0.59 0.86 1.17 3
laucatc 0.63 t.28 1.80 225 265 302 337 3.70
sigtsigafit 348 4.65 581 6.98 8.15 931 10.48 11.65
signtaufil 0.81 1.29 1.74 218 2,50 3.02 342 .82
Cetl formulae:
a, stress = if{depth>90, sigc1*0.25.depth*unitwt)
m, mb = mi'EXP((GS1-100)/28)
5 8 = IF(GSI>25 EXP({GSI-100)/9),0)
a a = IF(GS1>25,0.5,0.65-GSI1200}
g, sigim = 0.5'sigci"(mb-SQRT(mb*2¢4's))
o sig3 = Start at 1E-10 (1o avoid zero errors) and increment in 7 steps (o slrass
a, sigl = sig3+sigci*({{mb*sig3)/sigci) +s)*s
50‘./80. ds1ds3 = IF(GSI>25.(1'(mb‘slgd)l(i"(sig1-sig3))),10(a‘mb"a)'(sigalsigci)‘(3-1))
Q. sign = sig3+(sig1-sig3)/(1+dsids3) '
T tau = (sign-sigd)* SORT(ds1ds3)
X x = LOG((sign-sigtm)/sigci)
y y = LOG(law/sigci)
xy & x'y X 5q= xA2
A A= acalc= 10%sumy/8 - bealc*sumw8)
8 8= bcalc= (sumxy - (sumx*sumy)/B)/{sumxsq - (sumx*2)/8)
k k= (sumsig3sigl - (sumsig:‘sumsim)la)/(sumsig3$q-(sumsig3'\2)la)
[ phi = ASIN({k-1)/(k+1))"180/PI()
¢ coh = siqgcm/(2*SQRT(k))
G, sigem = sumsig1/8 « k*sumsig3d/8
€ E= IF(sigd>100.1000‘10‘((GSI-‘I0)/40).SQRT(sigcil‘l00)'1000’10"((GS|-10)I40))
phit = (ATAN(acalc‘bcalc’((signl-siglm)lsigci)“(bcalc-1)))'1BOIPI()
coht = acalc*sigei*({signt-sigim/sigci)*bealc-signt* TAN(phit*PI()/180)
sig3sigt= sigd*sigt 8ig3sq = $igd*2
taucalc = acalc*sigei*((sign-sigtm)/sigci)*bcatc
s3sifil = sigcm+k*sigd
sntaufit = coh+sign"TAN(phi*PI()}/180)
tangent = coht+signt*TAN{phit*PI()/180)

sntaufil
0.53
0.56
0.58
0.61
0.63
0.74
0.76
0.77
0.78
0.78
0.79
0.80
0.82
0.83
0.85
0.87
0.89
0.92
0.95
1.00
1.06
1.15
1.28
1.49
1.92

321

Principal stress plot Mohr envelope
sig3d & sign sigd sigl s1s3ht sign faucalc
sigtm -0.09 0.00 2.83 -0.09 0.00
sigtm*d/4 -0.06 1.31 3.00 -0.06 0.1
siglm*2/4 -0.04 1.90 316 -0.04 0.18
sigim*1/4 -0.02 2.35 J.a2 -0.02 024
0 . 0.00 274 348 0.00 0.30
slrees/10.5 0.09 4,06 4.19 0.09 0.51
stress/10 0.41 4.23 4.30 o1 0.54
slress/a.5 0.11 429 434 011 0.56
slrass/9 0.12 4.37 4.39 0.12 0.57
stress/8.5 0.13 4.45 4.44 0.13 0.58
slress/8 0.13 4.53 4.50 013 0.60
stress/7.5 0.14 4.63 4.57 0.14 0.61
siress/? 0.15 474 4.65 0.15 0.63
slress/B.5 0.17 4.86 474 0.17 0.66
stross/6 0.18 5.01 4.84 0.18 0.68
slrass/5.5 0.20 517 4.97 0.20 071
stress/5 0.22 5.36 5.9t 0.22 0.75
stress/4.5 0.24 5.58 5.30 0.24 0.79
stress/4 027 5.85 5.52 0.27 0.84
slress/3.5 .31 6.19 5.81 0.3t 0.91
stress/3 0.36 6.61 6.20 0.36 0.99
slress/2.5 043 717 6.75 043 1.11
slress/2 0.54 7.95 1.56 0.54 1.27
slress/1.5 0.72 9.13 8.92 072 1.52
siress 1.08 1.19 11.65 1.08 1.99
slress/0.5 2.18 16.19 19.81 2.16 3.19
i .00
3.00
o
s
3
g. 200
5
1.00
A
0.00
0.00 1.00 2.00 100
Normal stress sign - MPa
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Calculation Package 0.19 - Hoek-Brown Rock Mass Strength Worksheet DOLOMITE M| HIGH, HOEK-BROWN

nput: |

sigei = 32 MPa I mis 17 | GSi= 56 __ ]
{Depth of faiture surface or tunnel beiow slope* = 50 m [unitwt.z 0022 MNm3 |
Output: stress = 1.08 MPa mb = 3.56 s = 0.0073
a= 0.5 sigtm=  .0.0657 MPa As (7408
8= 0.7263 K= 8.70 phi = 52.54  degrees
coh = 0.624 MPa sigem = 3.88 MPa E=x 78660 MPa
Calculation:
Sums
sigd 1E€-10 0.15 031 0.46 0.62 017 0.93 1.08 4.32
sigl 2.74 5.18 6.84 8.23 9.44 10.54 11,56 12.51 67.04
dsids3 21.83 12.39 9.73 8.35 747 6.84 6.37 5.99 78.97
sign 0.12 0.53 0.92 1.29 1.66 2.02 237 2N 11.62
tau 0.56 1.32 1.90 240 2.85 J.26 .64 4.00 19.93
X -2.24 -1.73 -1.51 -1.37 -1.27 -1.19 +1.12 -1.06 «11.50
y -1.76 -1.39 -1.23 -1.13 -1.05 -0.99 -0.95 -0.90 <9.39
xy 3.93 240 1.86 1.55 1.34 1.18 1.06 0.96 14.28
xsq 5.01 3.00 2.29 1.89 1.61 141 125 1.13 17.59
sigdsigl 0.00 0.80 21 3.81 5.83 8.13 10.70 13.54 45
8igdsq 0.00 0.02 0.10 0.21 0.38 059 0.86 117 3
taucalc 0.56 1.31 1.89 239 1284 3.26 3.65 4.02
sigtsigafit 3.68 5.03 6.37 m 9.05 10.39 1173 13.08
signtaufit 0.78 417

Caell farmulse:

a, stress =
m, mb =

o,., sigt

s =
as=
m =

o, §igd =

-7} sigl =

80,/80,

Q

pl

nexXWP < x e~

ma
-
H

dsidsd =
sign =
fau =

X =
y=

xy =

A=
B=
ks
hi =

coh =
sigcm =

E=

phit =
coht =
sigdsigl1=
taucalc =

s 3Jsi

fit =

snlaufit =

tange

n =

1.3 1.82 2.31 279 3.26 372

if{depth>90, sigei*0.25,deplh*unilwt)
mi"EXP{(GS!-100)/28)
IF(GSI>25,EXP({GSI-100)/9).0)
IF(GS1>25,0.5,0.65-GS1/200)
0.5*sigci*(mb-SQRT(mbA2+4°s))
Start at 1E-10 (to avoid zero errors) and increment in 7 sleps to strass
sig3+sigci*({(mb°sigd)sigei)vs)*a
IF(GSI1>25 (1 +{mb"sigci)/(2°(sig 1-sigd))}. 1 +(a*mb*a)(sigd/sigci)(a-1))
sig3+(sig1-sig3)/(1+ds1dsa)
{sign-5ig3)° SQRT(ds 1ds3)
LOG((sign-sigtm)/sigci)
LOG(tau/sigci)
Xy xsq= xA2

acalc=  10%(sumy/8 - bealc* sumx/8)

bealc=  (sumxy - (sumx’sumy)/8)/(sumxsq - {sumx~2)/8}
{sumsig3sig1 - (sumsigS'sumsim)lB)l(sumsigSsq-(sumsigS“z)la)
ASIN((k-1)/{k+1))* 180/PI()
sigem/{(2°SQRT(k))
sumsig1/8 - k*sumsig3/8
IF(sigci>100,1000'10"((GSI-10)/40),SQRT(sigcil100)‘1000'10"((GSI-10)/40))
(ATAN(acalc'bca!c'((signl-sigtrn)lsigcl)"(bcaIc-1)))"IBOIPI()
ncalc’sigci'((sign(-siglm)lsigni)‘bcalc:signl'TAN(phil'Pl()l'l80)
sig3°sigt sigdsq = sig3+2
acalc"sigei*{(sign-sigtm)/sigci)Abealc
sigem+k*sig3
cah+sign* TAN(phi*Pi()/180)
coht+signt* TAN{phit* PI(}/180)

Principal stress plot Mohr envelope
8igd & sign sigd sigl EREXIA] sign taucale sntaufit
sigim -0.07 0.00 an -0.07 0.00 0.54
sigim*3/4 +0.05 1.32 325 -0.08 0.10 0.58
sigtm*2/4 -0.03 1.80 3.40 -0.03 0.16 0.58
sigtm*1/4 -0.02 2.38 3.54 -0.02 0.22 0.60
] 0.00 274 .68 0.00 0.26 0.62
slraes/10.5 0.09 4.36 4.50 0.09 0.50 0.75
slresa/10 0.14 4.56 4.62 0.1 0.54 0717
siress/9.5 o 4.64 4.67 on 0.5 0.17
slress/9 0.12 472 4.73 0.12 0.56 0.78
slress/8.5 0.13 4.82 4.79 0.13 0.58 0.79
siress/8 0.13 4,92 4.86 0.13 0.60 0.80
stress/7.5 0.14 5.04 494 0.14 0.62 0.81
stress/7 0.15 5.16 5.03 0.1§ 0.64 0.83
stress/6.5 0.17 5.31 5.13 0.17 0.66 0.84
siress/6 0.18 548 5.25 0.18 0.69 0.86
slress/5.5 0.20 5.66 5.39 0.20 0.72 0.88
slress/5 0.22 5.89 5.56 0.22 Q.76 0.91
slress/4.5 0.24 6.15 517 0.24 0.81 0.94
siress/4 - 0.27 6.46 6.03 0.27 0.87 0.98
slress/d.5 0.31 6.84 6.37 0.31 0.94 1.03
stress/3 0.36 7.33 6.81 0.36 1.03 1.09
siress/2.5 0.43 7.97 7.44 0.43 1.15 1.19
stress/2 0.54 8.85 8.38 0.54 1.33 133
stress/1.5 0.72 10.19 9.95 0.72 1.61 1.56
slress 1.08 12.51 13.08 1.08 2.11 203
slrass/0.5 2.16 18.09 2247 2.16 342 344
4.00 i
i
300 ; !
d
2 .
H 3 H
: :
200
H E
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g ;
& !
i 1.00 I
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!
i
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Comparison of mi rahges - Dolomite (Tof,_), HOEK-BROWN
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1.00

0.00 y[

0.00

1.00
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Normal stress (MPa)

3.00

4.00

—e— mi upper bound |
Mean
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Note: Upper and lower bounds
represent one standard deviation
above and below the mean,
respectively.
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Calculation Package 0.19 - Hoek-Brown Rock Mass Strangth Worksheet DOLOMITE GSI LOW, HOEK-BROWN

tnput: [ sigci = 32 MPa I mi= 15 [ GSt = 46 —
|Deglh of failure surface or lunnal balow siope® = 50 m I Unitwt_= 0.022 MN/n3 ]
Output: stress = 1.08 MPa mb = 2.26 $ = 0.0026
a= 0.5 sigim=  .0.0369 MPa A= 0.6468
B= 07243 k= 7.44 phi = 49,74 degreas
coh=___ 0468 MPa sigem = 2.55 MPa E=x 46052 MPa
Caiculation:
Sums
sigd 1E-10 0.15 0.3t 0.46 0.62 0.77 0.93 1.08 4.32
sig1 1.63 3.87 5.31 6.48 7.50 842 9.27 10.07 52.56
ds1ds3 23.16 10.73 8.24 7.02 -6.26 5.73 5.34 5.03 71.51
sign 0.07 0.47 085 1.24 1.56 1.9 224 2.57 10.89
tau 033 1.04 1.55 1.99 237 2.72 3,04 334 16.38
x -2.49 -1.80 -1.56 -1.41 -1.30 -1.22 11§ -1.08 -12.02
'3 -1.99 -1.48 -1.32 -1.21 -1.13 107 -1.02 <0.98 -10.22
xy 4.96 268 2.05 1.70 1.47 1.3 1.18 1.07 16.42
xsq 6.19 -3.24 243 1.99 1.70 1.48 1.32 1,19 19.53
sig3sigt 0.00 0.60 164 3.00 4.62 6.49 8.58 10.87 36
sigdsq 0.00 0.02 0.10 0.21 0.38 0.59 0.86 1.147 ]
laucaic 033 1.03 1.54 1.98 237 272 3.06 3.37
sig1sig3fit 255 370 4.85 6.00 7.14 8.29 9.44 10.59
signtaufit 0.55 1.02 147 1.90 2.3 272 312 350

Cell formulae:

G,

]
8o,/8a,

ul

o> < x -

ma aex

siress = if(depth>90, sigci*0.25,depth*unitwl)
mb = mi’EXP{{GS1-100)/28)
8 = |F(GSI>25,EXP((GSt-100)/9),0)
a = |F{GS1>25,0.5,0.65-GS11200)

sigtm = 0.5*sigci*(mb-SQRT(mb"2+4°s))
sig3 = Start at 1€-10 (to avoid zero errars) and increment in 7 sleps to stress
sigt = sigd+sigei®(((mb*sigd)/sigei)+s)ra
ds1ds3 = IF(GS1>25,(1+(mbsigei){2*(sig1-5ig3))). 1 +(a"mb*a)*(sigHsigei)r(a- 1))
sign = sig3+(sigi-sigd)/(1+ds1ds3)

lau = {sign-sigd)*SQRT(ds1ds3)
x = LOG((sign-sigtm)/sigci)

y = LOG(lau/sigci)

xy = X'y
A= gcalc=

xsq= x*2

10Msumy/8 - bealc’sumx/8)
B= bcalc= (sumxy - (sumxsumy)/8)/(sumxsq - (sumx*2)/8)
K = (sumsig3sig1 - (sumsig3*sumsig 1)/8)/(sumsig3sq. (sumsig342)/8)

phi = ASIN((k-1)/(k+1))* 180/PI()
coh = sigemd(2°SQRT(K)}
sigem = sumsig1/8 - k*sumsigd/8
E = 1F{sigci>100,1000°104((GS1- 10)/40), SQRT (sigci/100)* 1000* 104((GS1-10)/40))
phit = (ATAN(acalc*beaic*((signt-sigtmy/sigei)(bealc-1)))* 180/PI()

coht = acale*sigei*((signt-sigim)/sigci}*beatc-signt*TAN(phit*PI()/180)

sigdsig1= sig3°sigt

8ig3sq = sigdrz

taucalc = acalc*sigci*((sign-sigtm)/sigei)*bealc

s3sifit = sigem+k’sigl

sntaufit = coh+sign*TAN(phi*PI()/180)
tangent = coht+signl* TAN(phil*PI{)/180)

sntaufit
0.42
0.44
0.4S
0.46
0.47
0.58
0.60
0.60
0.61
0.62
0863
0.64
0.65
0.66
0.68
.70
0.72
0.75
0.79
0.83
0.89
0.98
1.11
132

1.74
3.02

Principal stress plot Mohr envalope
8ig3 & sign 3ig3 8ig1 s1s3nt sign taucaic
sigtm -0.04 0.00 2.28 -0.04 0.00
sigtm*3/4 -0.03 0.79 235 -0.03 0.06
sigtm*2/4 -0.02 1.4 242 -0.02 0.09
sigtm*1/4 -0.01 141 248 -0.01 0.13
0 0.00 1.63 255 0.00 0.15
strees/10.5 0.08 317 3.25 0.09 0.39
stress/10 0.1 3.3§ 3.36 0.1 0.42
stress/9.5 0.11 341 3.40 0.1 043
stress/ .12 3.49 3.45 0.12 0.44
stress/8.5 0.13 3.57 3.50 0.13 0.45
siress/8 0.13 3.66 3.56 013 047
stross/7.5 0.14 376 3.62 0.14 049
stress/7 015 3.87 370 0.15 0.51
stress/6.5 0.17 4.00 3.79 017 0.53
stress/6 0.18 4.14 3.89 0.18 0.56
stress/5.5 0.20 4.31 4.01 0.20 0.59
stress/5 0.22 4.49 4186 0.22 0.62
stressid.5 0.24 4.72 4.34 0.24 0.66
stress/4 0.27 4.98 4.56 0.27 0.72
slress/3.5 0.31 §.31 4.85 0.3 0.78
stress/3 0.36 - §.72 $.23 0.36 0.86
stress/2.5 0.43 6.26 877 043 0.97
slrass/2 0.54 7.00 6.57 0.54 113
stress/1.5 0.72 8.12 7.91 0.72 1.38
siress 1.08 10.07 10.59 1.08 1.82
slress/0.5 2.16 14.77 18.62 2.16 2398
400,

&

x

£

2

g

M

-

2

u
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Normal stress sign - MPa
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Calculation Package 0.18 - Hoek-Brown Rock Mass Strangth Worksheet DOLOMITE G$i HIGH, HOEK-BROWN

input: sigei = 32 MPa mi* 15 | GS| = 65
Dapth of failure surface ar lunnet below slope® = 50 m I Unitwt = 0.022  MNin3
Output: stross = 108  MPa mb = 4.28 s = 0.0205
a= 05 sigm = .0.1497 MPa A= 0.7806
8= 07241 k= 8.7 phi = §2.56 degrees
coh = 0.897 MPa sigem = 530 MPa E= 134355 MPa
Calcuiation:
Sums
sigd 1E-10 0.15 0.31 0.46 0.62 0.17 0.93 1.08 432
sigt 4.59 6.70 8.34 9.75 11.00 1215 13.23 14.23 79.89
ds1ds3 16.32 11.76 9.76 8.58 nmr 7.8 6.72 6.35 74.44
sign 0.27 0.67 1.05 1.43 1.80 216 2.52 2.87 1277
tau 1.07 1.76 23 2.84 330 373 4.13 459 23.67
x -1.89 -1.59 -1.43 AN -1.22 -1.14 -1.08 -1.03 -10.68
y -1.48 -1.26 -1.14 -1.05 -0.98 -0.93 -0.89 -0.85 -8.60
xy 279 20t 1.62 1.38 1.20 1.07 0.96 0.88 11.91
xsq 3.57 2.54 2.03 1.1 1.48 1.31 147 1.05 14.86
sig3sigt 0.00 1.03 257 4.51 6.79 9.37 12.24 15.36 52
sig3sq 0.00 0.02 0.10 o1 0.38 0.59 0.86 117 3
laucalc 107 1.76 233 2.83 330 373 414 4.52
sig1siganit §.30 6.64 7.98 9.33 10.67 12.01 13.36 14.70
signtaufit 1.24 1.77 228 2.7 3.25 3.72 419 4.65

Cell formulae:

G,

my

8a,/ba,

a

aQ aexwm> - o

m

stress = if(depln>90, sigci*0.25,depth*unitwt)

mb = mi‘EXP((GSI-100)728)

sz
. a=
sigtm =
sigd =
sigl =
dsidsd =
sign =
fau =

X=

y=

xy =

As

B=

k=

phi =

coh =
sigem =
Es
phit=
coht =
sigdsigi=
taucalc =
83sifit =
sniaufit =
tangent =

IF(GS1>25 EXP((GSI-100)/9),0)

1F{GS)1>25,0.5,0.65-G$11200)

0.5°sigei*(mb-SQRT(mMbA2+4"s))
Start at 1E-10 {to avoid zero amors) and increment in 7 sleps to slress
sigd+sigei*(((mb*sigd)/sigei) e s)ra
IF(GS!>25‘(14(mb‘sigci)l(2'(si91-siga))).1v(a'mb*a)‘(sig3/sigci)“(a-1))

sigd+(sig1.sig3)/(1+ds1dsd)

(sign-sig3)"SQRT(ds 1ds3)
LOG((sign-sigtm)/sigci)
LOG(tau/sigei)
xy X 5Q % x*2
acalc =
bealc =

10*{sumy/8 - bealc*sumx/8)
{sumxy - (sumx*sumy)/B)/{sumxsq - (Sumx*2)/8)

{sumsig3sigt - (sumsig3*sumsig1)/8)/(sumsig3sq-{sumsig3+2)/8)

ASIN{(k-1)/{k+1)}*180/PK)

sigenV/(2"SQRT(K)}

sumsig1/8 - k*sumsig3/8

IF(sigci>100, 1000 104((GSI-10)/40),SQRT (sigei/100)* 1000*104((GSI-10)/40))
(ATAN(acalg’bealc*((signt-sigtm)isigei)*(beale-1)))*180/PI()

acalc*sigei‘({signt-sigtm)/sigci)*bealc-signt* TAN(phit"PI()/180)

sig3*sigt

coh+sign*TAN(phi*Pi()/180)

8igdsq = sig3s2
acalc*sigei*((sign-sigtm)/sigci)*bealc
sigcm+k*sigd

cohtesignt*TAN(phit*Pi()/180)

Principal stress plot Mohr envetope
3ig3 & sign 8ig3 sig1 s1s3fit sign taucalc sntaufit
sigtm -0.15 0.00 399 -0.15 0.00 Q.70
siglm3/4 0.1 219 4.32 -0.11 0.19 0.75
sigim*2/4 -0.07 3.17 4.65 -0.07 0.31 0.80
sigim*1/4 -0.04 3.94 4.97 -0.04 0.42 0.85
] 0.00 4.59 5.30 0.00 0.51 0.90
strees/10.5 0.09 §.95 6,12 0.09 073 1.02
sirass/t0 0.11 6.13 6.24 0.1 0.76 1.04
stress/9.5 0.11 6.20 6.29 011 077 1.05
stress/9 0.12 628 6.34 0.12 0.79 1.05
stress/8.5 0.13 6.37 6.40 0.13 0.80 1.08
strass/@ 0.13 6.47 6.47 0.13 0.82 107
siress/7.5 0.14 6.57 6.55 0.14 0.84 1.09
stress/7 0.15 6.70 6.64 0.15 0.86 1.10
slress/6.5 0.17 6.83 6.74 017 088 1.1
siress/6 0.18 6.99 6.86 0.18 091 1.13
sirass/5.5 0.20 718 . 7.0t 0.20 0.94 115
siress/5 0.22 7.38 7.18 0.22 0.98 1.18
stress/d.5 0.24 7.65 7.38 0.24 1.03 1.21
sirass/4 0.27 7.96 7.65 .27 1.08 1.25
siress/3.5 0.31 8.34 7.98 0.34 115 130
slress/3 0.36 8.83 8.43 0.36 125 1.37
siress/2.5 0.43 9.48 8.06 043 137 146
stressi2 0.54 10.39 10.00 0.54 1.55 1.60
stress/t.5 0.72 11.78 11.57 0.72 1.84 1.84
strass 1.08 14.23 14.70 1.08 236 231
siress/0.5 2.16 20.18 24.10 2.16 3.72 372
4.00 -
300
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Calculation Package 0.19 - Hoek-Brown Rock Mass Strenglh Worksheet SANDSTONE LOWER BOUND, HOEK-BROWN

input; sigei x 12 MPa I mi=__ 17 I __GSi= &2 |
epth of failure surface or tunnsl below siope® = 50 m [ Unitwt.= 0022 Mwin3 ]
Qutput: stress = 1.1t MPa mb = 4.28 8= 0.0142
as= 0.5 sigim= 00408 MPa A= 0.7600
B= 07197 k= 6.39 phi = 46.82  degrees
coh = 0.443 MPa sigem = 224 MPa €= 68778 MPa
Calculation:
Sums
sig3 1E-10 Q.16 0.32 0.48 063 0.79 0.95 111 4.44
sigt 1.46 3.40 4.66 5.69 6.59 142 8.18 8.89 46.29
dsids3 18.96 9.12 7.06 6.05 541 4.97 464 - 438 60.60
sign 0.07 0.48 0.86 122 1.56 1.90 223 2.56 10.88
tau 0.32 0.97 143 1.82 2.16 247 2.76 3.03 14.96
X -2.03 -1.37 -1.14 -0.99 -0.88 -0.80 0.73 -0.68 -8.63
y -1.59 -1.10 -0.83 -0.83 -0.76 -0.70 -0.85 -0.61 -7.168
Xy 3.22 1.52 1.06 0.82 0.67 0.56 0.48 0.41 8.74
xsq 413 1.89 1.29 0.98 0.78 0.64 0.54 0.46 1071
sigsig1 0.00 0.54 1.48 271 418 588 1.78 9.87 32
sig3sq 0.00 0.03 0.10 0.23 0.40 0.63 0.91 1.23 4
taucalc 0.32 0.96 1.42 1.81 2.16 2.48 277 3.05
sig15ig3fit 2.24 325 4.27 5.28 6.29 731 8.32 9.33
signlaufit 0.52 0.95 1.36 1.74 21 247 2.82 317
Ceoll formuiae:
o, stress = il(depth>90, sigci*0.25,depth unitwt)
m, mb 3 mi*EXP({GSI-100)/28)
s s = IF(GSI>25,EXP((GSI-100)/9).0)
a a = IF(GSI>25.0.5,0.65-GSV200)
O sigtm = 0.5°sigci"(mb-SQRT(mb42+4°s))
a; sig3 = Slant at 1€-10 (lo avoid zero errors) and increment in 7 steps to siress
o sigt = sig3+sigci*(({mb°sig3)/sigci)+s)ra
80,/80, dsids3 = IF(GSI>25.(1¢(mb'sigd)/(2'(sig'l-sig3))).1t(a‘mb"a)'(sigSlsigci)"(a-1))
a, sign = sigd+({sig1-sigd)/{1+dsids3)
t lau = (sign-sig3)*SQRT(ds1ds3)
x x = LOG({sign-sigtm)/sigci)
¥ y = LOG(tau/sigei)
xy = Xy xXsq = x*2
A A= acalc= 10*(sumy/8 . bcalc*sumx/8)
8 8=  bealc=  (sumxy - (sumx’sumy)/B)/(sumxsq - (sumx+2)/8)
k k = {sumsig3sig1 - (sumsigd*sumsig1)/8)/(sumsigdsq-(sumsig+2)/8)
¢ phi = ASIN{(k-1)/(k+1)}*180/Pi()
c coh = sigem/(2'SQRT(k))
[ sigem = sumsig1/8 - k*sumsigd/8
€ E = IF{(sigci>100,1000*104((GS1-10)/40).SQRT{sigci/100)* 1000° 104((GSI-10)/40}))

phil = (ATAN(acalc‘bcaIc'((signl-siglln)/sigt:i)"(bcal;-1)))‘180IFI()
coht = acaic*sigei®((signt-sigtm)/sigci)*bealc-signt* TAN(phit*PI()/180)
sig3sig1= sig3‘sigl 5ig3sq = $ig3*2
taucalc = acalc*sigei*((sign-sigim)/sigci)*beale
s3sifit = sigcm+k’sigd
sntaufit = coh+sign"TAN(phi*PI()/180)
tangenl = coht+signl* TAN(phit*PI()/180)

Principal stress plol Mohr envelope
sig3 & sign 5ig3 sig! B1s3fit sign taucalc
sigtm -0.04 0.00 198 -0.04 0.00
sigtm*3/4 -0.03 0.70 2,05 -0.03 0.06
sigim"2/4 -0.02 1.02 Al -0.02 0.09
sigtm*1/4 -0.01 1.26 2.18 -0.01 0.12
] 0.00 1.46 224 0.00 0.15
strees/10.5 0.10 2.78 286 0.10 0.37
stress/10 0.1 294 2.95 0.1 0.40
slress/9.5 0.12 3.00 2.99 0.12 0.41
slress/9 0.12 3.08 3.03 0.12 0.42
slress/8.5 0.13 313 3.08 0.13 0.43
stress/8 0.14 i 3.13 0.14 0.45
slress/7.5 0.15 3.30 3.19 0.15 0.45
strass/7 0.16 340 3.28 0.16 0.48
stress/6.5 Q.17 3.54 333 0.17 0.50
slregs/6 0.19 3.63 3.42 0.19 0.53
sUress/5.5 0.20 377 3.53 0.20 0.55
stross/S g.22 394 3.66 0.22 0.59
siress/4.5 0.25 4.14 3.82 0.25 0.63
stress/4- 0.28 4.37 4.01 0.28 0.67
8lress/3 5 0.32 4.66 4.27 0.32 0.73
stress/3 0.37 5.02 4.60 0.37 0.81
sirass/2.5 0.44 549 5,08 0.44 091
slress/2 0.56 6.15 5.79 0.56 1.06
stross/1.5 0.74 7.15 6.97 0.74 1.29
slress L] 8.89 9.33 1.11 1.70
stress/0.5 222 13.13 16.42 2.22 2.76
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Calculation Package 0.19 - Hoek-Brown Rock Mass Sirength Worksheet SANDSTONE MEAN, HOEK-BROWN

input: [ siqci = 22 __ MPa I mis 18 ] GSi= 65 ]
[Depth of failure surface or lunnel below slope* = 50 m ] _Unitwi= 0022  MN/n3 }
Output: slress = 1.1 MPa mb = 5.06 s = 0.0200
a= 0.5 sigtm=  .0.0853 MPa A= 08112
8= 07243 k= 8.25 phi = 51.61 degrees
coh = 0.680___MPa sigcm = 3N MPa E= _10895.0 MPa
Caiculation:
i Sums
sig3 1€-10 0.16 0.32 0.48 0.63 0.79 0.95 11 4.44
sigt 3.06 532 6.95 8.31 9.51 10.59 11.60 12.54 67.89
ds1dsd 18.89 11.59 924 798 7.16 6.58 6.14 578 73.36
sign 0.18 0.57 0.97 1.3 1.72 2.09 244 280 12.08
tau 0.67 1.40 197 246 29 3.32 3.70 4.05 20.47
x -1.96 -1.82 43 -1.18 -1.08 -1.00 0.93 -0.87 9.85
y -1.51 -1.19 -1.04 -0.94 -0.87 -0.81 -0.77 0.73 -7.86
xy 2.95 1.81 1.37 1.11 0.94 0.81 0.71 0.64 10.4
Xsq 3.83 231 172 1.39 1.16 1.00 0.87 0.77 13.04
sig3sigl 0.00 0.84 2.20 395 6.03 8.40 11.04 13.92 46
sig3sq 0.00 0.03 0.10 0.23 0.40 0.63 0.91 123 4
laucalc 0.67 1.39 1.86 246 2.80 332 N 4.07
sigisigafit 391 5.21 6.52 7.83 9.14 10.45 11.76 13.07
signtaufit 0.87 1.40 1.90 238 285 3.3 376 41
Coll formutae:
a. strass = il(depth>90, sigci®0.25,depth*unitwl)
m, mb = mi*EXP({GSI-100)/28)
H s = IF{GS1>25,EXP({{GSI-100)/9),0)
a a = IF(GS1>25,0.5,0.65-GS1200)
a,, sigtm = 0.5'sigoi*(mb-SQRT(mb*2+4°s)) )
a; 8ig3 = Slart at 1€-10 (lo avoid zero errors) and incremenl in 7 steps to stress
a; sig1 = sigd+sigci*({(mb*sigd)/sigci) +s)*a
8a,/80, ds1dsd = IF(GS1>25,(1+(mb*sigci)/(2*(sigl-sig3))).1+(a"mbra)*(sig3/sigei)*(a-1)}
[N sign = sig3+{sig1-sig3)/(1+dstdsd)
t fau = (sign-sigd)*'SQRT(ds1853)
X x = LOG{(sign-sigtm)/sigci)
y y = LOG{tau/sigci)
Xy ® Xy X5Q= xA2
A A= acalc=  10*%sumy/8 - bealc'sumu/8)
8 B=  bealc=  (sumxy - (sumx®sumy)/8)/(sumxsq - (sumx*2)/8)
K k= (sumsig3sigt - (sumsig3‘sumsig1)/8)/(sumsigdsq-{sumsig3*2)/8)
] phi = ASIN((k-1)/(k+1))*180/PIY
¢ coh = sigem/(2*SQRT(k))
G, sigem = sumsig1/8 - k*sumsigd/8
E E = IF{sigci>100,1000°104({GS!-10)/40).SQRT (sigci/100)* 1000* 104((GS!- 10)/40))
phit = (ATAN(acalc"bcalc*({signt-sigim)/sigci)*{bcalc-1)))* 180/P1(}
coht = acalc*sigci*{{signt-sigtm)/sigci)*bealc-signt TAN(phit*Pi()/ 180)
sig3sigi= sigd’sigl sigdsq = £ig3r2
taucalc = acalc’sigei*({sign-sigtm)/sigci}*beale
53sifil = sigcm+k*sig3
snlaufil = cohosign'YAN(phi'Pl()IlQO)
tangent = coht+signt TAN{phit*PI{}/180)

Principal stress plot Mohr envelope
sig3 & sign 5ig3 sig1 s1s3fit sign taucale snlaufit
siglm -0.09 0.00 320 -0.09 0.00 0.57
sigtm*3/4 -0.06 1.47 3.38 -0.06 0.12 0.60
sigim"2/4 -0.04 2,12 3.55 -0.04 0.19 0.63
siglm*1/4 -0.02 263 n -0.02 0.26 0.65
0 0.00 3.06 3.91 0.00 0.32 0.68
strees/10.5 Q.10 4.56 4.70 0.10 0.55 0.80
slress/10 0.1 4.75 4.82 0.11 0.58 0.82
slrass/9.5 0.12 4.82 4.07 0.12 0.59 .83
stress/9 0.12 4.90 4.92 0.12 061 0.84
slross/8.5 0.13 4.99 4.98 0.13 0.62 0.84
stress/8 0.14 5.09 5,05 0.14 064 0.85
strass/7.5 0.15 5.20 §.13 0.1§ 0.66 0.87
stress/7 0.16 532 5.21 0.16 0.68 0.88
stressi6.S 0.17 5486 5.32 0.17 0.7 0.90
stress/6 0.19 5.62 543 0.19 0.73 0.91
strass/5.5 0.20 5.81 $.57 0.20 0.77 0.93
siress/5 0.22 6.02 5§74 0.22 0.81 0.96
slress/4.5 0.2§ 6.27 §.94 0.28 0.85 0.99
siress/4 0.28 6.58 6.20 0.28 0.91 1.03
siress/d.5 0.32 6.95 6.52 0.32 098 1.08
slress/3 0.37 743 6.96 0.37 1.07 115
siress/2.5 0.44 8.0 1.57 0.44 119 1.24
stress/2 0.56 . 8.92 8.49 0.56 137 1.38
strass/1.5 0.74 10.24 10.01 0.74 1.65 1.61
stress 1 12.54 13.07 1.11 215 2,08
siress/0.5 2.22 18.10 2223 2,22 347 348
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Calculation Package 0.19 - Hoak-Brown Rock Mass Strength Worksheet SANDSTONE UPPER BOUND, HOEK-BROWN

Input: | sigci = 31 MPa | mi = 19 ] GSl= ___ 68
{Depth of falure surface or lunne! below siope® = 50 m | Unitwt, = 0.022 MN/n3
Qutput: stress = AR L] MPa mb = 5.97 s = 0.0282
8= 0.5 sigim=  -0.1460 MPa A= (.8580
8= 07271 k= 9.78 phi = 54.54 degrees
coh = 0.965 MPa s\gem = 6.04 MPa Ex 155768 MPa
Caiculstion:
Sums
sigd 1€-10 0.16 0.32 0.48 0.63 0.79 0.95 11 444
sigt 5.19 7.66 9.56 11.18 12.64 13.96 15.18 16.34 91.72
dsids3 18.77 133 10.98 9.61 . 869 8.0t 748 7.06 83.92
sign 0.26 068 1.08 1.49 1.87 228 283 3.00 13.27
lay 114 1.9% 2.56 313 3.65 4.4 4.59 5.02 26.13
x -1.88 -1.57 -1.40 -1.28 -1.18 BRE -1.05 -0.59 -10.46
y -1.43 -1.24 -1.08 -0.99 -0.93 -0.87 -0.83 -0.79 -8.14
xy 269 1.90 1.5 1.27 1.10 0.87 0.87 0.78 11.09
x8q 3.53 247 1.96 1.63 140 1.23 1.10 0.98 14.30
sigdsigh 0.00 1.21 303 532 8.02 11.07 14.45 18.13 61
sigdsq 0.00 0.03 0.10 0.23 0.40 0.63 0.91 1.23 4
taucaic 1.14 191 2.55 312 3.65 4.14 4.60 5.03
sigisig3fit 6.04 7589 9.4 10.69 12.24 13.79 16.34 16.89
signtaufit 133 1.92 2.49 3.05 3.59 413 4.66 518

Cell formulae:

. stress = if{depth>90, sigci*0.25,depth unitwt)

m, mb = mi*EXP((GSI-100)/28)

5 s = IF{GS)>25,EXP((GSI-100)/9),0)

a a = IF(GS1>25,0.5,0.65-GSI/200}

-9 siglm = 0.5%sigei*(mb-SQRT(mb*2+4"s))

o sigd = Start at 1E-10 (to avoid zero errors) and increment in 7 steps to stress
.7 sig1 = sig3+sigei*(((mb*sig3)/sigei)rs)ta

80,/8a, dstds3 = IF(GS1>25,(1+(mb*sigci)/(2*(sig 1-5ig3))).1+(a*mb*a)(sig/sigci)(a- 1))

sign = sigd+(sig1-sigd)/(1+ds1ds3)

lau =

x=

y=

xy =

A=

8=

K=

phi =

coh =
sigcm =
Ex

phit =
coht =
sigdsigi=
laucalc =
sJsifit =
sntaufit =

moa 60e xm>» '<>:-’Q
H

(sign-sigl)"SART(ds1ds3)
LOG((sign-sigtm)/sigci)
LOG(tau/sigei)
X"y x$5q % x*2

acalc = 10*(sumy/8 - bcalc*sumx/8)

bealc = (sumxy - (sumx*sumy)/8)/(sumxsq - {(Sumx~2)/8)
(sumsig3sig1 - (sumsig3°sumsig1)/8)/(sumsig3sq-(sumsig3+2)/8)
ASIN((K-1)/(K+1})"180/PI{)
siqemi(2°SQRT(k)
sumsig1/8 - k*sumsig3/8
IF(sigci>100,1000°10*((G$!-10)/40), SQRT(sigci/100)* 1000°* 10A((GS1-10)/40))
(ATAN(acslc*beate*({signt-sigtm)/sigei)*(bcalc-1)))" 180/PI()
acalc*sigei*((signl-sigtm)/sigci)*bealc-signt* TAN{phit*PI()/180)
sigd°sig! 8ig3sq = $ig3°2
acalc'sigci{(sign-sigim)/sigci)“bealc
sigem+k*sigd
coh+sign"TAN{phi*P1()/180}

{angent = coht+signt* TAN(phit'P1()/180)

Principal stress piot Mohr envelope
5ig3 & sign sig3 sigl $153f1 sign laucalc sntaufit
sigim -0.15 0.00 461 -0.15 0.00 Q.76
sigtm*3/4 -0.11 2.49 4.97 -0.11 0.20 0.81
sigim*2/4 -0.07 3.60 532 -0.07 0.33 0.86
sigim*1/4 -0.04 4.46 5.68 -0.04 0.44 0.91
0 0.00 5.19 6.04 0.00 0.54 0.97 .
sirees/10.5 0.10 6.79 6.98 0.10 0.78 1.10
slress/10 0.1t 7.00 7.2 0.1 0.81 1.12
stress/9.5 0.12 7.08 718 0.12 0.83 1.13
stress/9 0.12 7.18 T.24 0.12 0.84 1.14
sirass/8.5 0.13 1.28 .3 0.13 0.86 1.15
siress/8 0.14 1.39 7.39 04 0.88 1.16
slress/7.5 0.15 7.52 749 0.15 0.80 1.17
stress/7 Q.16 7.66 7.59 0.16 0.92 1.19
5iress/6.5 0.17 7.82 1.7 0.17 0.95 1.21
slress/6 0.19 8.00 7.85 0.19 0.98 1.22
siress/S.5 0.20 8.22 8.01 .20 1.02 1.25
siress/5 022 8.47 8.21 0.22 1.06 1.28
slrass/4.5 0.25 8.76 8.45 0.25 in 1.31
slress/4 0.28 9.12 875 0.28 1.17 1.35
siress/3.5 0.32 9.56 9.14 0.32 125 1.44
stress/3 037 10.13 9.66 037 1.35 1.48
stress/2.5 044 10.88 10.38 0.44 148 1.59
slress/2 0.56 11.93 11.47 0.56 1.69 1.74
stress/1.5 0.74 13.53 13.27 0.74 2,00 2.00
slress mn 16.34 16.89 1.11 2.58 2.52
siress/0.5 222 2312 2175 222 4.09 4.08
e ——
4.00
1.00
o
{
8
h % 2.00
g
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Calculation Package 0.19 - Hoek-Brown Rock Mass Strangth Worksheet SANDSTONE UC LOW, HOEK-BROWN

Input: | sigci = 12 MP3a | miz 18 ] GSl = 65 ] Principal stress plot Mohr envelope
lDteh of faiture surface of lunnet betow siope® = 50 m 1 Unitwt. = 0.022 MN/n3 | sig3 & sign sig3 sig1 51836t sign taucalc sntaufil
sigtm -0.05 0.00 2.21 -0.05 - 0.00 0.43
Output: stress = 111 MPa mb = 5.06 s = 0.0200 sigm*3/4 -0.04 0.83 229 -0.04 0.07 0.45
a= 0.5 sigtm = .0.0486 MPa A= 0.8002 sigtm*2/4 -0.02 1.21 2,37 -0.02 on 0.46
B= 07208 k= 6.78 phi = 47.98 degrees sigim*1/4 -0.01 1.50 246 -0.01 0.15 0.47
coh = 0.487 MPa sigem = 2.54 MPa Ez 82215 MPa 0 0.00 1.74 254 0.00 0.18 0.49
strees/10.5 0.10 3.10 3.19 0.10 0.40 0.59
Calcutation: | siress/10 0.11 3.26 3.29 0.11 0.43 0.61
Sums slress/9.5 0.12 33 3.33 0.12 0.44 0.62
sig3 1E-10 0.16 0.32 0.48 0.83 0.7¢ 0.95 1.1 444 stress/9 0.12 3.40 337 0.12 0.45 0.62
sig1 1.74 kR 5.09 6.19 7.6 8.03 8.84 9.60 §0.41 stress/6.5 0.13 347 3.42 0.13 0.47 063
ds1ds3 18.89 9.67 7.52 6.45 5.77 5.30 4.95 467 63.22 strass/@ 0.14 3.55 348 0.14 0.48 0.64
sign 0.09 0.50 0.88 1.24 1.60 1.94 2.28 261 1113 sress/1.5 0.18 3.65 3.54 0.15 0.50 0.65
lav 0.38 1.05 1.54 1.95 2,31 2.65 295 324 16.06 stress/7 0.16 3.75 361 0.16 0.52 0.66
X -1.96 -1.35 112 -0.98 -0.87 -0.79 -0.72 0.67 -8.47 siress/6.5 0.17 387 370 0.17 0.54 0.68
y -1.51 -1.07 -0.90 -0.80 013 -0.67 -0.62 +0.58 -6.88 stress/6 0.19 4.00 3.79 0.19 0.57 0.69
xy 295 1.45 1.02 0.78 0.63 0.53 0.45 0.39 8.20 slress/5.5 0.20 4.15 39 0.20 0.59 on
xsq 3.83 1.83 1.26 0.96 0.76 0.63 0.52 0.44 10.24 sbrass/5 0.22 4.33 4.04 0.22 0.63 0.73
sigdsigt 0.00 0.59 161 294 4.54 6.37 8.414 10.66 35 slress/4.5 0.25 454 4.21 0.25 0.67 0.76
sigdsq 0.00 0.03 0.10 0.23 0.40 0.63 0.91 1.23 4 sresw/4 0.28 4.78 4.42 0.28 0.72 0.80
taucalc 0.38 1.04 1.53 1.94 2.3 265 296 3.26 stress/3.5 0.32 §.09 4.69 0.32 0.78 0.84
sig1sig3fit 2.54 361 4.69 5.76 6.84 791 899 10.06 siress/3 037 5.48 5.05 037 0.86 050
signtaufit 0.58 1.04 1.46 1.87 226 2.64 3.02 3.38 ’ slress/2.5 0.44 5.98 5.55 0.44 0.97 098
. slrass/2 0.56 6.69 6.30 0.56 112 1.10
Cell formutae: stress/1.5 0.74 1.75 1.56 0.74 1.36 1.31
a, slress = 1f(depth>90, sigci®0.25,depth*unitwl) strass - i 9.60 10.06 111 1.79 1.72
m, mb = mi'EXP((GS!-100)/28) slress/0.5 222 14.11 12.59 222 2.9 295
s s = IF(GSI>25,EXP((GSI-100)/9).0) . __ e
a a = IF{GSI1>25,0.5,0.65-GS/1200) | :
]
O sigtm = 0.5°sigci’(mb-SQRT(mb"2+4"s)) : !
a, §igd = Start at 1E-10 (to avoid zero errors) and increment in 7 steps lo stress ' 4.00, ;
a, sigl = sigdesigei*{((mbsig3)/sigaiy+s)ra :
86,/80, ds1ds3 = IF(GSI>25.(1+(mb*sigei)(2*(sig1-sigd))), 1 +(a’mb*a)* (sigd/sigci)*(a-1)) i
a, sign = sig3+(sig1-5ig3)/(1+ds1ds3) i
< tau = (sign-sig3)*SQRT(ds1ds3) '
x x = LOG({sign-sigtm)/sigci) s '
y y = LOG(lau/sigci) = :
Xy ® x'y Xsq = X42 5 i
A A= mcalc=  10%(sumy/8 - bealc sumwa) | 2 :
8 B= bcalc=  (sumxy - (Sumx*sumy)/8)/(sumxsq - (Sumx*2)/8) i 3 [ .
k k= (sumsig3sig1 - (sumsigd’sumsig1)/B)/(sumsig3sq-(sumsig342)/8) H 3 |
[] phi = ASIN((k-1)/(k+1))*180/PI{} g )
c coh = sigem/(2*SQRT(K)) 2 ;
Ocm sigem = sumsig1/8 - k*sumsigd/8 @
€ E = IF(sigci> 100,1000°104((GSI-10)/40),SQRT (sigci/100)" 1000* 10 ((GSI-10)/40))
phil 2 (ATAN({acalc'bealc*({signt-sigtm)/sigci)*(bcalc-1))) 180/PI()
caht = acalc’sigi*{(signt-sigtm)/sigci)*bcalc-signt TAN(phil*Pi()/180)
sigdsigi= sig3°sig! sigdsq = sigd*2
taucale = acalc*sigei®({sign-siglm)/sigci)*bealc ool .
83sifil = sigem+ksigd 0.0 100 2.00 200 400
sntaufit = coh+sign*TAN{phi*PI()/180) Normal stress sign - MPa
tangent = coht+signl*TAN{phit*Pi()/180)
]
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Calculation Package .19 - Hoek-Brown Rock Mass Strength Worksheet SANDSTONE UC HIGH, HOEK-BROWN

Input: i = 31 MPa mi = 18 | GS| = 65 |
Depth of failure surface of tunnel below slope* = 50 m {_Unitwt> 0022 MNin3 ]
Qutput: slress = in MPa mb s 5.06 $ = 0.0200
a= 0.5 sigim = .0.1221 MPs A= 08178
B= 07263 k= 9.29 phi=  53.68 degroes
coh = 0.857 MPa sigcm = 5.23 MPa E=z___13031.0 MPa
Calculation:
Sums
sigd 1E-10 0.16 0.32 0.48 0.63 0.7¢ 0.95 i1 4.44
sig1 4.37 6.79 8.61 10.15 11.51 12.76 13.91 14.99 83.09
dstds3 18.89 12.80 10.44 9.09 8.19 7.54 7.04 6.63 80.62
sign 0.22 0.64 1.04 1.43 1.82 2.19 2.56 293 12.84
lau 0.96 1.72 2.34 2.89 3.39 3.85 4.26 4.68 2410
x -1.96 -1.61 -1.42 -1.30 $1,20 -1.13 -1.06 -1.01 -10.68
y -1.51 -1.25 -1.12 -1.03 -0.96 -0.90 -0.86 -0.82 -8.46
Xy 2.95 2.02 1.60 1.34 115 1.02 0.91 0.82 11.81
xs5q 3.83 2.59 203 168 1.45 127 1.13 1.01 14.97
sig3sigt 0.00 1.00 21 4.83 7.30 10.12 13.24 16.64 $6
sig3sq 0.00 0.03 0.10 0.23 040 0.63 0.91 123 4
laucalc 0.96 1.71 233 2.88 3.38 3.8% 4.29 470
sig1sigdfit 5.23 6.70 8.18 9.65 1142 12.60 14.07 16.55
signtaufit 1.16 1.73 2.28 281 3. 3.84 4.35 4.84
Cell formulae:
a, siress = if{depth>90, sigci*0.25,depth unitwt)
m, mb = mi‘EXP((GS!-100)/28)
s s = IF(GSI>25,EXP((GSI-100)/9),0)
a a = IF(GSI1>25,0.5,0.65-GSV200)
G, sigtm = 0.5°sigci*(mb-SQRT(mb2+4°s)}
-7} igd = Start at 1E-10 {lo avoid 2ero efrors) and increment in 7 steps to stress
a, sigl = sigd+sigci*{{(mb*sigd)isigei}+s)*a
8a,/80, dstdsd = IF(GSI>25,(1+(mb°sigci)/(2"(sig1-sig3))), 1 +(a*mb*a)* (sig/sigei)™(a-1))
O, sign = gig3v(sig1-sig3)/(1+ds1ds3)
T lau = (sign-sigd)*SQRT(ds1ds3)
x x 2 LOG((sign-sigtm)/sigci)
y y = LOG(tau/sigci)
Xy = X'y X $Q3 x"2
A A= acalc= 10*{sumy/a - beale’sumw8)
a8 B2 beales  {sumxy - (sumx*sumy)/8)/(sumxsg - {sumx*2)/8)
k k= {sumsig3sig1 - (sumsig3*sumsig1)/8)/{sumsigdsq-(sumsig3*2)/8)
¢ phi = ASIN((k-1)/{k+1))*180/PI()
c coh = siqenV({2°SQRT(kK)
Oco sigem = sumsig1/8 - k*sumsigd/8
€ € = IF(sigci>100,1000°104((GSI-10)/40), SQRT(3igei/100)* 1000°104((GSI- 10)/40))
phit = (ATAN(acalc"beatc*({signt-sigtm)/sigci)*(bcalc-1)))* 180/PI{)
coht = acalc*sigei*((signt-sigim)/sigci)*beale-signt* TAN{phil*P!()1180)
sigdsigi= sigd"sigl sigdsq = 5igd*2
taucalc = acalc*sigci®((sign-sigtm)/sigci)*bealc
s3sifit = sigem+k°sig3
snlaufit = coh+sign® TAN{phi*PI{)/180)
langent = coht+signl*TAN(phil*PI{}/180)

Principal stress plot Mohr envelope
sigd & sign sig3 sigt s1s3fit sign laucalc sntaufit
sigtm -0.12 0.00 4:09 -0.42 0.00 0.69
sigtm*3/4 -0.09 210 4.38 -0.09 017 013
sigtm*2/4 -0.06 3.03 4.66 -0.06 0.27 Q.77
sigtm*1/4 -0.03 3.76 4.94 -0.03 0.37 0.82
0 0.00 4.37 §.23 0.00 0.45 0.88
slrees/10.5 0.10 5.95 6.12 0.10 0.69 0.99
slress/10 0.1t 6.15 8.26 011 0.73 1.01
slress/9.5 0.12 8.23 6.31 0.12 0.74 1.02
sbress/9 0.12 6.32 6.37 0.12 075 1.03
slress/8.5 0.13 6.42 6.44 0.13 077 1.04
slress/8 0.14 8.53 6.52 0.14 0.79 1.05
stress/7.5 0.5 6.65 6.60 0.15 0.81 1.06
stress/7 0.16 6.79 6.70 0.16 0.83 1.07
stress/6.5 0.17 6.94 6.82 0.17 0.86 1.09
stress/6 0.19 7.2 6.95 0.19 .89 1
stress/5.5 0.20 7.32 7.10 0.20 0.92 1.13
stress/S 0.22 7.56 7.29 0.22 0.95 1.18
stress/4.§ 0.25 7.84 7.52 0.25 1.01 1.19
sUress/d . 0.28 8.19 7.81 0.28 1.07 1.23
stress/3.5 0.32 a.61 8.18 0.32 1145 1.29
stress/3 Q.37 9.15 8.67 0.37 125 1.36
siress/2.5 0.44 9.868 9.35 044 1.38 1.46
stress/2 0.56 10.85 10.39 0.56 1.58 1.61
stress/1.S 0.74 12.35 12.11 0.74 1.88 1.86
sbess 111 14.99 15.55 iR 1 243 237
stress/0.5 222 21.36 25.86 2.22 d.68 J.88
1
a i
I :
!
1.00 I
2 :
=
3
g. 2.00 '
3
&
£ |
o |
100 |
'
L H
t
1
|
f i
|
0.00 - i
0.00 1.00 200 300 4.00 §
Normal stress sign - MPa i
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Calculalion Package 0.19 - Hoek-Brown Rock Mass Strength Worksheel SANDSTONE M LOW, HOEK-BROWN

Input: | siggi = 22 MPa I mi= 17 | GS| = 65 1
[Cepth of failure surface or lunnel below slope’ = 50 m 1 Unitwt.=_ 0022 MNin3 |
Qutput; stress = tR 1 MPa mb 2 478 &= 0.0200
as 05 sigim=  .0.0904 MPa A= 0.7960
B= 07233 k= 8.00 phi= 51.06  degrees
coh = 0683 MPa sigem = 3.86 MPa Ex= 108950 MPa
Calcutation:
Sums
sig3 1E-10 0.16 0.32 0.48 0.63 0.79 0.95 [R1] 4.44
sigt 3.06 5.23 6.80 8.12 9.26 10.34 11.32 12.24 66.40
dsids3 17.89 11.18 8.96 715 697 6.41 5.98 5.64 70.76
sign 0.16 0.57 0.97 1,35 1.72 2,08 2.44 279 12.08
tau 0.68 1.39 1.95 243 287 3.26 3.63 3.08 20.20
X -1.93 -1.51 1,31 -1.18 -1.08 -1.00 -0.93 -0.88 -9.81
Y <1.50 -1.19 ~1.04 -0.95 -0.88 -0.82 0.77 0.73 -7.89
Xy 2.90 1.80 1.37 112 0.94 0.82 0.72 0.84 10.3¢
xsq 374 2.28 .1 1.38 1.16 0.99 0.87 0.77 12.94
sig3sig1 0.00 0.83 2.16 3.86 5.89 8.20 10.77 13.59 45
sigdsq 0.00 0.03 0.10 023 0.40 0.63 0.91 1.23 4
laucalc 0.69 1.39 1.94 242 286 .27 3.64 4.00
sig1sig3fit 3.86 5.13 6.40 7.67 8.93 10.20 11.47 12.74
signtaufit 0.88 1.39 1.88 235 281 3.26 370 4.13

Cell formulae:

g, slross =
m, mb =’
s sz
4 as=s
d,. siglm =
a, $ig3 »
o, X sigl =
do,/ba, ds1ds3 =
sign =
fau =
xXs

y=

xy ®
A=

g=

k=
phi=
coh =
sigem =
E=
phit=
coht =

8

o e x> < x

H

m

8ig3sigis
laucalc =

s3sifit =
sntauft =
langent =

il{depth>30, sigci®0.25,depth unitwt)
mi*EXP{{GSI-100)/28)
IF{GSI1>25.EXP((GSI-100)/9),0)
F(GS1>25,0.5,0.65-GSI200)
0.5%sigci’(mb-SART(mbr2+4"s)}
Start at 1E-10 {to avoid zero errors) and increment in 7 steps lo stress
sig3+sigel*(((mb*sig3)/sigei) rs)*a
lF(GSl>_25.(| +(mb*sigei)/(2°(sig1-sig3)}), 1 + (a*mb*a)*(sigd/sigeijtia-1))
sigd+(sig1-3ig3)/(1 +ds1dsd)
(sign-sigd)"SQRT({ds 1ds3)
LOG({(sign-sigtm)/sigci)
LOG(lau/sigci)
Xy X 8q = xA2

acalc *  10*(sumy/8 - bealc*sumw/8)

beale = (sumxy - (sumx*sumy)/8)/(sumxsq - (sumx*2)/8)
(sumsigasig1 - (sumsig3*sumsig 1)/8)/(sumsig3sq-(sumsig3r2)/8)
ASIN((k-1)/{k+1))*180/PI()
sigemy{2°SQRT(K)
sumsig1/8 - k*sumsig3/8
IF(sigci>100.1000'10‘((651-10)/40),SQRT(sigd/100)‘1000'10"((63!-10)/40))
(ATAN(acalc"bealc*((signt-siglmy/sigei)*(bealc-1)))* 180/PI()
acalc*sigai*{(signt-sigtm)/sigci)*bcale-signt* TAN(phil*Pi()/180)
sig3*sigt sigdsq = 5igd*2
acalc’sigei*{(sign-sigtm)/sigai)*bealc
sigem+k“sig3
cohtsign‘TAN(ph&'Pl()l‘!30)
cohtesignt® TAN(phit*PK{)/180)

Principal stress plot Mohr envelope
sig3 & sign sig3 sigl 31530t sign taucaic sntaufi{
sigtm 0.09 . 0.00 3.14 -0.09 0.00 0.57
sigtm*3/4 -0.07 1.46 332 -0.07 0.12 0.60
sigtm*2/4 -0.05 212 .50 0.05 0.20 0.63
sigtm* 1/4 -0.02 2.62 3.68 <0.02 0.27 0.65
0 0.00 3.06 3.86 0.00 0.33 0.68
strees/10.5 0.10 4.49 4.63 0.10 0558 0.80
stress/10 0.11 4.67 4.75 0.11 0.58 082
strassi9.5 0.12 4.74 4.80 0.12 0.60 0.83
slress/9 0.12 4.82 4.85 0.12 0.61 0.84
sUress/8.5 0.13 4.9 4.91 0.13 063 0.84
sUress/8 0.14 5.00 4.97 0.14 0.64 0.85
streas/7.5 0.15 5.1 5.04 Q.15 0.66 0.87
strass/7 0.16 5.23 513 0.16 0.68 0.88
strass/6.5 0.17 6.36 523 0.17 0.71 0.89
strass/6 0.18 §.52 5.34 0.19 073 .91
sressi5.5 020 5.69 547 0.20 076 0.93
stress/5 0.22 5.90 5.64 0.22 0.80 0.968
slrass/4.5 0.25 6.15 5.63 0.25 0.85 0.99
skress/d 0.28 6.44 6.08 0.28 0.90 1.03
stress/3.5 Q.32 6.80 6.40 0.32 0.97 1.07
stross/3 037 7.26 6.82 0.37 1.06 114
slress/2.5 0.44 1.87 7.41 0.44 118 1.23
stress/2 0.56 8.72 8.30 0.56 1.36 1.37
stress/1.5 0.74 10.00 9.78 0.74 1.63 1.60
strass .1 12.24 12.74 1 213 2,06
slress/0.5 222 17.66 21.62 2,22 341 343
| 4.00 -
I i

Iy

3 1

é i

a H

a i

i i

a

0.00 1.00 200 200 4.00
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Calculation Package 0.19 - Hoek-Brown Rock Mass Strength Worksheet SANDSTONE M! HIGH, HOEK-BROWN

Input: siggi = 22 MPa ] miz 19 I __GSIs 65 1
Depth of faiture surface or lunnel below slope® = 50 m [ _Unitwt. = 0.022 MN/n3 ]
Qutput: slress = 1.1 MPa mb = 5.35 s = 0.0200
ax 0.5 siglm=  .0.0808 MPa A= 08259
B=x 0.7252 K= 8.50 phi = 5213  dagrees
coh = 0.678 MPa sigem = 395 MPa E= 108950 MPa
Caleulation:
Sums
6ig3 1E-10 0.18 0.32 048 0.63 0.79 0.95 111 4.44
sig1 3.06 5.42 7.10 8.4 9.72 10.84 11.87 12.84 69.34
ds1ds3 19.90 11.98 9.52 8.20 138 6.75 6.29 5.92 75.92
sign 0.15 0.56 0.96 135 1.72 2.08 245 2.80 12.08
tay 0.65 1.40 " 1.99 250 295 337 3.76 4.12 20.74
x -1.98 -1.83 -1.32 <118 -1.08 -1.00 -0.93 -0.87 -8.86
y -1.52 -1.19 -1.04 -0.94 -0.86 -0.81 -0.76 Q.72 -7.83
xy 3.01 1.81 1.36 1.1 0.93 0.81 0.71 Q.63 10.36
%SG g 2.33 173 1.39 1.16 1.00 0.87 0.76 13.16
5iglsigt 0.00 0.86 225 4.04 6.17 8.59 11.29 14.25 47
siglsq 0.00 0.03 0.10 0.23 0.40 0.63 0.91 1.2 4
taucaic 0,66 1.40 1.98 249 295 .37 an 4.14
8ig1sigafit 3.95 5.30 6.65 7.99 9.34 10.69 12.04 13.38
signlaufit 0.87 1.40 1.91 241 289, 3.36 3.83 4.28
Cell formulae:
G, stress = if(depth>90, s1gc1*0.25,depth*unitwt)
m, mb = mi‘EXP{{GSI-100)/28)
s § = IF(GSI>25,EXP((GSI-100)/8).0)
a 8 = IF(GS1>25,0.5,0.65-GS1/200)
Oy sigim = 0.5%sigci*(mb-SQRT(mbA2+4%s))
) sigd = Start at 1E-10 (lo avoid zero arrors) and increment in 7 sleps (o stress
a, sigl = sigd+sigci*(((mb*sig3)/sigei)+s)*a
80,/80, ds1dsd = IF(GSI>25,(1+(mb"sigai)/(2°(sigt-sig3))), 1+(ambra)*(sigd/sigei)Aa-1 »
a, sign = sig3+(3ig1-8ig3)/(1+ds1ds3)
1 tau = (sign-sig3)°SQRY(ds 1ds3)
x x = LOG({(sign-sigim)/sigci)
y y = LOG(tau/sigci)
Xy = x°y . X 8Q * x*2
A A= acalc=  10%(sumy/8 - bealc’sumna)
8 B=  bcalc* {(sumxy « (sumx*sumy)/8)/(sumxsq - {sumxA2)/8)
k k = (sumsig3sig1 - (sumsig3*sumsig1)/8)/(sumsigIsq-(sumsig342)/8)
9 phi = ASIN((k-1)/(k+1))*180/PI()
c coh = sigcmy{2*SQRT(K))
(- sigem = sumsig1/8 - k*sumsig3/8 .
€ E= lF(sigu’>100.1000'10"((GSI-10)/40),SQRT(sigcil100)‘1000'10"((GSI-10)/40))
phit = (ATAN(acalc'bcalc'((signt-sig!m)lsigcl)"(bcalc-1)))‘1BOIPI()
coht = acalc'sigci‘((sigm-siglm)Isigci)"bcalc-signl'TAN(phi('Pl()l180)
$igdsigli= sigd-sig1 $igdsq = sig3+2
taucalc = acaic*sigci*((sign-sigtm)/sigei)*beale
§3sifil = sigem+k*sigd
sniaufit = coh+sign® TAN(phi*PI(}/180)
tangent = cohtssignt"TAN(phit*Pi()!180)

Principal stress piot Mohr envelope
8ig3 & sign sigd sigl $183fit sign taucalc
sigtm +0.08 0.00 3.26 -0.08 0.00
sigim'3/4 -0.08 1.47 3.44 -0.06 0.1
sigim*2/4 -0.04 2,12 361 -0.04 0.19
sigim*1/4 -0.02 263 3.78 -0.02 0.25
0 0.00 3.06 3.95 0.00 031
slrees/10.5 0.10 4.62 477 0.10 0.55
stress/10 0.11 4.82 4.89 0.11 0.58
stre5s/9.5 0.12 4.90 4.94 0.12 0.59
slress/9 0.12 4.98 5.00 Q.12 061
5Ure55/8.5 0.13 5.07 5.06 0.13 0.62
stross/8 0.14 5.18 5.13 0.14 0.64
slress/7.5 0.15 5.29 52 0.15 0.66
siress/7 0.16 5.42 5.30 0.16 0.68
slressi6.5 017 5.56 5.40 0.17 0.71
siress/6 0.19 573 5.62 0.19 0.73
stress/5.9 0.20 5.92 5.67 0.20 0.77
slross/5 0.22 6.14 5.84 0.22 0.81
slress/4.5 0.25 6.40 6.05 0.25 0.8
stress/d4 0.28 6.71 6.31 0.28 091
slress/3.8 0.32 7.10 6.65 0.32 0.98
stress/3 0.37 7.59 7.09 0.37 108
stressi2.5 0.44 8.23 1.72 0.44 120
slrass/2 0.56 9.13 8.67 0.56 1.38
stress/1.5 0.74 10.48 10.24 0.74 1.66
stress 1.1 12.84 13.38 1.1 218
stress/0.5 222 18.52 22.82 222 352
4.00
00
&
=
é
2 200
&
&
]
2
]
1.00
A
o oo’
.00 1.00 2.00 300
Normal slress sign - MPa

sntaufit
0.57
0.60
0.63
0.65
0.68
0.80
0.82
0.83
0.84
0.85
0.86
0.87
0.88
0.90
0.92
0.94
0.96
0.99
1.03
1.09
115
1.28
1.38
1.63

241
3.53
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Calculation Package 0.19 - Hoek-Brown Rock Mass Sirenglh Worksheel SANDSTONE GSi LOW, HOEK-BROWN

Input; |

sigei = 22 MPa I mix 18 I GSi= 62 ]
|Deglh of failurg surface or tunnel betow slope” = 50 m [ uUnitwl = 0.022 MN/n3 ]
Cutput: stress = 1.1 MPa mb = 453 5= 0.0142
a= 0.5 sigim= .0.0675 MPa A= 0.7862
8= 0.7243 k= 803 phi = 5113 degrees
coh = 0.610 MPa igcm = 3.46 MPa E= 9114.4 __MPa
Catculation:
Sums
sig3 1E€-10 0.16 0.3 0.48 0.63 079 0.95 1.11 444
sigt 2.57 4.86 6.45 177 8.92 9.97 10.94 11.85 83.34
ds1ds3 20.03 11.40 8.98 mm 6.9t 633 5.90 5.56 72.82
sign 0.12 0.54 0.93 13 1.68 204 240 2,78 11.78
tau 0.55 1.28 1.84 232 278 3.15 3.52 3.86 19.28
x -2.06 -1.55 -1.33 -1.19 -1.09 -1.01 -0.94 -0.89 -10.07
y -1.60 -1.23 -1.07 -0.97 -0.89 -0.84 -0.79 -0.78 -8.13
xy 3.28 1.90 1.43 1.16 0.98 0.84 0.74 0.66 10.99
xsq 4.23 2.41 1.78 143 1.19 102 - 0.89 0.78 13.73
sig3sigt 0.00 077 2.05 3.70 5.66 79 10.41 13.15 44
sigdsq 0.00 0.03 0.10 0.23 0.40 0.63 0.31 1.23 4
taucalc 0.55 1.28 1.83 232 275 3.15 3.83 3.88
sig1sigafit 3.46 473 6.01 7.28 8.55 9.83 11.10 12,38
signtaulit 0.76 1.28 1.77 2,24 270 3.15 3.59 4.02
Call formulae:
o, stress = ifidepth>90, sigei*0.25,depth*unitwi)
m, mb = mi"EXP{{GSI-100)/28)
8 s = |F{(GSI>25,EXP{{GSI-100)/9),0)
a a = IF(GS1>25,0.5,0.65-GS1/200)
O siglm = 0.5'sigci*(mb-SART(mbA2+4°s))
o, sig3 = Start al 1E-10 {lo avoid zero errors) and increment in 7 sleps 1o siress
a, sig1 = sigd esigei‘({(mb sig)sigai)+s)*a
8a,/80, ds1ds3 = IF(GSI>25,(14(mb*sigci)/(2*(sig1-sig3})). 1 +(a’mbra)*(sigd/sigei)*(a-1))
9, sign = sig3+(sig1-sig3)/(1+ds1ds3)
t tau = (sign-5igd)"SQRT(ds1ds3)
X x = LOG({sign-sigtm)/sigci)
Y y = LOG(taulsigci)
Xy ® X'y x8q= x*2
A A= acalc=  10*(sumy/8 - bcalc'sumy/B)
B B= beales (sumxy - {sumx’sumy)/8)/(sumxsq - (sumx*2)/8)
k k = {sumsig3sig1 - (sumsigd~sumsig1)/8)/(sumsig3sq.(sumsigd+2)/8)
¢ phi = ASIN((k-1)/(k+1))* 180/P1()
] coh = sigem/(2°SQRT(K))
Om sigem = sumsig1/8 - k*sumsig/8
E € 2 IF{sigei>100,1000°104((GSI-10140), SQRT(sigei/100)* 1000°104((G SI-10)/40))
phit = (ATAN(acalc"bcalc®({signl-siglm)/sigei)*(bealc- 1)))* 180/P1()
coht = acalc*sigei*((signt-sigtm)/sigei)*beake-signt“TAN(phIt"PI{}/180)
sig3sigi= sig3*sigl 5ig3sq = 8ig3r2
taucalc = acalc*sigei®{(sign-sigtm)/sigci)*bealc
s3sifit = sigemek°sigd
sntaufit = coh+sign* TAN(phi*PI(}'180)
tangent = coht+signt® TAN(phit*P1()/180)

Principal stress plot Mohr envealope
5igd & sign sigd sigl 183t sign taycalc sntaufit
sigim -0.07 0.00 2.92 -0.07 0.00 0.53
sigtm*3/4 0.0 1.24 -3.08 -0.05 0.10 Q.55
sigtm*2/4 -0.03 1.79 319 -0.03 0.16 0.57
sigtm*1/4 -0.02 22 3.32 -0.02 021 0.59
1] 0.00 2.57 3.48 0.00 0.26 0.61
strees/10.5 0.10 4.11 4.23 0.10 0.50 073
strass/10 0.1t 4.29 4.35 0.11 053 0.75
slress/9.5 0.12 4.37 4.40 0.12 0.54 0.76
strass/9 0.12 4.45 4.45 0.12 0.55 0.76
siress/8.5 0.13 4.54 4.51 0.13 0.57 0.77
siress/8 0.4 463 4.57 0.14 0.58 0.78
stresafl.5 0.18 4.74 4.65 0.15 0.60 0.79
strass/7 0.18 4.88 4713 0.16 062 081
slrass/6.5 017 5.00 4.83 017 0.65 0.82
stress/6 0.19 §.16 4.95 0.19 0.68 0.84
stress/5.5 0.20 5.34 5.08 0.20 071 0.86
slross/5 0.22 5.55 5.24 0.22 0.75 0.89
slress/d.§ 0.25 5.79 5.44 028 0.79 0.92
slrass/d4 0.28 6.09 5.69 0.28 0.85 095
slressfd.5 0.32 645 6.01 0.32 0.92 1.00
stress/3 0.37 6.92 6.43 0.37 1.01 1.07
siress/2.5 0.44 7.52 7.03 044 113 1.18
stress/2 0.56 8.36 7.92 0.56 1.30 1.30
stress/1.5 0.74 9.63 9.40 0.74 1.57 153
slress 1.1t 11.85 12.38 114 2.06 1.99
slress/0.5 222 17.19 21.29 222 3.34 3.36
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Calculation Package 0.19 - Hoek-B Rock Mass Strength Worksheet SANDSTONE GSt HIGH, HOEK-BROWN
Input: sigei = 22  MPa 1 miz 18 [ GSt= &8 ]
Dapih of fajlura surface or Wunnel balow sigpe® = S0 m [ Unitwt="_ 0022  MN/3 |
Qutput: slress = 1141 MPa mb = 5.66 s = 0.0282
as 0.5 sigm=  -0,1078 MPa A=  0.8369
B= 07243 k= 8.45 phis 52,04  degrees
coh = 0.783 MPa sigcm = 4.44 MPa E* 130235 MPa
Calculation:
. Sums
8ig3 1€-10 0.16 0.32 0.48 0.63 0.79 0.95 1.1 444
sig1 3.63 5.86 7.52 8.92 10.16 11.28 12.33 1331 73.01
ds1ds3 17.83 17 9.48 8.23 7.42 6.82 637 6.01 73.86
sign 0.19 0.61 1.00 1.39 .77 2.13 2.50 2.85 12.44
tau 0.8% 1.54 212 2.62 3.08 .50 3.90 4.27 21.84
X -1.86 <1.48 -1.29 -1.16 -1.06 -0.98 -0.92 -0.86 9.61
y -1.42 -1.15 -1.01 -0.92 -0.85 -0.79 -0.74 0.70 -1.58
Xy 264 1.70 1.30 1.06 0.90 0.78 0.68 0.61 9.67
x$q 3.45 219 1.66 1.34 113 0.97 0.84 Q.75 12.32
sig3sigt 0.00 0.93 239 4.24 6.44 8.95 173 14.77 49
siglsq 0.00 0.03 0.10 0.23 0.40 0.63 0.91 123 4
taucale 0.82 163 211 262 3.08 3.50 3.50 428
sig1sig3fit 4.44 5.78 712 8.46 9.80 1.14 12.48 13.62
signtaufit 1.01 1.54 2.05 2.54 3.03 3.50 3.96 4.42
GCell formulae:
a, stress = if{depth>90, sigci‘0.25.doplh unitwl)

50,/60,

a
b

Oe X @mP < x4

ma
z

mb s
s=
aw

sigtm =
sig3 =
sig1 =
dsids3 =
sign =
lay =

x=

y -

Xy =

A=

8=

K=

phi=
coh =
sigem =
E=

phit =
cohl =
sig3sigi=
taucalg =
s3sifit 2
sntaufil =
tangent «

mi*EXP({GSt-100)/28)
{F{GS1>25, EXP{{GSi-100)/9).0)
IF{GS1>25,0.5.0.65-GSY200)
0.5*sigei”(mb-SQRT(mb*2+4°s))
Start at 1E-10 {to avoid 2ero errors) and increment in 7 sleps to stress
3ig3 +sigei*(((mb*sigd)/sigei) *5)*a
IF(GSI1>25,(1+(mb*sigei)/(2°(sig1-sig3))),1+(a°mb*a)"(sigI/sigei)*(a-1))
8ig3+(sig1-5ig3)/(1+ds1ds3)
(sign-sigd)*SQRT(ds1ds3)
LOG({sign-siglm)/sigci)
LOG(tau/sigci)
x'y x8Q = x42

acalc = 10*(sumy/8 . beaic*sumx/8) .

bealc = (sumxy - (sumx®sumy)/8)/(sumxsg « (sumx*2)/8}
{sumsig3sig1 - (sumsig3*sumsig1)/8)/(sumsig3sq-(sumsig3»2)/8)
ASIN((k-1)/(k+1))"180/P1{)
$iqcmJ(2° SQRT(K))
sumsig1/8 - k*sumsigd/8
IF(sigci>100,1000°10((GS1-10)/40). SQRT(sigei/100)* 1000° 104((GSI- 10)/401)
{ATAN(acatc* beale*{(signt-sigtm)/sigci)*(beale-1)))* 180/PK)
acale*sigci*{{signt-sigtm)/sigd)*bealc-signt*TAN({phit*Pi()/1 80}
sig3°sig1 sigisq = sigIn2
acalc*sigci*{(sign-sigtm)/sigci)*beate
sigem+k°sigd
coh+sign* TAN(phi*PI{)/180)
cohtesignl* TAN{phit*PI{}/180)

Principal stress plot Mohr enveloge
8igd & sign sig3 sigl EREXIH] sign {aucaic sntautit
sigtm 011 0.00 3.52 -0.11 0.00 0.62
sigtm*3/4 -0.08 1.74 3.75 -0.08 0.14 0.66
sigim*2/4 -0.05 2.51 398 -0.05 0.24 0.69
sigtm*1/4 -0.03 3.12 41 -0.03 0.32 0.73
[} 0.00 3.63 4.44 Q.00 0.39 0.76
slre0s/10.5 0.10 5.09 5.25 0.10 0.62 0.89
slress/10 on 5.28 537 0.11 0.65 0.91
slrass/9.5 0.12 5.36 542 0.12 0.66 0.91
slross/9 0.12 544 5.48 0.12 0.68 0.92
slress/B.5 0.13 553 5.54 0.13 0.69 0.93
stress/8 0.14 5.63 5.61 0.14 0.71 0.94
stress/7.5 0.15 5.74 5.69 0.15 0.73 0.95
stress/T 0.16 5.86 5.78 0.18 0.75 0.97
stress/6.5 0.17 6.01 5.88 0.17 0.77 0.98
siress/6 0.19° 6.17 8.00 0.19 0.80 1.00
slress/5.5 0.20 6.35 6.14 0.20 0.84 1.02
stress/S Q.22 6.57 6.31 0.22 0.87 1.05
stress/4.5 0.25 6.83 6.52 0.25 0.92 1.08
stress/d 0.28 7.4 6.78 0.28 0.98 1.12
stress/3.5 0.32 7.52 712 0.32 1.05 117
stress/d 0.37 8.01 7.56 0.37 1.14 1.24
stress/2.5 0.44 8.66 a.19 0.44 127 1.33
stress/2 0.56 . 955 9.13 0.56 145 1.47
strees/1.5 0,74 10.82 10.69 0.74 1.73 1in
strass 111 13.31 13.82 1.4 225 2.19
slress/0.5 2.22 19.08 2320 222 3.60 3.61
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Shear strength (MPa)

Comparison of GSI ranges - Sandstone (Tof,,), HOEK-BROWN
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